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Abstract 
 

It has, for many years, been acknowledged that “breast cancer” is an umbrella term for 

many genetically and immunophenotypically distinct malignancies of the breast.  

Treatment paradigms have, and are, shifting in direct response to increasing 

understanding of the molecular mechanisms underlying this complex set of diseases. 

Breast cancer, like all other cancers, is “genetic”; triggered by a pathogenic variant in a 

tumour suppressor or oncogene, or by pathogenic silencing or upregulation of such 

genes by copy number variation, epigenetics or variation of regulatory elements. Such 

variation may occur at the level of the germline or of the soma. The genetic architecture 

of breast cancer has been well defined, with susceptibility loci categorised as high-, 

medium- or low-risk depending on the associated disease penetrance.  

The aim of this study was to explore the utility of molecular profiling of the germline 

patients with breast cancer for known and putative high- and low-risk susceptibility loci, 

and of the tumours of such individuals, and to investigate the association of germline 

and somatic variation on risk estimation, phenotype, prognostication, treatment 

planning and outcome.  

A mixed methods study was undertaken. The referral patterns of clinicians and uptake 

of patients with respect to BRCA1/BRCA2 testing, as well as phenotype associated with 

pathogenic mutations in these high-risk genes were examined by observational cohort 

studies. Surveillance of these high-risk individuals was assessed by patient surveys. A 

number of case-control studies were undertaken to identify novel cancer susceptibility 

loci, or to explore the association of putative loci with disease, by targeted sequencing 

of the 3’ UTRs and miRNA binding sites of cancer predisposition genes, Sanger 

sequencing, Sequenome, and Taqman genotyping. Functional assays were undertaken 

to examine the biological impact of one of the variants of interest identified. A 

longitudinal cohort study was undertaken to examine the influence of tumour gene 

expression profiling on therapeutic decision-making in patients with breast cancer.  
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31 families with confirmed pathogenic variants in BRCA1 or BRCA2 in the West of 

Ireland were identified. A recurrent large genomic rearrangement in BRCA1 (deletion 

exons 1-23) was found to occur more frequently in patients in this region than 

elsewhere in Ireland. Patients with such pathogenic variants may be successfully 

repatriated to National Breast Screening services for surveillance, as it was confirmed 

that 87-91% of individuals receiving surveillance through this pathway receive at least 

recommended screening. A variant in the non-coding region of BRCA1 was also shown 

to associate with severe disease. A novel variant in the PCM1 gene was identified in 

patients with ovarian cancer, but did not associate with breast cancer in our cohort. A 

variant at the 12p11 was confirmed to be associated with breast cancer risk in Irish 

patients. A variant in KRAS was postulated to be associated with disease risk, and was 

shown to confer differential propensity to colony formation in vitro in response to 

alterations in the hormonal milieu. It was observed that gene expression analysis of 

tumours was taken up with high acceptability by Irish patients and clinicians, and 

treatment decisions were modified accordingly.  

This work has demonstrated the potential clinical utility of tumour and germline 

assessment in defining patient risk, prognosis and treatment. However, further larger-

scale studies are required to confirm the postulated associations of rare low-penetrance 

alleles with disease. The potential translational utility of the findings of this work is 

promising, but increased funding in genetics in the clinical setting is required to ensure 

patients can avail of genomic profiling where appropriate. 
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1 Introduction 

1.1 The DNA revolution  

Exponential increases in the capability of sequencing technology, combined with 

consistently decreasing sequencing costs[1] have revolutionised the manner in which 

we investigate genetic susceptibility to human diseases- both rare and common. 

“Genetic tests”, using various genomic, epigenomic or transcriptomic techniques to 

analyse the sequence or relative expression of a gene can now inform risk estimation[4, 

5] and prognosis[6, 7], as well as direct therapeutic decisions[8, 9]. Single gene analysis 

by techniques such as Sanger sequencing have been available for decades; and parallel 

sequencing of dozens or hundreds of genes simultaneously by next generation 

sequencing is now routinely performed in the clinical setting[10, 11]. Whole exome 

sequencing is being used routinely in certain clinical contexts[12], and it is likely that 

whole genome testing may soon become a standard diagnostic investigation. These 

tests can be performed on germline or tumour DNA, or on cell free circulating tumour 

or foetal DNA[13-16]. Certain types of genetic tests are now available direct to 

consumers[14, 17].  

Challenges in recent years have included design of approaches to handle and interpret 

the vast amounts of data arising from this technology; and to address the ethical and 

legal dilemmas arising from such investigations[18, 19]. Interpretation of sequence 

variation is laborious, and highly dependent on the clinical context. As many thousands 

of individual genomes have now been sequenced, it is becoming increasingly apparent 

that we all carry many hundreds of genetic mutations, some of which, although 

predicted to be harmful, do not lead to development of a clinical phenotype[20]. Even 

variants that lead to truncated proteins or altered splicing may not be clinically 

pathogenic [20]. Conversely, genes with apparently normal DNA sequences may 

become silenced by mutations in regulatory regions or in microRNA binding sites; or by 

methylation or other epigenetic influences[21]. 
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1.2 Genetic Predisposition to Breast Cancer  

Approximately one in ten Irish women will develop breast cancer before the age of 75 

years[22]. Epidemiological studies have long since shown that one of the greatest risk 

factors for development of the condition include a positive family history of the disease, 

with risk increasing with each affected first-degree relative[23]. Risk estimates related 

to family history can be further refined by accounting for family structure and number 

and age at diagnosis of affected relatives[24].  

The advent of DNA sequencing has led to the discovery of many dozens of breast cancer 

susceptibility loci; which can be divided into high-, moderate- and low-risk depending 

on the penetrance of pathogenic variants in the gene in question; that is, the likelihood 

of developing a cancer as a direct consequence of carrying the variant. Because 

individual variants are generally rare, variant-specific penetrance estimates are difficult 

to determine, and therefore penetrance estimates for single genes are generally 

derived from grouping variants within a gene. 

Bayesian estimates of penetrance state that fully penetrant variants should be no more 

common in the population than the associated disease trait. Using Bayesian principles, 

we can estimate the penetrance of a variant using the following formula:  

P(D|G) = (P(G|D) x P(D)) ÷ P(G) 

where G is genotype, D is disease, P(D|G) is penetrance of disease, P(G|D) is the 

proportion of affected individuals with the genotype of interest; P(D) is prevalence of 

disease, and P(G) is the population frequency of the genotype[25].  

It follows, generally, that variants that occur with high allelic frequency in the general 

population have a limited penetrance[26]. Highly penetrant variants should segregate 

almost uniquely with disease; while variants of low penetrance might be found with 

more even distribution between cases and unaffected controls. To date, the genetic loci 

that have been implicated in breast cancer have adhered to these rules, with highest 

risk variants found with lowest frequency in the background population, and those with 

lowest effect size being commonly identified in controls as well as cases. Variants in the 

so called “moderate” risk breast cancer susceptibility genes are variable in frequency in 

the general population, while low penetrance variants are found commonly in the 
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general population. Distinction between these high-, moderate- and low-risk alleles is 

not always straightforward. Different variants within the same gene may have vastly 

different penetrance estimates; such that variants in an otherwise high-risk gene may 

confer only moderately increased risk[27-29], and variants in genes usually associated 

with moderate risk may confer a risk approaching that of high-risk alleles[30, 31]. The 

issue of variable expressivity adds further complexity in defining the associated risks and 

phenotypes [32, 33].  

1.2.1 High-risk breast cancer susceptibility genes  

1.2.1.1 BRCA1 and BRCA2 

BRCA1 and BRCA2 are caretaker genes that encode proteins that are critical in the 

maintenance of genomic stability, by participating in the repair of dsDNA damage 

through homologous recombination[34]. Variants disrupting this function are 

associated with increased risk of breast cancer of 65-79% for carriers of BRCA1 

mutations and 61-77% for carriers of mutations in BRCA2[4]; although wider risk 

estimates have been variably reported throughout the literature[35]. Such variants are 

also associated with variably increased risks of ovarian[36, 37], prostate[38-40], male 

breast [41] and pancreatic[42] cancers, and melanoma[43]. The cancer risk associated 

with such mutations is transmitted in an autosomal dominant pattern, but a second 

somatic hit is required at a cellular level before carcinogenesis is initiated; such that loss 

of the wild type allele is often observed in tumours from affected individuals. Cancer 

risks associated with mutations in BRCA1 and BRCA2 are dependent on genotype[4, 37, 

44], and may be modified by other genetic [45-49]or environmental factors[35]. The 

association between mutations in such genes and breast cancer risk was initially 

confirmed through linkage studies in high-risk families [50-52].   Rare pathogenic 

variants in such genes are estimated to account for up to 20% of the familial clustering 

of breast cancer[53, 54]. It was previously believed that the carrier frequency for such 

mutations was in the order of 1 in 1000[55, 56], given that testing was limited largely to 

families with strong history of breast cancer. More recent estimates based on data from 

the ExAc consortium[57]; and from research studies[58], suggest that the carrier 

frequency may be as high as 1 in 200 in certain populations. Traditionally, testing of 

these genes is limited to individuals in whom the a priori probability of detection of a 
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BRCA1/BRCA2 mutation is greater than 10%[59]. This probability can be calculated by 

including information related to personal and family history, using any of a number of 

tools such as BOADICEA, BRCAPRO or the Manchester score (Table 1-1) [60-62].  

Table 1-1: Combined Manchester Score 

 BRCA1 score BRCA2 score Combined 

score 

Familial cancers* 

Female breast cancer <30 years of age 6 5 11 

Female breast cancer 30–39 years of age 4 4 8 

Female breast cancer 40–49 years of age 3 3 6 

Female breast cancer 50–59 years of age 2 2 4 

Female breast cancer ≥ 60 years of age 1 1 2 

Ovarian cancer ≤ 59 years of age 8 5 13 

Ovarian cancer > 60 years of age 5 5 10 

Male breast cancer ≤ 59 years of age 5 8 13 

Male breast cancer > 60 years of age 5 5 10 

Prostate cancer ≤ 59 years of age 0 2 2 

Prostate cancer > 60 years of age 0 1 1 

Pancreatic cancer 0 1 1 

Characteristics of breast tumour of proband 

HER2-positive -6 0 -6 

Lobular type -2 0 -2 

DCIS -1 0 -1 

Grade 1 -2 0 -2 

Grade 3 2 0 2 

ER-positive -1 0 -1 

ER-negative 1 0 1 

Triple Negative 4 0 4 

Characteristics of ovarian tumour of proband/any case in family 

Mucinous, germ cell, or borderline 

tumours 

Score = 0 Score = 0 Score = 0 

High grade serous <60 years of age  2 0 2 

Adopted Individual (no known status in 

blood relatives) 

2 2 4 

* Points awarded per affected individual in the family as long as there is not more 

than one intervening healthy female between relative and proband 
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As genetic testing becomes cheaper, it is becoming more cost-effective to test 

individuals with certain subtypes of breast or ovarian cancer, irrespective of family 

histories [63, 64]. As testing criteria become less stringent, it is likely that pathogenic 

variants in these genes will be detected in individuals with relatively little, or no, family 

history, and penetrance estimates may need to be revised.  

Genetic variants conferring highest risk of breast cancer tend to occur with low 

population frequency, despite most of the associated risk being conferred after 

reproductive age. There is conflicting evidence regarding the biological impact of high 

risk gene mutations on fertility, with some studies suggesting that a potential reduction 

in reproductive fitness because of early mortality in mutation carriers is offset by an 

increased fecundity[65, 66], but a number of other studies have reported reduced 

ovarian reserve, as indicated by reduced Anti-Mullerian Hormone (AMH) levels[67-69]. 

Furthermore, reproductive choices and decision to have biological offspring may be 

directly related to awareness of an individual’s mutation status[70]. The frequency of 

the highest-risk alleles is relatively rare, but variable across populations[57]. In 

populations with low genetic admixture, such as the Ashkenazi Jewish population, there 

may be enrichment of certain mutations, the so-called founder effect[71, 72]. In the 

Ashkenazi Jewish population, approximately one in every 40 individuals will carry one of 

three founder mutations in BRCA1 or BRCA2[71], which together account for over 85% 

of all BRCA1/BRCA2 mutations in this population[73]. 

1.2.1.2 Other high-risk breast cancer susceptibility genes  

Mutations in other genes such as TP53, STK11, PTEN and CDH1 also confer a 

significantly high risk of breast cancer as part of Li Fraumeni, Peutz Jegher, PTEN 

Hamartoma Tumour and Hereditary Diffuse Gastric Cancer syndromes respectively. Life 

expectancy in individuals with syndromes predisposing to early onset cancers is 

significantly reduced[74], as is, relative reproductive fitness compared to syndromes 

predisposing to post-reproductive age cancers. Pathogenic variants in such genes are 

therefore very rare, and together are thought to account for less than 1% of the familial 

clustering of breast cancer. Breast cancers occurring as part of such syndromes may 

have distinct phenotypes compared to cancers arising in carriers of BRCA1/BRCA2 

mutations. In Li-Fraumeni syndrome, the lifetime risk of breast cancer is approximately 
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54%[75], and risk is greatest in pre-menopausal individuals, with median age of 

diagnosis of 34 years[76]. There is increasing evidence to suggest that such cancers tend 

to be HER2-over-expressing [75, 77, 78]. In patients with pathogenic CDH1 variants, the 

risk of breast cancer is approximately 39-54% [79-82]and tends to be of lobular 

histology, reflecting loss of E-cadherin[83].  

1.2.2 Moderate Risk Breast Cancer Susceptibility loci 

The genes in which pathogenic variants are associated with an increased risk of breast 

cancer in the order of 2-4-fold are generally categorised as “moderate risk” [84]. Such 

genes include ATM, CHEK2 and PALB2 [85-87]. The risks conferred by variants within 

these genes may be dependent on the type and location of mutation, family history and 

other modifying factors. Moderate-risk breast cancer susceptibility genes may be more 

difficult to recognise, as they will not clearly segregate with disease in a family; limiting 

their identification by linkage analysis in families with multiple affected family members. 

Moderate-risk genes have traditionally been identified through candidate gene studies, 

as, although variants in such genes are more commonly identified in the general 

population than variants in the high-risk genes, the frequency of individual variants is 

still too low to be accurately detected by genome-wide association techniques[26].  

PALB2 (partner and localizer of BRCA2), also known as FANCN, acts to encode a protein 

that binds to and co-localizes with BRCA2 in the nucleus. PALB2 participates in the 

homologous recombination repair pathway by recruitment of BRCA2 to the sites of DNA 

damage, and by interaction with the RAD51 recombinase[88], and with BRCA1[89]. 

Mono-allelic pathogenic variants in PALB2 have been found to be associated with 

increased risks of breast and pancreatic cancer[85, 89-92]. As is the case with BRCA2 

(FANCD1), and in rare cases, BRCA1 (FANCS)[93]; bi-allelic pathogenic variants in PALB2 

(FANCN) are associated with Fanconi anaemia[94, 95].  The breast cancer risk 

associated with pathogenic mutations in PALB2 has been reported to be as high as 58% 

depending on family history and genotype [90, 96]. Longer-term, prospective studies 

that control for ascertainment biases are required to fully elucidate the penetrance of 

pathogenic variants in this gene. The PALB2 interest group was established with a view 

to collecting more data on individuals and families carrying such mutations 

(http://www.PALB2.org/)[97].   
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CHEK2 was initially put forward as a Li-Fraumeni susceptibility gene, with identification 

of the c.1100delC variant in a family affected by multiple cancers [98]. Subsequent 

studies suggested a strong association with breast cancer, but the frequency of this 

particular variant (1.1% in Dutch cohorts[99]) and lack of consistent segregation with 

disease meant that neither the association of this variant with Li Fraumeni syndrome 

nor the postulation that this gene represented “BRCA3” could be supported. However, 

case-control analyses have consistently shown this variant to represent at least a 

moderately penetrant breast cancer susceptibility locus. This recurrent pathogenic 

variant has been consistently shown, in studies in different populations, to confer a 2-

fold increased risk of breast cancer [100-102]. This variant has been identified in 0.5% of 

our Irish study cohort[103].  Other founder mutations have been identified in Polish 

(IVS2+1G>A, c.470T>C, del5395) and Finnish (c.470T>C ) cohorts, which confer 

moderately increased (RR 1.4-2) risks of breast cancer, but other variants in this gene 

have not been shown to confer such risks, and are believed to have a small, if any, 

contribution to risk[104, 105]. It is also clear that the risk conferred by the c.1100delC 

variant is context-specific, with associated risk conferred by the variant identified in the 

familial setting being higher than in those individuals with apparently sporadic cases. It 

is clear that this variant accounts for only a portion of the susceptibility in families with 

multiple cancers. Use of a polygenic risk score derived from scores of each genotype at 

77 loci, can accurately categorise CHEK2 c.1100delC carriers into risk groups, with OR 

for the highest quintile of PRS 2.03 [0.86–4.78], compared to 0.52 [0.16–1.74] for the 

lowest quintile[106].  

The ATM (Ataxia-Telangiectasia mutated), is a member of the phosphatidylinositol 3-

kinase family of genes, and participates in control of the cell cycle, and response to DNA 

damage. Somatic ATM mutations have been reported in a number of cancers, including 

lung, colorectal, breast and haematopoietic malignancies, making it a desirable 

therapeutic target[107, 108].   Bi-allelic germline mutations in ATM cause the rare, 

autosomal recessive, progressive disorder, Ataxia-Telangiectasia, a multi-systemic 

disorder with a primarily neurological phenotype with oculomotor and cerebellar ataxia; 

as well as oculo-cutaneous telangiectasia, and predisposition to haematological 

malignancies and immunodeficiency. ATM-deficient cells demonstrate hypersensitivity 
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to ionizing radiation[109]. While this is advantageous for treatment of tumours with 

somatic ATM mutations[106], individuals carrying germline ATM mutations in whom 

radiotherapy has been used in a therapeutic setting have experienced devastating 

adverse effects[110, 111]. The risk of cancer in patients affected by classical Ataxia-

Telangiectasia has been reported to be as high as 38%; which is mostly accounted for by 

an increased risk of lymphoma or leukaemic malignancies, but other cancers of solid 

organs, including breast cancer, have been reported [111, 112].  

Early epidemiological studies identified an increased risk of breast cancer in the 

apparently otherwise unaffected female relatives of affected individuals [113-116]. 

Initially, it was suspected that the risk of breast cancer was restricted to carriers of 

missense mutations, which comprise only a small proportion of mutations in patients 

with ataxia-telangiectasia, by virtue of a dominant-negative effect [117, 118]. Other 

authors have since shown that heterozygous carriers of any type of pathogenic 

mutation, including truncating or copy number variants, also have a moderately 

increased breast cancer risk [119]. 

While there is data to support inclusion of testing for the c.1100delC mutation in 

CHEK2, and of PALB2 and ATM in the diagnostic setting, there is difficulty in determining 

to whom to offer cascade testing once the variant has been identified in a proband. A 

negative predictive test in a first-degree relative of a CHEK2, PALB2 or ATM mutation 

carrier will not be reassuring, as a significant excess residual risk remains, depending on 

age and numbers of affected individuals in the family [120].  

Other genes have been postulated to be moderate-risk breast cancer susceptibility, but 

have inconclusive evidence, or variable estimates of risk. For other genes, evidence has 

emerged to dispute an apparent association. BRIP1, for example, was convincingly 

reported as a moderate risk breast cancer susceptibility gene in 2006[121]. In the ten 

years since this initial report, there is a growing body of evidence that mutations in this 

gene do not contribute to breast cancer susceptibility[122], but do to ovarian cancer 

risk. Mutations in a number of other ovarian cancer susceptibility genes have been 

identified in patients with breast cancer, or in breast-ovarian families, including the 

RAD51[123, 124] family of genes. While the evidence to support a link with mutations in 

such genes and ovarian cancer is strong [125-128], the evidence to support a link with 
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breast cancer is conflicting or lacking [129-131]. Mutations in other genes involved in 

DNA repair pathways (e.g. MRE11A, BLM, NBN, XRCC2) have also been identified in 

patients with breast cancer, but estimates of associated risk are poorly defined. More 

recently, recessive polyposis disorders caused by mutations in genes involved in base 

excision repair have been described. There is growing speculation that pathogenic 

variants in the NTHL1 gene also confer a risk of breast cancer[132, 133], and breast 

cancer has also been reported in female carriers of MUTYH mutations[134, 135], 

although data supporting such associations are inconclusive or conflicting[136, 137]. 

Further larger studies that control for ascertainment bias are required to explore these 

potential associations. Somatic mutational signatures reflecting defective MUTYH or 

NTHL1 activities have been defined, and may be helpful in delineating tumours related 

to such defects from phenocopies within families[138-140].  

1.2.3 Variants of low penetrance  

Genome-wide linkage analyses using large numbers of families with strong histories of 

breast cancer have failed to uncover any other high-risk breast cancer susceptibility 

genes[55], but a number of moderate and low-risk alleles have been identified which 

together account for a significant proportion of the heritability of breast cancer[141]. To 

date, over 70 single nucleotide variants have been identified that contribute to breast 

cancer susceptibility, most of which are intragenic[142-144]. Individually, each of these 

variants confer small increases in odds ratio for cases compared to controls; but co-

inheritance of multiple SNVs may have a multiplicative rather than additive effect, such 

that the “polygenic” risk may approach that of moderate- or high-risk loci. Polygenic risk 

scores can be derived from combining scores assigned to genotypes at different 

susceptibility loci in a multiplicative model. This score can then be used to accurately 

categorise patients into levels of risk. The discriminatory capability of polygenic risk 

scores has been improved by including information from additional loci [145]. Using a 

77-loci score developed by Mavaddat et al, those individuals in the highest quintile of 

the PRS had a lifetime risk of breast cancer in the order of 17%, compared to 5% for 

those in the lowest quintile[5]. This risk could be further refined by adding information 

regarding family history.  Polygenic risk scores can also be used to refine risk estimates 
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in carriers of mutations in high-risk genes such as BRCA1 or BRCA2[45, 146],   or in 

carriers of the c.1100delC mutation in CHEK2[106].  

1.2.4 Heritable Methylation defects  

Gene expression is regulated by DNA methylation. This phenomenon is most common 

in typically unmethylated CpG islands, but happens normally during X-chromosome 

inactivation, embryonic development, and at sites of genomic imprinting. DNA 

methylation is a mitotically heritable phenomenon, which can alter the cellular 

phenotype independent of variation in the DNA sequence [147, 148]. Gene expression 

may also be regulated by other epigenetic processes such as histone modification, or 

regulation by non-coding RNAs or other regulatory elements. Because such phenomena 

modify gene expression without modifying the DNA sequence itself, they are referred to 

as “epigenetic”[148]. DNA methylation patterns can change over time, or in response to 

environmental factors. Methylation patterns may also be modified by inherited 

mutations in epigenome-regulatory genes[147]. Such mutations have been identified in 

the germline patients with overgrowth and intellectual disability[149], and as 

characteristic somatic events in cancer [150]. Constitutional hypermethylation of the 

promoter to MLH1 has been reported as a cause of Lynch syndrome [151], and of the 

promoter to BRCA1 as a cause of early onset breast cancer[152, 153]. Trans-

generational transmission of such mutations is rare, because most occur in mosaic 

soma-wide form only, but has been reported [154], providing evidence for germline 

“epimutations”[155]. It is unclear as yet as to what the contribution of such 

epimutations is to the heritability of breast cancer[156], but remains an active area of 

research.    
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1.3 Paper 1 

1.3.1 Title  

The impact of the Biomolecular Era on breast cancer Surgery. McVeigh, T.P., Boland, 

M.R., and Lowery, A.J., Surgeon, 2016.[1]  

1.3.2 Abstract  

Surgery has always played a central role in the management of breast cancer, with local 

control via complete tumour resection long established as the cornerstone of effective 

breast cancer therapy. While extensive surgical resection in the form of the Halstead 

radical mastectomy dominated treatment up until at least the 1970s, the advent of 

adjuvant loco-regional and systemic therapies has resulted in a decrease in the 

magnitude of surgical intervention in recent decades. The Biomolecular or “-omics” era 

initiated with the discovery of the DNA double helix in 1953 and intensified by the 

completion of the human genome project in 2003 has seen an unprecedented 

expansion in our understanding of the molecular and genetic heterogeneity of cancer. 

This review will discuss how the clinical application of this knowledge in the direction of 

personalised risk assessment and breast cancer treatment has significant implications 

for modern surgical practice. 

1.3.3 Introduction  

Breast cancer imposes a substantial global health burden, with approximately 1.7 

million women diagnosed and treated worldwide annually [157, 158]. Despite an 

increasing incidence and status as the most commonly diagnosed and second leading 

cause of cancer death in females, significant progress has been made in the 

management of breast cancer, with 5-year survival rates improving from only 40% 50 

years ago to 87% today [131]. Complete surgical tumour resection is the cornerstone of 

effective breast cancer therapy. However, since the mid- 20th century, the practice of 

breast cancer surgery has evolved significantly, in large part due to the influence of 

scientific progress on surgical practice. The “Biomolecular Era”, initiated with the 

discovery of the DNA double helix by Watson and Crick in the 1950s [159, 160] and 

intensified by the completion of the Human Genome Project [161], has resulted in an 

unprecedented expansion in our knowledge and understanding of the heterogeneity of 

malignant disease. The sequencing of the human genome and the advent of high-
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throughput molecular profiling[162] has facilitated comprehensive analysis to decipher 

the molecular mechanisms that underlie breast cancer heterogeneity, tumour initiation 

and disease progression. Molecular profiling of breast tumours for prognostication and 

prediction of response to therapy has been incorporated into contemporary 

management strategies in a move towards personalised breast cancer therapy. The 

development of adjuvant therapies which effectively reduce both distant and loco-

regional recurrence[163, 164], and the recognition that tumour biology also impacts 

local control independently of extent of resection[165] have contributed to a paradigm 

shift towards increasingly conservative therapeutic surgical approaches[166]. The 

availability of genetic mutation analysis for high risk individuals has also transformed the 

surgeon's approach to the assessment and management of breast cancer risk. 

Identification of highly penetrant single gene mutations, such as those in BRCA1 or 

BRCA2 have led to an evolution in the role of surgery from purely therapeutic to 

prophylactic. As a consequence of both the increasing volume of risk-reducing surgery 

and improved survival of breast cancer patients, surgical techniques have evolved in an 

effort to maximise aesthetic and quality-of-life outcomes leading to the development of 

novel breast conservation techniques, skin and nipple-sparing mastectomy and an 

increasing range of novel reconstructive approaches which have been introduced to the 

modern breast “oncoplastic” surgeon's armamentarium. Current research is focused on 

the identification and characterisation of additional low and moderate-risk breast 

cancer susceptibility loci using genome-wide approaches. The incorporation of these 

loci in polygenic models to more accurately predict breast cancer risk has the potential 

to further rationalise screening, surveillance and risk-reduction strategies. This is an 

exciting era in the management of breast cancer; contemporary treatment is an 

intricate multidisciplinary process with surgical management remaining at its core. 

Clinicians collaborating across disciplines require an in-depth understanding of the 

molecular and genetic heterogeneity of the disease in order to achieve the goal of 

individualised treatment. This review discusses the impact that recent progress in 

molecular biology has had on the surgical management of breast cancer focusing on the 

application of molecular profiling tools to rationalise loco-regional breast cancer 

therapy and the use of gene mutation analysis to guide risk reduction strategies in this 

era of molecularly tailored and genome-informed personalised care.  
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1.3.3.1 Historical perspective - evolution from cancer surgery to surgical oncology  

Complete surgical tumour resection has traditionally been the cornerstone of effective 

breast cancer management. The first evidence for the role of surgery in the treatment 

of this malignancy dates back to the Edwin Smith Surgical Papyrus (3000-2500 BC) 

which described early attempts at tumour cauterisation[167]. However, it was not until 

the mid-19th century that revolutionary scientific advances, including the development 

of Anaesthesia (Morton, 1846) [168] and Asepsis (Lister, 1867) [169], facilitated major 

advances in cancer surgery. Surgeons enjoyed a newly-acquired freedom to perform 

more radical procedures, and en-bloc resection with wide disease-free margins became 

the primary curative treatment for many solid organ malignancies. In 1849 William 

Halstead first reported his radical mastectomy comprising extensive resection of all 

breast tissue, regional lymph nodes and pectoralis major [170], which became the 

mainstay of breast cancer treatment for subsequent generations of surgeons, despite 

significant associated physical and psychosocial morbidity[171]. A move towards less 

radical surgery in the latter half of the 20th century was pioneered by Bernard Fisher 

and the National Surgical Adjuvant Breast and Bowel Project who hypothesized that 

there was no biological or scientific rationale for radical surgery as this alone was not 

always sufficient to control disease progression or metastatic spread [172]. A series of 

well-designed randomised controlled trials provided evidence that breast conserving 

surgery (BCS) combined with adjuvant radiotherapy has equivalent survival outcomes to 

mastectomy (Table 1-2) [173-180].  

  



Introduction 

15 
 

Table 1-2: Landmark breast conserving surgery trials 

Study Reference Study 

Period 

Number 

of 

Patients 

Years of 

Follow-up 

Overall Survival 

Mastec-

tomy 

BCT 

EORTC 

10801 

Litiere et al. 

2012 [175] 

1980-

1986  

868 22 45% 39% 

NSABP  

B-06 

Fisher et al. 

2002 [173] 

1976-

1984 

1851 21 47% 46% 

NCI Milan Veronesi et 

al. 

2002 [174] 

1973-

1980 

701 20 58% 59% 

Danish 

BCCG 

Blicherte-

Toft et al. 

2008 [177] 

1983-

1989 

731 20 58% 51% 

US NCI Simone et 

al. 

2012[179] 

1979-

1987 

237 26 44% 38% 

Institut 

Gustave-

Roussy 

Arriagada et 

al. 

2003 [180] 

1972-

1979 

179 22 52% 60% 

 

The move towards breast conservation in the wake of these trials signalled a paradigm 

shift in our approach to breast cancer surgery, which for the first time was supported by 

scientific evidence. The development of systemic adjuvant therapy also re-defined the 

role of surgery in breast cancer treatment[181, 182]. Trials of adjuvant systemic 

chemotherapy alone and in combination with hormonal and/or targeted anti-Her2 

therapy provided evidence that systemic adjuvant therapies decreased Loco-Regional 

Recurrence (LRR) and distant metastatic disease following surgery[163, 164, 182, 183]. 

The identification and characterisation of the hormone receptors (Oestrogen (ER) and 

Progesterone (PR)) and the Her2/neu receptor as strong predictors of response to 

chemotherapeutics, hormonal therapy and targeted anti-Her2/neu monoclonal 

antibodies [184, 185] represented the first clinically relevant move towards an 

individualised approach to breast cancer treatment based on molecular analysis. This 

recognition of the effects of tumour biology and the use of systemic therapy on disease 

control transformed the role of surgical tumour resection; what was once the only 
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curative option became just one weapon in a growing armamentarium of oncologic 

therapies. Breast cancer surgeons were now entering a new era of multidisciplinary 

cancer care as “Surgical Oncologists” working in equilibrium alongside other specialist 

oncologists, considering surgical resection in the context of tumour biology and the 

contributions of multi-modal therapies to disease control. Since then, the practice of 

breast cancer surgery has been influenced by scientific progress with an escalating 

momentum in molecular biology and genetics research, which increasingly informs 

surgical decision-making regarding when, how and on whom we operate. 

1.3.3.2 Molecular profiling - rationalisation of locoregional therapy.  

As adjuvant systemic and targeted therapies have become an important component of 

breast cancer treatment and contributed to improved prognosis, it has become 

increasingly evident that there is considerable variation in response to therapy, driving 

basic and translational research in this field. Recent years have seen rapid technical 

advances resulting in a multitude of high throughput genomic technologies which have 

been developed to simultaneously measure variation in thousands of DNA sequences, 

mRNA transcripts, peptides or metabolites (Table 1-3).  

Table 1-3: High throughput “omics” technologies 

“Omics” Technology 

Genomics Next Generation Sequencing (NGS)  

Array Comparative Genomic Hybridisation (aCGH)  

Single Nucleotide Polymorphism (SNP) Arrays 

CpG Array 

Transcriptomics cDNA Microarray  

RNA-Seq  

Serial Analysis of Gene Expression (SAGE) 

Massive Parallel Signature Sequencing (MPSS) 

Proteomics Protein Microarray  

ChIP-seq  

ChIP-chip  

Mass Spectrometry  

Chromatography 

Metabolomics  Nuclear Magnetic Resonance (NMR) 

Spectroscopy  

Mass Spectrometry 
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Over the past decade, transcriptomic approaches in particular have been productively 

applied to breast cancer research. Gene expression profiling by microarray technology 

facilitates simultaneous measurement of the expression levels of thousands of genes in 

a biological sample at the mRNA level. Comparative analysis of gene expression across 

multiple tumour samples provides an insight into tumour biology, as well as valuable 

prognostic information[186]. Using class discovery approaches to separate tumours into 

subgroups based on different gene expression profiles, and class-prediction approaches 

to answer specific questions about therapeutic response, gene expression profiling 

studies have radically redefined the notion of “breast cancer” as a single disease to a 

continuum of several biologically distinct diseases differing in prognosis and response to 

therapy. The prognostic and predictive information derived from the gene expression 

profile of an individual's tumour can now be utilised to determine the optimal 

therapeutic strategy for that patient, moving us towards personalised breast cancer 

treatment. The translation of these results to the clinical setting has had implications for 

breast cancer treatment, including surgical approach.  

1.3.3.3 Molecular taxonomy - “intrinsic breast cancer subtypes”  

The early gene expression profiling class-discovery studies in breast cancer used 

unsupervised analysis which clustered tumours into subgroups by a 496-gene “intrinsic” 

gene set that reflects differences in gene expression between tumours[187, 188]. The 

tumour subtype groupings initially identified consisted of luminal-like subtypes which 

are predominantly ER and progesterone receptor (PR) positive, basal-like subtypes 

which are predominantly triple negative for ER, PR and Her2/neu receptor, Her2/neu-

like subtypes which have increased expression of the Her2/neu amplicon and a normal-

like subtype[187]. Subsequent validation studies showed that the luminal subgroup 

could be further subdivided into at least two groups (A and B) based on expression of 

proliferation related genes, and that these molecular subtypes were associated with 

distinct clinical outcomes[188]. The molecular subtypes have been confirmed and 

added to in subsequent micro-array datasets [189, 190], and applied to studies of 

patient outcome and response to therapy[191-193]. The use of this new molecular 

taxonomy of “intrinsic biologic subtypes” was rapidly adopted into clinical practice. 
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Comprehensive characterization requires whole genome profiling, which is not routinely 

performed, therefore the expression of the ER, PR and Her2/neu receptors which is 

routinely performed clinically is frequently used as a practical surrogate marker of these 

breast cancer subtypes, with the addition of Ki67 expression to differentiate between 

Luminal A and B subtypes [194] (Figure 1-1).  

 

Figure 1-1: Contemporary Management of Breast Cancer 

The application of molecular taxonomy in clinical practice has dramatically changed the 

approach to systemic therapy, with ER, PR and Her2/neu receptor status replacing 

traditional clinic-pathologic indicators of tumour burden (i.e. T-size, nodal disease) as 

primary determinants of adjuvant systemic therapy [191, 195, 196]. In addition to 

predicting response to systemic therapy and distant disease recurrence, there is 

increasing evidence that the molecular taxonomy of breast cancer may improve 

prediction of LRR and has the potential to impact decision-making regarding local 

control strategies, including surgical intervention. A meta-analysis of 15 studies 

examining the influence of subtype on LRR in 12,592 breast cancer patients who 

underwent either breast conserving therapy (BCT) (n = 7174) or mastectomy (n = 5418) 

found that LRR following BCT was less likely in patients with Luminal tumours compared 
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to those with Her2/neu over-expressing (RR 0.34, 95% CI 0.26-0.45) or triple-negative 

tumours (RR 0.38, 95% CI 0.23-0.61). Luminal tumours were also less likely to develop 

LRR than HER2/neu-overexpressing (OR 0.69; 95% CI 0.54-0.89) or triple-negative 

tumours (OR 0.61; 95% CI 0.46-0.79) after mastectomy. This data confirms that 

molecular subtype is a predictor of LRR irrespective of surgical approach. The relative 

risk of LRR for all other tumour types compared to triple negative tumours, for which 

there is no effective targeted therapy, was 0.49 (95% confidence interval, 0.33-0.73; p = 

0.00005) following BCT and 0.66 (95% confidence interval, 0.53-0.83; p = 0.0003) 

following mastectomy[165]. The increased risk of LRR in the triple-negative subtype 

raises the question of whether these tumours are suitable for BCT or require more 

extensive/radical surgery, however comparisons of BCT to mastectomy in triple-

negative cancers have demonstrated no difference in LRR according to type of surgery 

performed[165, 197, 198]. Thus, reverting to more radical surgery for triple-negative 

tumours is unlikely to overcome the challenge of controlling this aggressive subtype of 

breast cancer. The hypothesis that this subgroup may benefit from personalised loco-

regional therapy, particularly with expanded indications for postmastectomy 

radiotherapy (PMRT) has recently been the subject of investigation following a report 

from Abdulkarim et al. that LRR risk was higher patients with T1-2 N0 triple-negative 

tumours who did not receive PMRT compared to those who underwent BCT[199]. In a 

recently published meta-analysis including 12 studies and over 5000 patients, the 

pooled hazard ratios (HR) for LRR comparing BCT and mastectomy with PMRT to 

mastectomy alone were 0.61 (95% CI 0.41-0.90) and 0.62 (95% CI 0.44-0.86), 

respectively. A subgroup analysis of early stage (T1-2, N0) disease, (n = 1114) who 

would not routinely receive PMRT, found that comparing BCT to mastectomy alone, the 

pooled HR for LRR was 0.55 (95% CI 0.32-0.95). These data indicate that adjuvant 

radiotherapy, irrespective of the extent of initial breast surgery, results in improved LRR 

in patients with early stage triple-negative breast cancer. Future prospective trials 

evaluating locoregional treatment strategies for early breast cancer should be 

undertaken with consideration for the biologic factors, particularly molecular subtype, 

that influence LRR.  
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1.3.3.4 Predictive gene expression classifiers  

Microarray class-prediction studies, designed to answer specific questions regarding 

gene expression in relation to clinical outcome and response to treatment, have 

resulted in the development of gene expression profiling assays which predict the 

response to systemic therapy for breast cancer. MammaPrint a 70-gene signature 

assay, developed from the original profiling studies of van’t Veer and colleagues [200] 

has been prospectively evaluated in the Microarray In Node Negative Disease may 

Avoid ChemoTherapy (MINDACT) trial [7]. The results indicated that the genetic 

information from this signature could accurately identify patients who may be spared 

adjuvant chemotherapy despite “high risk” clinico-pathologic features, resulting in a 

reduction in chemotherapy prescription of 46% in this group, and an absolute 14% 

reduction in adjuvant chemotherapy overall[201]. Another widely established 

commercialized multi-gene predictive assay is Oncotype Dx (Genomic Health Inc., 

Redwood City, CA) which was developed in a context specific manner as a prognostic 

and predictive test to determine the benefit of chemotherapy in women with ER 

positive, node-negative breast cancer[202, 203]. This 21-gene assay generates a 

recurrence score (RS) that correlates to the likelihood of disease recurrence within 10 

years of diagnosis, and its role in predicting the benefit of chemotherapy as an adjunct 

to hormonal therapy has been established using data from prospective randomized 

trials[6, 204]. The rapid translation of this assay to the clinical management of breast 

cancer patients has resulted in a reduction in chemotherapy administration to those 

with low-risk molecular profiles[205, 206]. The clinical use of these predictive markers, 

in addition to informing adjuvant chemotherapy decisions, has potential implications for 

decision-making regarding loco-regional treatment and surgical strategy. A 

retrospective analysis of the NSABP B-14 and NSABP B-20 data showed that use of 

systemic therapy as predicted by the RS significantly reduced LRR (p < 0.0001)[207]. 

Furthermore, both molecular subtyping and Oncotype DX RS have been shown to 

accurately predict pathologic response rates in breast cancer patients receiving 

neoadjuvant chemotherapy [208, 209].  
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1.3.3.5 Tumour biology, neoadjuvant chemotherapy and breast cancer surgery  

Neoadjuvant chemotherapy (NACT) is another example of surgical scientists influencing 

paradigm change in breast cancer treatment. Bernard Fisher and the NSABP first 

investigated the concept of administering systemic chemotherapy pre-operatively in the 

NSABP-B18 trial and while there was no survival improvement, this approach did 

increase the proportion of cancers amenable to BCT[210]. Based on this evidence the 

primary indication for NACT was to facilitate less radical breast surgery, increasing the 

rates of BCT as high as 72.3% in patients who would otherwise not be candidates for 

this approach [211, 212]. Thus, traditionally, anatomical tumour features such as t-size 

and local extent were the predominant selection criteria for NACT. The realisation that 

response to NACT can be predicted by tumour biology has improved our ability to tailor 

treatment; biologic subtype may be used to select patients who are more likely to 

experience a complete pathologic response (pCR) with NACT (Figure 1-1) i.e. high-grade 

ER-ve, Her-positive and triple negative disease[208]. For ER-positive tumours, the 

Oncotype Dx RS may be utilised to predict the benefit of chemotherapy, irrespective of 

tumour size. A recent analysis of ER-positive, Her2-negative tumours selected for NACT 

based on larger T-size found that no patient with a low RS (37%) achieved pCR, 

indicating a limited long-term benefit from chemotherapy [213] over that from local 

therapy (surgery ± radiotherapy) alone or in combination with endocrine therapy. Pre-

treatment knowledge of the RS would be hugely informative to treatment planning, as it 

may persuade surgeons to consider primary surgery using oncoplastic techniques which 

are less dependent on a small tumour size for breast conservation, [214, 215] or 

administration of neoadjuvant endocrine-only therapy, sparing the patient the potential 

side-effects of cytotoxic systemic chemotherapy, if decreased tumour size is necessary 

for BCT. For patients with high-risk features in whom NACT is indicated, there is 

increasing evidence that the combination of biologic subtype and evidence of pCR 

provides important information pertaining to LRR risk [216, 217]. Data from MD 

Anderson illustrated that patients undergoing BCT for triple negative tumours in which 

pCR was achieved had an estimated 5- year LRR-free survival rate of 98.6%, versus 

89.9% in patients in whom pCR was not achieved.65 Yang et al. reported similar results 

in patients treated with mastectomy and PMRT, where the highest rate of LRR at 26% 

was reported in patients with triple negative breast tumours in which pCR was not 



Introduction 

22 
 

achieved[216]. Conversely, no patients with triple-negative breast cancer exhibiting pCR 

experienced LRR; while patients with luminal and Her2-overexpressing subtypes had 

favourable LRR rates regardless of NACT response. Utilising the prognostic information 

from both biologic subtype and NACT response together will further enhance our ability 

to identify those at higher risk of LRR, tailor the extent of locoregional therapy and plan 

surgical strategy accordingly.  

1.3.3.6 Tumour biology and axillary surgery  

Axillary surgery has traditionally been an integral component of breast cancer 

management, with staging of the regional lymph nodes considered an important factor 

in prognostication and selection of patients for adjuvant systemic therapy. In 

contemporary practice, sentinel lymph node biopsy (SLNB) has replaced axillary lymph 

node dissection (ALND) for staging clinically node-negative disease, and the majority of 

women with a low burden of axillary nodal disease (1-2 positive SLN) do not require 

completion axillary lymph node dissection, as their limited nodal disease is controlled 

with adjuvant systemic therapy and radiotherapy (for comprehensive review of this 

evidence see references [218, 219]. The recognition that tumour biology, rather than 

anatomical disease burden, is the primary determinant of adjuvant systemic therapy 

benefit is likely to further reduce the requirement of axillary surgery for disease staging. 

As discussed above, the selection of node-negative patients for systemic therapy is 

increasingly informed by predictive markers, molecular assays such as Oncotype DX and 

intrinsic breast cancer subtyping. In an analysis of 4113 T1a/T1bN0 breast cancers from 

the National Comprehensive Cancer Network Database, Vaz-Luis et al. reported that use 

of chemotherapy varied according to subtype, ranging from 8% for ER/PR positive, 

Her2-negative tumours to 52% for Her2- positive and triple-negative tumours, despite 

the equivalent anatomic stage[220]. As ongoing trials (Tamoxifen Citrate, Letrozole, 

Anastrozole, or Exemestane with or without Chemotherapy in Treating Patients with 

Invasive RxPONDER Breast Cancer, NCT01272037 and MINDACT Genetic Testing or 

Clinical Assessment in Determining the Need for Chemotherapy in Women with Breast 

Cancer that Involves no more than 3 Lymph Nodes NCT00433589) prospectively 

evaluate the ability of molecular profiling tools to stratify patients with node positive 

disease according to likelihood of chemotherapy benefit, it is likely that the use of 
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tumour biology, independent of anatomic stage, to inform adjuvant chemotherapy 

decisions will obviate the requirement for surgery and pathologic axillary evaluation as a 

critical component of breast cancer management. The requirement for extensive ALND 

to achieve local disease control in node-positive patients has also significantly reduced 

due to the effective use of NACT; the SENTINA, ACOSOG Z1071 and Canadian SN FNAC 

studies have shown that SLNB is feasible in the post-NACT setting with false negative 

rates of 8-14% for patients who presented with node-positive disease[221-223]. Thus, 

ALND can be reserved for patients with residual nodal disease, sparing those who 

exhibit a pCR. Increasing evidence also suggests that tumour biologic subtype can 

accurately predict the likelihood of a pCR in the axillary lymph nodes, with hormone 

receptor negative and Her2/neu receptor positive tumours exhibiting the highest 

axillary pCR rates[224-226]. As the paradigm continues to shift towards less aggressive 

axillary management, the use of NACT to downstage the axilla is likely to become a 

clinically relevant approach, with the use of biologic information such as receptor status 

and subtype to select patients for this approach [227]. 

1.3.4 Genetic mutation analysis and risk-reducing surgery  

1.3.4.1 BRCA1 and BRCA2 mutations and risk reduction  

The most striking example of the influence of genomic profiling on surgical practice is 

the management of patients with mutations in BRCA1 or BRCA2, which are associated 

with a dramatically increased lifetime risk of female and male breast, ovarian and other 

cancers [228, 229]. The cancer phenotype associated with pathogenic mutations in 

BRCA1 and BRCA2 is well described. Mutations in BRCA1 and BRCA2 are highly 

penetrant, with cumulative risk by 70 years of female breast cancer averaging 60% (95% 

CI = 44-75%), and of ovarian cancer 59% (95% CI = 43-76%) for BRCA1 mutations; and 

55% (95% CI = 41-70%) and 16.5% (95% CI = 7.5-34%) respectively, for mutations in 

BRCA2[230]. Tumours in carriers of BRCA1 mutations tend to be high-grade and ER-

negative, with adverse prognostic features[231]. Breast tumours in carriers of BRCA2 

mutations are more heterogeneous, and can have similar features to sporadic tumours 

[231]. Guidelines have been established to direct assessment, as well as surgical 

therapeutic and prophylactic management of these mutation carriers [232, 233]. 

Sequencing of BRCA1 and BRCA2 is recommended in patients in whom there is a >10% a 
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priori risk of identifying a mutation in one of these genes, estimated from a risk 

prediction score based on personal and family history of cancer (e.g. Manchester 

Score/BOADICEA) [234]. Identification of a mutation in BRCA1 or BRCA2 in affected 

patients and especially in their pre-symptomatic relatives is beneficial, facilitating 

surveillance, early detection and prevention of cancer in patients at high risk of disease 

[235]. Conversely, predictive testing of at-risk relatives can reassure those individuals 

found not to carry the familial mutation, and spare unnecessary surveillance and anxiety 

[236]. Strong evidence exists regarding the benefit of prophylactic surgical intervention 

in carriers of such mutations in terms of primary and secondary cancer prevention 

[237].   

1.3.4.2 Novel genetic markers of breast cancer risk  

Mutations in BRCA1 and BRCA2 account for only 16-25% of familial breast cancer [84]. 

Despite concerted efforts from the research community internationally, linkage 

analysis, and more sophisticated candidate gene analyses, have failed to identify any 

other “BRCA” genes. It is thought that the unexplained heritability of breast cancer may 

be explained by the combined effects of multiple moderate- or low-penetrance loci, 

compounded by environmental risk factors. Dramatic improvements and favourable 

reduction in costs of genetic and genomic technologies, have led to a shift in research in 

this field from single candidate-gene to genome-wide approaches. In the last several 

years, several dozen potential breast cancer susceptibility loci have been identified.  

1.3.4.3 Highly penetrant mutations  

A number of highly-penetrant mutations have been identified that confer high lifetime 

risk of breast cancer in the context of rare inherited cancer “syndromes”. The frequency 

of mutations in these genes is even rarer than those in BRCA1 or BRCA2 [238] . The risk 

of breast cancer conferred by mutations in P53 (Li Fraumeni syndrome) by age 70 may 

be greater than 90% [239], with 56% risk by age 45 years [240]. The lifetime cumulative 

risk of breast cancer is 30-50% for mutations in STK11 (Peutz Jegher syndrome) [235], 

25-50% for mutations in PTEN (Cowden syndrome) [235]. Mutations in CDH1 

(Hereditary Diffuse Gastric Cancer Syndrome) confer lifetime risk of lobular breast 

cancer of 39-52% [241]. Guidelines for high risk surveillance and risk-reducing strategies 

have been developed for patients affected by these well-described syndromes; both the 
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National Cancer Control Network (NCCN) and National Institute of Clinical Excellence 

(NICE) recommend that the risks and benefits of risk-reducing mastectomy should be 

discussed with these patients as they are appropriate candidates for this surgical 

intervention [232, 233]. Patients considering risk-reducing surgery should be counselled 

regarding all the available strategies to decrease breast cancer risk including the option 

of bilateral prophylactic mastectomy (BPM). Patients considering BPM should be 

counselled and managed in a multidisciplinary setting, the potential psychosocial effects 

of BPM should be addressed in the decision-making process, and immediate breast 

reconstruction (IBR) carried out by a surgical team with specialist skills in oncoplastic 

surgery and breast reconstruction should be offered to these patients [232, 233]. 

1.3.4.4 Mutations of variable and moderate penetrance  

As part of candidate gene analysis studies undertaken in an attempt to identify 

“BRCA3”, a number of “moderate” risk breast cancer susceptibility genes have been 

identified. Such moderate-risk genes include PALB2 [242],  CHEK2 [100], BRIP1 [121] 

and genes in the MRE11-RAD50-NBS1 (MRN) DNA repair complex [243]. Mutations in 

these genes are variably penetrant, conferring between two- to four-fold increased risk 

of breast cancer, with minor allele frequencies of ~1-5% in the general population[244]. 

The cumulative risk of breast cancer by 70 years in carriers of mutations in PALB2 varies 

depending on the family history, from 33% in a patient with no family history to 58% in 

patients with two first degree relatives (FDRs) diagnosed under 50 years [245]. A 

specific founder mutation in CHEK2 (1100delC) has been associated with increased risk 

of breast cancer (RR 2.34 (95% CI: 1.7-3.2)), and of bilateral breast cancer [100, 246]. 

Mutations in genes associated with other non-cancer genetic conditions have also been 

associated with moderately increased breast cancer risk. Mutations in NF1, associated 

with type I Neurofibromatosis, confer an increased risk of breast cancer, particularly in 

women under 50 years [247]. Biallelic mutations in ATM cause ataxia-telangiectasia 

syndrome, but mono-allelic ATM mutations confer moderate breast cancer 

susceptibility [248], with penetrance of ~15% [238] depending on the specific variant. 

The clinical utility of identifying mutations in such genes is uncertain, as no clear 

guidelines exist regarding the incorporation of this information into treatment or 

prevention strategies. Furthermore, if such a mutation is identified in a patient, 
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predictive testing of unaffected relatives is not routinely available, and decisions 

regarding breast cancer surveillance in such relatives should be determined by the 

family history. It is likely that mutations in these genes will be increasingly identified in 

high-risk patients with their incorporation into next generation gene panel tests. The 

uncertainty surrounding the relevance of such mutations, and indeed the clinical utility 

of their identification, creates enormous challenges for clinicians treating these 

patients. There is an acute need for standardised guidelines for management of this 

class of mutation carriers, as well as clarification as to what constitutes a “clinically 

actionable” mutation.  

1.3.4.5 Common low penetrance variants  

Single nucleotide polymorphisms (SNPs) refer to DNA sequence variation at one base 

pair between two individuals or between paired alleles in the same individual, occurring 

with a frequency of once every 300 nucleotides. Genome-wide association analyses 

comparing large numbers of cases and controls have identified dozens of 

polymorphisms associated with breast cancer predisposition [5, 143, 249-251]. The 

strength of the association of an individual SNP is influenced by patient ethnicity, 

hormone receptor status; age of onset; or interaction with environmental factors[252-

254]. It has been postulated that the unexplained heritability in breast cancer may be 

attributed to di-, oligo- or polygenic susceptibility, involving a number of low-moderate 

penetrance variants [255] with an additive or multiplicative effect. In a large-scale case-

control analysis, Mavaddat et al [5] constructed a polygenic risk score (PRS), combining 

risks associated with 77 known breast cancer susceptibility loci. The minor allele 

frequencies at each of these loci ranged from 0.001% to 48.2%; with individual odds 

ratios of 0.86-1.36. Using patients with PRS in the middle quintile as reference; the odds 

of breast cancer in women with PRS in the highest 1% of distribution was 3.36 (95% CI: 

2.95-3.83); with risk by age 80 of 29% (95%CI: 24.9-33.5); while the odds in those 

patients in the lowest 1% was 0.32 (95% CI 0.25-0.40), and risk by age 80 years of 3.5% 

(95%CI: 2.6-4.4). The association between PRS and breast cancer risk is higher in ER-

positive disease and in patients with positive family history; and is inversely correlated 

with age [5]. Currently, breast screening programs are directed to a select group of 

women based arbitrarily on age and economic cost-benefit analyses [256]. The risk 
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conferred by these low risk alleles, even in a combined model, is unlikely to justify 

prophylactic surgery, but incorporation of PRS and risk profile into screening 

programmes may allow those patients at highest risk commence screening at an earlier 

stage [257], and may spare those at lowest risk unnecessary screening procedures with 

the associated anxiety and potential over-diagnosis [258].  

1.3.4.6 Implications for surgical practice  

As recognition of the genetic component of familial breast cancer grows and genetic 

testing has become more available, the rate of prophylactic surgery has increased [259, 

260]. The most effective surgical prophylaxis in carriers of mutations in BRCA1 and 

BRCA2 is early bilateral salpingo-oophorectomy (BSO), which reduces the risk of ovarian 

cancer by 80-96% [261]; the risk of primary breast cancer in BRCA1 (HR, 0.63; 95% CI, 

0.41-0.96) and BRCA2 (HR, 0.36; 95% CI, 0.16-0.82) mutation carriers2[262]; and the risk 

of second metachronous primary breast cancers [263]. Furthermore, BSO has also been 

shown to reduce overall mortality by as much as 77% [263]. Bilateral prophylactic 

mastectomy (BPM) reduces the risk of breast cancer by 90% [237] in mutation carriers. 

Contralateral prophylactic mastectomy (CPM) following a breast cancer diagnosis 

reduces the risk of a second primary breast cancer and may confer additional survival 

benefit [264-267]. However, comparable overall survival has been reported in carriers 

of BRCA1 or BRCA2 mutations managed with breast conservation and radiotherapy 

versus mastectomy, albeit with increased rates of second in-breast events [268]. When 

managing BRCA mutation carriers diagnosed with a breast cancer, surgical decision 

making should take into account the risks of recurrence and contralateral breast cancer 

(CBC) in the context of patient age, specific mutation and the biology of the index 

tumour. The risk of CBC is higher in patients age <50 years at diagnosis [269], and in 

BRCA1 than BRCA2 mutation carriers [270]. Furthermore, BRCA2-associated breast 

cancers are more frequently ER/PR positive and responsive to hormonal therapy 

compared to BRCA1-associated breast cancers which are triple-negative in 70-90% of 

cases, with no effective targeted therapy available [271]. Patients who exhibit these 

high-risk characteristics i.e. young patients with BRCA1-associated breast cancers may 

                                                      
2 A paper by Kotsopoulos et al [262] published after this manuscript was submitted suggests that the 
reduced risk of pre-menopausal breast cancer following bilateral oophorectomy is limited to BRCA2 
mutation carriers 
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benefit from a more aggressive surgical approach incorporating CPM at the time of 

therapeutic surgery for the index tumour in order to reduce the risk of disease 

recurrence necessitating further surgical intervention [272]. While risk-reducing surgery 

has well defined benefits for BRCA1 and BRCA2 mutation carriers, the increase in CPM is 

not confined to this group. Patient anxiety, irrespective of the presence or absence of 

risk factors for contralateral breast cancer, has been identified as a major predictor of 

CPM [273], despite the absence of proven survival benefit with CPM for patients 

without a confirmed high risk mutation [259]. Equally concerning is the fear that 

surgeons may not be adequately informed about the risks and benefits of prophylactic 

surgery; a survey of the American Society of Breast Surgeons identified gaps in 

surgeons’ knowledge regarding contralateral breast cancer risks for women with BRCA 

mutations and lobular carcinomas [274]. A similar survey of UK surgeons found that 

only 1/3 (32%) correctly quoted their patients an annual risk of contralateral breast 

cancer[265]. Breast surgical oncologists are now faced with increased complexity in 

treatment decision-making and patient consultation. There is a responsibility on 

surgeons today to understand the fundamental aspects of genetic testing, interpret 

genetic test results in the context of additional risk factors, and know what constitutes a 

clinically actionable mutation, particularly one which warrants prophylactic surgery. This 

is challenging in an environment where genetic mutations of uncertain significance are 

increasingly identified, but is imperative in order for surgeons to confidently advise 

patients in breast cancer treatment decisions and maintain their role as patient 

advocates in the multidisciplinary setting. Surgeons are also tasked with staying abreast 

of innovations in surgical technique evolving as increased prophylactic mastectomy and 

improved survival rates have led to an inevitable focus on aesthetic and quality-of-life 

outcomes. The increase in mastectomy rates has seen a corresponding increase in 

immediate breast reconstruction (IBR)[260], in addition to further refinement of the 

mastectomy technique itself. Skin-sparing and nipple-sparing mastectomies which 

preserve the skin envelope with/without the nipple-areolar complex (NAC) are 

increasingly performed for patients with breast cancer, or with genetic cancer 

predisposition [275]. Accumulating evidence supports the oncological safety of this 

procedure in appropriately selected patients, with no evidence of malignancy on 

pathologic assessment of the NAC [59, 276]. Preservation of the skin with/without NAC 
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offers superior aesthetic outcomes following breast reconstruction, which is proven to 

significantly improve psychosocial outcomes, and should be offered as an option for the 

majority of women undergoing mastectomy [277, 278]. The range of reconstructive 

techniques is expanding due to the innovation of breast and plastic surgeons, and 

bilateral IBR is increasingly performed by surgical oncologists trained in oncoplastic 

techniques [279]. Interestingly, despite the wide array of novel autologous 

reconstructions, the majority of the increase in IBR in recent years is accounted for by 

prosthetic/implant-based approaches [280]. The addition of an expanding range of 

acellular dermal matrices derived from biologic or synthetic mesh materials has 

facilitated the development of one-stage, direct-to-implant reconstruction techniques 

which show promise in terms of aesthetic outcome, and are increasingly popular with 

oncoplastic breast surgeons. This approach is currently being prospectively evaluated in 

the Multicentre Canadian Acellular Dermal Matrix Trial (MCCAT) [281]. While 

refinements in mastectomy and reconstructive techniques are applicable to patients 

with sporadic breast cancer, the shift towards these practices has correlated with an 

increase in patients undergoing bilateral mastectomy [282] and is likely to reflect the 

larger number of women undergoing prophylactic surgery as a result of genetic 

mutation testing. In this regard, genomic advances in understanding the heritability of 

breast cancer have directly impacted surgical practice.  

1.3.5 The future - regenerative surgery  

Despite the clear aesthetic and psychosocial benefits of breast reconstruction [277] 

currently available techniques, including synthetic implants and autologous tissue grafts 

are limited by morbidity risks at both the reconstruction and donor sites including 

infection, implant extrusion, capsular contracture, deformity, flap necrosis, wound 

dehiscence [283, 284]. It is imperative to develop superior functional tissue substitutes 

for post-mastectomy reconstruction. The rapidly advancing fields of tissue engineering 

and regenerative medicine hold enormous potential in this regard and recent years 

have seen key innovations in vascular, osseous, cutaneous and soft tissue regeneration 

[285]. For breast cancer patients, the ability to generate living functional tissue to fill 

disfiguring defects following tumour resection will have enormous implications for 

future quality-of-life. Recent efforts have focused on cell-based regeneration of adipose 
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tissue to fill the defect following BCS or mastectomy [286] Adipose-derived stem cells 

(ASCs) offer the advantage of an abundant autologous source, a minimally invasive 

method of harvesting, significant proliferative capacity, and secretion of growth and 

angiogenic factors to stimulate tissue regeneration [287]. The use of autologous 

adipose tissue via fat-grafting is in widespread clinical use for breast augmentation and 

correction of small volume defects following breast conserving surgery [288]. The 

supplementation of fat grafts with ASCs, a technique termed “cell-assisted lipotransfer”, 

has been developed to overcome the problem of volume loss seen in conventional fat 

grafting [289], and results in more durable outcomes [290, 291]. The feasibility of this 

approach in breast cancer patients with small volume defects following BCS has been 

demonstrated in the RESTORE-2 trial [292]. To regenerate sufficient tissue volume to fill 

a larger mastectomy defect it is likely that a de-novo adipose tissue-engineering 

approach will be required; combining living cells, a biocompatible scaffold, and a 

microenvironment that will provide the appropriate cues to support cell growth, 

differentiation and long-term volume retention to promote tissue regeneration. A 

variety of synthetic and natural scaffold materials have been studied for this purpose 

[286, 293],  and sustained regeneration of adipose tissue has been achieved in large 

animal models, with surgical vascularisation of a tissue engineered construct [294]. 

However, a critical question is that of oncological safety and the potential risk of 

stimulating tumour recurrence by the use of stem cells for tissue regeneration. There is 

conflicting data regarding the possible interplay between breast tumour cells and 

transplanted ASCs; the ASC secretome has been shown variably to promote [295-297] 

and suppress tumour growth invitro [298, 299]. Our knowledge of ASC behaviour in-vivo 

is limited [300]. The concept of a detrimental interaction between transplanted ASCs 

and residual/dormant cancer cells requires further clarification through in-vivo and 

clinical studies, to investigate how ASCs can be exploited for their regenerative function 

in this setting, without promoting tumourigenesis. If this can be achieved, translation to 

the clinical setting will offer the exciting potential to engineer a reconstruction 

generated from autologous cells, which may be surgically implanted without requiring 

tissue transfer, thereby eliminating or reducing donor site morbidity, answering an 

urgent clinical need for breast cancer patients.  
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1.3.6 Conclusions  

This is an exciting era for breast surgery. Biomolecular advances have had a significant 

impact on the role of surgery in the multimodality treatment of breast cancer. 

Contemporary “surgical oncologists” and “oncoplastic surgeons” have moved beyond 

simple tumour resection and now have critical input to cancer prevention through risk-

reducing surgery informed by mutation analysis; personalised loco-regional therapy 

informed by genomic profiling; and improving quality-of-life with novel reconstructive 

strategies (Figure 1-2). 

 

Figure 1-2: Evolving Role of the Surgeon in Breast Cancer Management 

 Surgeon scientists have been instrumental in utilising molecular knowledge to 

rationalise the surgical approach to breast cancer, minimizing morbidity while 

maintaining the oncologic efficacy of surgery which remains central to curative 

treatment. Progress in molecular biology and genetics research will dictate the future 

direction of cancer treatment and understanding the importance of tumour biology will 

be critical for the modern surgeon to maintain a leadership role in individualised breast 

cancer therapy.  
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1.4 Paper 2 

1.4.1 Title  

Personalisation of Therapy – clinical impact and relevance of genetic mutations in 

tumours. McVeigh, T.P. and George, A.J., Cancer Research Frontiers, 2017. 3(1): p. 29-

50. [2] 

1.4.2 Abstract  

As technological advances in genetic sequencing and the parallel reduction in costs of 

sequencing make testing more accessible, genomic profiling of tumours is increasingly 

becoming integrated into routine clinical care. This personalisation of medical care is 

especially relevant in the area of oncology, where interest in tumour testing as part of 

standard care has dramatically increased. Tumour genomic profiles are particularly 

interesting, as they harbour mutations acquired temporally as somatic events, and less 

commonly, may reveal defects that have been inherited through the germline. 

Numerous techniques can be utilised to interrogate the tumour genomic landscape, 

ranging from tried and tested techniques, such as karyotyping, to full mutational 

analysis using more modern next and third generation technologies. The challenge for 

the clinician is no longer predominantly in accessing genomic technologies, but rather in 

interpreting complex reports, and separating relevant clinically actionable mutations 

from incidental mutations reflective of the damaged DNA repair mechanisms that are 

intrinsic to the neoplastic process. This may be especially difficult if the mutational 

spectrum includes variants in less well-studied genes, or in genes not commonly 

implicated as drivers of the cancer under investigation. Increasing utilisation of genomic 

profiling of cancers has informed our understanding that the timing of a mutation in a 

particular gene is as relevant as the gene in which it occurs in determining the 

neoplastic course. Once the key driver mutations in a cancer have been identified, the 

next challenge is to find and utilise an appropriate agent that targets the specific defect. 

Many hundreds of targeted agents have been designed and put through rigorous in 

vitro and phase 1 or even phase 2 trials, but few have made it into routine clinical use to 

date. In this review, we discuss the underlying mechanisms of genomic changes and 

mutational signatures that can be potentially targeted for therapeutic benefit, and 

some successful targeted agents that have been developed to date.   
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1.4.3 Background 

Over the last decade, there has been a huge increase in the applications of genetic 

testing for personalising patient treatment. The improvements in the available genetic 

sequencing techniques and expansion in access to testing has occurred in parallel with a 

substantial decrease in the cost of testing. Ten years ago, the cost of whole genome 

sequencing was in the order of $20,000,000; falling to less than $2000 by end of 2015 

[15]. Unsurprisingly, “genetic testing” is therefore becoming increasingly incorporated 

into mainstream medical care, particularly as information about the patient’s and their 

cancer’s genetic profile can provide improved prognostic information [203, 301]; 

identify suitable patients for specific therapeutic agents [302, 303]; and facilitate sub-

classification [304], or identification of tumours of unknown origin [305]. Several 

hundreds of “paradigm shifts” in medicine have been proposed in recent times, none as 

profound as the move towards precision medicine, and the n-of1 clinical trial [306]. 

Targeted therapy in cancer is not a new concept, but the drive to develop agents 

specific to the individual has gained significant momentum with the announcement of 

President Obama’s Precision Medicine Initiative in 2015 [22], heralding an “era of 

Precision Medicine” [307]. This move is greatly supported by research funding agencies 

[24, 26, 308], and by the public [309]. Surveys of public attitudes towards “genetic 

testing” suggest strong support for testing that can positively influence selection of 

targeted therapy, but reticence to participate in testing that might have implications for 

the wider family, or that might predict disease in the future [310, 311].   

In this overview, we aim to discuss:   

• The role of tumour suppressor genes and proto-oncogenes  

• Driver and passenger mutations   

• Chromosomal aberrations in cancer   

• Techniques for molecular profiling in cancer  

• Examples of targetable mutations and targeted therapies   

• Inherited Tumour Predisposition  

• Tumour mutational signatures   

• Challenges in variant interpretation   
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1.4.3.1 Tumour Suppressor Genes and Proto-oncogenes  

The hallmarks of cancer include loss of response to normal controls of cell growth and 

programmed cell death, as well as immortality, self-sustained angiogenesis, invasion, 

and metastasis. These hallmarks can reflect defects in the genes involved in pathways of 

cell growth and division. Two broad classes of genes are implicated in tumourigenesis; 

tumour suppressor genes, and proto-oncogenes (Table 1-4).  

Most proto-oncogenes (e.g. Ras) function in control of the cell cycle; without them, 

normal cell growth and development could not occur. Conversion of protooncogenes to 

oncogenes leads to abnormal overactivity or over-expression of the protein product. 

Such conversion may occur in a number of ways; including mutations in the gene 

sequence or in a gene regulatory region; gene amplification by localised DNA segmental 

duplication or multiplication (copy number variation); or by chromosomal translocation 

leading either to production of an abnormally and continually active fusion protein (e.g. 

BCR-ABL). These mechanisms may have a dominant effect, meaning that they may 

trigger oncogenesis even if only one allele is affected. Furthermore, epigenetic 

influences can lead to hyper- or hypo- methylation of cytosine residues, leading to over- 

or under-activity of a gene. These epigenetic influences may be somatic, but rarely can 

be inherited, leading to constitutional hyper- or hypo-methylation of a gene (e.g. 

constitutional MLH1 epimutations).  

Tumour Suppressor genes (TSGs) (e.g. BRCA1, TP53) generally function to inhibit 

replication and proliferation of damaged cells, either by DNA repair or by control of cell 

cycle checkpoints or apoptosis. Loss-of-function mutations in such genes are oncogenic. 

Generally, the presence of one normal allele affords sufficient cellular control; but a 

“second hit” affecting this normal allele (loss of heterozygosity) disrupts control, leading 

to tumourigenesis. Knockout of the DNA repair function of one or more TSGs leads to 

sequential acquisition of more mutations, ultimately leading to dysplasia/neoplasia. 

Tumours arising in patients as a result of inherited defects in tumour suppressor genes, 

therefore, tend to have a very high mutational load. Pathways of which control is lost by 

virtue of loss of function of TSGs represent putative targets for therapies [312].   
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Table 1-4: Definitions of Genetic concepts discussed in this review 

Concept Definition  

Cancer 

Susceptibility 

genes  

Tumour Suppressor Genes (TSG): These genes encode proteins that act in DNA damage repair or in inhibition of 

inappropriate proliferation of cells. Generally, one copy of a TSG is functionally sufficient. Loss of function mutations in 

TSGs may be dominantly inherited, but they act recessively at a cellular level, and a second somatic hit is required for 

oncogenesis.   

 

Proto-oncogenes: Proto-oncogenes may be converted to oncogenes by a number of gain-of-function mechanisms, 

including mutation, amplification or chromosomal translocation resulting in a fusion product. Most proto-oncogenes 

function in cell growth and proliferation, a function which can be pathogenic if constitutionally activated. Gain-of-

function mutations act dominantly, and a mutation of only one allele is sufficient to contribute to the neoplastic 

process.  

Drivers and 

Passengers   

Driver Mutations: This is a genetic mutation involved in initiation and often continuation of neoplastic transformation; 

conferring selective growth advantage on the cell in which it occurs, resulting in clonal expansion.   

 

Passenger mutations: These mutations, which are functionally irrelevant, are common in cancer, as a direct 

consequence of impaired DNA repair mechanisms. They do not confer growth advantage and are not a necessary 

component of cancer development.   

Germline 

Predisposition   

Germline mutation: These mutations are usually inherited from a parent and can be transmitted to the next generation. 

Such mutations occur in cells in the “germline” – i.e. cells destined to produce gametes. Mutations in cells in the 

paternal germline occur more commonly with increasing paternal age, which can manifest as apparently de novo 

paternally-derived mutations in subsequent generations (e.g. RET)   
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Somatic mutation: This is a genetic mutation which occurs in a single cell in tissue of the soma. Cells in the clonal 

population derived from this mutated cell will all carry the same variant, but this cannot be transmitted to progeny of 

the individual.   

Mutational 

signature  

Different tumour types harbour mutations in different genes that occur in response to different underlying genetic or 

environmental aetiologies; for example, as a consequence of defective mismatch repair or in response to UV radiation 

and aberrant nucleotide excision repair. The unique combination and proportion of different mutations is referred to as 

the mutational signature of a tumour.   

Gene 

expression 

analysis   

Gene expression: This is a two-step process by which the nucleotide sequence of a gene encodes for a particular 

sequence of amino acids, and therefore a particular protein, through transcription to mRNA, with subsequent 

translation to protein. This can be followed by post-translational modification of the protein to produce the final 

protein product.   

 

Transcription: Production of mRNA from DNA by RNA polymerase  

 

Transcriptomics: The study of RNA transcripts  

 

Translation: Synthesis of protein using mRNA template  

Chromothripsis  Localised clustering of chromosomal rearrangements as a consequence of defective DNA repair or replication 

mechanisms  

Kataegis  Localised hypermutation  
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1.4.3.2 Drivers and passengers  

Cancer cells may acquire 10s to 100,000s of mutations depending on the cell turnover 

rate of the organ in which they occur, which can be classified as driver or passenger 

mutations depending on whether they confer an advantage to the cell in terms of 

growth and/or survival [313]. Separating driver mutations that contribute to 

progression and growth of the cancer from inconsequential passenger mutations can 

often be extremely challenging. Most somatic mutations are passengers, and will not 

confer a growth or selection advantage; and designing or applying therapies to exploit 

such mutations is of little value. It had been thought that several driver mutations are 

required to promote neoplasia. However, more recent evidence suggests that only 

three of these key driver mutations are required in certain cancer subtypes [314, 315], 

suggesting that a combination of a few appropriately targeted agents may be sufficient 

to combat the driving forces in these cancers.   

Increased utility of somatic testing in tumours has implicated mutations in well-known 

TSGs and oncogenes as drivers of disease, but expanded gene panels have also led to 

detection of putative driver mutations in less well-characterized genes. Such genes can 

be classified as TSGs or oncogenes depending on a number of factors; whether the 

mutations identified confer loss- or gain-of function; and if one or both alleles are lost. 

Allelic status is not always informative, as wild-type alleles can be silenced in a number 

of ways, including by epigenetic mechanisms or silencing by a dominant-negative 

mutant allele. In certain instances, particularly in non-hereditary cases, biallelic loss of a 

TSG is not sufficient to promote oncogenesis, and other driver mutations are required. 

Depending on the context, a gene may function as either an oncogene or a tumour 

suppressor gene (e.g. NOTCH1) [316]. Therefore, the allelic status of mutations in such 

genes must be considered in light of the clinical context to help classify the mutation as 

a driver or passenger. Analysis of both tumour and normal DNA is required to optimally 

classify mutations in TSGs [317].  

1.4.3.3 Chromosomal aberrations in cancer   

Cancer cells display high rates of chromosomal copy number and structural instability 

compared to normal cells. The genetic aberrations that occur in cancer may involve 

whole chromosomes, limited segments of chromosomes, single genes, or related genes 
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within a single pathway, or specific hotspot mutations. As such, “genetic testing” of 

tumours can be targeted to individual genetic loci or extensive across the entire tumour 

genome, depending on the clinical context, and the specific tumour type [35, 36]. It has 

been shown that a limited number of specific chromosomes in a cancer genome may 

harbour many hundreds of clustered chromosomal rearrangements as a consequence 

of defective DNA repair or replication mechanisms, a phenomenon termed 

chromothripsis. This characteristic is commonly identified in cells with defective p53, 

permitting replication of cells with chromosomal mis-segregation [318]. Foci of localised 

hypermutation (kataegis), with enrichment of C>T or C>G mutations, may also be found 

in association with certain genomic rearrangements; and may reflect aberrant activity 

of the APOBEC family of enzymes on dsDNA breaks [319]. It has been shown that 

induction of di-centric chromosomes during telomeric crises induce chromothripsis and 

kataegis [320].   

1.4.3.4 Molecular Profiling of cancers  

1.4.3.4.1 Transcriptomics   

Gene expression analysis can be performed in a number of methods, ranging from low 

to high throughput, depending on the clinical indication. Low throughput techniques 

include utilisation of a reporter gene assay (e.g. Luciferase); Northern or Western blots 

to measure RNA and protein levels respectively; Fluorescence in situ Hybridisation 

(FISH) to assess copy number variation; and Reverse-Transcription Polymerase Chain 

Reaction (RT-PCR), to detect and quantify mRNA from small volume samples. Higher 

throughput techniques include SAGE (serial analysis of gene expression); DNA 

microarray and RNA-Seq. SAGE and DNA microarray technologies serve to quantify 

expression of different isoforms of a large number of genes simultaneously. Different 

cancers have different gene expression profiles, and thus such methods may be used to 

sub-classify tumours. SAGE is more expensive, and more technically challenging than 

DNA microarray based studies, but provides more sensitive quantification of transcript 

expression, and can be used in discovery of novel mRNA transcripts, while DNA 

microarray probes must be designed based on known mRNA sequences. RNA-seq 

(whole transcriptome sequencing) also facilitates accurate quantification of gene 

expression; as well as detection of alternatively spliced or novel transcripts; post-
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transcriptional modifications; gene fusion, and mutations. Different approaches may be 

used in the same patient depending on the clinical context. For example, in breast 

cancer subtyping, gene expression analysis by DNA microarray is used to differentiate 

between luminal, non-luminal and normal-like subtypes, while gene expression analysis 

by RNA expression analysis using RT-PCR as part of the Oncotype DX test can predict 

those ER-positive/HER2negative early stage tumours at highest risk of relapse [203].   

1.4.3.4.2 Immunophenotyping   

Immunohistochemistry (IHC) is routinely used to characterise tumours based on their 

immunophenotype. IHC can detect expression of particular antigens by virtue of binding 

with applied corresponding antibodies. Specific markers may be characteristic of 

different cellular processes, such as ki67 (proliferation) or CASP3 (apoptosis); or 

different tumour types. IHC is a simple, routine method that can be particularly useful in 

clarifying origin of tumours, particularly where morphological appearances are atypical, 

or if there is difficulty in differentiating between a primary tumour or metastatic 

deposit; for example, in the ovary, by analysis of the expression of proteins such as CK7, 

CK20, ER, WT1 [321]; or in the lung by IHC of CK7, CK30 and B-catenin [322].  

IHC can be used in the diagnostic work-up of patients with high-risk personal or familial 

cancer history. Loss of expression of mismatch repair proteins MLH1 and PMS2 in 

colorectal cancers, for example, may reflect germline mutations in MLH1, and more 

rarely germline missense mutations in PMS2; but such pattern of loss also occurs in 

tumours in association with somatic BRAF V600E mutation. Colorectal tumours 

displaying loss of MLH1 and PMS2 on IHC should routinely be tested for this variant 

before embarking on germline testing. Loss of MLH1/PMS2 can also be seen in 

endometrial cancers, particularly in the context of Lynch syndrome. BRAF mutations 

occur infrequently in endometrial cancers however, and the utility of BRAF testing in 

these tumours in predicting germline MMR defects is limited [323].   

1.4.3.4.3 Cytogenetics   

Molecular profiling techniques may include specific mutation testing, sequencing or 

expression analysis of specific genes; more extensive analysis of coding regions of all 

cancer genes as part of a next generation panel; analysis of coding regions of all genes 

as part of a whole exome analysis; or interrogation of coding and non-coding regions of 
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all genes by whole genome analysis. Gross analysis of the genome can be undertaken by 

cytogenetic analysis using array CGH; or karyotype with or without Fluorescent in situ 

Hybridization (FISH). Karyotyping with FISH for recurrent genetic abnormalities remains 

a critical and recommended component of the diagnostic work-up of certain rapidly 

progressing haematological malignancies, such as acute myeloid (AML)[324]  or acute 

lymphoblastic (ALL)[325] leukaemia and myelodysplastic syndrome (MDS) [326] 

supplemented by RT-PCR testing for fusion genes of interest, such as BCR-ABL in ALL; or 

sequencing of specific genes of interests using next generation multi-gene panels, e.g. 

KIT, NPM1 and CEBPA in AML; TP53, ASXL1, ETV6, RUNX1 and EZH2 in MDS. Low rates 

of cellular proliferation in other haematological malignancies, including Multiple 

Myeloma, limit the utility of karyotyping, and interphase FISH using probes specific to 

regions of interest is the preferred method of cytogenetic analysis of such cancers. 

Recurrent chromosomal aberrations can be recognised among different cancer types or 

in the organ in which they occur, for example; breast cancers often display gains of 

chromosomes 1q, 8q, 17q and 20, and losses of chromosomes 8p, 16q, 17p; gastric 

cancers display copy number gains of 8q and 20; and gliomas recurrently demonstrate 

gain of chromosome 7 and losses of 1p and 19q [327]. Cytogenetic analysis of solid 

tumours by karyotyping has been eschewed in recent years in favour of more advanced 

technologies such as oligo- or SNP-arrays, in combination with specific gene testing or 

investigation for specific fusion genes of interest by RT-PCR or FISH. Cytogenetic studies 

do still have utility in certain solid cancers, for example, testing of somatic deletions of 

1p19q for prognostication in oligodendroglioma [328] and for diagnosis and sub-

classification of soft tissue sarcomas [329].  

Microarray-based comparative genomic hybridisation (Array CGH) can detect copy 

number variation at a much higher resolution than standard karyotype (~80kB-v-5MB); 

but requires significant volumes of differentially labelled patient/tumour and reference 

DNA to co-hybridize to the array chip. The sensitivity of array-CGH is highly dependent 

on the proportion of the sample that is representative of the tumour compared to 

control; degree of tumour heterogeneity; and resolution of the selected microarray 

platform (number of probes).   
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Neither array-CGH nor SNP array detect balanced rearrangements, so other methods 

(PCR/karyotype/FISH) must be relied on for this purpose. SNP arrays are particularly 

useful in assessing copy number variation, loss of heterozygosity, and in detection of 

uniparental disomy (UPD); but rely on utilisation of well-described DNA sequences with 

known SNPs as probes.   

1.4.3.4.4 Mutation analysis   

Molecular genetic testing of solid organ tumours can be performed in a host of 

methods depending on the clinical question. Interrogation of tumour DNA can be 

performed by RT-PCR for specific recurrent mutations in particular genes, by 

sequencing of entire genes of interest by Sanger sequencing, MLPA or multi-gene 

panels, by sequencing of coding regions of all genes using exome sequencing, or by 

interrogation of introns and exons of all known genes using whole genome sequencing. 

More extensive sequencing increases the likelihood of detecting one/more pathogenic 

mutations; but inevitably increases the probability of detecting variants of uncertain 

significance; variants in poorly characterised genes; or heritable pathogenic variants 

arising from the germline. Molecular genetic analysis of tumours is challenging, because 

most methods require significant amounts of relatively good quality DNA. Tumour 

testing by next-generation sequencing, using multi-gene panels is increasingly being 

used in a diagnostic setting. Genomic DNA from a tumour sample is extracted, 

quantified and qualified, and amplified using PCR. These amplified products (DNA 

library) are then sequenced in parallel using fluorescently labelled nucleotides. 

Hybridisation of probes to the complementary strand is assessed by fluorescence. These 

synthetic sequences are then analysed in parallel using complex bio-informatics 

pathways. It is interpretation of results that is often the most complex step in the 

pathway [330], and robust reporting and classification of variants is essential.   

1.4.3.5 Targeted agents in Cancer  

A comprehensive overview of the targeted agents currently available in all cancer types 

is beyond the scope of this article, but here we outline the application of targeted 

therapy in a common (Breast) and rare (Gastro-intestinal stromal tumours) cancer. 

Some common agents and the genes they target are outlined in Table 1-5.  
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Table 1-5: Examples of Targeted therapies, and the gene they target 

Target  Agent  References 

ALK Crizotinib  Kwak et al (117)  

BCR-ABL  Imatinib  
Dasatinib  
Nilotinib  

Heinrich et al (71)  
Talpaz et al (118)  
Kantarjian et al (119)  

B-raf Vemurafenib  Chapman et al (120)  
Hyman et al (121)  

EGFR  Gefitinib  
Erlotinib  

Mok et al (122) 
Lynch et al (123)  
Shepherd et al (124)  

HER-2  Trastuzumab  
Lapatinib  
Pertuzumab  
Neratinib  

Piccart-Gebhart et al (125)  
Johnston et al (126)  
Swain et al (127)  
Chan et al (128)  

mTOR Everolimus  Motzer et al (129) 
Beaver et al (130)  

PARP  Olaparib  
Niraparib  

Ledermann et al (65)  
Mirza et al (131)  

PIK3CA  Pictilisib  Schmid et al (132)  

PTCH1  Vismodegib  Basset-Seguin et al (133)  

RET  Vandetanib  Wells et al (134)  

VEGF  Aflibercept  
Bevacizumab  

Van Cutsem et al (135)  
Saltz et al (136) 
Perren et al (137)  

Multi-targeted agents  Cabozantinib  
Sorafenib  
Sunitinib  

Choueiri et al (138) 
Viola et al (139)  
Llovet et al (140)  
Motzer et al (141)  

1.4.3.5.1 Breast Cancer   

The concept of personalised therapy in breast cancer is not a new one [310]. The 

treatment of breast cancer, for example, has become increasingly personalised over the 

last several decades, with shifts towards less radical breast and axillary surgeries 

wherever possible, minimisation of systemic chemotherapy in patients at lowest risk, 

and utilisation of several targeted agents according to the molecular profile of the 

tumour. Tamoxifen, which targets oestrogen and progesterone receptors, was first 

developed in the 1960s during an attempt to develop new contraceptive agents [331] 

but is now a standard weapon in the armamentarium of breast cancer therapies for ER-

positive disease. Increasing refinement of molecular profiling of tumours has led to the 

development of more and more targeted agents, in a more deliberate and considered 
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manner than the Tamoxifen discovery effort. Other selective oestrogen receptor 

modulators include Raloxifene and Toremifene, the latter being currently utilised only in 

the metastatic context. Several lines of endocrine therapies have now been developed 

and incorporated into the routine management of patients with ER/PR-positive breast 

cancer; other endocrine agents include aromatase inhibitors (AIs), including non-

steroidal AIs; Letrozole and Anastrozole; and steroidal aromatase inactivator, 

Exemestane; and luteinising hormone-releasing hormone (LHRH) analogs (Goserelin, 

Leuprolide). Application of these agents is dependent on menopausal status, response, 

or acquisition of resistance. Less commonly, agents such as Megestrol acetate, ethinyl 

oestradiol or fluoxymestrone may also have a role. 

In the metastatic setting, emergence of resistance to endocrine therapy can prove a 

significant clinical challenge. The agent Palbociclib alongside endocrine agents in ER-

positive, HER2-negative advanced breast cancer has been supported by the results of 

the Phase II PALOMA-1 [332] and subsequent Phase III PALOMA-2 [333] trials. 

Palbociclib works to inhibit cyclin-dependent kinases-4 and -6; kinases implicated in the 

development of Endocrine resistance [334]. Palbociclib preferentially inhibits 

proliferation of ER-positive breast cancer cells [335]. The utility of Palbociclib was 

further evaluated in PALOMA-3, which compared combination Palbociclib and 

Fulvestrant to Fulvestrant monotherapy in endocrine-resistant ER-positive, HER2-

negative metastatic breast cancer. This study was halted early because of efficacy [336].  

Another mechanism of endocrine resistance is by aberrant signalling through the PI3K-

AKT-mTOR pathway. This pathway can become overactive by virtue of loss-of-function 

mutations in genes such as PTEN, TSC1/TSC2 or STK11 [312], or by loss of the negative 

regulators PTEN or AKT. Over-activation of the same pathway can arise as a 

consequence of gain-of-function mutations in genes such as PI3KCA [312], which have 

been commonly identified in all types of breast cancer [337], particularly in ER/PR-

positive subtypes. Agents that target the PI3K/AKT/mTOR pathway have therefore been 

of particular interest in cancers with such molecular aberrations, in different 

combinations with endocrine or other therapies; as part of a number of Phase I, Phase 

II, and Phase III trials [338]. Everolimus, originally designed as an anti-fungal agent, has 

been utilised with in a variety of cancers with mutations in mTOR-signalling pathway, 



Introduction 

44 
 

with proven efficacy in subependymal giant cell astrocytomas (SEGAs) occurring as part 

of Tuberous Sclerosis and in pancreatic neuroendocrine tumours [339, 340]. A large 

Phase 3 study (BOLERO-2) provided robust data to support the use of Everolimus 

alongside endocrine therapy to reduce or reverse endocrine resistance in breast cancer 

[341]; and current NCCN guidelines now recommend consideration of Everolimus in 

combination with Exemestane in patients with Stage IV disease fulfilling BOLERO-2 

inclusion criteria [59]. Other studies are ongoing investigating the utility of PI3K 

inhibition; including the FERGI phase II study [342], investigating the role of PI3K 

inhibitor Pictilisib in post-menopausal ER-positive/HER-2-negative advanced breast 

cancer in combination with Fulvestrant versus Fulvestrant monotherapy, although 

interestingly PI3K mutational status was not associated with differential response. 

BELLE-2 [61] and BELLE-3 studies similarly looked at Fulvestrant monotherapy versus 

Fulvestrant/PI3Ki combination, using Buparlisib [343].   

The ERRB2 gene, encoding the ErbB2 (HER2/neu) protein, was discovered in the 1980s 

[344, 345]. HER2 amplification is reported in 20-30% of breast tumours, and is a poor 

prognostic indicator. Over-expression of HER2 leads to ligand-independent activation 

and dimerization of HER2; inducing signalling through mTOR/PI3K and Raf/MEK 

pathways [346]. Trastuzumab (Herceptin), a monoclonal antibody targeting HER2/neu 

was deliberately designed in 1990, with a view to blocking the increased proliferative 

activity conferred by amplified HER2, by obstructing activation of the receptor and 

inducing antibody-medicated cytotoxicity in cancer cells expressing the HER2 antigen 

[347]. This agent is now routinely used as part of combination treatment of HER2-

overexpressing breast, gastric and lung tumours. The use of Trastuzumab, alone or as 

part of the drug conjugate, Ado-trastuzumab emtansine, has been shown to improve 

patient disease-free and overall survival; but only in ~70% of patients in whom HER2-

expression is over-amplified, a reflection of the highly intelligent nature of cancer cells 

in developing complex networks to promote growth, cell survival and resistance to 

therapy. Other monoclonal antibodies targeting HER2 have since been developed, 

including Pertuzumab (Perjeta), which inhibits dimerisation of HER2.   

As of 2016, 28 small molecule kinase inhibitors were licenced by the FDA [348], of which 

two; Lapatinib and Palbociclib, are utilised in trastuzumab-exposed HER2-
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overexpressing; and post-menopausal, ER-positive, HER2-negative breast cancer, 

respectively. Lapatinib is a tyrosine kinase inhibitor (TKI) which has targets both ErbB1 

(encoded by EGFR) and ErbB2. Combination Lapatinib and Capecitabine therapy has 

been shown to halt disease progression more effectively, and improve survival 

compared to Capecitabine monotherapy [349, 350] in patients with advanced pre-

treated HER2-overexpressing breast cancers. The combination of trastuzumab and 

lapatinib has been shown to be superior to lapatinib monotherapy in patients with 

advanced HER2-positive breast cancer, even in the context of heavy pre-treatment with 

Trastuzumab [351]. A significant proportion of sporadic HER2-overexpressing breast 

cancers harbour TP53 mutations. Lapatinib has been shown to downregulate mutant 

p53 in HER2-overexpressing cells, suggesting that TP53 mutational status may be 

predictive of response to this targeted agent [352]. Trastuzumab is also licenced for, 

and has been shown to have efficacy as an adjunct to chemotherapy in, advanced 

HER2expressing gastric cancer [353], although other HER2-targeted agents such as Ado-

trastuzumab emtansine and Lapatinib have not been shown to be improve overall 

survival for these patients [354, 355]. Consequences of inherited single gene mutations 

can also be exploited by targeted agents. PARP (Poly-ADP Ribose Polymerase) inhibitors, 

for example, work by inhibiting alternative pathways of DNA repair in BRCA-deficient 

cells; leading to increasing mutational burden to such a point as to induce cellular 

apoptosis [8] (synthetic lethality). Neighbouring BRCA-proficient cells are spared; by 

virtue of their intact BRCA-mediated DNA repair mechanisms. PARP inhibitors have 

been shown to significantly extend progression-free survival in patients with ovarian, 

breast and prostate cancers with germline or somatic BRCA deficiency [39, 356-358].  

1.4.3.5.2 Gastro-intestinal Stromal Tumours   

GIST tumours are mesenchymal tumours of the gastrointestinal tract. Most GISTs occur 

sporadically, but a small proportion arises as a result of germline susceptibility. 

Inherited predisposition to GIST can be in part explained by mutations in c-kit and 

PDGFRa; and to a lesser extent as part of a wider genetic syndrome, such as 

Neurofibromatosis type I (NF1) or Carney-Stratakis Dyad (SDH family). Sporadic GISTs 

harbour somatic events in these and other genes.  
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Approximately 85-90% of sporadic GISTs harbour primary somatic mutations in c-kit, 

and, similar to germline events, these occur most commonly in exon 11, encoding for 

the juxta-membrane domain, less commonly in exons 9, and rarely in exons 13 and 17 

[359]. Small molecule kinase inhibitors, such as Imatinib, a tyrosine kinase inhibitor 

(TKI), has been associated with increased response rates in patients Gastro-intestinal 

stromal tumours harbouring c-kit activating mutations, as well as in CML associated 

with the BCR-ABL fusion protein as a consequence of somatic chromosomal 

rearrangements [360, 361]. GISTs can go on to acquire secondary kinase mutations that 

can influence the development of resistance to therapy. It has been shown that the 

response of GISTs to TKIs such as Imatinib and Sunitinib is dependent on the primary, 

and secondary c-kit mutational status of the tumour, with increased disease-free and 

overall survival post-Imatinib in patients with tumours with primary exon 11 mutations 

compared to tumours with exon 9 mutations[362].  

Conversely, progression-free and overall survival post-Sunitinib in Imatinib-resistant 

patients was noted to be greater in patients with tumours harbouring primary c-kit 

mutations in exon 9 versus those with mutations in exon 11 [363, 364]. Between 5-7% 

of c-kit negative GISTs harbour mutations in the kit homologous gene PDGFRa, 

predominantly in exons 12 and 18; encoding juxta-membrane domains and kinase 

activation loops, respectively. Most studies investigating the impact of mutational status 

of GISTs on treatment response include small numbers of patients with PDGFRa 

mutations, and so the evidence for exon-specific responses is scant. However, a 

recurrent mutation in exon 18 of PDGFRa, substitution D842V, which accounts for the 

majority of all PDGFRa mutations, is associated with Imatinib resistance [365, 366].   

 Approximately 10-15% of GISTs do not harbour mutations in PDGFRa or c-kit. Tumours 

without these mutations (“wild type” tumours) can be further subdivided into type I and 

type II wild-type GISTs depending on expression of SDHB [367]. Type I GISTs, with in-tact 

SDHB include tumours arising in NF1 [368] as well as sporadic wild type tumours. Lack 

of SDHB expression in type II tumours can occur as a consequence of inactivating 

mutations in the SDH family of genes, as part of the Carney-Stratakis Dyad [369]. 

“Quadruple” wild-type tumours are those tumours without mutations in c-kit, PDGFRa, 

SDHx, or NF1 or other Ras family genes.   
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 A proportion of wild-type GISTs harbour the recurrent BRAF V600E hotspot mutation 

[370, 371] that is rarely identified in tumours with c-kit or PDGFRa overexpression. A 

number of BRAF-inhibitors have been designed to target common BRAF mutations 

V600E and V600K in melanoma, e.g. Dabrafenib and Vemurafenib, and have been 

applied with some success in patients with melanoma harbouring these hotspot 

mutations [372, 373]. Sorafenib, a non-selective BRAF inhibitor, has had limited efficacy 

in melanoma [374], but proven efficacy in certain types of renal cancer [375]. A single 

case report suggests that Dabrafenib may have a role in BRAF-mutated GIST [376]. The 

results of a Phase II trial investigating the utility of Vemurafenib in BRAF-mutated 

malignancies is awaited [377]. Numerous phase I and phase II trials are ongoing looking 

at the utility of other targeted agents in GIST including known agents such as Palbociclib 

and Buparlisib, and numerous novel such as KIT/PDGFRa inhibitors Ponatinib and 

Dasatinib, a comprehensive overview of which is provided by Szucz et al [378].  

1.4.3.6 Inherited Tumour Predisposition  

Knowledge of an individual’s inherited predisposition to cancer is critical, as it facilitates 

strategies for prevention and may influence treatment, not just in the proband, but also 

in members of the wider family. It may also have implications for family planning, as 

most cancer predisposition syndromes are inherited in an autosomal dominant fashion. 

Genetic testing of both tumour and patient DNA is becoming more and more 

mainstream, a practice that has obvious merits in terms of prognostication and 

treatment. However, it is critical that this testing be performed with some insight into 

the relevance and potential implications of the result for the wider family. Tumour 

testing, in particular, may be difficult to interpret, as some apparently somatic 

mutations may be inherited or may reflect germline mutations in other genes. Several 

authors have noted that a significant proportion of tumours have such mutations [379-

382]. Other authors have noted that the follow up and onward referral of these patients 

to a Clinical Genetics professional is poor [383].  

While testing of tumour DNA by next generation sequencing is a relatively new 

procedure, tumour testing by other methods has been in place in routine clinical 

practice for many years. However, it has been shown that, even routine tests such as 

IHC for MMR defects in patients with colorectal cancer is not uniform across centres, 
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even within countries [384]. Similarly, it has been shown that there may not be a 

standard procedure of referral for patients with abnormal IHC for further genetic 

assessment [385, 386]. The new guideline from the National Institute for Health and 

Care Excellence provides a standardised framework to ensure investigation in a broader 

cohort of patients, and onward referral of individuals in whom MMR defects are 

detected [387].   

1.4.3.7 Tumour mutational signatures   

Germline mutations can be associated with increased somatic mutational load as a 

consequence of impaired DNA repair mechanisms. The unique combination of 

mutations in any given tumour is referred to as a “mutational signature”. Twenty-one 

distinct recurrent somatic mutational signatures have been defined by Alexandrov et al 

[388], which may reflect the underlying tumourigenic defect, as well as the cancer 

aetiology. Such “signatures” can be differentiated by proportional representation of 96 

different substitution types based on the six substitution types (C>A; C>G; C>T; T>A; 

T>G; T>C), and possible permutations and combinations of the bases immediately 5’ 

and 3’ of the mutation locus. Signature 6, for example, occurs primarily in cancer arising 

as a result of defective mismatch repair; with enrichment of C>T transitions at NpCpG 

sites. Comparatively, the mutational signature of tumours associated with germline 

pathogenic variants in BRCA1 and BRCA2 (signature 3) demonstrates an increased 

frequency of indels (signature 3), reflecting reduced efficacy in homologous 

recombination.    

Other signatures can reflect exposure to environmental carcinogens, such as signature 

7 in cancers associated with UV-exposure (melanoma, SCC); which has an over-

representation of C>T transitions with bias for the non-transcribed strand, and 

signature 4, which is observed in cancers associated with smoking (cancers of the lung, 

head and neck, liver), and is likely to reflect the generation, and subsequent nucleotide 

excision repair of bulky adducts by toxins in smoke. Transversions of C>A are 

predominantly found in smokers, as carcinogens in cigarettes tend to form adducts on 

guanine [388]. The most common of the mutational signatures, Signature 1A and 1B, 

reflect endogenous spontaneous deamination of methylated cytosine residues. These 

signatures occur commonly in both the germline and somatic cells, and correlate with 
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the age of the individual in which the tumour arises. The relationships between cancer 

types, mutational processes and mutational signatures are complex. Certain mutational 

signatures are found only in specific classes of cancer; and similarly, different tumours 

within certain classes of cancer express a limited number of different mutational 

signatures. However, different tumours within other classes of cancer can be 

heterogeneous in the mutational signatures they express [388]. Considering mutagen-

related signatures, signature-specific mutational burden can be correlated with the 

amount of exposure to the mutagen; heavy smokers have a higher burden of signature-

4 specific mutations than light smokers; and melanomas in sun-exposed areas have 

higher burdens of UV-related signature-specific mutations [389].   

Germline mutations in certain genes can also cause specific somatic mutations in other 

genes. For example, the MUTYH gene encodes a highly conserved post-replicative DNA 

glycosylase, which has dual adenine and 2-OH-A DNA glycosylase functions. Removal of 

adenine from in the DNA backbone by MUTYH at sites of mis-pairs with 8-oxoG is 

followed by base excision repair (BER) to form C:8-oxoG base pairs [390]. OGG1 DNA 

glycosylase then acts to remove 8oxoG paired opposite cytosine from DNA, restoring 

C:G pairing. Deficiency of these enzymes predispose to failure of repair of mutated 

DNA, which may then confer a risk of carcinogenesis. MUTYH mutations in particular fail 

to repair G>T transversions in other genes, namely APC [391, 392] and KRAS [393] with 

a special predilection for guanine residues in particular hotspots. A particular somatic 

mutation c.34G>T in KRAS can reflect the presence of germline biallelic MUTYH 

mutations, which cause MUTYH-associated polyposis (MAP) [393]. Because of the 

recessive nature of inheritance of this condition, patients with MAP often do not have a 

strong family history of cancer, and clinicians may therefore not always be alert to the 

possibility of an inherited cancer predisposition. Furthermore, patients with MAP can 

present with a colorectal cancer without preceding polyposis [394, 395]. The KRAS 

proto-oncogene is one of the most commonly somatically mutated genes in cancer. 

Assessment of the KRAS gene, along with NRAS and BRAF, is performed routinely in 

colorectal cancers, to help determine application of anti-EGFR therapeutic agents. 

Generally, tumours mutations in codons 12 and 13 of KRAS will respond to this therapy, 

while tumours with wild-type KRAS are less likely to do so[396].  
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 There are numerous methods by which KRAS testing can be performed, some of which 

target only common mutations, others that involve sequencing of the entire KRAS gene. 

Therefore, clinicians performing KRAS sequencing need to be cautious in interpreting 

KRAS sequencing data, as this subtle indicator of inherited cancer predisposition may 

easily be overlooked[397].  

Gene expression profiles may also be modified by germline mutations. Germline 

mutations in BRCA1 or BRCA2 may not only have specific mutational signatures, but 

may also have an impact on the RNA expression levels of certain genes as measured by 

RTPCR. The Oncotype DX assay is one of a number of multi-gene expression assays that 

have been developed in an attempt to identify patients at greatest risk of tumour 

recurrence, and therefore those in whom the need for systemic treatment is greatest 

[398]. The Oncotype DX assay for breast cancer generates a recurrence score between 

1 and 100, which correlates with 10-year risk of recurrence of disease [203, 399, 400]. 

The use of this assay has been incorporated into the routine clinical assessment of 

patients with ER-positive, node negative breast cancer [59, 203]. Tumours in carriers of 

BRCA1 and BRCA2 gene mutations are more likely to have intermediate- or high-risk 

recurrence score compared with tumours of similar molecular phenotype in age-

matched controls with wild-type BRCA1 and BRCA2 [401, 402], suggesting that patients 

with BRCA1 and BRCA2 germline mutations have tumours of more aggressive biology, 

even if nodal disease and ER-negativity is not present.   

1.4.3.8 Challenges in tumour testing   

Genomic profiling of tumours can be challenging for a number of reasons. Firstly, 

different methods of preservation can greatly impact the utility of different genomic 

testing techniques. Formalin fixation, for example, increases DNA cross-linking; and DNA 

extracted from such tissues is often significantly degraded. The optimum specimen on 

which to perform DNA testing is a fresh, or fresh frozen sample, but such samples are 

rarely available routinely. Furthermore, it is well documented that the genomic 

landscape of a cancer is dynamic, changing as the tumour evolves and acquires more 

and more DNA damage; meaning that there is significant tumour heterogeneity over 

space and time; within the main body of the tumour, and between the primary tumour 

and its metastases. Small samples of tumour provide only a snapshot of the landscape 
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of mutations in that part of the tumour, at that point in time. Certain subclonal 

populations of tumour cells may prove more resistant to treatment than others. 

Patients in whom mixed response to therapy is observed may merit re-biopsy of areas 

with minimal response or progressive disease, to facilitate further genetic analysis.    

Interpretation of somatic mutations requires consideration of a number of factors. The 

first challenge is to determine whether or not the mutation is pathogenic or not. 

Guidelines for the interpretation of sequence variants have been derived by consensus 

recommendations from The American college of Medical Genetics and Genomics, and 

the Association for Molecular Pathology [403], outlining the evidence, and strength of 

evidence, required to classify a variant into one of five categories of pathogenicity. 

Factors to be considered in determining pathogenicity of a germline mutation include 

population minor allele frequency, segregation and inheritance data, as well as 

computational and predictive data about the variant, functional data, and frequencies 

of the variant in different databases [404]. Some of these factors must also be 

considered in interpretation of somatic variants. Interrogation of databases such as 

IARC or COSMIC will provide useful information regarding frequency of the variant in 

question in different cancer types. However, in somatic tumour testing, functional 

consequence must often be predicted from structural information rather than proven 

by biochemical analysis [405]. Interpretation of somatic testing reports is becoming 

more and more challenging as panels expand to include more novel and less well-

described genes. The expansion of panels certainly increases the likelihood of detecting 

a clinically actionable mutation, but also increases the likelihood of detecting variants of 

uncertain significance; which in turn increases the workload of the testing laboratories 

before a report can be generated. It is likely that the proportion of patients in whom 

clinically actionable mutations are detected by larger panels is outweighed by the 

proportion of patients in whom VUS, or pathogenic mutations to which targeted agents 

do not yet exist, are identified. Controversy regarding the use of large panels for 

germline testing exists, and as large scale tumour testing becomes part of the routine 

diagnostic workup, it is likely that similar controversies will emerge in that context.   

Pathogenicity is not the only important factor to consider. The gene in which the 

mutation occurs may be an indicator as to whether it is a driver mutation or not, but is 
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complicated by virtue of the fact that passenger mutations can occur in typical “driver” 

genes in different clinical contexts [316]. The order in which mutations occur is also 

important, and may be dependent on the cancer type – for example mutations in genes 

in the RAS pathway are important drivers of melanoma (e.g. in BRAF), but arise in 

colorectal cancer (in KRAS) at a later stage than mutations in APC and in the APC 

pathway, which happen in early adenomatous development [406]. It is important 

therefore to be mindful of the “cellular context” in applying targeted therapies; 

therapies directed against BRAF mutations may have high response rates in melanoma 

but not in colorectal cancers, even if the tumours are noted to have identical mutations 

[314].   

1.4.4 Conclusions  

Personalisation of therapy is an ambitious concept; but is becoming increasingly 

achievable given improvements in our understanding of tumour biology and the impact 

of different mutations in gene/genes in certain biological pathways, combined with 

rapidly improving technology and decreasing costs. Although our knowledge with 

respect to tumour mutational signatures, driver-passenger pathways, and the evolution 

of cancer phenotypes has improved dramatically over the past several decades, 

immense difficulties still exist. Separating the wheat from the chaff in terms of defining 

the driver mutations among tumours of high mutational burden, differentiating 

germline from somatic events, and defining the “cellular context” in which these 

mutations occur in less well-studied cancers remain challenges; not to mention the 

“unknown unknowns” including epigenetic factors, gene-environment interactions, and 

adaptation mechanisms of cancer cells in response to therapy. Our knowledge is 

perhaps not increasing as such a rapid rate as genomic technology, and it is important 

to apply the technology only in circumstances in which we are confident we will be able 

to interpret and utilise the results for the benefit of the patient, and to apply targeted 

therapies without inflicting undue toxicity or at the expense of potential benefit from 

proven standard approaches. 
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1.5 Paper 3 

1.5.1 Title  

Clinical use of the Oncotype DX genomic test to guide treatment decisions for breast 

cancer patients, McVeigh, T.P., Kerin, M.J., Breast Cancer: Targets and Therapy, 2017. 9: 

p. 393-400.[2] 

1.5.2 Abstract 

Implementation of the Oncotype DX assay has led to a change in the manner in which 

chemotherapy is utilised in patients with early stage, ER-positive, node-negative breast 

cancer. This test generates a recurrence score between 1 and 100, which correlates 

with probability of disease relapse. Patients with low-risk recurrence scores (0-17) are 

unlikely to derive significant survival benefit with adjuvant chemotherapy and hormonal 

agents above that derived from using adjuvant hormonal therapy only. Conversely, 

adjuvant chemotherapy has been shown to significantly improve survival in patients 

with high-risk recurrence scores (≥31). Trials are ongoing to determine how best to 

manage patients with recurrence scores in the intermediate range. This review outlines 

the introduction and impact of Oncotype DX testing on practice; ongoing clinical trials 

investigating its utility; and challenging clinical scenarios where the absolute recurrence 

score may require careful interpretation. We also performed a bibliometric analysis of 

publications on the topics of breast cancer and Oncotype DX to gain an insight into the 

evolution of the test from bench to bedside.  

1.5.3 Background  

In 2004, the National Surgical Adjuvant Breast and Bowel Project (NSABP) B-14 study 

showed that the vast majority (78%) of tamoxifen-treated patients with node-negative 

oestrogen receptor (ER)-expressing tumours will not develop disease relapse within 15-

years of diagnosis [1]. The NSABP B-20 study of the same year showed that the addition 

of Cyclophosphamide, Methotrexate and Fluorouracil (CMF) to Tamoxifen improved 

recurrence free survival to 89% [1]. However; the significant absolute benefit must be 

balanced with the risk of over-treatment of the significant proportion of women in 

whom relapse would not have occurred even without the addition of CMF.  Traditional 

prognostic indicators and prognostic scoring systems (e.g. Nottingham Prognostic Index) 

that have been used to guide decision making with respect to application of adjuvant 
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therapy in breast cancer include patient factors such as age, as well as tumour factors 

such as grade and stage [2]. Such tumour factors, particularly size, may reflect a time 

delay in presentation, as opposed to the biological activity of the disease [3]. It may be 

that the tendency of a tumour to metastasise is not simply related to chronology and 

increasing size, but may instead be derived from inherent biological factors [3], and 

indeed tumour size and nodal status are considered independently as risk factors for 

recurrence [4]. It has been known for many years that gene expression can be used to 

more accurately provide prognostic information; and hierarchical clustering of gene 

expression patterns can discriminate between tumours of distinct molecular subtypes 

[5], each of which is associated with different patterns of metastasis and response to 

treatment, independent of stage or grade [6]. Practically speaking, receptor status is 

used as a surrogate marker of tumour molecular subtype [7]. ER-negative tumours, in 

which the HER2 proto-oncogene is amplified, have special predilection for early 

metastasis; while ER-positive and HER2-negative tumours have a lesser tendency to 

metastasise, even at greater tumour size and higher burdens of nodal disease [4]. It has 

been known for many decades that the Luminal A group of tumours also respond less 

often to neoadjuvant chemotherapy than Her2-overexpressing or triple negative 

subtypes; again reflecting inherent differences in biology [8-10].  Traditional prognostic 

indicators may therefore lack sufficient accuracy in identifying those patients that would 

benefit most from systemic treatment, and similarly may inappropriately assign patients 

to adjuvant therapy that would be adequately cured by surgery alone.   

1.5.4 Development of the Oncotype DX assay 

The Oncotype DX genomic assay (Genomic Health Inc., Redwood City, CA) is a clinically 

validated assay that can be used to predict likelihood of recurrence of early stage breast 

cancer, and can be used therefore, in decision-making with respect to systemic therapy. 

The Oncotype DX automated algorithm assigns a score to the expression of sixteen 

cancer-related genes, multiplied by a factor specific to the group to which each 

individual gene is allocated, relative to the mean expression of five reference genes 

(Table 1-6). 
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Table 1-6: Genes included in Oncotype DX assay 

Gene Gene Function Scoring 
group 

Multiplication 
Factor 

Grb7 Signalling protein recruited to various 
tyrosine kinases, including HER2/neu 

HER2 0.47 

HER2 Growth Factor Receptor. Over-expression 
leads to conversion to an oncogene 

0.47 

ER Membrane receptors which can modify 
intracellular signalling 

Estrogen 
 

-0.34 

PR -0.34 

BCL-2 Anti-Apoptotic Oncogene -0.34 

SCUBE2 Glycoprotein with a role in SHH signalling -0.34 

Ki-67 Proliferation marker Proliferation 1.04 

STK15 Stabilisation of chromosomes during 
mitotic segregation 

1.04 

Survivin Inhibition of Apoptosis 1.04 

Cyclin B1 Component of maturation-promoting 
factor, stimulation of M phase of cell 
cycle 

1.04 

MYBL2 Cell cycle progression 1.04 

MMP11 Encodes Stomelysin 3, important in tissue 
remodelling 

Invasion 0.1 

CTSL2 Encodes cathepsin L2, stimulates 
hydrogen peroxide production 

0.1 

CD68 Up-regulated in breast cancer lines that 
have a high capacity to metastasize to 
bone 

 0.05 

GSTM1 Glutathione S-transferase, detoxification  -0.08 

BAG1 BCL2-associated athanogene; enhances 
the anti-apoptotic effects of BCL2 

 -0.07 

B-actin Cytoskeletal actin, important for cell 
motility and structure 

Reference 
genes 

1 

GAPDH Carbohydrate metabolism 1 

RPLPO Encodes component of ribosomal 60S 
subunit 

1 

GUS β-glucuronidase 1 

TFRC Transferrin receptor  

   

   

Expression of genes conferring growth or proliferation advantage are assigned a 

positive co-efficient in the algorithm; thereby contributing to the recurrence score (RS), 

while genes associated with favourable disease outcomes are assigned a negative co-

efficient, reducing the overall RS [11]. The Oncotype DX assay is optimised for formalin-
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fixed paraffin-embedded (FFPE) tumour samples. All testing is performed centrally in 

the clinical reference laboratory of Genomic Health, Inc. After optimisation of tumour 

tissue, tumour RNA is extracted and expression of the 21 genes of interest is analysed 

by RT-PCR.  Sixteen cancer-related genes were ultimately selected from 250 candidate 

genes based on data from three preliminary studies investigating the predictive value of 

the expression of these genes in over 400 patients with breast cancer [12-14]. The five 

reference genes (ACTβ; GAPDH; RPLPO; GUS and TFRC) were selected by virtue of a lack 

of association with clinical outcome in the same studies, as well as their relatively 

consistent expression [15].  

The Oncotype DX assay was validated independently in two studies [16, 17]. 

Prospectively collected data from 668 patients recruited to the NSABP-B14 study were 

interrogated to examine the relationship between the Oncotype DX recurrence score 

and rates of distant recurrence in patients with ER-positive; node negative breast 

cancer, managed with adjuvant tamoxifen only [16].  Findings from this study confirmed 

the recurrence score as a continuous predictor of recurrence, independent of patient 

age and tumour size. The authors in both validation studies categorised recurrence 

scores as low- (0-17); intermediate- (18-30); or high-risk (≥31). Paik et al determined 

Kaplan-Meier estimates of the rate of distant recurrence at 10 years as 6.8%, 14.3% and 

30.5% for patients with low-; intermediate- and high-risk scores respectively, and found 

that the RS was also shown to predict disease recurrence at 10-years when treated as a 

continuous variable [16], more accurately than the Adjuvant! online tool.  Habel et al 

also showed RS to be an independent predictor of breast cancer-related mortality in 

Tamoxifen-treated patients with ER-positive, node-negative disease; with 10-year risk of 

death 2.8%, 10.7% and 15.5% in low-; intermediate- and high-risk patients respectively 

[17]. The Oncotype DX assay was applied to tumours included in the NSABP B-20 study 

and relationship between derived RS and outcome was interrogated. Data in this study 

provided evidence that the RS can also be used to predict those patients with node-

negative, ER-positive cancer in whom adjuvant chemotherapy will confer greatest 

disease-free and overall survival advantage compared to endocrine therapy alone [18].  

Other genomic assays exist that purport to have higher predictive value for later-onset 

disease recurrence [19-21] but their clinical utility in deciding in whom adjuvant 
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chemotherapy will be beneficial above the use of extended endocrine therapy has not 

been fully elucidated.  

1.5.5 Clinical implementation and cost-effectiveness 

The use of Oncotype DX RS in determining application of adjuvant chemotherapy has 

been incorporated into numerous national and international clinical recommendations 

and guidelines, including those of National Institute of Clinical Excellence (NICE) [22], 

National Comprehensive Cancer Network (NCCN) [23] and European Society for Medical 

Oncology (ESMO) [24] and has been successfully implemented in a number of countries, 

albeit with some regional variation in application, patient selection and reliance of RS in 

decision-making alongside traditional prognostic indicators[25-27]. Despite the high 

direct cost of the assay, the implementation of its use into routine clinical practice has 

been found to be cost-effective by virtue of reduction in costs related to chemotherapy, 

and chemotherapy-related complications [28-30] in patients spared systemic treatment.  

Incorporation of the Oncotype DX assay into routine clinical care has had a significant 

impact in decision-making with respect to chemotherapy prescribing; with authors 

reporting a direct change in management plan in response to the RS score in 31-44% 

patients, the change in most cases being from a decision to prescribe both 

chemotherapy and endocrine therapy to an endocrine-only regime [31-33]. We have 

also identified a shift in prescribing patterns among medical oncologists in the years 

since the development of Oncotype DX, even in intervals during which the assay could 

not be utilised [27], reflecting a change in the paradigm of management of ER-positive 

lower-risk tumours.   

1.5.6 TAILORx 

While it is evident from these robust studies that patients with the lowest-risk RS clearly 

do not derive any additional disease-free or overall survival benefit from the addition of 

adjuvant chemotherapy to hormonal agents, and conversely, those individuals with 

highest scores derive substantial benefit from systemic treatment; it is unclear at what 

absolute score patients in the intermediate-risk category start to derive benefit. An RS 

score of 11, which would be categorised as low-risk, is associated with a risk of relapse 

of ~10%; which may merit application of systemic therapy; but the benefit that may be 

derived from this therapy in patients with such scores is unclear. The TAILORx (Trial 
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Assigning Individualised Options for Treatment) was designed in such a way as to 

address this question, with redefinition of low- (RS <11), intermediate- (11-25) and high-

risk (>25) scores [34]. In this study, patients were assigned to receive hormonal agents 

only or combination of hormones and chemotherapy depending on their RS. Patients 

with scores ≤10 and randomly assigned patients with scores 11-25 received hormonal 

agents, while patients with scores >25 and the remaining patients with newly defined 

intermediate scores received both adjuvant chemotherapy and hormonal therapy. 

Published results from this trial to date certainly support the use of RS scores in 

stratifying patients at risk of distant disease, with freedom from distant recurrence at 5-

years in the order of 99.3% in low-risk patients managed with hormonal agents only 

[35]. The authors accept that risk of distant relapse exists beyond five years in patients 

with ER-positive cancer, but make the point that the benefit of adjuvant systemic 

chemotherapy is in prevention of early disease recurrence [35,36]. The interpretation of 

the data from the intermediate-risk group is awaited, but will hopefully go some way to 

addressing the lack of clarity that exists surrounding the benefit of chemotherapy in this 

group. In the absence of evidence-based practice regarding incorporation of Oncotype 

DX RS we have observed that oncologists revert back to traditional prognostic indicators 

in decision-making for such patients [27]; although increasing RS is predictive of 

chemotherapy use when treated as a continuous variable, even in patients in the 

intermediate-risk group [27, 37].  

1.5.7 Utility of Oncotype DX in patients with Positive Nodal Disease  

Most data to date supports the use of Oncotype DX profiling of tumours where nodal 

metastases have not occurred. Standard of care of patients with nodal metastases from 

ER-positive breast cancer is to offer adjuvant chemotherapy alongside hormonal 

modulators [24, 38]. However, compared to ER-negative, node-positive disease, where 

the survival benefit conferred by chemotherapy is unequivocal, several studies have 

suggested that patients with ER-positive, node-positive disease do not derive as great a 

survival benefit from systemic treatment [3 39]. The Southwest Oncology Group 

(SWOG)-8814 trial provided evidence that chemotherapy in advance of tamoxifen 

increased disease free and overall survival in patients with post-menopausal, node-

positive, ER-positive disease [41], but identified a subset of patients within this cohort 
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that did not benefit from systemic treatment [42]. The tumours of patients enrolled in 

this study, where available, were retrospectively assessed using the Oncotype DX assay, 

and RS were analysed in the context of patient outcome. This data suggested that the 

Oncotype DX RS may be used to discriminate between patients with node-positive, ER-

positive disease who will benefit from chemotherapy from those that will not, and the 

RS risk categories could stratify those patients at greatest risk of disease relapse and 

mortality at 10-years [42]. The Phase III Rx PONDER trial is underway to determine if 

patients with low nodal disease burden (1-3 nodes) and low or intermediate recurrence 

scores can safely be spared adjuvant systemic therapy [43].  

1.5.8 Bibliometric analysis  

The increasing incorporation of Oncotype DX into clinical trials or routine clinical 

treatment of breast cancer can be illustrated by analysis of the number of publications 

based on these topics. Interrogation of the Web of Science Core Collection 

(31/10/2016) for publications based on topics “Oncotype DX” and “Breast cancer” using 

Boolean operators OR and AND and search terms “oncotype dx OR Oncotype DX OR 

oncotypedx OR oncotypeDX” AND “breast cancer OR breast carcinoma OR breast 

malignancy” generated 530 records (Figure 1-3).  

 

Figure 1-3: Publications per annum on topic related to "oncotype DX" and "breast 

cancer" 

The first manuscripts based on these topics were published in 2005, with dramatic 

increase in publications generated in the years following introduction of Oncotype DX to 
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the market, and with incorporation of the assay into the clinical recommendations of 

ASCO in 2007 and St Gallen international expert consensus conference in 2009, and 

with increasing numbers in the years of publication of results of key trials such as NSABP 

B-14 and B-20 in 2010, transATAC in 2013 and TAILORx in 2015. The gradual increase in 

publications per year may also reflect the lag time in routine access to Oncotype DX in 

countries in which publicly-funded health systems operate; e.g. Ireland (2011), England 

and Wales (2013). The vast majority of publications were from institutions based in the 

United States of America (n=358, 68%) (Figure 1-4, Table 1-7).  The most cited 

publications are outlined in Table 1-8.  

 

Figure 1-4: Country of Origin of Publications related to use of Oncotype DX in breast 

cancer 
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Table 1-7: Number of Publications per Country on topic of use of Oncotype DX in breast 

cancer 

Countries/Territories Number of Publications  Proportion of total (530) 

USA 358 67.55 

Canada 31 5.85 

France 30 5.66 

Germany 29 5.47 

England 22 4.15 

Spain 19 3.59 

Ireland  17 3.21 

Israel  14 2.64 

Italy 13 2.45 

Japan 11 2.08 

Switzerland 10 1.89 

China  10 1.89 

Greece 9 1.70 

Australia 8 1.51 

South Korea 7 1.32 

Wales 6 1.13 

Scotland 6 1.13 

The Netherlands 6 1.13 

Sweden 5 0.94 

Norway 4 0.76 

Mexico 4 0.76 

Hungary 4 0.76 

Belgium 4 0.76 

Austria 4 0.76 

New Zealand 3 0.57 

Columbia  3 0.57 

United Arab Emirates 2 0.38 

South Africa  2 0.38 

Russia  2 0.38 
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Table 1-8:Highest cited publications on topic of Oncotype DX in breast cancer 

Publication  Number 
of 
citations 
(total) 

Mean 
number of 
citations 
per year 

Habel LA, et al. Breast Cancer Res 2006 ;8(3) [17] 263 23.91 

Mamounas EP, et al. J Clin Oncol 2010;28(10):1677-1683. 
[53]  

179 25.57 

Ross JS, et al. Oncologist 2008;13(5):477-493. [54]  146 16.22 

Sparano JA. Clin Breast Cancer 2006;7(4):347-350. [34]  144 13.09 

Dowsett M, et al. J Clin Oncol 2013 ;31(22) :2783-2790. [55] 138 34.50 

Cronin M, et al. Clin Chem 2007 ;53(6) :1084-1091. [15] 137 13.70 

Dowsett M, et al. Clin Cancer Res 2008;14(24):8019-8026. 
[56] 

134 14.89 

Solin LJ, et al. J Natl Cancer Inst 2013;105(10):701-710 [57] 126 31.50 

Eroles P, et al. Cancer Treat Rev 2012;38(6):698-707. [58] 115 23.00 

Cobleigh MA, et al. Clin Cancer Res 2005 ;11(24) :8623-8631 
[59] 

113 9.42 

   

1.5.9 Challenging Clinical scenarios  

In the case of synchronous bilateral breast cancer, the patient is at risk of relapse of 

either of the tumours. Where there is discordance in the molecular subtypes of the 

tumours, the use of Oncotype DX may not be appropriate. Where both tumours are ER-

positive and HER2-negative; the utility of the Oncotype DX assay depends on the RS 

score of each tumour. Some authors have found high rates of concurrence in 

recurrence scores between bilateral tumours; particularly in older patients and in cases 

of tumours with high levels of PgR expression [44].  

Breast tumours in patients with germline mutations in BRCA1 and BRCA2 demonstrate 

different biological characteristics than patients with wild-type genotypes, with distinct 

somatic mutational signatures reflective of deficient homology-directed repair 

mechanisms [45, 46]. Deficient repair mechanisms may explain why tumours in 

BRCA1/2 gene mutation carriers may be more susceptible to the impact of 

chemotherapy; and application of chemotherapy in this cohort, even in early stage 

cancer, has been found to confer significant survival advantage [47,48]. The majority of 

breast cancers in patients with BRCA1 gene mutations are ER-negative, and in most 

cases, are also HER2-, and PR-negative; and of basal phenotype. The spectrum of breast 

cancer phenotypes in BRCA2 gene mutation carriers is much more heterogeneous [49, 

http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=2&REFID=288773475&excludeEventConfig=ExcludeIfFromNonInterProduct
http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=3&REFID=88019331&excludeEventConfig=ExcludeIfFromNonInterProduct
http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=4&REFID=70252073&excludeEventConfig=ExcludeIfFromNonInterProduct
http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=5&REFID=454467241&excludeEventConfig=ExcludeIfFromNonInterProduct
http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=6&REFID=76299111&excludeEventConfig=ExcludeIfFromNonInterProduct
http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=7&REFID=261697553&excludeEventConfig=ExcludeIfFromNonInterProduct
http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=8&REFID=451181101&excludeEventConfig=ExcludeIfFromNonInterProduct
http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=9&REFID=432747042&excludeEventConfig=ExcludeIfFromNonInterProduct
http://apps.webofknowledge.com.libgate.library.nuigalway.ie/CitingArticles.do?product=WOS&SID=W2SzmA16PKwOxow6KtW&search_mode=CitingArticles&parentProduct=WOS&parentQid=7&parentDoc=10&REFID=234763&excludeEventConfig=ExcludeIfFromNonInterProduct


Introduction 

63 
 

50]. Shah et al retrospectively investigated the utility of Oncotype DX in patients with 

BRCA1/BRCA2 gene mutations and ER-positive breast cancer [51]. Mutation carriers 

were more likely than age-matched controls to have RS in the intermediate or high-risk 

range; and overall had higher median RS. This trend has been observed by other 

authors [52]. Significantly; cases were also noted to have tumours of higher grade and 

lower PgR expression scores. Overall; mutation carriers were more likely, therefore, to 

receive chemotherapy; but proportions receiving chemotherapy within the risk 

categories were equivalent between carriers and non-carriers [50]. Interestingly, within 

this study cohort, ER-positive cancers in BRCA1 mutation carriers tended to be low risk 

more often than those in BRCA2 mutation carriers. Loss of heterozygosity analyses were 

not performed on all tumours. Furthermore, this subtype of breast cancer is not usually 

associated with germline BRCA1 mutations. The possibility that these tumours 

represent incidental sporadically occurring cancers cannot be dismissed; and in these 

patients, application of the Oncotype DX assay may be entirely appropriate, as the 

supposed favourable impact of chemotherapy conferred by BRCA deficiency may not be 

present if the tumour happened by chance. Further validation of this assay in this 

particularly unique subgroup of patients is required before implementation can be 

supported. Furthermore, its use in patients with germline mutations in other cancer 

predisposition genes (e.g. TP53, STK11) has not yet been investigated. In a young 

woman with a high-risk family history not known to be a germline BRCA1/BRCA2 

mutation carrier, a high RS might be another factor to prompt germline genetic testing.  

1.5.10 Conclusion  

Oncotype DX has led to a shift in the paradigm of treatment of early-stage ER-positive 

breast cancer, reflective of the move towards precision medicine in all realms of 

oncology in recent times. The application of this assay will spare a large proportion of 

patients unnecessary over-treatment, while assuring that those patients with 

unfavourable biology will receive the whole gamut of available therapies to try to 

provide most survival benefit as possible. A number of challenges in its application still 

exist, for example in patients with tumours that display biological intra-tumour 

heterogeneity, in patients with germline genetic mutations, or in patients with 

unfavourable traditional prognostic indicators and apparently conflicting RS 
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categorisation; and further longer term follow up is required for these particular 

patients. We await the results of the TAILORx and RxPONDER trials, which will help 

inform practice for intermediate-risk patients and patients with low nodal disease 

burden.   
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1.6 The West of Ireland  

The Irish population has a similar, but distinct, ethnic ancestry to our nearest 

geographical neighbours in the UK, having been subjected to relatively less inward 

migration. The Irish population has been shown through mitochondrial and Y-

chromosome analysis to have less diversity than continental Europeans [407]. 

Enrichment of rare pathogenic mutations in numerous other genes such as CFTR[408], 

PAH [409]and GAL1[410] have previously been confirmed in this population. Low 

genetic variation has facilitated this enrichment, and a number of Irish founder 

mutations in different genes have been identified [411, 412], including BRCA1 [413, 

414]. Relative genetic homogeneity in this population[415] compared to other 

populations with greater admixture is a desirable characteristic for case-control 

analyses[416].   

The Irish population is an interesting cohort to examine not just because of population 

structure, but also because of socio-economic factors. The National Cancer Control 

Strategy of 2006 recommended centralisation of cancer services, such that the care of 

all patients with cancer would be managed in high-volume centres of excellence rather 

than local district hospitals [417]. Since this recommendation, care of patients with 

breast cancer in Ireland has been centralised to eight core centres; where clinicians in 

surgery, medical and radiation oncology, pathology and radiology work in 

multidisciplinary teams to ensure best possible clinical outcomes for patients[418]. The 

breast service provided by the Saolta hospital group, with the main site in Galway 

University Hospital, and a satellite unit in Letterkenny General Hospital, provide the 

single biggest service in the country, serving almost 14000 out-patients, and managing 

over 400 breast cancers in 2015[419]. Cancer Genetics in Ireland is under-served, given 

that the staffing levels of both consultants and genetic counsellors is the worst in 

Europe[420]. A monthly cancer genetics clinic is provided by a senior genetic counsellor 

in Galway University Hospital each month, which provides services for patients with all 

types of cancer, including breast cancer, and for patients at risk of inheriting familial 

mutations in cancer predisposition genes. The average length of time a patient will be 

waiting for a genetics appointment in the Galway peripheral clinic is approximately 

eight months (personal communication with administrative officer, Our Lady’s 
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Children’s Hospital, Crumlin), a significant barrier in personalising cancer care.  The 

shortfall in provision of quaternary genetic care in Ireland was acknowledged by the 

Department of Health’s National Cancer strategy document in 2017, which outlined the 

commitment of the Department to increase staffing and funding in this area, as 

exemplified by the appointment of a National Lead in Cancer Genetics in 2016 [421]. 
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1.7 Overall aim  

The overall aim of this research was to examine the frequency of high- and low-

penetrance variants in breast cancer susceptibility loci in Irish patients, and to 

investigate the utility of somatic and germline genetic profiling in defining breast cancer 

risk, determining surveillance and treatment, and influencing the outcome of patients 

with breast cancer.  

The research question for each study conducted as part of this research and the 

corresponding outputs are described here below.  

1.7.1 Research questions and thesis outline  

1.7.1.1 Theme 1: Investigating public attitudes to genetic research and testing  

What are the attitudes of Irish patients generally towards genetic testing in a research 

setting? 

McVeigh, T.P., Sweeney, K.J., Kerin, M.J., and Gallagher, D.J., A qualitative analysis of the 

attitudes of Irish patients towards participation in genetic-based research. Irish Journal 

of Medical Science, 2016. 185(4): p. 825-831.[311] 

1.7.1.2 Theme 2: Investigating frequency, associated phenotype and management of 

variants in “high-risk” genes  

What is the prevalence of pathogenic mutations in BRCA1 and BRCA2 in patients with 

breast and/or ovarian cancer in the West of Ireland? 

McVeigh, T.P., Irwin, R., Cody, N., Miller, N., McDevitt, T., Sweeney, K.J., et al., Familial 

breast cancer genetic testing in the West of Ireland. Irish Journal of Medical Science, 

2014. 183(2): p. 199-206. [422]  

What is the phenotype associated with recurrent large genomic rearrangements in 

BRCA1 and BRCA2 in Irish patients? 

McVeigh, T.P., Cody, N., Carroll, C., Duff, M., Farrell, M., Bradley, L., et al., Recurrent 

large genomic rearrangements in BRCA1 and BRCA2 in an Irish case series. Cancer 

Genetics, 2017. 214-215: p. 1-8.[414] 
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Can Screening of patients with germline mutations in BRCA1 or BRCA2 be repatriated to 

the national breast cancer screening programme?  

McVeigh, T.P., Wiggins, J., Ward, S., Kemp, Z., George, A.J., Successful Repatriation of 

Breast Cancer Surveillance for high-risk women to the National Health Service Breast 

Screening Programme (manuscript accepted, Clinical Breast Cancer) 

Does a variant in the non-coding 3’untranslated region of BRCA1 have any impact on 

breast cancer risk or phenotype?  

Dorairaj, J.J., Salzman, D. W., Wall, D., Rounds, T., Preskill, C., Sullivan, C. A. W., Lindner, 

R., Curran, C., Lezon-Geyda, K., McVeigh, T., Harris, L., Newell, J., Kerin, M. J., Wood, M., 

Miller, N., Weidhaas, J. B., A germline mutation in the BRCA1 3'UTR predicts Stage IV 

breast cancer. BMC Cancer, 2014. 14(1). [206] 

1.7.1.3 Theme 3: Investigating frequency and associated phenotype of putative “low-

risk” variants  

Is there an association between a variant in the 3’UTR of the KRAS proto-oncogene and 

breast and ovarian cancer predisposition? 

Pilarski R., Patel D.A., Weitzel J., McVeigh T., Dorairaj J.J., Heneghan H.H., Miller N., 

Weidhaas J.B., Kerin M.J., McKenna M., Wu X., Hildebrandt M., Zelterman D., Sand S., 

Shulman L.P., The KRAS variant Is Associated with Risk of Developing Double Primary 

Breast and Ovarian Cancer, PLoS ONE, 2012;7(5):e37891. [253] 

Is there an association between changing oestrogen levels and breast cancer in carriers 

of the rs6176437 variant in KRAS? 

McVeigh, T.P., Jung, S-Y., Kerin, M.J., Salzman, D., Nallur, S., Nemec , A., Dookwah, M, 

Sadofsky, J., Paranjape, T., Kelly, O., Chan, E., Miller, N., Sweeney, K.J., Zelterman, D., 

Sweasy, J., Pilarski, R., Telesca, D., Slack, F.J., Weidhaas, J.B, Oestrogen Withdrawal, 

Increased Breast Cancer Risk and the KRAS variant, Cell Cycle, 2015 14(13): 2091-2099. 

[254] 

Are there variants in the 3’UTRs of other genes associated with breast and/or ovarian 

cancer? Chen, X., Paranjape, T., Stahlhut, C., McVeigh, T., Keane, F., Nallur, S., Miller, N., 

Kerin, M., Deng, Y., Yao, X., Zhao, H., Weidhaas, J. B., Slack, F. J., Targeted resequencing 
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of the microRNAome and 3′UTRome reveals functional germline DNA variants with 

altered prevalence in epithelial ovarian cancer., Oncogene, 2014.[423]  

What is the association between the postulated low risk breast cancer susceptibility loci 

at 12q24, 12p11 and 21q21 and breast cancer risk in the patient population in the West 

of Ireland?  

McVeigh, T. P., McVeigh, U. M., Sweeney, K. J., Kerin, M. J., Miller, N.,A genetic variant at 

12p11 significantly modifies breast cancer risk in a genetically homogenous island 

population, Breast Cancer Research and Treatment, 2015 Jan;149(1):41-7. [424] 

What is the association between a variant in the postulated precursor to the 

inflammatory onco-miRNA mir146a and risk of breast and thyroid cancers?  

McVeigh, T.P., Mulligan, R.J., McVeigh, U.M., Owens, P.W., Miller, N., Bell, M, Sebag, F., 

Guerin, C., Quill, D.S., Weidhaas, J.B., Kerin, M.J., Lowery, A.J., Investigating the 

association of rs2910164 with cancer in Irish patients, Endocrine Connections, 2017 (in 

press) 

1.7.1.4 Theme 4: Investigating impact of tumour gene expression analysis on 

management of patients with breast cancer  

How has the Oncotype DX gene expression profiling assay impacted the use of systemic 

chemotherapy in patients with early ER-positive breast cancer managed in a tertiary 

centre in the West of Ireland?  

McVeigh, T.P., Hughes, L.M., Miller, N., Sheehan, M., Keane, M., Sweeney, K.J., Kerin, 

M.J., The impact of Oncotype DX testing on breast cancer management and 

chemotherapy prescribing patterns in a tertiary referral centre, European Journal of 

Cancer (2014) [206] 

The methodology used in the research studies outlined here above is described in 

greater detail in the following chapter. A discussion regarding the findings of the 

studies, their limitations and implications for future research is outlined in the final 

chapter of this thesis.  
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Chapter 2 
 

Materials and Methods  
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2 Methodology  

2.1 Observational studies  

Analysis of BRCA1 and BRCA2 in Irish patients is facilitated via the molecular laboratory 

in the Department of Clinical Genetics in Our Lady’s Children’s Hospital Crumlin 

(OLCHC), Dublin. While predictive testing and MLPA analysis is performed in-house, 

diagnostic testing is currently performed by next generation sequencing in the West 

Midlands Regional Genetics laboratory, in Birmingham Women’s Hospital, Birmingham, 

UK. Within the Department of Clinical Genetics in OLCHC, a database of patients 

undergoing such testing is prospectively maintained, but does not contain clinical 

information apart from that provided on the clinical request form. Patients managed in 

the Saolta University Hospitals Group referred for such testing were identified by 

interrogation the testing database, and of the referrals database maintained in the 

department of Clinical Genetics (iGene). A database of all patients carrying large 

genomic rearrangements was compiled by interrogation of all Multiplex Ligation-

dependent Probe Amplification (MLPA) test results. Data regarding uptake of testing, 

genetic test results, personal and familial history of cancer were retrieved by review of 

patient charts and hospital electronic histopathology database (Patient Administration 

system, PAS). Related individuals were matched by familial identifier (pedigree number) 

as assigned to them at time of testing. Three-generation pedigrees were examined to 

identify potential relatedness where identical mutations were identified in apparently 

unrelated individuals. 

2.2 Questionnaires and Surveys  

A number of patient questionnaires were utilised for data collection and qualitative 

analyses over the course of this project. Paper-based questionnaires were used for 

studies in chapters 6 and 9 (Appendix 2-1 and Appendix 2-2), and surveys in both paper-

based and electronic format used for study 1 (Table 3-1). Patients were provided with 

stamped addressed envelopes to facilitate return of questionnaires.  
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2.3 Germline Genetic Profiling  

2.3.1 Sample Recruitment  

2.3.1.1 Biobank establishment  

The Breast cancer in Galway Genetics Study (BIGGS) was first initiated in 1998 as part of 

a collaborative project with The London Cancer Research Institute, with the 

establishment of a biobank of biological specimens from Irish patients with breast 

cancer, predominantly from the West of Ireland. Unselected patients with invasive or in 

situ breast cancer of any molecular subtype managed in the symptomatic breast units in 

the Saolta Hospital group are invited to contribute blood, tumour and tumour 

associated normal tissue to the biobank; from which DNA and RNA is extracted. Patients 

who wish to contribute germline DNA but cannot provide whole blood samples instead 

provide salivary samples, collected using the DNA Genotek Oragene 575 kit[421]. 

Clinico-pathological information for each patient is collected prospectively and recorded 

in a database maintained in the discipline of Surgery in the Lambe Institute for 

Translational Research, NUI Galway. Data is recorded regarding age at diagnosis, 

tumour size, grade, hormone receptor and HER2 status, and, if available, family history, 

treatment and outcome.  

“Controls” are defined as females over the age of sixty years, without a personal cancer 

history of any type (excluding non-melanomatous skin cancer), and with no first-degree 

family member affected by breast or ovarian cancer; as such individuals have a 

relatively low residual lifetime risk of developing breast cancer (Figure 2-1).  Control 

samples were recruited from the community, through local meetings of retirement 

organisations (Active Retirement Ireland and Retired Teachers Association).  
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Figure 2-1: Breast Cancer Risk depending on family history, adapted from study by Beral 

et al [23] 

Samples were obtained from patient following written informed consent (Appendix 2-

3). Patients were made aware that no individual results would be returned to 

participants, but that published communications arising from this work could be 

obtained from the discipline of Surgery NUI Galway, or via online links on departmental 

social media websites (https://www.facebook.com/NUIGalwaySurgery, and 

https://twitter.com/surgerynuig).  

2.3.2 Genomic DNA Preparation  

2.3.2.1 Genomic DNA Extraction  

Genomic DNA was extracted from 3ml of whole blood collected in an EDTA tube stored 

at 4°C as soon as possible after blood-letting, using a salting out protocol modified from 

the Qiagen Gentra PureGene DNA Extraction Kit[425]. Extractions were routinely 

performed in batches of ten in a designated laminar flow hood in two stages over two 

days. During the first step, red cell lysis, 9ml of red cell lysis solution (1X) (Appendix 2-4) 

was added to 3ml of whole blood. Lysis was encouraged by submersion of samples in a 

37°C water bath for 30 minutes. Samples then underwent centrifugation at 2000rpm for 

10 minutes at 20°C in a Sorvall centrifuge. After centrifugation, the supernatant was 
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discarded into Virkon in accordance with departmental policy for disposal of human 

blood waste products. Three millilitres of white blood cell lysis solution (Appendix 2-4) 

was then added to the remaining white cell pellet. Lysis of lymphocytes was encouraged 

by constant rotation of samples overnight at room temperature and minimum speed on 

a Dynal rotator.  

On the second day of the extraction, samples were cooled on ice for 5 minutes prior to 

the addition of 1ml of protein precipitation solution (PPS) (Appendix 2-4). Each sample 

thereafter underwent centrifugation for 20 minutes at 3000rpm. Supernatant 

(containing gDNA) from each sample was carefully decanted into 3ml of 100% 

isopropanol. Precipitation of DNA was encouraged by gentle repetitive inversion of 

tubes. DNA pellets were created by centrifugation of samples at 2000rpm for 3-5 

minutes. The solution overlying each pellet was then gently decanted and discarded, 

leaving a pellet of DNA, to which was added 3ml of 70% ethanol wash. After 1 minute, 

the ethanol was discarded. DNA was diluted in 250 µl of TE elution buffer (Appendix 2-

4). Each sample was then incubated at 65°C for 1 hour. After cooling at room 

temperature, samples were transferred to tubes labelled with unique identifiers for 

storage at -80oC. 

Genomic DNA was extracted from 0.5ml of Saliva using the DNA Genotek laboratory 

protocol[426]. Prior to extraction, samples were gently mixed by pipetting, and then 

incubated at 50°C for 2 hours. To each 0.5ml sample, 20 µl of proprietary PT-L2P Prep-it 

solution was added. Each sample was then incubated on ice for ten minutes, to 

encourage precipitation of impurities. Samples underwent centrifugation for 5 minutes, 

after which the supernatant was carefully decanted into a fresh tube and pellet of 

impurities discarded. 600 µl of 100% ethanol was then added to the ethanol, and 

samples were gently mixed by repetitive inversion to encourage DNA precipitation. 

Samples were then allowed to rest for 10 minutes at room temperature. Thereafter, 

samples underwent centrifugation for two minutes to separate DNA out into a pellet. 

The overlying supernatant was discarded. 250 µl of 70 % ethanol wash was added to the 

pellet and removed after one minute. DNA was diluted in 100 µl of TE elution buffer. 

Samples were incubated overnight.  Thereafter, samples were transferred into 

appropriately labelled tubes for long term storage at -80oC. 
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2.3.2.2 Quantification of DNA  

DNA concentration was quantified by nanodrop spectrophotometry, which takes 

advantage of the ability of DNA to absorb light maximally at a wavelength of 260nm. 

Using a spectrophotometer, light at 260nm was transmitted through a 10mm column 

formed from 1.1µl DNA. Absorbance of light was measured by quantification of DNA 

passing through the sample. The concentration of nucleic acid (c) in a sample can be 

calculated from the absorbance measured by utilisation of the Beer Lambert equation, 

which states that absorbance (A) = cɛl, where c is the concentration of DNA in units 

corresponding to ɛ, ɛ is the molar extinction co-efficient and l is the light pathlength. 

Molar extinction coefficients have been derived for specific nucleotide groups, which, 

for simplicity, are converted into standard coefficient multipliers for standard 1cm 

pathlength. For dsDNA, assuming a pathlength of 1cm, the standard coefficient 

multiplier is 50µg/ml (=ng/µl). The simplified version of the Beer Lambert equation is 

therefore c= A260 x 50. In practice, values are derived automatically by the 

spectrophotometer as per Figure 2-2, c = 7.213 x 50 = 360.65ng/µl. Using the protocol 

as outlined here above, the DNA yield from blood was approximately 200ng/µl for fresh 

samples. Significantly reduced yield was noted for aged samples. Yield from salivary 

samples were expectedly lower given the different volume of samples used for 

extraction (approximately 80-100ng/µl).  
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Figure 2-2: Nanodrop trace 

 

RNA, ssDNA and dsDNA absorb light at 260nm, as do proteins and some reagents used 

in extraction. Most reagents, and some proteins also absorb light at 280nm. Purity of 

DNA samples can therefore be determined by spectrophotometry, by using the 

A260:A280 ratio. A ratio ≥ 1.8 is generally accepted to indicate purity of DNA, while 

measurements below that were considered reflective of contamination by protein or 

phenol. Samples with yields significantly below 1.8 (<1.75) or >2.0 were not used in 

downstream experiments, and repeat extractions from the original sample were 

performed. Both salivary and blood samples consistently provided DNA that was 

adequate in terms of yield and purity. 
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2.3.3 Genotyping 

2.3.3.1 Variant Discovery: Targeted Sequencing of the 3’UTR – NimbleGen Sequence 

Capture Array  

2.3.3.1.1 Sample Preparation 

Targeted resequencing of 3’UTRs of genes of interest in study 8 was completed using 

custom-designed Roche 2.1M HX1 NimbleGen Sequencing Capture Array at the Yale 

Centre for Genome Analysis. Coordinates submitted for array design included the 

exonic sequence of the microRNA encoding- and cancer predisposition genes of interest 

as well as 200 base pairs into the flanking sequences.  

Bands from 20µg DNA samples of high-quality and high purity (A260:A280 ratio ≥1.8, 

A260:A230 ≤1.9), with concentration of 250-500ng/µl were visualised by gel 

electrophoresis to out-rule DNA degradation or contamination. Thereafter, DNA was 

fragmented by shearing into fragments compatible with Solexa sequencing instrument. 

Sample libraries were prepared in line with manufacturer’s instructions.  After 

denaturation, samples were hybridised to complementary sequences on the custom-

designed Nimblegen array. Captured DNA was eluted by assembly of an elution 

chamber and washing of the microarray. This eluted DNA was then processed by high-

throughput paired-end sequencing using an Illumina platform.  

 

2.3.3.1.2 Sequence Alignment  

Alignment of sequencing reads was completed using Burrows-Wheeler Aligner (BWA) 

(http://bio-bwa.sourceforge.net/). Sequences with gaps, more than three mismatches, 

or paired-end sequencing reads mapped with clipping before analysis were not 

permitted. 95% of reads were successfully mapped to reference genome. Coverage of 

approximately 500X per sample was obtained for most genes, although the targeted 

regions of certain genes of interest could not be sequenced with appropriate coverage 

using this technology. 

 

2.3.3.1.3 Post-Alignment Processing  

In the human genome, it is rare that two sequences will align to the same position, 

unless over-represented by duplication through PCR. SAMtools 
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(http://samtools.sourceforge.net/), an open source command line tool, was used to 

manipulate, sort and index reads by genomic position, and compute the likelihood of 

data considering each possible genotype. These likelihoods are stored in BCF formats to 

which priors are applied to identify and filter variants, to generate genotype calls. Raw 

calls were filtered by mapping quality. SNP calls were verified using the Genome 

Analysis Toolkit (GATK) (45) (https://software.broadinstitute.org/gatk/).  

 

2.3.3.2 TaqMan-based SNP genotyping 

The two-step TaqMan-based genotyping process involves an initial Polymerase Chain 

Reaction (PCR) experiment, using a specific Taqman assay (Applied Biosystems), which 

contains allele-specific probes and PCR primer pair for the target region. This method 

was utilised to genotype samples for different variants of interest in studies 5, 6, 7, 9 

and 10. Taqman assays were delivered at 40X concentration, and diluted with TE buffer 

to create a working stock of 20X, which was stored in opaque tubes at -80oC until 

required for use. The number of freeze-thaw cycles were kept to a minimum to ensure 

product stability. 

Each TaqMan assay comprises unlabelled PCR sense and antisense primer pairs and a 

pair of TaqMan minor groove binder probes consisting of target-specific 

oligonucleotides, each with fluorescing reporter dye at 5’ end and non-fluorescent 

quencher at each 3’ end. The VIC dye links to the 5’ end of the Allele 1 probe, and 6FAM 

dye to that of Allele 2 probe. The probes also include a minor groove binder (MGB), 

which acts to increase the melting temperature Tm while avoiding any increased in 

probe length. The difference in Tm between matched and mismatched probes is greater 

for short than long probes; ensuring highly accurate discrimination between alleles 

when probe lengths are kept as short as possible. Each allelic discrimination reaction 

mix contains 1µl TaqMan assay, 10µl Taqman SNP genotyping Master Mix, and 40ng 

genomic DNA. The TaqMan genotyping Master mix consists of Deoxyribonucleotide 

triphosphates (dNTPs); ROX passive reference dye; AmpliTaq Gold DNA polymerase, 

Ultra-Pure (UP); and buffer components optimised for stability and reproducible allelic 

discrimination.  Nuclease free water (NFW) was added to each well such that the total 

reaction volume in each well was 20 µl. The ninety-six well 7900HR Fast reaction plates 
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were set up in a dedicated PCR hood on an ice block. On each reaction plate, a no 

template control (9 μl of NFW and 11 μl allele discrimination reaction mix) and positive 

controls with known genomic DNA corresponding to each of the three possible 

genotypes (homozygous variant, heterozygous variant and homozygous wild type) were 

included. The plate was then sealed with an optically clear seal. Potential air bubbles 

were eliminated by brief centrifugation.  

During the reaction, the TaqMan probes hybridize to complimentary target DNA 

between the two unlabelled PCR primers. Signal from fluorescent ye on the 5’ end of 

the hybridized TaqMan probe is quenched by the NFQ on the 3’ end by fluorescence 

resonance energy transfer (FRET). AmpliTaq Gold DNA polymerase UP acts to extend 

primers using the template strand as a guide. Once the enzyme reaches the hybridized 

probe, the molecule is cleaved, leading to separation of the dye from the quencher. 

Fluorescence produced by the unquenched FAM or VIC dye is then measured by the 

instrument, with fluorescence of VIC only corresponding to homozygosity for allele 1, 

fluorescence of FAM only to homozygosity of allele 2 and fluorescence from both dyes; 

heterozygosity of both alleles.  

After the PCR reaction, the second stage of TaqMan-based genotyping is generation and 

interpretation of an allelic discrimination plot, as per Figure 2-3.  
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Figure 2-3: Allelic Discrimination Plots. Homozygosity for C allele is represented by blue 

markers; homozygosity for G allele by red markers and heterozygosity by green markers. 

Different genotypes are separated into distinct clusters. 

FAM and VIC fluorescent signals are automatically plotted on X and Y axes 

corresponding to each allelic probe. In the allelic discrimination plot shown below, for 

the variant of interest, blue markers correspond to genotypes that are homozygotes for 

allele C, and red markers for genotypes that are homozygous for allele A, and green 

markers for heterozygotes. The single black marker represents the non-template 

control, and absence of fluorescence. Automated genotype calling was confirmed 

manually by interrogation of spectral contributions of the dye corresponding to the 

sequence specific probe on the multicomponent data plot.  

Using the example as above, allele C was tagged to the VIC dye and allele A to the FAM 

dye. Therefore, for a homozygous CC genotype sample, the VIC line would have the 

highest fluorescence on the Y-axis compared to that of FAM and background 

fluorescence signals (Figure 2-4). 
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Figure 2-4: Multicomponent plot - homozygosity for allele Y 

Conversely, in the case of a homozygous AA genotype sample, the FAM line would have 

the highest fluorescence on the Y-axis with time (Figure 2-5).  

 

Figure 2-5: Multicomponent plot - homozygosity for allele X 

 

And in heterozygous CA genotype sample, both the FAM and VIC lines would have a 

high fluorescence compared to background fluorescence signals (Figure 2-6). 
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Figure 2-6: Multicomponent plot - heterozygosity 

 

Internal quality control was maintained using previously genotyped positive and 

negative controls to ensure genotyping accuracy. In addition, all ‘undetermined’ results 

and at least three DNA samples from each plate (each sample representing either the 

homozygous variant, heterozygous variant or homozygous wild type variant) were 

genotyped in duplicate with 100% consistency of results. 

 

2.3.3.3 Sequenom Genotyping  

Genotyping using the Sequenom MassArray has an advantage over TaqMan-based 

analysis in that it can perform genotyping for up to 36-40 SNPs (depending on potential 

for assay interaction) on multiple samples simultaneously in a single multiplexed 

reaction, using mass spectrometry rather than fluorescence. This method was used to 

validate SNPs identified in discovery experiments in study 8. This service was provided 

by the Yale Centre for Genome Analysis (YCGA) at the School of Medicine in Yale 

University (http://ycga.yale.edu/). In brief, custom arrays including PCR and single-

based extension primers (SBE) were designed using MassArray assay design suite, based 

on the fully annotated sequences about the SNPs of interest, including a minimum 

100bp pairs of flanking sequence either side of the variants. Analytes were dispensed 

onto a SpectroCHIP array (Sequenom); a silicon chip with pre-dispensed matrix crystal; 
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and assayed on the MassArray system. Allele specific differences in mass between 

extension products were detected by Matric-Assisted Laser Desorption/Ionisation Time 

of Flight Mass Spectrometry (MALDI-TOF MS). As the name suggests, analyte crystals 

are irradiated by a laser, inducing desorption and ionization, causing acceleration of 

molecules with positive charge towards a detector. The relative time of flight for each 

extension product, which is directly proportional to their mass, is recorded by the 

detector after each laser pulsation. Mass-modified terminators are incorporated into 

each SBE reaction; increasing sensitivity of MALDI-TF MS to 16Da, the minimum 

difference between terminators. Reports are automatically generated outlining SNP 

genotypes in each sample using Typer software.  

2.3.4 Sanger Sequencing  

Sanger sequencing was the method used for diagnostic genotyping of samples in study 

2 (West Midlands Regional Laboratory, Birmingham, UK), and to analyse the frequency 

of an indel identified in a gene of interest in study 8. Sanger sequencing is a multi-stage 

process involving PCR amplification, analysis of reaction products, digest and clean-up 

of primer-dimer products, and sequencing.  

2.3.4.1 PCR 

Polymerase chain reactions in study 8 were catalysed by KOD hot start Polymerase, a 

pre-mixed complex of high fidelity KOD DNA polymerase, a thermostable enzyme 

originally isolated from the anaerobic coccus Thermococcus Kodakaraensis, and two 

monoclonal antibodies that act to inhibit the activity of DNA polymerase and 3’  5i 

exonucleases during assembly of the PCR reaction at ambient temperatures up to 21oC; 

reducing the risk of primer degradation or non-specific amplification due to mis-

priming. The reaction requires the primers, and four dNTPs, from which, a new DNA 

strand is created (Table 2-1).  
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Table 2-1: Components in KOD Hot Start Polymerase PCR reaction 

Component Volume (µl) Final 
Concentration 

10X PCR Buffer for KOD Hot Start DNA Polymerase 5 1X 

25mM MgSO4 3 1.5mM 

2mM dNTPs 5 0.2 mM 

PCR Grade Water 31  

5' primer (10 µM) 1.5 0.3 µM 

3' primer (10 µM) 1.5 0.3 µM 

Template DNA (50ng/µl) 2  

KOD Hot Start DNA Polymerase (1U/ µM) 1 0.02U/µl 

Total Reaction Volume 50 µl  

 

The PCR reaction consists of 40 cycles, consisting of three steps – denaturation of the 

DNA template, annealing of the primers to complementary template stands, and primer 

extension by KOD DNA polymerase after activation of the enzyme by heating. Two new 

DNA strands per template are created in the first PCR cycles, which are used as targets 

in the second cycle. dsDNA produced in the third cycle precisely match the target 

region. Further cycles permit amplification of the target fragment. The region of interest 

is PCR amplified using forward and reverse primers. 96-well reaction plates were set up, 

with each well containing a 50 µl volume, comprising the components outlined in Table 

2-1.  

 

Primers (Table 2-2) were delivered in 100µM and were diluted by a factor of 10 with 

NFW. 

Table 2-2: PCR primers 

 Primer 

Forward 5’-TTCCCTGCGAGGACATTTAC-3′ 

Reverse 5’- GGCCAGCTCATTATTTTAGGC-3′ 

 

After gentle mixing and centrifugation of plates, PCR cycling (40 cycles) was performed 

on a Thermal Cycler under the following conditions (Table 2-3).  
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Table 2-3: PCR cycling conditions 

Step Temperature Time per cycle  

Polymerase Activation  95oC 2 minutes  

Denaturation  95oC 20 seconds  

Annealing  61oC  10 seconds  

Extension  70oC 15second/kbp 

 

2.3.4.2 Gel Electrophoresis  

 

Reaction products were visualised by gel electrophoresis. Agarose gel was made by 

dilution of 50X TAE buffer by a factor of 50, into which was added 1g of agarose to 

create a 1% gel. After heating for one minute, the gel was left to cool. 10 µl of ethidium 

bromide was added to the cooled gel, which was poured onto a template. After the gel 

was set, a 12 µl mixture of PCR product (10 µl) and bromophenol blue loading dye (2 µl) 

was added to each well. A 50ng DNA ladder was added to one empty well to facilitate 

comparison of band width. Application of electric current forces negatively charged 

DNA to migrate from negative to positive charge through the gel. Distance travelled in a 

set time was dependent on molecular weight. Gels were visualised on a UV box after 

application of 90V current for 45minutes. PCR products were visualised corresponding 

to band width of approximately 600bp as per Figure 2-7 below. Underneath the 

fluorescent band, a band of faint intensity representing primer-dimer product could 

also be observed.  
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Figure 2-7: Photograph of PCR products on gel after electrophoresis 

 

2.3.4.3 Digest and Clean-up 

Digestion of Primer-Dimer products was completed using thermosensitive Shrimp 

Alkaline Phosphatase (TSAP) and exonuclease 1. A clean-up mixture of these two 

enzymes combined with NFW was made in 1000 µl volumes (13.2 µl TSAP, 13.2 µl EXO 

and 973.6 µl NFW). 20 µl of clean up mix was added to 20 µl PCR product. The mixture 

was heated to 37 oC to activate the enzymes, and then heated further to 80 oC to 

irreversibly deactivate the enzymes and halt digestion. The mixture was then cooled to 

4 oC.  

2.3.4.4 Sequencing   

After the clean-up phase, PCR products were standardised to a concentration of 

70ng/µl by dilution with NFW. Two Applied Biosystems Optical 96-well reaction plates 

were set up with nested primers; one bearing a forward primer and one the reverse 

primer. To each well, 1 µl of cleaned PCR product (70ng) was added. Each of the 

primers were diluted to a concentration of 4 µM, of which 2 µl was added to the PCR 

product, along with 15 µl NFW to give total reaction volume of 18 µl. After sample 

preparation, sequencing was performed in the Keck DNA sequencing facility, School of 

Medicine, Yale University (http://keck.med.yale.edu/dna/index.aspx), on an Applied 

Biosystems 3730 capillary instrument, utilising fluorescently labelled didexoynucleotides 

(Big Dye Terminators) which are selectively incorporated by Taq FS DNA polymerase 

during in vitro DNA replication. After separation of DNA into two strands, the reaction is 
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cooled to facilitate primer annealing. Thereafter, the reaction is heated to allow 

incorporation of DNA unlabelled nucleotides to complementary bases on the target 

DNA template strand by DNA polymerase. Incorporation of dideoxynucleotides leads to 

termination of addition of basis, as the absence of OH groups on these bases does not 

permit dehydration synthesis. Heating and cooling steps are repeated to generate DNA 

fragments of variable length depending on when dideoxynucleotides were 

incorporated. DNA fragments are separated by size by gel capillary electrophoresis. 

Fragments are arranged in order of size from shorter to longer. As the fragments pass 

through the end of the capillary, fluorescence of the terminator bases at the end of 

each fragment are recorded. The process generates a text file of sequencing data, 

representing automated calling of data, as well as a four-colour chromatogram, with 

peaks of different colours corresponding to the nucleotide at each position, as in the 

examples here below (Figure 2-8). Patients that were homozygous for the variant at a 

particular position of interest demonstrated only one peak, but corresponding to the 

variant nucleotide (Figure 2-9). Double peaks of different colours could be observed at 

one position in the case of heterozygous genotypes, and insertion or deletions of 

multiple basis lead to a shift in chromatograms, with double peaks at every position 

occurring after the indel (Figure 2-10)Figure 2-10. Each chromatogram generated from 

forward and reverse sequencing were manually interpreted.  

 

Figure 2-8: Chromatogram (forward) - PCM1 wild type 

 

Figure 2-9: Chromatogram (forward) - homozygosity for variant G>A and for ins ATTT  

 

Figure 2-10: Chromatogram (forward) - heterozygosity for variant G>A and for ins ATTT  
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2.4 Cell culture  

Cell culture techniques were utilised in studies 5 and 7.  All cell culture experiments 

were performed by collaborators under strict asepsis, in a dedicated laminar flow hood 

in the Department of Therapeutic Radiology in Yale University.  Details of the 

experiments are outlined in detail in chapters 7 and 9, but are outlined in brief here 

below.  

In study number 7, the MCF-10A cell line was used to investigate the functional impact 

of the rs61764370 variant in KRAS. MCF-10A cells are non-tumourigenic. MCF-10A cells 

with and without the variant were generated using CompoZr ® zinc finger nuclease 

(ZFN) gene-editing technology. In recent years, the CRISPR-CAS method has become an 

increasingly popular method for editing the human genome. Older alternative methods 

for gene editing include the use of either ZFNs or Transcription Activator-like effector 

nucleases (TALENs)[427]. These classes of nucleases are composed of sequence-specific 

DNA binding motifs and non-specific DNA cleavage domains. Addition of a site-specific 

nuclease to the end of the DNA binding motif induces dsDNA breaks; thereby 

stimulating Non-Homologous End Joining if no repair template is used, or, with co-

delivery of a donor DNA template, Homologous Recombination (HR). Details of Isogenic 

cell line creation in study 7 is outlined in chapter 9. The presence of the mutation was 

confirmed thereafter by Taqman-based PCR, using an allele-specific primer; and 

secondarily by allele-specific sequencing of PCR amplified genomic DNA, and again by 

bi-allelic short tandem repeat (STR) analysis at 16 different loci. Comparative analyses 

between cell lines with and without the variant were performed, including 

morphological analysis, miRNA profiling and mRNA expression analysis.   

For study 5, various commercially available breast cancer cell lines were purchased from 

American Type Culture Collection (ATCC) and cultured to facilitate in vitro analysis of 

BRCA1 gene expression. While subtypes of breast cancer can be defined by gene 

expression analyses[187], receptor status is often used as a surrogate marker of 

subtype. Cell lines with particular receptor profiles and molecular characteristics are 

therefore used to represent specific cancer subtypes. For study 5, a number of triple 

negative cell lines as well as Luminal cell lines were chosen, given the strong association 

of triple negative subtype of cancer, and more specifically the basal subtype, and BRCA1 
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deficiency[428]. Basal subtypes of breast cancer usually do not express ER-, PR- or 

HER2; and are therefore often grouped with other “triple-negative” subtypes. However, 

the terms “basal” and “triple-negative” are not synonymous, as many other subtypes of 

triple negative breast cancers have been defined, which are molecularly distinct from 

the basal subgroup[429]. As well as the characteristic “triple negative” 

immunophenotype, basal breast cancers also express cytokeratins 5/6 and/or 

EGFR[430]. Another triple negative subtype is the claudin-low type, which, as 

nomenclature suggests, demonstrates low expression of the claudin group of 

genes[429]. The characteristics of the cell lines used in study 5 are outlined in Table 2-4.  

Cells were cultured according to manufacturer’s specifications, which accounts for 

differences in cell growth speeds. In study 5, the MCF-7 and BT-20 cells were cultured in 

Minimum Essential Medium (MEM), while MDA- cells were cultured in Leibovitz’s L-15 

liquid medium, which facilitates culture without strict CO2 equilibration. HS-578T cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM). Each medium was 

supplemented with 10% foetal bovine serum (FBS); and treated with antimicrobial 

agents Penicillin (100 µg/ml) and Streptomycin (100 U) as prophylaxis against bacterial 

contaminants. Media and supplements were obtained from Gibco ™. Both mutant and 

wild type MCF-10A cell lines in study 7 were cultured in Dulbecco’s Modified Eagle 

Medium: Nutrient Mixture F-12 (DMEM/F12) supplemented with 10 µg/ml insulin, 0.5 

µg/ml Hydrocortisone, 100 ng/ml Cholera toxin, 20ng/ml epidermal growth factor and 

5% donor horse serum. Cells were also treated with an Invitrogen 

penicillin/streptomycin mixture.  

Table 2-4: Characteristics of cell lines used in studies 5 and 7 

 ER/PgR 
status 

HER2/neu 
status 

Origin  Represents 
breast 
cancer 
subtype 

Additional features  

MCF-7 Positive  Negative Pleural 
effusion 

Luminal A  Ki-67 low,  
Expresses 
WNT7B[431] 

MDA-MB-
361 

Positive  Positive  Brain 
metastasis 

Luminal B Expresses 
WNT7H[432] 

HS-578T Negative  Negative  Primary 
tumour 

Claudin-low Carcino-
sarcomatous[433] 
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 ER/PgR 
status 

HER2/neu 
status 

Origin  Represents 
breast 
cancer 
subtype 

Additional features  

MDA-MB-
231 

Negative Negative  Pleural 
effusion 

Claudin-low BRCA1 WT,  
KRAS 
mutation[433] 

MDA-MB-
468 

Negative Negative  Pleural 
effusion 

Basal EGFR amplified, 
PTEN deletion, 
BRCA1 WT [433] 

BT-20 Negative Negative Primary 
tumour 

Basal  EGFR amplified, 
BRCA1 WT[433] 

MCF-10A Negative  Negative  Fibrocystic 
breast 
disease 

Basal Appearances 
consistent with 
Luminal Ductal 
Cells on electron 
microscopy [434] 

 

All cells were grown at 37oC and 5% CO2. Spent media was discarded and replaced with 

fresh pre-heated media every 2-3 days. Sub-culturing was performed weekly to 

facilitate cell proliferation. Cells were cryopreserved after confirmation of 

characterisation and absence of contamination and recovered as required. The number 

of freeze-thaw cycles was minimised. 

In study 7, the cells were cultured under different conditions to determine the impact 

of the hormonal milieu of the media on cell colony formation. When grown under 

standard conditions, cell lines with the variant exhibited a mesenchymal spindle 

phenotype compared to wild type cells, which had a more rounded appearance 

consistent with epithelial cells. To further explore the possibility of epithelial-to-

mesenchymal transition (EMT) in the presence of the variant, a panel of epithelial and 

mesenchymal markers measured by mRNA expression and Western Blot analyses were 

examined (unpublished data). 1.5x106 cells in log growth phase were washed with ice 

cold Phosphate-buffered saline (PBS) (pH 7.4). Thereafter, cells were lysed with 0.5ml of 

sodium dodecyl sulphate (SDS) Sample buffer (BioRad). Cell lysates were then boiled at 

95oC for 5 minutes. Increasing amount of whole cell lysate (2, 4 and 8ul) were loaded 

on a 4-20% gradient gel (Bio-Rad) for quantification. The samples and antibodies to 

proteins of interest (Table 2-5) were transferred to Polyvinylidene difluoride (PVDF) 
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membrane, and visualized using ECL Western Blotting Detection Reagent (GE 

Healthcare Life Sciences).  

For mRNA expression analysis, total RNA was extracted from two independent 

preparations of cells using TRIzol using standard procedures, from which (1µg) cDNA 

libraries were generated, in duplicate, using the iScript cDNA Library Synthesis Kit (Bio-

Rad). mRNA was analyzed (in triplicate) by qPCR using iQ SYBR Green SuperMix (BioRad) 

in reactions containing gene-specific primers. Primers were synthesized at the Keck 

Oligonucleotide Synthesis facility, School of Medicine, Yale University. Reactions were 

amplified in a HT7900 (Applied Biosystems) for 10 minutes at 95oC, 95oC for 15 seconds 

(40 cycles), and 60o for 60 seconds. mRNA expression was normalized to Beta-Actin. 

Relative expression was calculated using the delta-delta CT method[435].  

Table 2-5: Markers of Epithelial-Mesenchymal Transition 

Protein Assessment  

GAPD Western Blot 

Vimentin Western Blot, mRNA expression 

Fibronectin Western Blot, mRNA expression 

Occludin Western Blot, mRNA expression 

E-Cadherin Western Blot, mRNA expression 

N-Cadherin Western Blot, mRNA expression 

 

Cell lines with the variant were found to express significantly lower E-Cadherin and 

Occludin, but higher Fibronectin and Vimentin than wild type cells (Figure 2-11).   

Cells were cultured in EGF-supplemented media, and colony formation in this medium 

with and without the addition of Tamoxifen was assessed. Thereafter cells were 

cultured in Phenol red free DMEM/F12 with 5% charcoal-stripped horse serum. 

Charcoal stripping removes steroids and hormones. Again, colony formation with and 

without the addition of tamoxifen was assessed. Finally, colony formation in after 

restitution of oestrogen was assessed. These experiments are further discussed in 

chapter 9.  
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Figure 2-11: Characterisation of MCF-10A cells with (MT1 and MT2) and without the 

KRAS variant 
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2.5 Gene expression analyses  

2.5.1 Luciferase Assays  

In study 5, the impact of a variant in the 3’UTR of BRCA1 on BRCA1 expression was 

assessed by Luciferase reporter assay. The details of this are discussed in detail in 

Chapter 7.  

2.5.2 Tumour gene expression profiling  

All Oncotype DX experiments were performed centrally in Genomic Health, Inc, USA.  

2.6 Statistical Analysis  

The principle of Hardy-Weinberg equilibrium (HWE) states that allelic and genotypic 

frequencies remain constant from one generation in a specific population to the next, 

assuming the population structure is undisturbed. This law states that, if allelic 

frequencies of a diploid population are p and q, the sum of p and q must equal 1. 

Expected genotypic frequencies can be derived from a quadratic equation, (p+q)2, such 

that they are p2, 2pq and q2. Reasons for deviation from HWE include natural selection 

at the locus under investigation, such that certain genotypes have survival or 

reproductive advantage over others; genetic drift; ascertainment bias; small sample 

size; or assortative mating. Deviation from HWE can be calculated using Pearson’s chi-

squared test, which can be done manually or by using online calculators[436].  

The risk associated with each variant was determined by performing case-control 

analyses comparing calculating allelic and genotypic odds ratios (OR) and 95% 

confidence intervals (CI) under dominant and recessive models [437, 438] using chi-

squared tests. A p-value <0.05 was considered statistically significant at 80% power. 

Sample sizes required to achieve this power were dependent of the comparative 

frequency of a given variant in cases and controls. For example, the variant allele 

frequency of rs10771399 was 0.13 in 829 controls and 0.09 in 1232 controls, which 

provided a power of 81.3% for p>0.05.  

Continuous data (e.g. age or size of tumour)  was assessed for normality using Shapiro-

Wilk test [439]. Normally distributed data were described using mean ± standard 

deviation. Comparisons of normally distributed continuous data between groups were 

tested using independent samples t-test or ANOVA as appropriate. Continuous data 
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that were not normally distributed were described using median (range), and analyses 

between groups complete using Kruskall-Wallis, Mann-Whitney U or independent 

samples median tests. Multivariate analyses were performed using logistic regression.  
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Chapter 3 
 

Paper 4: A qualitative analysis of the attitudes of Irish patients towards participation in 

genetic-based research. McVeigh, T.P., Sweeney, K.J., Kerin, M.J., and Gallagher, D.J., 

Irish Journal of Medical Science, 2016. 185(4): p. 825-831.[311]   
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3 Paper 4 

3.1 Title 
A qualitative analysis of the attitudes of Irish patients towards participation in genetic-

based research. McVeigh, T.P., Sweeney, K.J., Kerin, M.J., and Gallagher, D.J., Irish 

Journal of Medical Science, 2016. 185(4): p. 825-831. [311] 

3.2 Abstract  

Background: Progress in diagnostic and therapeutic strategies in medicine is dependent 

upon high-quality biomedical research. Technological advances have facilitated 

improved understanding of disease aetiology, and rapidly emerging data promises 

further progress. Translating this potential into the clinic depends on patient 

participation in innovative clinical trials. We investigated attitudes to genetic research in 

Ireland, particularly with respect to commercial and financial implications. 

Methods: A multi-centre, cross-sectional survey study was performed. Consecutive out-

patients attending four clinics were asked to complete paper-based questionnaires. The 

same questionnaire was publicly available in electronic format on 

www.surveymonkey.com for 72 h. Data were analysed using SPSS.  

Results: 351 questionnaires were completed (99 paper, 252 electronic). The majority of 

respondents were female (n = 288, 82 %), and highly educated, with 244 (70 %) 

attending college/university. Most participants supported genetic research (267, 76 %), 

more frequently for common diseases (274, 78 %) than rare disorders (204, 58 %, 

p<0.001, X2). 103 (29 %) had participated in scientific research, and 57 (16 %) had 

donated material to a biobank. The majority (n = 213, 61 %) would not support research 

with potential financial/commercial gain. 106 (30 %) would decline to participate in 

research if researchers would benefit financially, compared to 49 (14 %) if the research 

was supported by a pharmaceutical company (p<0.001, X2). Respondents would 

provide buccal samples (258, 74 %) more readily than tissue (225, 64 %) or blood (222, 

63 %).  

Conclusions: A high level of support for genetic research exists among the Irish 

population, but active participation is dependent upon a number of factors, notably, 
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type of biological material required, frequency of the disease in question, and 

commercial interest of the researchers.  

Keywords: Genetic research; Biomedical research; Biobank; Biological specimen; Data 

protection 

3.3 Introduction  

In 1965, the co-founder of Intel, George Moore, made the observation that the power 

of computers per dollar was increasing at an exponential rate temporally, effectively 

meaning that the cost per transistor was falling dramatically over time [440]. Increasing 

advances in genetic and genomic technology have been associated with a reduction in 

cost at a rate exceeding Moore’s law. The cost of whole genome sequencing has fallen 

from $95,263,072 in 2001 to $4905 in 2014 [15]. Rapid technological improvements 

and more affordable genetic tests have expanded genomic investigating from a focused 

candidate gene approach to an exome- or even genome-wide technique. Such genome-

wide association studies (GWAS) have revolutionised our understanding of a host of 

rare diseases [441], and have greatly enhanced our knowledge of common neurological, 

psychiatric, cardiovascular and malignant diseases [442-446]. Large numbers of 

participants affected with a disease and unaffected controls are required to adequately 

power these studies [447]. Germline DNA is inherently personal and some patients are 

reticent to donate their private DNA to research, especially if the study does not relate 

directly to their own health or the health of their family [448, 449]. It is essential that 

genetic research is conducted in a rigorous and ethically approved manner. Previous 

studies have shown that, among the general public, there is a high level of willingness to 

participate in, and donate samples for, biomedical research [450, 451]. This willingness 

is tempered by concerns regarding the use of particular types of samples, data security, 

and biomedical research supported by pharmaceutical companies [450]. Willingness to 

participate can also be modified by patient education and information regarding 

research activity [450]. Furthermore, concerns are shared by both study participants 

and researchers in terms of dissemination of results that might be clinically relevant, 

but outside of the specific scope of the research project [452, 453]. 

3.4 Aim  
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The aim of this study was to assess the attitudes of the general public in Ireland towards 

participation in genetic and genomic research, in particular with respect to commercial 

and financial implications.  

3.5 Methods  
A questionnaire-based qualitative cohort study was undertaken. The authors designed a 

multiple-choice questionnaire (Table 3-1). Specific questions were included with respect 

to attitudes towards research in general, as well as to genetics-based research 

specifically. Questions were also included with regard to storage and handling of data; 

commercial interests; and specimen types under investigation. Respondents were asked 

to utilise a Likert scale in outlining their opinion of specific aspects of the research 

process. Paper-based questionnaires (Table 3-1) were distributed to an unselected 

group of patients attending routine out-patient clinic appointments in the Mater 

Misericordiae University Hospital and Galway University Hospitals. The same 

questionnaire was made available in an electronic format on surveymonkey.com 

(https://www.survey monkey.com/s/attitudes_to_research), to which a link was made 

publicly available on social media (Facebook) for a period of 72 h. 

Data were collected with respect to patient age and level of education, as well as 

previous participation in biomedical research. A variety of potentially influencing factors 

were suggested and participants asked to rate the strength of their influence using a 

five-point Likert scale. These factors included biological specimen type under 

investigation; level of commercial interest in the research activity, and potential for 

financial remuneration of the research team. Data were analysed using SPSS.  
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Table 3-1: Patient questionnaire 

1 What age are you?  

2 What is your gender?  Male  
Female   

3 What is your highest level of education? Primary School  
Secondary School  
College/University  
Higher Degree  

4 In general, how do you feel about medical 
research? 

I support it strongly  
I don’t feel strongly about it  
I am strongly against this type 
of research  

5 The term “genetic” refers to traits handed 
down to you from your parents. Genetic 
information is contained in all cells of your 
body, and in bodily fluids, blood, and saliva. 
How do you feel about medical research that 
uses this type of information? 

I support it strongly  
I don’t feel strongly about it  
I am strongly against this type 
of research  

6 Have you ever been asked to participate in 
scientific research? 

Yes  
No  

7 Have you ever donated a sample of your DNA 
(blood/cheek swab/saliva) for research? 

Yes  
No  

8 Would you be more willing to donate DNA if 
you could do so anonymously? 

Yes  
No  

9 Would you like to be informed of the results of 
genetic tests performed on your DNA? 

Yes  
No  

10 Would you discuss the results of your genetic 
tests with members of your family? 

Yes  
No  

11 Would you consider having surgery if it could 
change your risk of getting a disease? 

Yes  
No  

12 Would you be willing to give a sample of your 
DNA to research if the results of that research 
could be sold for financial or commercial gain? 

Yes  
No  

13 Would you agree to allow your DNA to be used 
in international studies? 

Yes  
No  
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14 Would you support genetic 
research in the following 
circumstances?  

Strongly 
Support 

Support Neutral  Disagree Would 
definitely 
put me 
off 

The research may benefit 
me or my family 

     

The research has 
implications/consequences 
for my family 

     

The research involves 
common diseases affecting 
millions of people 

     

The research involves rare 
disease affecting few 
people 

     

My genetic information is 
kept anonymously  

     

The results of this study 
could be commercially or 
financially beneficial for the 
researchers 

     

The results of this study will 
be used by a 
pharmaceutical company  

     

The findings of this 
research might predict an 
incurable disease 

     

The findings of this 
research might predict a 
disease that can be 
prevented or caught early  

     

Participation requires a 
blood sample  

     

Participation requires a 
cheek swab 

     

During an operation, part 
of the removed tissue 
would be taken for a 
research study 
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3.6 Ethics  

This study was approved by research ethics committees in Mater Misericordiae 

University and Galway University Hospitals.  

3.7 Results  
The questionnaire was completed by a total of 351 participants. Ninety-nine 

participants provided written responses, and the remainder (n = 252) electronic. The 

majority of respondents were female (n = 288, 82 %), and aged between 18 and 44 

years (n = 196, 56 %). The majority were well educated, with 70 % (n = 244) educated to 

at least tertiary level (Table 3-2).  

Table 3-2: Demographics of respondents 

Characteristics of respondents N (%) 

Response type  

Electronic 252 (72) 

Paper-based 99 (28) 

Gender  

Female 288 (82) 

Male 34 (10) 

Not specified 29 (8) 

Age  

18–24  13 (4) 

25–34  115 (33) 

35–44  68 (19) 

45–54  75 (21) 

55–64 29 (8) 

>65 15 (4) 

Not specified  36 (10) 

Highest level of education  

Primary school  4 (1) 

Secondary school  74 (21) 

College/university  136 (39) 

Higher degree  108 (31) 

Not specified  29 (8) 
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Two hundred and eighty-four (81 %) participants stated that they ‘‘strongly support’’ 

biomedical research, and 276 (76 %) supported genetic research specifically. The 

remaining respondents had ‘‘no opinion’’, but no respondent was actively against 

biomedical or genetic research. Twenty-nine percent had previously participated in 

some form of biomedical research (n = 103) with 57 (16 %) having donated a biological 

specimen. When asked specifically whether they would donate DNA more readily if they 

could do so without providing any positive identifiers, 261 (74 %) agreed they would be 

more likely to donate a specimen if they could do so anonymously. 233 would support 

(99, 28 %) or strongly support (134, 38 %) research if the information could be stored 

without an identifier. At odds with this desire for anonymity was the fact that the vast 

majority of respondents wished to be informed of results of genetic tests performed on 

their donated material (n = 295, 85 %). Two-hundred and seventy-one (92 %) 

respondents would share any information regarding research findings reported to them 

with family members.  

The majority of respondents (212, 60 %) would not support research if the researchers 

involved could stand to gain commercially or financially. One hundred and six 

respondents disagreed (56, 16 %) or strongly disagreed (50, 14 %) with research 

undertaken under these circumstances. Lesser proportions disagreed (28, 8 %) or 

strongly disagreed (21, 6 %) with research undertaken with potential for financial or 

commercial gain if the research was undertaken by pharmaceutical companies.  

The majority of participants would support (101, 29 %) or strongly support (185, 53 %) 

research that might be of direct benefit to them or their families, but less likely to 

support (n = 87, 25 %) or strongly support (n = 78, 22 %) similar research that might 

have implications for the family that were not specifically positive, for example if the 

research might identify a disease predisposition.  

A large proportion of respondents would support (n = 119, 34 %) or strongly support (n 

= 173, 49 %) research that could detect disease at a pre-symptomatic or preventable 

stage. A smaller proportion would support (159, 45 %) or strongly support (106, 30 %) 

research that might detect an incurable disease. Respondents were more likely to 

support or strongly support research into common diseases, rather than rare disorders 

(p<0.001, X2, Figure 3-1).  
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Figure 3-1: Influence of disease 

Regarding biological specimens, respondents would be more likely to support or 

strongly support research that involved donation of a buccal swab (74 %) compared to 

blood (63 %) or tissue (64 %). Respondents were more likely to disagree or strongly 

disagree to donation of a blood sample than other tissue types (Figure 3-2). 

 

Figure 3-2: Influence of specimen type on patient response 
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3.8 Discussion  

This study confirms that a high level of support for all types of biomedical research, 

including genetic research, exists among the patient population in Ireland. Active 

participation is dependent upon a number of factors. We note the particular influence 

of the type of biological material to be utilised, commonality of the disease under 

investigation, and potential financial or commercial interests of the researchers. The 

strength of influence of commercial interest was less when the entity in question was a 

pharmaceutical company rather than individual research groups, perhaps reflecting a 

positive association with therapeutic applications of research findings.  

Genetic and genomic research is moving ever-rapidly towards a whole-genome 

approach, resulting in the generation of expansive amounts of genetic data, a large 

proportion of which will be outside of the scope of the initial research question [454]. 

Findings within this ‘‘incidentalome’’ pose a significant challenge to researchers, 

particularly if the finding is medically significant but not clinically actionable or treatable 

[455, 456]. Further issues arise in the case of detection of variants of unknown 

significance. In this study, a proportion of patients did not have an opinion or 

specifically did not wish to know the results of any genetic tests. However, guidelines 

from groups such as the American College of Medical Genetics [457] and the National 

Heart, Lung and Blood Institute (NGLBI) [458] indicate that reporting of results should 

occur if the genetic finding is established and actionable. A conflict therefore arises if 

the researcher detects a clinically actionable finding in the DNA of a participant that has 

not consented to receive such information [459, 460]. The guidelines of working groups 

have been somewhat updated to include reporting strategies which consider patient 

autonomy in such instances, but the pace with which genetic technologies are 

advancing means that such guidelines require frequent revision to incorporate new 

challenges [457]. Furthermore, these guidelines refer to extensive genetic investigations 

undertaken in a diagnostic, not research, setting. Clearly, strict regulation over 

reporting of clinically relevant findings detected as part of a research study is crucial. Of 

those patients that did wish to receive results in this study, a proportion would not 

share the information with family members. The decision on whether to participate in 

research was also influenced by whether the research could predict an incurable 
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disease. The decision could also be influenced by the potential for implications for the 

wider family. Clearly, genetic research in particular is wrought with complex issues 

affecting, not just one person, but multiple generations of their family. These issues 

should be dealt with in detail during the consent process, especially in the case of 

dominantly inherited disorders, where the result has implications for the parents, 

siblings and offspring of the patient in question. This is of particular relevance in highly 

penetrant or incurable disorders such as Huntington disease, where a positive result in 

a child will infer that a parent is an obligate carrier, and therefore destined to manifest 

the disease. As technology moves towards whole genome or exome sequencing, 

detection of clinically actionable, and therefore reportable findings, including dominant 

traits, is inevitable. Enabling patients to make a truly informed consent in participating 

in research of this type is becoming increasingly challenging [461]. The Irish population 

has concerns regarding storage and handling of genetic material, but similarly 

recognises such samples as highly valuable, as evidenced by the on-going controversy 

regarding retention of Newborn Screening cards as a source of DNA. The Newborn 

Screening Program in Ireland has been active since 1966. Since then, the evolution of 

genetic research technologies has far surpassed that which might have been expected, 

and the potential utility of the cards far exceeds that covered by the remit of the 

Newborn Screening Programme. In 2011, the Newborn Screening Program was updated 

to include screening for cystic fibrosis, and at that time, to come into line with EU Data 

protection legislation, it was proposed that cards from babies born in the interval 

between 1984 and 2002 be destroyed. Since that announcement, over 32,000 people 

have requested return of their cards, and no formal decision has been made with 

respect to the policy for retention [462]. Clearly, the issues surrounding handling of 

genetic material are complex, and require careful consideration and due governance. 

The limitations of this study include disproportionate representation of well-educated 

females compared to males or people of lower educational achievement. Furthermore, 

there is a potential ascertainment bias, in that respondents were recruited via hospitals 

or by self-selection through social media. This may have introduced an over-

representation of patients with positive health-seeking behaviour or people with special 

interest in biomedical research. If this is the case, however, it may be hypothesised that 



Paper 4 

106 
 

factors negatively influencing these respondents’ participation in research will even 

more greatly impact those people who do not have a strong interest in research.  

3.9 Conclusions  

The majority of participants sampled support biomedical research. This support, 

however, is dependent on the type of biological material being studied, and the 

incidence of the disease under review. The potential financial gain of researchers was a 

deterrent, while research undertaken by established pharmaceutical industries did not 

have as great an effect. There is also an apparent conflict between a participant’s 

desires for anonymity in research, but also feedback of results to benefit them and their 

wider family. A clearly defined policy on return of results to the participant should be 

explicitly stated at the outset of the consent procedure. Adequate and clear material 

should be provided to enable the patient to make a truly informed decision. 
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Chapter 4 
 

Paper 5: Familial breast cancer genetic testing in the West of Ireland. McVeigh, T. P., 

Irwin, R., Cody, N., Miller, N., McDevitt, T., Sweeney, K. J., Green, A.J., Kerin, M. J., Irish 

Journal of Medical Science, 2014. 183(2): p. 199-206.[422]  
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4 Paper 5 

4.1 Title 
Familial breast cancer genetic testing in the West of Ireland. McVeigh, T. P., Irwin, R., 

Cody, N., Miller, N., McDevitt, T., Sweeney, K. J., Green, A.J., Kerin, M. J., Irish Journal of 

Medical Science, 2014. 183(2): p. 199-206. [422] 

4.2 Abstract  

Aims: The majority of hereditary breast and ovarian cancers are associated with highly 

penetrant mutations in two genes: BRCA1/2. Our aim was to investigate the prevalence 

and types of BRCA mutations in patients from the West of Ireland.  

Methods: A retrospective cohort study was undertaken that included all patients from 

the counties, Mayo, Sligo, Galway, Roscommon, and Clare, who were referred to the 

National Centre for Medical Genetics (NCMG) for testing for mutations in BRCA1/2 

between 2000 and 2010. Data including age, symptoms, family history, Manchester 

score, and test results were recorded and analysed using SPSS.  

Results: The NCMG received 380 referrals from the Western seaboard, including 148 for 

diagnostic testing and 232 for predictive evaluation. Sixty-five patients did not attend 

for assessment. Two hundred and fifty-six patients fulfilled criteria for genetic 

counselling, which was accepted by 184, of whom 127 proceeded to testing. Predictive 

tests were more often declined than diagnostic [41 (46 %) vs. 16 (17 %)]. Ten mutations 

in BRCA1 were identified in 20 patients (15 families), including Exon 1–23del (3 

families); Exon 14–20del (2 families) and c.427G>T (2 families). Six mutations in BRCA2 

were identified in 15 patients (12 families) including c.8525delC (n = 2 families) and 

c.8205-1G>C (n = 3 families). Patients with positive results had significantly higher 

Manchester scores than those with negative tests [median 25.5 (12–48) vs. 20 (8–37), p 

= 0.042, Mann–Whitney U test].  

Conclusion: 

To identify patients with highly penetrant variants, referrals should be made with strict 

adherence to guidelines. Counselling should be individualised to counteract intrinsic 

psychological barriers to testing. 



Paper 5 

109 
 

Keywords: BRCA1; BRCA2; Genetic testing; Inherited predisposition; Breast cancer; 

Genetic mutation 

4.3 Introduction 

 

Cancer is a genetic disorder resulting in uncontrolled cell growth and proliferation. 

While most cancer-causing DNA mutations are sporadic and acquired in somatic cells, 

some rare germline mutations do exist which can result in aberrant function in 

oncogenes or tumour suppressor genes, with subsequent high-risk of tumourigenesis. 

Breast cancer, for example, exemplifies a variety of different patterns of inheritance; 12 

% of breast cancer is due to inheritance of a mutated susceptibility gene or genes, 

which range from genes with rare, highly penetrant mutations, which confer a 

significantly increased predisposition to breast cancer, to genes with mutations which 

occur more frequently in the general population, but have lower penetrance, and a 

moderately increased risk of breast cancer. The penetrance of a mutation in a gene 

describes the frequency of expression of a mutated allele, and can range from low to 

high. BRCA1 and BRCA2 are genes with rare high penetrance mutations located at 

17q21 and 13q12–13, respectively. These tumour suppressor genes are responsible for 

the maintenance of genomic integrity. Disease-causing mutations in these tumour 

suppressor genes are autosomal dominant, and account for 5–15 % of the familial risk 

of breast cancer [463-465]. BRCA1 is involved in DNA repair and cell cycle check point 

activation, while BRCA2 regulates RAD51 and DCM1 recombinase, which are important 

in homologous recombination in repair of double-stranded DNA breaks and meiosis 

[466]. Mutations in these genes lead to loss of one functional allele, resulting in 

defective DNA repair, and continued replication of damaged DNA, leading to dysplasia 

and development of carcinoma. Over one thousand mutations in BRCA1 and BRCA2 

have been reported, most of which result in truncation of the protein product. Of the 

population, 0.1–0.2 % has a germline mutation of BRCA1 or BRCA2 [72, 467, 468] that 

increases cancer risk, especially cancer of the breast. For carriers of mutations in 

BRCA1, the lifetime risk of developing breast cancer lies between 50 and 90 %, and for 

carriers of mutations in BRCA2, between 40 and 80 % [469-471]. Mutations in BRCA1 

and BRCA2 also have a marked association with ovarian cancer [472, 473], with a risk of 
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33 % in women with BRCA1 mutations, and 11 % in women with BRCA2 mutations 

[471]. Mutations in these genes have also been associated with an increased relative 

risk of cancers of the pancreas, stomach, prostate and colon [474]. 

4.4 Genetic diversity and the West of Ireland 

Genetic variation refers to differences in the genetic sequence between two individuals. 

The global distribution of genetic diversity is influenced by population growth and 

migration, and variability in both of these aspects across different countries and 

continents can explain ethnic differences. Common human genetic variation is largely 

shared across populations, but rare variation tends to be more population specific, 

reflecting temporal acquisition of diversity. Ireland is a relatively isolated island 

population on the western extreme of Europe. European populations are relatively 

young and as such have had little time to acquire new or rare variants. Furthermore, 

Ireland, and especially the West of Ireland, has been relatively undisturbed by 

immigration [475]. Research has suggested minimal genetic influence of human 

migration on the Irish population over 3,000 years [476, 477]. The current population in 

Ireland therefore represents a population with limited genetic diversity and relative 

homogeneity in disease-related alleles [478]. This makes the Irish population a suitable 

cohort for mapping of genetic traits, where there are low new mutation rates, such as 

those traits caused by mutated BRCA1 or BRCA2 alleles [478]. The prevalence of BRCA1 

and BRCA2 mutations varies among ethnic groups and geographic areas owing to 

migration of populations and genetic drifts. Founder effects are obvious in certain 

populations with common ancestral groups and isolated geographic location, for 

example Ashkenazi Jews, in whom the prevalence of BRCA1 and BRCA2 mutations 

approaches 2 %, in particular BRCA1: c.185delAG, BRCA1: c.5382insC, and BRCA2: 

c.6174delT mutations [71, 72, 479, 480]. Ireland, with a lack of genetic drift and thus 

homogeneity of population, shows evidence of founder effect. Ireland has the highest 

frequency of cystic fibrosis in the world, and has its own unique CFTR mutation 

spectrum [481]. The most common reported breast cancer gene mutation in the Irish 

population is BRCA1: c.427G>T (E143X), accounting for over 20 % of all hereditary 

breast cancers [72].   
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4.5 Genetic testing 

 

Genetic testing for single gene mutations in Ireland is facilitated by the National Centre 

for Medical Genetics in Crumlin, Dublin, Ireland. Identification of high-risk single gene 

mutations is important to facilitate individualisation of treatment and allow provision of 

risk-reducing prophylactic surgery. If a mutation is identified in a patient, pre-

symptomatic testing may be offered to family members. Furthermore, genetic testing 

may have a role in therapeutics, for example to determine utility of poly ADP ribose 

polymerase (PARP) inhibitors. Testing, however, involves significant resources, not only 

from the point of view of the diagnostic test, but also in terms of patient education and 

counselling. As well as this, genetic testing can have a significant impact on the 

psychosocial well-being of the patient and their family [482-484]. As such, genetic 

testing should be reserved for patients most at risk of having a true hereditary 

predisposition to breast and/or ovarian cancer. Controversy exists over criteria for 

referral for genetic testing [63, 237, 485]. A host of models have been developed to 

calculate the probability of detecting a BRCA mutation. The model most commonly used 

in Ireland is the Manchester score3 [486]. The NICE guidelines recommend that referral 

for genetic testing should be reserved for patients affected by cancer with a predicted 

risk of inherited genetic mutation in excess of twenty per cent, or patients at ‘‘high-risk’’ 

of breast cancer—a predicted 10 years risk at 40–49 years in excess of 8% or a lifetime 

risk in excess of 30% [487]. Referral to specialist centres should be offered to patients 

with two or more 1st- or 2nd-degree relatives diagnosed with breast cancer before the 

age of 50; three, 1st- or 2nd-degree relatives diagnosed before age 60, or four relatives 

diagnosed at any age, including at least one, 1st-degree relative. Consideration for 

referral should also be given to patients with a first-degree relative with bilateral breast 

cancer, or both breast and ovarian cancers, or a male relative with breast cancer (Table 

4-1).  

Referral should also be considered for patients with Jewish ancestry or family history of 

sarcoma, adrenal cortical carcinomas or gliomas or complicated patterns of multiple 

                                                      
3 The Manchester scoring system in use at the time of publication did not adjust for pathology of the 
tumour of the proband  



Paper 5 

112 
 

cancers at young age [487]. Genetic testing is offered only if the patient fulfils testing 

criteria and only after appropriate counselling is undertaken (Figure 4-1).  

A family history questionnaire must be completed by each patient referred for testing 

to allow selection of appropriate candidates for testing. Patients not fulfilling test 

criteria were referred back to secondary care for follow-up. Patients meeting criteria 

based on the family history questionnaire were offered genetic counselling and testing. 

In testing of suitable affected patients, all coding exons of BRCA1 and BRCA2 are 

screened using multiplex ligation-dependent probe amplification and bidirectional 

sequencing. Unaffected first-degree family members of a patient with proven BRCA1 or 

BRCA2 mutations may then be offered pre-symptomatic predictive testing.  

 

Table 4-1: Criteria for testing of BRCA1 and BRCA2 

1. Individual from family with known BRCA 1 or 2 mutations 

2. Personal history of breast cancer plus one of: 

• Diagnosis < 45 years of age 

• Diagnosis <50 years with >1 blood relative with breast cancer < 50 or >1 relative with 

epithelial ovarian/fallopian tube/primary peritoneal cancer at any age  

• Two primary breast cancers with first <50 years 

• Diagnosis at any age with >2 relatives with breast or ovarian cancer 

• Diagnosis at any age with >2 relatives with pancreatic cancer 

• Male relative with breast cancer 

3. Personal history of ovarian cancer 

4. Male breast cancer 

5. Personal history of pancreatic cancer with >2 relatives with breast and/or ovarian and/or 

pancreatic cancer at any age  

6. Unaffected individual with: 

First/second relative fulfilling above criteria if affected patient unavailable for testing  

Third-degree relative with breast cancer and/or ovarian cancer with >2 close relatives with 

breast cancer (1 < 50 years) and/or ovarian cancer 
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Figure 4-1: Process flow - genetic testing
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4.6 Aims 

The aims of this study were to audit the prevalence and types of BRCA variants in 

patients referred from the West of Ireland to the National Centre for Medical Genetics. 

4.7 Methods 

A retrospective cohort study was undertaken. The cohort under scrutiny included all 

patients from the counties, Sligo, Mayo, Galway, Roscommon, and Clare in the West of 

Ireland, referred to the National Centre for Medical Genetics for genetic testing for 

hereditary breast and ovarian syndrome between 2000 and 2010. Data were obtained 

from a prospectively maintained database (ShireTM, UK) with respect to age, symptoms, 

family history, and Manchester combined score. Testing was performed if the personal 

and family history was suggestive of potential mutation in line with NCCN guidelines. 

Mutation detection was completed in the West Midlands Regional Genetics Laboratory 

(Birmingham, UK). Data was analysed using SPSS version 20. 

4.8 Results 

4.8.1 Demographics and personal cancer history 

Between January 2000 and April 2010, the National Centre for Medical Genetics dealt 

with 380 referrals for testing for suspected BRCA mutations in patients from the 

Western seaboard. The majority of patients referred had a positive personal history of 

cancer (n = 228, 60 %, Table 4-2). One hundred and thirty-four patients previously had 

breast cancer, of which 18 patients had bilateral disease. The median age at diagnosis of 

breast cancer in this cohort was 42. Nineteen patients had a history of primary ovarian 

malignancy, with 46 as the median age of diagnosis. Five patients had double primary 

breast and ovarian cancers. Six patients had another form of malignancy, and were 

referred on the basis of family cancer history. 
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Table 4-2: Patient demographics and personal cancer history 

Demographic  N (%) 

Gender 
 

Female  363 (96) 

Male  17 (4) 

Personal cancer history 
 

Breast Cancer  134 (35) 

Median age at diagnosis (years)  42 (24-73) 

Ovarian Cancer  19 (5) 

Median age at diagnosis (years)  46 (23-72) 

Breast and Ovarian Cancer 5 (1)  

Bilateral breast 18 (5)  

Other Cancer 6 (2) 

Endometrial Cancer  2 (0.5) 

Prostate Cancer  1 (0.26) 

Colorectal Cancer 2 (0.5) 

Parotid Cancer 1 (0.26) 

Renal Cancer  1 (0.26) 

Lymphoma  1 (0.26) 

Known familial mutation 62 (16) 

 

4.8.2 Referral Procedure 

Three hundred and eighty referrals regarding patients from the West of Ireland were 

received by the National Centre for Medical Genetics for genetic testing for BRCA gene 

mutations (Figure 4-1). No patients required testing for p53 or PTEN mutations. This 

cohort included 148 patients referred for diagnostic testing, of whom 7 were from 

families in which a mutation in one of the BRCA genes had previously been identified; 

232 patients were referred for predictive testing. Of those referred for predictive 

testing, 55 patients attended for pre-symptomatic MLPA testing, having at least one 

first-degree family member in whom a mutation in BRCA1 or BRCA2 had been 

identified. All 380 patients were sent a family history questionnaire to glean information 

with respect to personal and family cancer history; 65 patients did not complete the 

questionnaire and were excluded from analysis. Of patients referred for diagnostic 

testing, 20 did not meet defined criteria and were referred back for routine follow-up. 

Of those patients referred for predictive testing, 39 patients did not have a family 

history fulfilling criteria required for testing, and these patients were thus referred back 

to secondary care. A total of 113 patients referred for diagnostic testing fulfilled testing 



Paper 5 

116 
 

criteria and were offered counselling. This was declined by 18 (16 %) but accepted by 95 

(84 %). After counselling, 79 (83 %) patients proceeded to undergo a diagnostic test. In 

comparison, of 143 patients fulfilling criteria for predictive testing, 54 (38 %) declined 

counselling. 89 (62 %) accepted genetic counselling, and of these, 48 (54 %) proceeded 

to undergo genetic testing. In particular, of 55 patients referred for pre-symptomatic 

testing, 7 declined counselling. All 48 of the pre-symptomatic patients who proceeded 

to counselling accepted testing; 32 were negative. Mutations were identified in 16 

patients, including 4 from one family, and 12 unrelated patients. Seven patients 

referred for diagnostic testing had a relative known to have a mutation in BRCA1 or 

BRCA2. One of these patients declined genetic testing, and two were found to be 

negative for the familial BRCA mutation. Four of these patients were found to carry a 

mutation. Overall, of those referred for diagnostic testing, 19 patients from 16 families 

were found to bear a mutation in one of the BRCA genes. Of patients referred for 

predictive testing, mutations were identified in 16 patients from 13 families. Five 

unrelated patients referred for diagnostic testing were found to bear a variant not 

previously known to be pathogenic in one of the BRCA genes. 

4.8.3 Test Results  

Ten unique mutations in BRCA1 were identified in 20 patients from 15 families (Table 4-

3). Two other unrelated patients had BRCA1 sequence changes of indeterminate 

significance (Table 4-4). The most commonly identified deleterious mutations in BRCA1 

in this series were large, genomic rearrangement mutations encompassing exons 1–23 

(n = 4), 21–24 (n = 4), and 14–20 (n = 2). Deletion of exons 1–23 was noted in the 

diagnostic tests of three individuals from unrelated families, and was identified in a 

predictive test in one first-degree relative of one of these patients. Deletion of exons 

21–24 was noted in a single family, where all four patients undergoing predictive testing 

were found to bear the mutation, including two males. Deletion of exons 14–20 was 

confirmed in the diagnostic tests of two unrelated patients. The c.427G>T (BIC: 546G>T; 

p.E143X) nonsense mutation has previously been noted to account for one-fifth of 

hereditary breast cancers in Ireland [488], and was identified in three unrelated patients 

in this series The BRCA1: c.1175_1214del40 mutation was noted in two individuals from 

the same family. Table 4-3 outlines the various other mutations identified in unrelated 

individuals.  
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Table 4-3: Identified BRCA mutations 

HGVS nomenclature BIC nomenclature Exon  Protein 
change 

Diagnostic 
tests (n) 

Predictive (n) Patients (n) 

BRCA1 

Deletion Exon 1-23 1-23 - 3 1 4 

Deletion Exon 14-20 14-20 - 2 0 2 

Deletion exon 21-24 21-24 - 0 4 4 

c.546G>T c.427G>T 7 E143X 2 1 3 

c.4184delTCAA c.4065_4068delTCAA 11 N1355Kfs 0 1 1 

c.5312+2delT c.5193+2delT 19  0 1 1 

c.4518delC c.4399delC 14 Q1467R 1 0 1 

c.2594delC c.2475delC 11 D825Efs 1 0 1 

c.1294_1333del40 c.1175_1214del40 11 L392Qfs 1 1 2 

Not specified   0 1 1 

BRCA2 

c.8525delC c.8297_8297delC 18 T2766Nfs 3 2 5 

c.8205-1G>C c.7977-1G>C 18 p.? 3 1 4 

c.7990delATAins2 c.7762_7764delATAinsTT 16 I2588Ffs 1 2 3 

c.5869delAAAT c.5641_5644delAAAT 11 K1881Qfs 0 1 1 

c.5117G>C c.4889C>G 11 S1630X 1 0 1 

c.4706delAAAG 4478_4481delAAAG 11 1503X 1 0 1 
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Six mutations in BRCA2 were identified in 15 patients from 12 families, and a further 

three patients had BRCA2 sequence changes of unknown clinical significance. A frame 

shift mutation c.8525delC (n = 5) in two unrelated individuals and in three patients from 

a single family, including two members undergoing diagnostic testing and one 

predictive. A splice-site mutation c.7977-1G>C (n = 4), was identified in diagnostic tests 

in three unrelated patients, and was also identified in the predictive test in one family 

member of one of these patients. A mutation at nucleotide 7,762 was identified in three 

patients from two unrelated families, of which two were identified in predictive testing. 

Table 4-4 outlines all other unique mutations.  

Patients in whom a mutation was identified in BRCA1 or BRCA2 had significantly higher 

Manchester scores than patients who proved negative for BRCA aberrations [median 

25.5 (12–48) vs. 20 (8–37), p = 0.042, Mann– Whitney U test]. Variants of indeterminate 

significance in BRCA1 were identified in the diagnostic tests of two patients, and in 

BRCA2 in the diagnostic tests of three patients (Table 4-4). One patient proceeded to 

undergo prophylactic surgery, while the four remaining patients elected surveillance 

only. 

Table 4-4: Variants of Uncertain Significance 

HGVS nomenclature BIC nomenclature Exon Protein 
change 

Number of 
patients 

BRCA1     

c.4603+181_182delTA c.4484+181_182delTA 14 p.? 1 

Deletion exon 14 Deletion exon 1 1 p.? 1 

BRCA2     

c.7065A>T c.6837A>T 14 L2279F 1 

c.9433G>C c.9661G>C 25 V3145L 1 

c.909+103T>C c.681+103T>C 8 p.? 1 

 

4.9 Discussion 

BRCA1 encodes for a protein that acts to maintain stability of the genome and suppress 

tumourigenesis, by means of its role in transcription, DNA repair and recombination. 

Alternative splicing acts to modulate subcellular localisation and physiological function 

                                                      
4 The BRCA1 deletion of exon1 has been reclassified as likely pathogenic since publication of this 
manuscript  
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of this gene. Some alternatively spliced variants are associated with an increased risk of 

hereditary breast and ovarian cancer, by encoding for truncated and ineffective protein 

products. Hundreds of variants have been identified to date. Rare genetic variants tend 

to be population specific, owing to the founder effect, and lack of genetic diversity 

among small or isolated populations. Rare coding variation is enriched for deleterious 

variants, which are more likely to contribute to disease development [489]. In our 

series, large genomic rearrangements accounted for the majority of BRCA1 mutations in 

this series. Deletion of exons 14–20 in BRCA1 has been identified in other studies in 

patients of European origin [490], as has the deletion of exons 21–24 [15, 491, 492]. 

The E143X mutation has been previously identified in patients of Western European 

descent [490, 493], and is speculated to represent a founder effect in Ireland [72, 488]. 

A frame shift mutation in exon 11A was identified in one family, and is associated with 

Western European ancestry [490]. All other mutations identified in this cohort have 

been previously associated with European populations. In this series, 256 patients were 

identified as having a pedigree that put them at a risk in excess of 20 % of having a 

germline mutation in BRCA1 or BRCA2. However, mutations were only confirmed in 30 

patients, with five patients who had sequence variants of indeterminate significance. A 

large proportion of patient chose not to proceed with genetic counselling, and some 

patients declined testing after the counselling process. Barriers to uptake of genetic 

testing have been sparsely studied in international literature but the more commonly 

cited factors include apprehension, timing and influence of other family members [494, 

495]. In patients in whom testing is carried out, further psychological issues arise. A 

negative result can be reassuring, but may also lead to guilt in the case of an 

asymptomatic candidate from a family known to bear a BRCA mutation. Similarly, a 

positive result has implications in terms of further management, prophylactic surgery, 

and screening for other cancers, as well as need for predictive testing of first-degree 

relatives [496-498]. The frequent finding of a negative result in a high-risk patient 

illustrates the complexity of inherited predisposition to breast cancer. Three reasonably 

well defined classes of breast cancer susceptibility alleles have been identified and 

categorized with regard to the risk they confer, and include high (BRCA1 and BRCA2), 

moderate (e.g. CHEK2, PALB2) [103, 499] and low penetrance variants (Single 

nucleotide polymorphisms). It is understood now that high penetrance variants may 
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account for only 20 % of familial breast cancer. Efforts at identifying a third BRCA gene 

using genome wide association studies have proved unsuccessful [500]. Contemporary 

thinking suggests that the remaining unexplained susceptibility of hereditary breast 

cancer is polygenic [501], consisting of a large number of moderate- and low-

penetrance variants, with low individual breast cancer risk, but cumulative high-risk of 

disease development. 

4.10 Conclusion 

To identify those patients with highly penetrant disease-causing variants, referrals 

should be made with strict adherence to referral criteria and guidelines. Counselling 

should be individualised as much as possible to try to counter-act intrinsic psychological 

barriers to uptake of testing. Aftercare is essential, in the case of both positive and 

negative results. A positive result will have implications for not only the patient, in 

terms of surgical prophylaxis, screening, and health insurance, but also for his/ her 

family as regards pre-symptomatic testing. A negative result in a patient with a high-risk 

pedigree confers the same concerns, as well as the added uncertainty of the genetic 

predisposition underlying their disease. 
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Paper 6: Recurrent large genomic rearrangements in BRCA1 and BRCA2 in an Irish case 

series. McVeigh, T.P., Cody, N., Carroll, C., Duff, M., Farrell, M., Bradley, L., et al., Cancer 

Genetics, 2017. 214-215: p. 1-8.[414] 

 

  



Paper 6 

122 
 

5 Paper 6 

5.1 Title 
Recurrent large genomic rearrangements in BRCA1 and BRCA2 in an Irish case series. 

McVeigh, T.P., Cody, N., Carroll, C., Duff, M., Farrell, M., Bradley, L., et al., Cancer 

Genetics, 2017. 214-215: p. 1-8.[414] 

5.2 Abstract 

Mutations in BRCA1 and BRCA2 confer a highly increased risk of cancers, mainly of the 

breast and ovary. Most variants are point mutations or small insertions/deletions 

detectable by Sanger sequencing. Large genomic rearrangements, including 

deletions/duplications of multiple exons, are not routinely detectable by Sanger 

sequencing, but can be reliably identified by Multiplex Ligation-dependent Probe 

Amplification (MLPA), and account for 5–17% mutations in different populations. 

Comprehensive mutation testing using these two methods has been facilitated via our 

centre since 2005. The aim of this study was to investigate the incidence of and 

phenotype associated with large genomic rearrangements in BRCA1 and BRCA2 in an 

Irish cohort. An observational cohort study was undertaken. Patients with large genomic 

rearrangements in BRCA1/BRCA2 were identified from a prospectively maintained 

database of MLPA test results. Phenotypic and genotypic data were retrieved by chart 

review. Large genomic rearrangements in BRCA1 were identified in 49 families; and in 

BRCA2 in 7 families, representing ~11% of mutations in BRCA1/BRCA2 in Ireland. The 

most common large genomic rearrangement in BRCA1 was deletion of exons 1–23 (11 

families; 7 from Co. Galway). Other common mutations included deletions of exon 3 (8 

families) and exons 1–2 (6 families). Deletion of exons 19–20 in BRCA2 represented the 

familial mutation in five families, all from East Ireland (Wexford/Wicklow/Dublin). It is 

evident that a significant proportion of highly penetrant pathogenic variants in BRCA1 

and BRCA2 will be missed if testing is limited to PCR-based Sanger sequencing alone. 

Screening for large genomic rearrangements in BRCA1 and BRCA2 in the routine 

diagnostic workflow is critical to avoid false negative results. 

5.3 Introduction 

Breast cancer susceptibility genes BRCA1 and BRCA2 are tumour suppressor genes 

located at 17q21 and 13q12-13 respectively. Mutations in these caretaker genes confer 
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a high lifetime risk of breast, ovarian and other cancers [502-504]. The estimated 

lifetime risks of cancer conferred by such mutations depend on the gene, the specific 

mutation in question, the age and year of birth of the patient, and the history of the 

index case [44, 471]. The majority of mutations in these two genes are accounted for by 

single nucleotide changes or insertions of deletions of a small number of bases leading 

to premature protein truncation or disruption of the protein product [471]. Such 

mutations can be accurately detected by standard qualitative methods such as Sanger 

sequencing. However, some genetic mutations are accounted for by large genomic 

rearrangements involving multiple exons [505].  

Large genomic rearrangements may represent a highly penetrant form of mutation 

[506]. Such variants may not be accurately detected by PCR-based methods. Detection 

of large genomic rearrangements relies on dosage-dependent methods, such as 

comparative genomic hybridisation, southern blotting, or, typically, multiplex ligation-

dependent probe amplification (MLPA) [507]. Comprehensive screening of these two 

genes for mutations should include a technique utilising dosage analysis such as MLPA. 

More recently, next generation sequencing technologies may also detect exonic 

deletions [364, 508]. The frequency and proportion of genetic mutations in BRCA1 and 

BRCA2 attributed to this class of rearrangement vary across populations and ethnicities 

[492, 507, 509-511]. In a British non-Jewish cohort, large rearrangements were found to 

account for approximately 17% mutations in BRCA1 [512]. These rates are higher than 

those reported for BRCA1 in French (9.5%) [510]; Czech (12.3%) [491] and Spanish 

(8.2%) cohorts. Large genomic rearrangements are more frequently reported in BRCA1 

compared to BRCA2, as a consequence of enrichment of repetitive Alu sequences, 

which can mediate rearrangements through erroneous recombination between 

homologous elements [513]. Large genomic rearrangements in BRCA2 account for 6–

7.7% mutations in European populations [512, 514]. Ireland is an isolated island in the 

westernmost part of Europe. This, combined with relatively low rates of inward 

migration, has resulted in a relatively genetically homogeneous patient population, with 

elevated rates of homozygosity and reduced levels of haplotype diversity in Ireland even 

compared to our close neighbours in the British Isles [515]. We have previously shown 

that large genomic rearrangements in BRCA1 account for a substantial large proportion 
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(4/11; 36%) of pathogenic BRCA1 mutations in apparently unrelated families in the 

West of Ireland [486]. The aim of this study was to characterise the incidence of large 

genomic rearrangements and associated phenotype of large genomic rearrangements 

in BRCA1 and BRCA2 on a national level. 

5.4 Methods 

In the Republic of Ireland, genetic testing of BRCA1 and BRCA2 is facilitated via a central 

laboratory in the Department of Clinical Genetics in Our Lady’s Children’s hospital 

Crumlin. Currently, in Ireland, the threshold for testing of these genes in affected 

individuals (diagnostic testing) is 10% a priori risk of detecting a mutation based on 

tumour histology, age of diagnosis or family history (Manchester score [60, 486, 516] 

>15) (Table 1-1) [516].  

Pre-symptomatic testing is offered to all at risk relatives once a familial mutation has 

been identified. In Ireland, diagnostic testing is not offered to unaffected individuals, 

regardless of family history. DNA extraction from whole blood is performed in-house, 

using a custom salting-out method. This gives high quality DNA in high concentration, 

usually of the order of 100–400 ng/ mcl. Sequencing and MLPA are performed 

simultaneously by an external laboratory. Sequencing of BRCA1 and BRCA2 was 

performed by Sanger sequencing approximately until 2013, transitioning thereafter to 

next generation sequencing, using the Illumina MiSeq platform & Fluidigm 48.48 Access 

Array PCR system, until 2015, ultimately switching to the Illumina MiSeq platform and 

TruSight Cancer Panel target enrichment system. Regardless of the manner in which the 

sequencing was performed, MLPA has consistently been utilised as a means to analyse 

copy number variation. MLPA is performed using MRC-Holland MLPA kits. After DNA 

denaturation, a mixture of MLPA probes is added to the sample, which is then 

incubated to allow hybridisation; followed by ligation. PCR then facilitates simultaneous 

amplification of all ligated probes. One of the PCR primers is fluorescently labelled. An 

electropherogram is produced by measuring fluorescence of the fragments after 

separation by capillary electrophoresis. Copy number of the target sequence can be 

inferred by comparing the height of the peak from each individual probe to heights of 

respective probe peaks in reference DNA samples [517]. Prior to 2005, testing was 

performed using Sanger sequencing only. Since 2005, comprehensive analysis of these 
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genes has been available, using a combination of full gene sequencing and MLPA. All 

patients tested prior to 2005 were retrospectively contacted and offered MLPA testing 

for completion. A database of all patients in whom MLPA was performed was created 

and prospectively maintained, from which patients with LGRs were identified. Data 

regarding personal and familial cancer history of these patients were then obtained by 

chart review. 

5.5 Results 

Large genomic rearrangements were identified in fifty-six probands from apparently 

unrelated families. The probands were predominantly female, with one male. Fifteen 

different large genomic rearrangements in BRCA1 were detected in 49 families (Table 5-

1, Figure 5-1).  

 

Figure 5-1: Multi-exonic deletions in BRCA1 and BRCA2, Lines indicate deletions.
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Table 5-1: Cancers in families with LGRs 

 
Families 

N (%) 
Type of Cancer and Number of affected individuals (N families) 

Large Genomic Rearrangement  Female breast Ovarian Breast and ovarian Bilateral breast Male breast Pancreas 

BRCA1 
       

Deletion exons 1–23 11(22) 40(11) 6(6) 2(2) 5(5) 0 0 

Deletion exon 3 8(16) 31(8) 5(3) 3(2) 5(5) 1(1) 0 

Deletion exons 1–2 6(12) 11(6) 5(4) 2(2) 0 0 2(2) 

Deletion exons 14–20 5(10) 9(4) 7(3) 1(1) 4(2) 0 0 

Deletion exons 21–24 5(10) 15(5) 5(3) 3(3) 2(2) 0 0 

Deletion exons 1–16 2(4) 2(2) 2(2) 0 1(1) 0 0 

Deletion exon 20 2(4) 2(2) 0 0 1(1) 0 0 

Deletion exon 23 2(4) 9(2) 0 0 2(1) 0 0 

Deletion exon 1 1(2) 2(1) 1(1) 0 0 0 0 

Deletion exons 1–12 2(4) 8(2) 2(2) 0 1(1) 0 1(1) 

Deletion exons 1–17 1(2) 5(1) 0 0 0 0 0 

Deletion exons 3–12* 1(2) 4(1) 4(1) 2(1) 1(1) 0 0 

Deletion exons 9–12 1(2) 6(1) 1(1) 0 0 0 0 

Deletion exons 20–23* 1(2) 3(1) 1(1) 0 0 0 0 

Duplication exon 13 1(2) 3(1) 0 0 0 0 0 

Total 49(100) 144(48) 39(27) 13(11) 22(19) 1(1) 3(3)         

BRCA2 
       

Deletion exons 19–20 5(72) 11(4) 3(3) 1(1) 0 0 3(2) 

Deletion exons 1–2 1(14) 2(1) 0 0 1(1) 0 0 

Deletion exons 12–13 1(14) 3(1) 0 0 0 1(1) 0 

Total 7(100) 16(6) 3(3) 1(1) 1(1) 1(1) 3(2) 
* not previously reported in the literature  
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Large genomic rearrangements in BRCA2 were detected less frequently than large 

genomic rearrangements in BRCA1, with three large genomic rearrangements detected 

in seven unrelated families. Five families carried the same large genomic rearrangement 

in BRCA2; deletion of exons 19–20. There was a remarkable regional predominance of 

certain mutations in BRCA1, with seven apparently unrelated families in whom deletion 

of exons 1–23 was detected residing in a single county in the west of Ireland; and four 

unrelated families carrying deletion exons 14–20 in another neighbouring county. The 

majority [506] of families with deletion of exons 1–3 in BRCA1 were clustered in the 

East of the country, with five families residing in Co. Dublin, one in Co. Wexford and one 

in Co. Carlow (Figure 5-2). All families with large genomic rearrangements in BRCA2 

resided along the Eastern seaboard.  

Considering the phenotype of the probands (Table 5-1), the most common cancer 

occurring in patients with large genomic rearrangements in BRCA1 was breast cancer (n 

= 42 (86%)), diagnosed at a mean age of 41.33 (±8.89). Twelve patients (25%) 

developed bilateral breast tumours, and four (8%) patients developed double primary 

breast and ovarian cancer. Ten patients (20%) developed ovarian cancer, at a mean age 

of 50.4 (±4.84). Manchester scores for each proband were calculated using available 

personal and familial history, and pathological characteristics of the breast tumour of 

the proband where applicable [516] (Table 1-1). The median Manchester Score for 

patients in whom a large genomic rearrangement in BRCA1 was ultimately identified 

was 31 (16–88). There was not a statistically significant difference in Manchester scores 

between different genotypes (p = 0.385, Independent Samples Kruskall Wallis test) 

(Figure 5-3), but there was a significant difference between Manchester scores accrued 

by families with large genomic rearrangements in BRCA1 compared to families with 

large genomic rearrangements in BRCA2, where the median Manchester score was 16 

(10–27) (p = 0.001, Kruskall Wallis test). 
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Figure 5-2: Regional distribution of LGRs. Lines indicate county borders. Coloured boxes 

highlight recurrent deletions. BRCA2 mutations are outlined in green. Deletions are in 

BRCA1 unless specified as BRCA2.  
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Figure 5-3: Manchester Scores - between genes and LGRs 

In probands with large genomic rearrangements in BRCA2, the most common 

presentation was breast cancer (n = 5, 71%), occurring in a lesser proportion of 

probands with mutations in BRCA1 (p =0.05, NS, X2), and at an older mean age of 50 ± 

8.17 years (p = 0.027, t-test). One patient with a large genomic rearrangement in BRCA2 

had bilateral disease, and another single patient had ovarian cancer. The male proband 

in this series found to have a BRCA2 mutation had pancreatic cancer. This patient’s 

Manchester Score was calculated to be 11, which was below the threshold for testing 

(>15), but he was tested on the basis of a strong family history of pancreatic cancer and 

older onset breast cancer in other family members. 

5.5.1 Large genomic rearrangements in BRCA1 

The vast majority of these were accounted for by a recurrent large genomic 

rearrangement; deletion of exons 1–23; detected in eleven families (22%). A number of 

other recurrent large genomic rearrangements were noted, including deletion of exon 3 

(eight families), exons 1–2 (six families), exons 14–20 (five families) and exons 21–24 

(five families) (Table 5-1, Figure 5-1). Considering information from three-generation 

family pedigrees, derived in clinic by consultation with the proband; female breast 

cancer was reported in 144 individuals in 48 of 49 families, while male breast cancer 

occurred in a single family. Double primary breast and ovarian cancer was diagnosed in 

thirteen individuals from 11 families. In this series, all mutations associated with double 
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primary breast and ovarian cancer were also associated with bilateral breast cancer. 

Bilateral disease was reported in 22 individuals from 19 families. Ovarian cancer was 

reported in 39 individuals from 27 families. Pancreatic cancer was reported 

infrequently, occurring in 3 individuals in 2 families (Table 5-1). Phenotypic differences 

were observed between families with identical mutations. One family with deletion of 

exons 14–20 of BRCA1 had a striking family history of ovarian cancer in three of four 

sisters and their mother. There was not a single case of breast cancer in three 

generations in this family. Comparatively, at least one individual in the other four 

families with the same large genomic rearrangement developed breast cancer, and 

multiple individuals in two families developed bilateral disease. In three of these 

families, there were no cases of ovarian cancer.  

5.5.2 Large genomic rearrangements in BRCA2 

Breast cancer was reported in 16 individuals in six families with large genomic 

rearrangements in BRCA2. One family with deletion of exons 19–20 of BRCA2 consisted 

of a small pedigree with positive high grade serous ovarian history but no reported 

cases of breast cancer. Ovarian cancer was reported in three individuals from three 

families, all of whom carried the deletion of exons 19–20. Pancreatic cancer was 

reported in three individuals from two families with this same variant in BRCA2. Double 

primary breast and ovarian cancer was reported in a single individual. Another patient 

had bilateral breast cancer. Male breast cancer was reported in one patient. 

5.6 Discussion 

There are two mechanisms in which large genomic rearrangements or whole gene 

deletions may be detected; usually as part of a diagnostic test for a patient with strong 

personal/ familial history of breast and/or ovarian cancer; but potentially as a co-

incidental finding during the diagnostic work-up of a child with developmental delay, 

dysmorphic features or congenital malformation undergoing high-resolution array CGH. 

In our institution, we have not, as yet, detected a whole gene deletion of BRCA1 or 

BRCA2 in this way, but clinicians should be mindful of the power of array-CGH 

technology to detect incidental findings of this nature. It is therefore important to 

characterise the phenotype associated with such genotypes to assess if guidelines 

regarding management of risks conferred by smaller indels or point mutations are also 
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applicable to such families. To date, we estimate that approximately 448 families in 

Ireland have been found to carry a mutation in BRCA1 or BRCA2. A database of all 

mutations identified in patients tested via the laboratory in Our Lady’s Children’s 

Hospital Crumlin is prospectively maintained. While the majority of genetic testing in 

Ireland is facilitated by this laboratory, some patients may be tested abroad, or may 

undergo testing through different laboratories privately. An acute need for a national 

registry of BRCA1 and BRCA2 gene mutation carriers exists. We estimate however, that 

large genomic rearrangements account for approximately 11% of the total mutation 

spectrum in the Irish population, occurring with greater frequency in BRCA1 (49 

families) than BRCA2 (7 families), as expected based on similar findings in other 

populations. The most common large genomic rearrangement in BRCA1 in this series 

was an almost whole gene deletion, deletion of exons 1–23. This large genomic 

rearrangement was reported in eleven families. Multiple other LGRs were also found to 

be recurrent, including deletion of exon 3. Both of these LGRs have also been reported 

as recurrent deletions in an Australian cohort [506]. A single family was found to carry 

deletion exons 9–12 in BRCA1. This family is not known to be of Hispanic ancestry, and 

formal investigation to confirm the breakpoints of the deletion was not performed to 

confirm if their mutation is identical to the Hispanic founder mutation [507, 518-520]. A 

significant limitation of MLPA is the inability to accurately define large rearrangement 

endpoints, and investigation of same is not routinely performed in the diagnostic 

setting. Significant regional clustering of certain LGRs were reported, for example of five 

families with deletion of exons 19–20 in BRCA2 in the South-East, and of seven families 

with deletion exons 1–23 of BRCA1 in a single county in the West. It is possible, but not 

confirmed, that these families share common ancestors. Ireland is an isolated island 

population on the west of Europe. It is a young population with relatively low genetic 

diversity [515] and it is unsurprising that enrichment of certain mutations would be 

observed. Further limitations of MLPA include the potential for false negative or false 

positive results because of variants at, or near, the probe site, which can act to disrupt 

probe ligation [521]. Sequencing remains a critical part of testing, to detect such 

variation. Furthermore, the majority of mutations in BRCA1 and BRCA2 are single 

nucleotide mutations, which may be missed by MLPA. MLPA is also unable to detect 

copy neutral structural rearrangements, or variations outside of the target probe 
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sequence. The quality of MLPA can also be impacted by impurities in or incorrect 

quantities of the DNA sample; or instrument or technical failures. The manufacturers 

therefore recommend that all results be confirmed by a secondary technique such as 

Southern blotting, long range PCR or array CGH [522, 523]. Most reported LGRs in 

BRCA1 and BRCA2 are deletions, but a number of unique duplications have also been 

identified in different cohorts [521, 524]. The duplication of exon 13 in BRCA1 is thought 

to be a common recurrent mutation in patients of European origin [525],and has been 

previously identified in patients in Australia, Belgium, Canada, Great Britain, and the 

United States [526], and in Dutch [527] and German [528] cohorts. Duplication of exon 

13 was identified in a single family only in our series. However, this is in-keeping with 

the findings of previous studies, with low reported frequency of this particular 

rearrangement in Irish, Northern Irish, and Scottish patients [413, 526].A distinct exon 

13 duplication has also been reported in Chinese patients [524, 529]. Considering 

BRCA1, a number of other unique duplications have been identified in different 

international series; for example of exons 1 and 2 in two patients in a small Omani 

series [530], of exons 3–8 and of 18–20 in families in France [531], of exons 21–23 in a 

Dutch series [527]; of exons 3–5 in a family in the UK [531]; of 18–19 in an African-

American patient [532] and in a patient from the UK [533]; and of exon 20 in one family 

in a Tunisian series [534], two families in a Spanish [535] series, and in one patient in 

Italy [536]. In BRCA2, duplication events are even less common [514].A recurrent 

insertion of a large Alu motif at position c.156_157 in BRCA2 is thought to represent a 

Portuguese founder mutation [521, 537].Duplications of BRCA2 exons 1–2 [538]; 4–11a 

[524] and 19–20 [532] have also been reported in French, Asian and American cohorts 

respectively. Estimates for cancer risks associated with mutations in these genes vary 

depending on the gene and mutation in question. The risk conferred by a specific 

mutation may also differ across individual families [539] as a consequence of other 

genetic or environmental modifiers of risk [540, 541]. Furthermore, published risk 

estimates may reflect difficulties in ascertainment. In this small study, data regarding 

family history were self-reported and subject to inaccuracies. Histological confirmation 

of relatives’ cancers was not uniformly requested unless the patient was on the 

borderline of the threshold for testing, or there was uncertainty. No penetrance 

estimates were attempted, as some relatives declined predictive testing, and data 
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regarding numbers and ages of unaffected family members were not uniformly 

recorded on family pedigrees [542]. Although Manchester Scores in patients with LGRs 

in BRCA1 were higher than in those patients with LGRs in BRCA2, this is unsurprising, 

and consistent with the knowledge that mutations in BRCA1 generally confer a higher 

risk of cancer at younger ages than mutations in BRCA2. High median Manchester 

scores in this series reflect the prevalence of early-onset breast and ovarian cancers in 

these families. However, there was significant variability in expressivity and Manchester 

scores (10–88) between different large genomic rearrangements; and indeed between, 

and within, families with identical LGRs. Three probands that were ultimately found to 

carry LGRs had Manchester scores lower than the official threshold for testing (<16), 

but were tested to facilitate treatment decision-making. All three had deletion of exons 

19–20 in BRCA2. A number of single and multi-exon deletions are known to lead to a 

truncated protein product [505]. It should follow therefore, that risk estimates for 

patients with large deletions be guided by those pertaining to such truncating 

mutations. From a practical perspective, because of the variability in penetrance and in 

expressivity of mutations in BRCA1 and BRCA2 between and within families; carriers of 

LGRs in BRCA1 and BRCA2 should be managed in the same way as patients with other 

types of mutations in these genes. 

5.7 Conclusion 

This study outlines the phenotype conferred by large genomic rearrangements in 

BRCA1 and BRCA2. This subtype of mutation accounts for approximately 11% of 

mutations in these genes in Ireland. As such, MLPA remains a crucial part of the 

diagnostic work-up of individuals with high risk personal or family history of breast 

and/or ovarian cancer. Furthermore, it is evident that partial deletion or duplication of 

these genes has a deleterious effect, and this factor should be borne in mind by all 

clinicians when interpreting results of array-CGH showing copy number variation 

involving the long arms of chromosomes 13 or 17. Such CNVs can be challenging to 

interpret, especially if the presenting phenotype in the proband is unrelated to breast 

or ovarian cancer. 
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Paper 7: Successful Repatriation of Breast Cancer Surveillance for high-risk women to 

the National Health Service Breast Screening Programme. McVeigh, TP, Wiggins, J, 

Ward, S, Kemp, Z, George, AJ, in press, Clinical Breast Cancer  
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6 Paper 7 

6.1 Title 

Successful Repatriation of Breast Cancer Surveillance for high-risk women to the 

National Health Service Breast Screening Programme. McVeigh, TP, Wiggins, J, Ward, S, 

Kemp, Z, George, AJ, in press, Clinical Breast Cancer  

6.2 Abstract  

Background: Since April 2013, NHS Breast Screening Programme (NHSBSP) centres have 

been obliged to provide services for women at highest risk of breast cancer, including 

those carrying highly penetrant single gene mutations (BRCA1, BRCA2, TP53). Since 

then, such individuals previously undergoing surveillance in the Royal Marsden Hospital 

were referred to their local NHSBSP centres.   

Aim: We aimed to assess patient experience of surveillance provided by local NHSBSP 

services; at one and three years post-repatriation.    

Methods: High-risk gene mutation carriers referred to the NHSBSP for breast cancer 

surveillance were identified from a departmental database in the Cancer Genetics Unit; 

and invited to complete questionnaires about their experience of surveillance under 

this new pathway, initially in 2014, and again in 2016.  

Results:  Three hundred and forty-six individuals were invited to participate in 2014, of 

whom 182(53%) responded. 464 patients were invited in 2016, of whom 246(53%) 

completed the second questionnaire. Ninety-four percent of patients with residual 

breast tissue received some screening at first (n=161) and second time-points (n=185). 

Ninety-one percent of patients (n=146) received at least recommended surveillance in 

the year preceding the initial survey, a proportion decreasing slightly by the second 

time-point (n=164, 87%). Seventeen percent of individuals required additional 

diagnostic investigations; with cancers detected in 2%. These proportions remained 

stable between surveys.  

Conclusions: Repatriation of high-risk individuals from RMH to NHSBSP centres has been 

successfully accomplished. Most individuals receive appropriate recommended annual 

surveillance. Further improvements are required in ensuring equal and timely provision 

of recommended surveillance.   
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6.3 Background  

 

The National Health Service Breast Screening programme has been in existence since 

1988[543], offering three-yearly mammographic surveillance to women in the UK 

between the ages of 50 and 70 years, increasing from an initial upper age limit of 64 

years. A number of key criteria were outlined by Wilson and Junger to define 

appropriateness of a screening programme[544] (Table 6-1), which are fulfilled by the 

NHS Breast Screening programme for women aged 50-70.  

 

Table 6-1: Wilson and Junger Criteria for screening programme 

Wilson and Junger Criteria for screening programme[544]  

Condition is an important health problem  

Accepted treatment for that condition exists  

There are facilities and treatments available for the condition in question  

There is a recognised early symptomatic or latent stage to the disease 

There is a suitable test or examination for the condition  

The test in question is acceptable to the at-risk population  

The natural history of the condition is understood 

There is an agreed policy on which patients to treat 

The cost of case finding should be economically balanced compared to expenditure 

on medical care 

Case finding should continue on an on-going basis  

 

The sensitivity of mammography is significantly impacted by breast density, and 

therefore, by age [545, 546]. Although some countries instigate screening from 40, 

most countries have not lowered the lower age limit of screening below this limit, 

because of this reduced sensitivity, as well as lower incidence in younger women with 

average risk of cancer, and risk of over-investigation or over-treatment[547].  

 

Highly penetrant mutations in tumour suppressor genes may confer significantly 

increased breast cancer risks compared to age-matched controls. Individuals in the UK 

with a high lifetime breast cancer risk (estimated to exceed 30%) are eligible to consider 
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risk-reducing breast surgery or higher-intensity breast cancer surveillance[59]  . The 

modality used for such surveillance depends on the patient’s age and genotype [59] and 

guidelines vary internationally [548].  The National Institute for Clinical Excellence (NICE) 

recommends that annual MRI-based surveillance should be offered to all women aged 

between 30-49 with a known BRCA1 or BRCA2 mutation; women aged 20-49 (and 

possibly until 69) with proven germline TP53 mutations; or in untested individuals with 

a probability greater than 30% of carrying a germline BRCA1, BRCA2 or TP53 

mutation[2]. Breast density is assessed in BRCA1/BRCA2 mutation carriers from 50 years 

to determine if MRI-based screening is required beyond that age. From the age of 40 

onwards, annual mammography is recommended, with no upper age limit[549].    

 

Carriers of TP53 mutations are at risk of early-onset breast cancer[550]. Such individuals 

may opt for risk-reducing bilateral mastectomy, or may choose to have MRI-based 

surveillance, starting from the age of 20 years[59]. The use of mammography as a 

screening tool in individuals with a TP53 mutation is undertaken with caution due to the 

potential radiosensitivity, and is not recommended by the NHSBSP [549, 551, 552].   

 

The Cancer Genetics Clinical Academic Unit at The Royal Marsden NHS Trust and The 

Institute for Cancer Research devised recommendations for surveillance of carriers of 

mutations in BRCA1, BRCA2[553] and TP53[542]; which have been adopted by cancer 

genetics units in the Pan-Thames region, but variability in protocols for surveillance of 

women at highest risk of breast cancer have been noted between regional centres. 

Such variability was noted by the Cancer Reform Strategy[554], prompting instigation of 

surveillance of highest-risk individuals under the care of the NHS Breast Screening 

Programme (NHSBSP)[555], to ensure provision of high-quality mammographic and/or 

MRI-based screening at appropriate intervals. Since April 2013, each NHSBSP service 

has been obliged to provide surveillance for these individuals, and define where the 

MRIs will be performed. The surveillance of all high-risk women receiving surveillance 

outside of the NHSBSP was transferred to the NHSBSP. This is fully funded under the 

central commissioning contract that now applies to all NHSBSP services[549]. The Royal 

Marsden NHS Trust is not an NHSBSP centre, and is therefore excluded from providing 

surveillance to high-risk women. All high-risk individuals receiving surveillance at this 
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institution prior to April 2013 were therefore repatriated to their local NHSBSP centre 

by the Cancer Genetics Unit.   

The aim of this study was to audit the experience of higher risk women who have been 

repatriated or referred from RMH to local NHSBSP services, to determine if they are 

receiving appropriate surveillance as per NHSBSP guidelines.  

6.4 Methods  

High-risk individuals repatriated or referred to local NHSBSP breast surveillance centres 

were identified from a prospectively maintained departmental database of carriers of 

high-risk pathogenic mutations in breast cancer susceptibility genes. Individuals at 50% 

risk of inheriting such mutations who were referred for high-risk screening were also 

included. A paper-based questionnaire (Appendix 2-1) was designed based on the 

minimum standards as outlined by the NHSBSP[556] and sent to these individuals by 

post, along with a cover letter and return envelope. Patients were asked questions with 

respect to the type and timing of surveillance received. The questionnaire was 

distributed to patients at two time points. Approval for the audit was obtained from 

both The Royal Marsden Audit committee and the National Lead for the NHSBSP.  The 

initial audit was performed in April 2014, the results of which were fed back to the 

NHSBSP leads. A re-audit was performed in September 2016 to close one audit loop. 

Data were tabulated and analysed using SPSS version 24. Categorical data was analysed 

by Chi-squared or Fisher’s exact test as appropriate, with p-value less than 0.05 

considered statistically significant. Patients at 50% risk of inheriting a germline mutation 

were counted as mutation carriers unless otherwise specified. Respondents that had 

undergone bilateral risk-reducing mastectomy were excluded from analyses pertaining 

specifically to surveillance.  

6.5 Results  

Three hundred and forty-six women were invited to participate in the initial audit, of 

whom 182 (53%) responded. Two hundred and forty-six (246/464, 53%) women 

returned questionnaires for the re-audit.  Characteristics of respondents are outlined in 

Table 6-2. Most respondents at both time-points were carriers of mutations in BRCA1 or 

BRCA2, and older than 50 years of age. A greater proportion of women had opted to 

undergo risk-reducing mastectomy in the interval between audit and re-audit. The 



Paper 7 

139 
 

greatest uptake at both time-points was in individuals that were aged 30-39 at the time 

of response. Significantly increased uptake was observed in all age groups between first 

and second surveys (Table 6-3).  

 

Table 6-2: Characteristics of Respondents 

 Survey 1 Survey 2 p-value 

Genetic diagnosis    

BRCA1 mutation carrier  76 (42) 107 (43) 0.913 

BRCA2 mutation carrier 92 (51) 119 (48)  

50% risk of inheriting BRCA1 mutation  1 (1) 3 (1)  

50% risk of inheriting BRCA2 mutation  6 (3) 5 (2)  

TP53 mutation carrier 2 (1) 5 (2)  

Other  5 (3) 7 (3)  

Age Group    

<30  1 (1) 2 (1) 0.038 

30-39 42 (23) 44 (18)  

40-49 42 (23) 56 (23)  

50-69 96 (53) 129 (53)  

>70 1 (1)  15 (6)  

Surgical Intervention     

Unilateral Mastectomy  10 (5) 13 (5) <0.001 

Bilateral Mastectomy 11 (6) 48 (20)  

No Mastectomy  161 (88) 184 (75)  

Breast Cancer Diagnosis within last five years 9 (5)  27 (11) 0.033 

Personal history of Ovarian Cancer  20 (11)  35 (14) 0.381 

 

 

Table 6-3: Proportion of patients having undergone bilateral mastectomy per age group 

Age at time of patient 
survey  

Survey 1   
N (%) 

Survey 2 
N (%) 

<30  0 (0) 0 (0) 

30-39 4 (9.52) 11 (25.58) 

40-49 1 (2.38) 14 (25.45) 

50-69 6 (6.25) 22 (17.19) 

>70 0 (0) 1 (6.67) 
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Univariate and Multivariate analyses considering age group, gene in which familial 

mutation was identified, recent history of breast cancer and previous history of ovarian 

cancer were performed to identify factors influencing uptake of bilateral mastectomy in 

this cohort for each survey (Table 6-4). A history of breast cancer in the preceding five 

years was significantly associated with uptake of bilateral mastectomy, a factor 

retaining significance even when accounting for other factors.  

Table 6-4: Factors influencing uptake of Bilateral Mastectomy 

 Survey 1 Analysis Survey 2 Analysis  

 Uni- 
variate 

Multivariate Uni-
variate 

Multivariate 

Factor p-value p-value Odds Ratio 
(95% CI) 

p-value p-value Odds Ratio 
(95% CI) 

Age 0.73 0.84 - 0.35 0.36 - 

<30* N/A 1.00 1.45 1.00 1.00 6.9  

30-39* 1.00 1.00 >1000 0.16 0.11 6.9 
( 0.69-71.90) 

40-49* 1.00 1.00 >1000 0.16 0.13 6.3 
(0.60-60.88) 

50-69* 1.00 1.00 >1000 0.47 0.27 3.5  
(0.37-33.43) 

Genotype 0.42 0.76 - 0.48 0.80 - 

BRCA2 
mutation# 

0.19 0.68 0.69  
(0.12-3.9) 

0.51 0.61 0.83  
(0.41-1.70) 

TP53 
mutation# 

1.00 0.99 0.00 0.32 0.29 2.77  
(0.42-18.40) 

50% risk 
BRCA1 
mutation# 

1.00 1.00 0.00 1.00 0.99 0.00 

50% risk 
BRCA2 
mutation# 

0.47 0.26 4.3  
(0.34-22.1) 

0.58 0.99 0.00 

Breast 
cancer in 
preceding 
5 yearsα 

<0.001 <0.001 62.42  
(9.96-391.41) 

0.003 <0.001 6.55  
(2.58-16.66) 

Personal 
history of 
Ovarian 
Cancer β 

0.36 0.99 0.000 0.113 0.09 0.26  
(0.05-1.21) 

* compared to patients >70 years of age, # compared to patients carrying mutations in 
BRCA1, α compared to patients without diagnosis of breast cancer in preceding 5 years,   
β compared to patients without a history of ovarian cancer  
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The majority of patients with residual breast tissue received some type of surveillance in 

the preceding year across 48 different screening centres. A significant proportion of 

patients did not receive the recommended type of surveillance, and a small proportion 

received more than recommended (Table 6-5).  

Table 6-5: Experience of surveillance within preceding year - all respondents 

 Survey 1 
N (%) 

Survey 2 
N (%) 

p-value 

Received screening in the preceding year  161 (94) 185 (94) 0.644 

Received at least the recommended screening  146 (91) 164 (87) 0.635 

Received more than recommended screening 25 (16) 31 (17) 0.624 

Received results within two weeks of scan  85 (53) 108 (58) 0.258 

Additional investigations required  28 (17) 31 (17) 0.911 

New cancer diagnosis  4 (2) 4 (2) 0.956 
    

 

In this cohort, ultrasound was used as a screening tool in two patients at the time of the 

audit and in three patients during the interval preceding the re-audit.  Improvements 

were noted in the proportion of patients receiving their results within the 

recommended two weeks.  

 

6.5.1 Carriers of mutations in BRCA1 or BRCA2  

(Table 6-6) 

At the time of the initial audit, 11 (6%) BRCA1/2 mutation carriers had undergone 

bilateral risk-reducing mastectomy since repatriation. This proportion had increased 

significantly by the time of the re-audit (n=45, 19%; p<0.0001, X2). A greater proportion 

reported a history of breast cancer in the preceding five years (9 (5%) -v- 27 (12%); 

p=0.023, X2), or a personal history of ovarian cancer (20 (11%) -v- 35 (15%); p=0.293).  

Of those BRCA mutation carriers with residual breast tissue, the majority received some 

form of breast screening in the preceding year, but a significant proportion did not 

receive the appropriate recommended type of surveillance. At the time of the initial 

audit, individuals with proven mutations were more likely to receive appropriate 

screening than untested patients at 50% risk of inheriting a mutation (p=0.037, Fisher’s 

exact test), but this difference was not apparent at the time of the re-audit (p= 1, 

Fisher’s exact test). The proportion of patients receiving at least recommended 
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screening improved between audit and re-audit, for every age group. Patients aged 

between 40-49 were less likely than other age groups to receive adequate screening. 

Between the two time points, an improvement was noted in the proportion of 

individuals receiving their results within two weeks of screening, but this difference was 

not statistically significant. Ultrasound was used as the sole screening tool in two 

individuals (1.2%), both aged 30-39, at the time of the initial audit, and in three 

individuals (1.6%), all aged >40, at the time of the re-audit.  

Table 6-6: Screening in carriers of BRCA1/BRCA2 mutations 

 Survey 1 Survey 2  p-value 

Carriers of BRCA mutations >30 years of age 
with residual breast tissue  

163 186  

Breast Screening within previous year 155 (95%) 177 (95%) 0.80 

At least recommended breast surveillance  141 (87%) 165 (89%) 0.44 

Proven mutation carrier receiving at least 
recommended surveillance  

138/157 (88%) 159/178 (89%) 0.73 

Patient at 50% risk receiving at least 
recommended surveillance 

3/6 (50%) 6/7 (86%) 0.27 

Results within two weeks of scan  84 (54%) 107 (60%) 0.13 

Additional investigations after surveillance 
scan  

27 (17%) 29 (16%) 0.89 

New cancer diagnosis  4 (3%) 4 (2%) 1 

Age groups  

Patients aged 30-39 receiving at least 
recommended screening 

29/34 (85%) 27/31 (87%) 1 

Patients aged 40-49 receiving at least 
recommended screening 

28/40 (70%) 30/39 (77%) 0.61 

Patients aged 50-69 receiving at least 
recommended screening 

83/88 (94%) 97/102 (95%) 1 

Patients aged >69 continuing screening 1/1 12/13 1 

MRI-based surveillance 

Number of patients receiving MRI-based 
surveillance 

76 (47%) 75 (40%)  

MRI timed to menstrual cycle in patients 
with menses 

28/43 (65%) 29/32 (91%) 0.28 

Number of patients receiving 
mammography and MRI-based surveillance 

52 (32%) 49 (26%)  

Interval between MRI and mammogram    

Same day 22 (42%) 25 (51%) 0.001 
 
 
 

Within 2 weeks 28 (54%) 11 (22%) 

More than 2 weeks 0 8 (16%) 

Unsure 2 (4%) 5 (10%) 
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In patients still having menses receiving MRI-based surveillance, improvements were 

noted in timing of MRI scans around menstrual cycles. No significant difference in the 

proportion of individuals requiring additional investigations or the number of new 

cancer diagnoses was noted between the two study time points.   At the time of the 

initial audit, cancer had been diagnosed in one BRCA1 mutation carrier aged between 

30-39; and in 3 aged 50-59 (one BRCA1 mutation carrier, two BRCA2 mutation carrier); 

and at the time of the re-audit, in one BRCA2 mutation carrier aged 40-49, and in three 

(2 BRCA1 and 1 BRCA2) mutation carriers.  

6.5.2 TP53 mutation carriers  

(Table 6-7) 

Two TP53 mutation carriers completed the questionnaire at the time of the audit, 

neither of whom had undergone risk-reducing surgery at the time; and both of whom 

received appropriate screening. Five respondents returned completed questionnaire at 

the time of the re-audit, of whom two had prophylactic mastectomy. Only two of three 

had appropriate screening, and the third individual did not receive any screening as her 

appointment had been cancelled by the local NHSBSP service but was not rescheduled. 

No new cancers were reported in this sample.   

Table 6-7: Characteristics and experience of TP53 mutation carriers 

 Survey 1  Survey 2  

TP53 mutation carrier 2 5 

Bilateral Mastectomy 0 2 

Ages of patients eligible for screening    

30-39 1 1 

40-49 0 1 

50-69 1 1 

MRI-based screening in preceding year 2 2 

MRI results returned within 2 weeks 0 1 

MRI timed to menstrual cycle/Patients with menses 1/2 1/1 

Additional Investigations 0 1 

New cancer diagnosis 0 0 
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6.6 Discussion  

Currently, the guidelines for management of the breast cancer risk in carriers of 

mutations in BRCA1, BRCA2 and TP53 recommend that the choice between risk-

reducing mastectomy and surveillance should be made by the patient after non-

directive genetic counselling[59, 557]. The additional survival benefit conferred by risk-

reducing surgery compared to surveillance is most pronounced in younger 

women[558]. In women that have already had cancer, contralateral mastectomy may 

confer a survival advantage, but the evidence for this is based on relatively small studies 

[559, 560], and largely depends on the prognosis of the initial cancer. Factors 

contributing to an individual’s decision with respect to uptake of risk-reducing surgery 

are numerous, and include social and psychological factors as well as medical 

considerations[561]. Studies have shown that such factors include nulliparity, previous 

cancer diagnosis, family history and age[562], and the timing of such surgery can also be 

influenced by interval since confirmation of genetic diagnosis [563]. A significant 

increase in the proportion of individuals opting for bilateral mastectomy was noted 

between the two patient surveys. Multivariate analysis of factors influencing uptake of 

bilateral mastectomy showed that women with a recent diagnosis of breast cancer were 

significantly more likely to proceed with bilateral surgery compared to those without a 

breast cancer diagnosis in the preceding five years. The influence of this factor was 

more pronounced in respondents in the initial audit compared to the second. However, 

we did not seek data with respect to timing of bilateral mastectomy; interval since 

confirmation of genetic diagnosis; parity or family history; and did not explore any 

psychosocial factors. Therefore, thorough elucidation of the cause in difference in 

proportional uptake of risk-reducing surgeries between the two intervals was beyond 

the scope of this study. Among respondents, most female carriers of high-risk mutations 

opted for surveillance (80%) ahead of risk-reducing surgery, at higher rates than 

reported in international literature[564-566]. This may reflect a bias in our survey 

sample, as it is possible that patients that had undergone risk-reducing mastectomy 

declined to participate in a survey regarding experience of breast surveillance.  The rate 

of uptake of risk-reducing mastectomy among carriers in our unit has previously been 

estimated to be 30%[567], but has not been formally investigated.  
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A large proportion of such individuals were recalled for further investigations, the 

majority of which did not have a cancer. Comparatively, the recall rate of patients in the 

general NHSBSP screening population is approximately 5-10% at prevalent screens, and 

2-4% for subsequent scans[568].  It is important that mutation carriers be advised of the 

significant potential for recall to minimise anxiety, while being realistic about the 

likelihood of breast cancer detection. Recall rates were noted to be higher in individuals 

undergoing MRI-based screening compared to mammography-only based screening, 

reflecting the increased sensitivity but relatively low specificity of MRI in pre-

menopausal individuals [569-571].  

We have shown, that, by repatriation of surveillance to the NHSBSP, the majority of 

women received appropriate surveillance in a timely fashion. However, a significant 

proportion of these women at highest-risk of breast cancer are having insufficient, or 

even no, surveillance. A substantial number of these women are of child-bearing age, or 

actively planning a family or breast-feeding, which could account for a proportion of 

unscreened women. A significant proportion of women aged between 40-49 did not 

receive appropriate screening, with substantial proportions receiving mammography-

only based screening. The Royal Marsden Cancer Genetics unit is unusual in having 

patients from a wide geographical range, therefore when repatriating individuals almost 

all NHSBSP centres received at least one patient.  This is different to the regional 

genetics centres, who will generally only be referring patients to one of a few local 

NHSBSP centres, and will not see the same degree of variation noted here.  In some 

regions, MRI-based screening will only be funded in individuals with proven gene 

mutations; but only one such individual in this age group participated in both the audit 

and the re-audit. The sensitivity of mammography is inversely proportional to the age of 

the individual, with lowest sensitivity in younger women with denser breast tissue[572]. 

Some centres use a lower age limit of 30 for instigation of mammography in BRCA 

mutation carriers[548], but others use caution in utilising mammography in women 

under the age of 40 in whom deleterious mutations may confer radio-sensitivity, and 

where the sensitivity of such screening is low [573]. The benefit of mammography 

above that age has been shown to outweigh the risk of mammography-induced 

malignancy[573]. The timing of MRI is also important to ensure maximal sensitivity. In 
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women with a menstrual cycle, MRI should be preferentially undertaken between days 

7 and 14 of the menstrual cycle [574], when enhancement of breast parenchyma is 

lowest [575]. Improvements in adherence to this recommendation have been noted in 

the interval between audit and re-audit.  

New techniques for breast imaging have been developed in recent years, such as 

tomosynthesis and automated whole breast ultra-sound, but evidence with respect to 

their use in the high-risk cohort is lacking, and international guidelines do not support 

their use in screening[59]. Ultrasound of the breast is recommended in delineation of 

suspicious palpable masses, but is not recommended as a suitable screening tool[546], 

even in the pregnant or lactating individual[576, 577]. Ultrasound was used only in a 

tiny proportion of individuals in this sample, but the expected frequency of utility of this 

modality as a screening tool should be zero, as it is not an acceptable alternative to 

mammography or MRI in this high-risk cohort[549].  

6.7 Limitations  

The response rate achieved at both intervals was 53%. While is possible that this may 

have biased the data, we received responses from patients attending 48 different NHS 

breast screening centres across different boroughs in London and nationally. We 

therefore believe our sample to be representative of our patient population. The 

number of patients at 50% risk of inheriting high-risk mutations was small compared to 

patients with confirmed mutations, which is reflective of the high uptake of predictive 

testing in our unit. There were increased respondents of older ages participating in the 

second survey, which may explain the apparent increased frequency of recent breast 

cancer and ovarian cancer diagnoses; and increased rates of surgical intervention.  

6.8 Conclusions 

In most countries, surveillance of high-risk individuals is facilitated through “family 

history” or high-risk clinics, or symptomatic breast units, rather than national screening 

programmes [578, 579]. The results of this study suggest that breast cancer surveillance 

for high-risk individuals can be successfully repatriated to national breast screening 

programmes. It is of critical importance, however, that service providers and service 

users be educated about the importance of including MRI in the surveillance protocol in 

women under the age of 50, or in women with dense breasts. It is also important that 



Paper 7 

147 
 

service providers adhere to best practice recommendations with respect to timing of 

MRI scans, reporting of results, and surveillance in pregnant or lactating women. It is 

also important that high-risk women be aware of high recall rate, and possibility of new 

cancer diagnosis, even on first surveillance scan. Advice with respect to alternative and 

adjunctive options, such as risk-reduction surgery and chemoprevention, should also be 

applied wherever appropriate.  
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Paper 8: A germline mutation in the BRCA1 3'UTR predicts Stage IV breast cancer. 

Dorairaj, J. J., Salzman, D. W., Wall, D., Rounds, T., Preskill, C., Sullivan, C. A. W., Lindner, 

R., Curran, C., Lezon-Geyda, K., McVeigh, T., Harris, L., Newell, J., Kerin, M. J., Wood, M., 

Miller, N., Weidhaas, J. B., BMC Cancer, 2014. 14(1).[206] 
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7 Paper 8 

7.1 Title 
A germline mutation in the BRCA1 3'UTR predicts Stage IV breast cancer. Dorairaj, J. J., 

Salzman, D. W., Wall, D., Rounds, T., Preskill, C., Sullivan, C. A. W., Lindner, R., Curran, C., 

Lezon-Geyda, K., McVeigh, T., Harris, L., Newell, J., Kerin, M. J., Wood, M., Miller, N., 

Weidhaas, J. B., BMC Cancer, 2014. 14(1).[206] 

7.2 Abstract  

Background: A germline, variant in the BRCA1 3’UTR (rs8176318) was previously shown 

to predict breast and ovarian cancer risk in women from high-risk families, as well as 

increased risk of triple negative breast cancer. Here, we tested the hypothesis that this 

variant predicts tumour biology, like other 3’UTR mutations in cancer.  

Methods: The impact of the BRCA1-3’UTR-variant on BRCA1 gene expression, and 

altered response to external stimuli was tested in vitro using a luciferase reporter assay. 

Gene expression was further tested in vivo by immunofluorescence staining on breast 

tumour tissue, comparing triple negative patient samples with the variant (TG or TT) or 

non-variant (GG) BRCA1 3’UTR. To determine the significance of the variant on clinically 

relevant endpoints, a comprehensive collection of West-Irish breast cancer patients 

were tested for the variant. Finally, an association of the variant with breast screening 

clinical phenotypes was evaluated using a cohort of women from the High-Risk Breast 

Program at the University of Vermont.  

Results: Luciferase reporters with the BRCA1-3’UTR-variant (T allele) displayed 

significantly lower gene expression, as well as altered response to external hormonal 

stimuli, compared to the non-variant 3’UTR (G allele) in breast cancer cell lines. This was 

confirmed clinically by the finding of reduced BRCA1 gene expression in triple negative 

samples from patients carrying the homozygous TT variant, compared to non-variant 

patients. The BRCA1-3’UTR-variant (TG or TT) also associated with a modest increased 

risk for developing breast cancer in the West-Irish cohort (OR = 1.4, 95% CI 1.1-1.8, p = 

0.033). More importantly, patients with the BRCA1-3’UTR-variant had a 3-fold increased 

risk of presenting with Stage IV disease (p = 0.018, OR = 3.37, 95% CI 1.3-11.0). 

Supporting that this finding is due to tumour biology, and not difficulty screening, obese 
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women with the BRCA1-3’UTR-variant had significantly less dense breasts (p = 0.0398) 

in the Vermont cohort. 

Conclusion: A variant in the 3’UTR of BRCA1 is functional, leading to decreased BRCA1 

expression, modest increased breast cancer risk, and most importantly, presentation 

with stage IV breast cancer, likely due to aggressive tumour biology.  

Keywords: BRCA1-3’UTR-variant, Mutation, Breast cancer, Stage IV breast cancer, 

Metastatic breast cancer, Biomarker, Diagnostic marker 

7.3 Background  

Breast cancer is the third most common form of cancer, with almost 1.5 million women 

in the world diagnosed with the disease in 2010 alone [580, 581]. The extensive use of 

mammography has resulted in a large proportion of breast cancer cases being detected 

at an earlier stage, resulting in increased survival and outcome [582]. However, 

approximately 3-6% of patients continue to present with metastatic disease at diagnosis 

throughout the US and Europe [583, 584]. As a significant number of cases present with 

metastatic disease when the primary tumour is not locally advanced [585],  one can 

hypothesize that there is heterogeneity in tumour biology between patients, versus a 

failure of screening. Despite the presence of targeted therapeutics for hormone 

receptor sensitive and HER2-overexpressing breast cancers, treatment of metastatic 

disease remains incurable. Therefore, identification of women with a predisposition to 

develop tumours that are more likely to metastasize is critical to help develop improved 

prevention and screening strategies for those individuals. The Breast Cancer 1, early 

onset gene (BRCA1) located on chromosome 17q21.31 [228, 586] encodes a tumour 

suppressor that plays a critical role in the DNA damage response and repair pathways 

[587, 588]. Germline variants in the open reading-frame of BRCA1 confer a mean risk of 

54% and 39% for developing hereditary breast and ovarian cancer (respectively) by age 

70 [469, 470, 502, 589]. However, BRCA1 open reading-frame variants only account for 

a small portion of hereditary breast cancer cases that occur primarily in young, 

premenopausal patients [590]. Therefore, the search for additional germline variants, 

outside of the BRCA1 open-reading-frame predicting increased breast cancer risk has 

been undertaken. Such variants in the BRCA1 3’UTR have recently been identified and 

were first implicated in breast and ovarian cancer susceptibility in high-risk 
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families[591]. Two variants 5711 + 421 T/T and 5711 + 1286 T/T (located in the BRCA1 

3’UTR) are associated with cancer risk in Thai women from breast and ovarian cancer 

families (OR = 3.0). Independent evaluation of the 5711 + 421 T/T variant (referred to 

here as rs8176318 or the BRCA1-3’UTR-variant) revealed significant variation in baseline 

frequency by ethnicity, with a documented minor allele frequency in Irish populations 

of approximately 0.28 [592]. Homozygous G > T variants were found to be associated 

with increased risk of breast cancer in African American women (OR = 9.48, 95% CI 

1.01-88.80), and were specifically associated with the development of triple negative 

breast cancer (OR = 12.19, 95% CI 1.29-115.21) [592]. This data suggests that the 

BRCA1-3’UTR-variant not only confers an increased risk of developing breast cancer, but 

may also be associated with tumour biology, since the propensity to develop triple 

negative breast cancer is higher than that of the other subtypes. One could hypothesize 

from these findings that the BRCA1-3’UTR-variant functions similarly to that of 

canonical BRCA1 open-reading-frame variants, which are more commonly associated 

with development of triple negative breast cancer as opposed to the other subtypes 

[428, 593, 594]. Open reading frame variants in BRCA1 have not clearly been associated 

with unique tumour biology, but only have been predictive of response to therapeutic 

agents that take advantage of their inherent DNA repair defects [595]. In contrast, 

3’UTR variants in cancer- associated genes have been shown to predict both altered 

response to specific therapies, as well as inherent differences in tumour biology. This is 

likely due to the fact that these variants are in regions of regulatory elements that 

control the nature and timing of gene expression, and their effects are only manifest 

under particular extracellular and/or intracellular stimuli (for review see [596]). One 

mechanism for regulation of these variants is by trans-acting factors such as miRNAs, 

which are rapidly altered by external factors such as genotoxic stress [597] and 

oestrogen receptor signalling [598]. Based on evidence of the biological function of 

other 3’UTR variants in cancer, and the association of the BRCA1-3’UTR-variant with 

breast cancer risk in two previous studies [591, 592], we sought to investigate the 

impact of this variant on BRCA1 expression and its association with tumour biology as 

seen in clinical presentation in a clinically well-annotated breast cancer population.  
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7.4 Methods  

7.4.1 Luciferase reporter assay  

Luciferase reporters containing either the rs8176318 G-allele or T-allele were generated 

by PCR amplification of the BRCA1 3’UTR loci from HMEC genomic DNA (heterozygous 

for the BRCA1-3’UTR-variant) using the following DNA oligonucleotides:  

BRCA1 forward 5’ ATGACTCGAGCTGCAGCCAGC CACAGGTACAGAGCCACAG 3’  

BRCA1 reverse 5’ ATGAGCGGCCGCGTGTTTGCT ACCAAGTTTATTTGCAGTG 3’  

PCR amplicons were subcloned into the XhoI and NotI sites of the psiCHECK2 dual 

luciferase vector (Progema). Constructs were sequence verified to confirm that the only 

difference in the BRCA1 3’UTR was the rs8176318 variant. MCF-7, MDA-MB-231, MDA-

MB-361, MDA-MB-468, Hs 578 T and BT-20 cells were purchased from the ATCC and 

grown at 37°C and 5% CO2 according to the manufacturer’s protocol. MCF-7 and BT-20 

cells were cultured using MEM (GIBCO) supplemented with 10% foetal bovine serum 

(GIBCO) and 100 ug/ml penicillin, 100 U streptomycin. MDA-MB-231, MDA-MB-361 and 

MDAMB-468 cells were cultured using Leibovitz’s L-15 (GIBCO) supplemented with 10% 

foetal bovine serum and 100 ug/ml penicillin, 100 U streptomycin. Hs5788T cells were 

cultured in DMEM (GIBCO) supplemented with 10% foetal bovine serum and 100 ug/ml 

penicillin, 100 U streptomycin. Cells in log-growth phase were transfected with either 

the G-allele or T-allele expressing luciferase reporters (100 ng) using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s protocol. Following a 16-hour 

incubation the cells were lysed and analysed for dual luciferase activities by quantitative 

titration using the dual luciferase assay kit (Promega). Renilla luciferase was normalized 

to firefly luciferase. Graphed is the mean ± standard deviation (SD) of 3 independent 

experiments. Statistical significance was determined by student’s t-test (1-tailed, paired 

t-test). A p-value of less than 0.05 was  

considered statistically significant.  

7.4.2 Immunofluorescence staining of BRCA1 in tumour tissue  

BRCA1 protein expression was analysed from tumour tissue derived from the triple 

negative breast cancer cohort subset with corresponding BRCA1-3’UTR-variant 

genotype information, using an immunofluorescent platform, AQUA™, on tissue 
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microarrays (TMAs) of tumour cores. BRCA1 protein was assessed using monoclonal 

MS110 Ab-1 anti-BRCA1 (Calbiochem) [599-601] and rabbit polyclonal anticytokeratin 

(DAKO), at dilutions of 1:100 and 1:200 respectively in 0.3% BSA/TBS buffer for 1 h at 

37°C. AQUA has been described previously [602, 603].  

7.4.3 Oestrogen withdrawal assay  

MCF-7 cells cultured in phenol-red free MEM (GIBCO) containing 5% fatal bovine serum 

and 100 ug/ml penicillin, 100 U streptomycin, were treated with either 100 nM 

Fulvestrant (Sigma I4409) or β-Oestradiol (Sigma E8875). Following a 48-hour 

incubation, the cells were transfected with luciferase reporters (100 ng) harbouring 

either the BRCA1 G-allele or T-allele 3’UTR using Lipofectamine 2000. After a 16-hour 

incubation the cells were lysed and analysed for dual luciferase activities by quantitative 

titration. Renilla luciferase was normalized to firefly luciferase. Graphed is the mean ± 

SD of 3 independent experiments, preformed in triplicate. Statistical significance was 

determined by student’s t-test (1-tailed, paired t-test). A p-value of less than 0.05 was 

considered statistically significant. Total RNA was isolated from cell lysates by Trizol 

extraction as previously described [604]. cDNA was generated using iScript cDNA 

Synthesis Kit (Bio-Rad). Target mRNA was amplified by qPCR using iTaq SYBR Green 

Supermix with ROX (Bio-Rad) on a 7900HT Fast Real-Time PCR System (Applied 

Biosystems) using the following DNA oligonucleotide primers:  

Actin forward 5’ AGAAAATCTGGCACCACACC 3’ 

Actin reverse 5’ AGAGGCGTACAGGGATAGCA 3’ 

GREB1 forward 5’ GTGGTAGCCGAGTGGACAAT 3’ 

GREB1 reverse 5’ TGTGCATTACGGACCAGGTA 3’ 

TFF1 forward 5’ CACCATGGAGAACAAGGTGA 3’ 

TFF1 reverse 5’ CCGAGCTCTGGGACTAATCA 3’ 

mRNA levels were calculated by the delta-delta CT method [605]. Samples were run in 

triplicate and standard deviation (SD) is the average of 3 independent experiments.  
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7.4.4 Study populations  

All women with a biopsy confirming breast cancer at Galway Hospital and its affiliates 

are approached to enrol in the breast cancer study including DNA collection. Informed 

consent, a detailed family history of breast and/ or ovarian cancer and a peripheral 

venous blood sample are obtained from cases and controls. Controls were women from 

the west of Ireland, primarily over 60 years of age, without a personal history of cancer 

of any type and without a first-degree family member with breast or ovarian cancer. 

These controls were accrued primarily from Active Retirement association meetings and 

from Nursing home residents. All cases and controls were recruited following 

appropriate ethical approval from the Galway University Ethics Committee. 728 cases 

and 387 controls were included from this cohort. The Irish patient cohort consisted of 

728 women with invasive, primary operable breast cancer diagnosed between June 

1980 and August 2007, with complete receptor status (Table 7-1). 

Receptor status was determined using established histopathological methods and 

immunohistochemistry, followed by fluorescence insitu hybridisation (FISH) to confirm 

HER2/neu positivity in samples that scored a 2+ on Hercept test. The samples were then 

grouped into Luminal A, Luminal B, HER2 and triple negative subtypes based on 

receptor status but in the absence of gene expression analysis. Patient demographics 

and tumour characteristics were recorded and outcome/survival data was prospectively 

maintained using hospital medical records. Disease free survival (DFS) was defined as 

time in months, from breast cancer diagnosis to point of loco/regional recurrence or 

distant disease progression, progression free survival (PFS) was defined as time in 

months from the point of diagnosis of Stage IV cancer to disease progression and 

overall survival (OS) was defined as the time from breast cancer diagnosis to the end of 

follow-up or death (months). 
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Table 7-1: Clinicopathological characteristics of breast cancer cases 

  Overall rs8176318 
(TT+TG) 

rs8176318 
(GG) 

p-value 

Study population (N, %)  726 (100) 378 (52) 348 (48)  

Age (mean ±SD) 54 ±11 54 ±12 54 ±11 0.407 

Menopausal Status (N, %) Pre 
Post 

286 (44) 
365 (56) 

145 (43) 
195 (57) 

141 (45) 
170 (55) 

0.762 

Tumour size (mm ±SD) 28.9 ±18.3 29.5 ±18.5 28.3 ±18.2 0.404 

Tumour grade (N, %) 1 
2 
3 

 81 (13) 
308 (50) 
222 (37) 

 46 (15) 
161 (51) 
109 (34) 

 35 (12) 
147 (50) 
113 (38) 

 
 

0.476 

pN (N, %) 0 
1 
2 
3 

327 (49) 
203 (30) 
 95 (14) 
43 (7) 

157 (46) 
113 (33) 
 50 (14) 
25 (7) 

170 (53) 
 90 (28) 
 45 (14) 
18 (5) 

 
 
 

0.283 

M (N, %) 0 
1 

643 (97) 
23 (3) 

325 (95) 
17 (5) 

318 (98) 
 6 (2) 

 
0.037 

Stage (N, %) 1 
2 
3 
4 

197 (28) 
325 (46) 
158 (23) 

23 (3) 

 87 (24) 
175 (48) 
 87 (24) 
17 (4) 

110 (33) 
150 (44) 
 71 (21) 

 6 (2) 

 
 
 

0.015 

ER and/or PR status 
(N, %) 

Negative 
Positive 

123 (17) 
603 (83) 

 62 (16) 
316 (84) 

 61 (18) 
287 (82) 

 
0.686 

Subtype (N, %) Luminal A 
Luminal B 

HER2 
TNBC 

519 (71) 
 84 (12) 
40 (6) 

 83 (11) 

279 (74) 
 37 (10) 
21 (5) 

 41 (11) 

240 (69) 
 47 (14) 
19 (5) 

 42 (12) 

 
 
 

0.392 

Disease Recurrence (N, %) Yes 
No 

125 (18) 
566 (82) 

70 (20) 
286 (80) 

 55 (16) 
280 (84) 

 

Disease Free Survival 
(months ±SD) 

48 ±48 47 ±43 50 ±53 0.227 

Site of primary 
metastasis 

Bone 
Other 

  16 (73) 
   6 (27) 

 11 (67) 
  5 (33) 

  5 (83) 
  1 (17) 

0.479 

Disease Progression Yes 
No 

   9 (50) 
   9 (50) 

  8 (57) 
  6 (43) 

  2 (50) 
  2 (50) 

 

Progression Free Survival  
(months ±SD) 

28 ±22 27 ±21 32 ±27 0.361 

Death Yes 
No 

20 (3) 
670 (97) 

12 (3) 
343 (97) 

 8 (2) 
327 (98) 

 

Overall Survival (months ±SD) 52 ±54 50 ±50 53 ±58 0.305 
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 The CT Triple Negative Breast Cancer (TNBC) Cohort has been previously described 

[606], but briefly, FFPE tissue was obtained from 134 TNBC patients, who underwent 

surgery at the Yale University New Haven Hospital or the Hospital of Bridgeport, 

Connecticut, between 1985 and 2007. Patient sample collection was performed 

through a Yale HIC approved tissue collection protocol. Tissue of 120 patients was used 

for TMA construction and the follow up time for these patients ranged between 3 

months and 19 years with a mean follow up of 4.4 years. Patient age at diagnosis 

ranged from 30 to 90 years, with a mean age at diagnosis of 53 years. Sixty-two patients 

were diagnosed as node negative and 40 patients as node positive. There were 65 

patients who were Caucasian in this cohort who were used for this analysis. Treatment 

was known in 86% of patients, out of those 63% received chemotherapy. Gene 

expression in TMAs was analysed by AQUA technology [602, 603], and results were 

reviewed and confirmed by two independent pathologists. The High Risk Breast 

Program from Vermont is a database that is IRB approved and was established at the 

University of Vermont in 2003. Eligible women include those with a strong family history 

of breast cancer (55.2% of participants), a prior breast biopsy showing atypical ductal 

hyperplasia or lobular neoplasia (14.7%), a known germline abnormality of BRCA1 or 2 

(7.3%, but excluded from this study), or a prior history of receiving chemoradiotherapy 

for Hodgkin’s disease (1.3%). At study entry, unaffected high-risk women provide 

anthropometric measurements, medical/family history, physical activity and diet 

information, mammography reports, health behavior information and provide a blood 

sample for storage that may be used for future research. 536 women have been 

enrolled into this database since 2003 with follow-up visits, questionnaire completion 

and blood draws occurring at 4 and 8 years after study entry. Status of enrolled women 

(i.e., new cancer diagnosis) is updated on an ongoing annual basis. For this study, 367 

women were genotyped for the BRCA1-variant.  

7.4.5 BRCA1-3’UTR-variant genotyping  

1–3 mL of whole blood was drawn from the Irish cases and controls and DNA was 

isolated. DNA was isolated from FFPE tissue for genotyping for the TNBC Cohort. DNA 

was supplied from the Vermont cohort. From blood, DNA was isolated using a DNA 

extraction kit (Gentra Puregene) or Ambion according to the manufacturer’s protocol. 
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Genotyping was performed using a custom TaqMan genotyping assay (Applied 

Biosysytems) that was specific for rs8176318. Each reaction was performed in a 20 μl 

volume using 10 μl of 2× TaqMan Genotyping MaterMix, 1 μl of the 20× variant assay, 

approximately 40 ng of DNA and nuclease free water in a 96-well plate. The reactions 

were run on the Applied Biosystems 7900HT Fast RealTime PCR System in a two-stage 

process incorporating PCR amplification and allelic discrimination. Genotypes were 

analyzed using the Applied Biosystems SDS 2.3 genotyping software and automatic calls 

were verified by observing the spectral contributions of the dye corresponding to the 

sequence specific probe on the Multicomponent Data Plot. Internal quality control was 

maintained using established positive and negative controls to ensure genotyping 

accuracy and 6% percent of DNA samples were genotyped in duplicate with 100% 

consistency of results. Two DNA samples of the 728 cases failed to amplify and were 

excluded from further analyses. All Caucasian cases from the TNBC cohort amplified and 

were included in the analysis. All BRCA coding sequence non-mutant patients from the 

Vermont cohort were included.  

7.4.6 Statistical analysis  

The genetic distribution of the breast cases and controls were tested for Hardy-

Weinberg equilibrium and were found to be in equilibrium. In order to evaluate the 

distribution of patient demographics in cases and controls as well as tumour features 

among the cases, categorical variables were analyzed using the χ2 test and continuous 

variables were analyzed using t-tests. Binary logistic regression was used to evaluate the 

association of each genotype with cancer. Case–control analysis comparing genotypes 

in different models was performed using a χ2 test to obtain odds ratios (OR), 95% 

Confidence Interval (CI) and p-values. Based on the preceding statistical findings, the 

dominant model was used for all further analyses. Prevalence of the variant across 

cancer subtypes, and comparison of the respective subtypes against controls were 

evaluated using χ2 analyses. The Luminal A cases were stratified according to 

menopausal status and the observed genotype distribution compared with controls 

using χ2 test. Association of the variant with ER/PR status controlling for other patient 

and tumour variables was analyzed using binary logistic regression. Binary logistic 

regression was used to evaluate the independent effect of metastasis and disease stage 
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in predicting variant positivity in all cancer cases and Luminal A cases specifically. 

Logistic regression analyses for all cases and Luminal A cases with a binary outcome 

variable coded as rs8176318 positive (TT or GT genotypes) or negative (GG genotype) 

included variables such as age at diagnosis, menopausal status, tumour grade, ER/PR 

status and stage. Cox Proportional Hazards models were fitted to evaluate the effect of 

the variant on disease free survival, progression free survival and overall survival in all 

cancer cases and according cancer stage. Fisher’s Exact Test was used to examine the 

statistical significance of the association between mammographic density and the 

presence or absence of the BRCA1- 3’UTR-variant in both the entire population, as well 

as in a variety of subsets (BMI categories, pre- or postmenopausal women, and age at 

menarche categories).  

7.5 Results  

7.5.1 The BRCA1-3’UTR-variant is associated with decreased gene expression in triple 

negative breast cancer cell lines  

To evaluate if the BRCA1-3’UTR-variant alters BRCA1 gene expression, we generated 

and tested luciferase reporters containing either the mutant (T) or wild-type (G) BRCA1 

3’UTR. Reporters were transfected into various breast cancer cell lines and assayed for 

differences in luciferase gene expression as a surrogate for BRCA1 expression in the 

presence or absence of the BRCA1-3’UTRvariant. We found that the reporter with the T-

allele had decreased luciferase expression by approximately 1.4, 1.5 and 1.8-fold in BT-

20, Hs 578 T and MDA-MB-468 triple negative breast cancer cell lines, respectively (). 

We found no significant difference in luciferase expression between the wild-type (G) 

and mutant (T) alleles in the MDA-MB-361, the MDA-MB-231 or MCF-7 breast cancer 

cells.  
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Figure 7-1: The impact of the BRCA1-3’UTR-variant on luciferase expression in breast 

cancer cell lines. 

7.5.2 The BRCA1-3’UTR-variant is associated with decreased BRCA1 gene expression 

in triple negative breast cancer patients  

To confirm our in vitro findings, we evaluated BRCA1 protein expression using our CT 

cohort of triple negative breast cancer patient tumour samples, where BRCA1 protein 

staining and the BRCA1-3’UTR-variant genotype analysis was available. While protein 

coding sequence BRCA1 and BRCA2 variant status was unavailable for these patients, 

based on previous work, the BRCA1 3’UTR variant is rarely found in patients with coding 

sequence variants [592]. Even without excluding protein coding sequence mutants, we 

found BRCA1 expression was significantly lower in TNBC tumour cores from patients 
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harboring the BRCA1-3’UTR-variant (TT) alleles compared to patients harboring hetero 

and homozygous wild-type (TG and GG) alleles (Figure 7-2). These findings support the 

hypothesis that the BRCA1-3’UTR-variant is associated with lower BRCA1 protein 

expression in TNBC tumours, as was seen in vitro.  

 

Figure 7-2: The BRCA1-3’UTR-variant and BRCA1 protein staining in CT TNBC patient 

tumour cores.  

7.5.3 Oestrogen withdrawal leads to altered gene expression from the BRCA1-3’UTR-

variant mutant allele  

Based on our findings suggesting that at baseline the BRCA1-3’UTR-variant led to 

differential BRCA expression, we next tested the hypothesis that the BRCA1- 3’UTR-

variant T-allele could be differentially regulated by external cellular events. We chose to 

study the impact of the presence or absence of oestrogen, based on its association with 

altered expression in TNBC cell lines and tumours. We therefore measured the impact 

of oestrogen withdrawal on our mutant and wild-type luciferase reporters. MCF-7 cells 

cultured in fulvestrant (an antiestrogen) or oestrogen for 48-hours were transfected 

with luciferase reporters harboring either the wild-type (G) or mutant (T) BRCA1 3’UTR. 

We found that oestrogen withdrawal resulted in a significant decrease in the expression 

Comparison of the degree of 

BRCA1 protein staining in a 

TMA according to respective 

alleles. A lower level of BRCA1 

staining was noted in the 

homozygous mutant specimens 

(TT) 
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of the mutant allele, without any impact on the wild-type G-allele, indicating that 

oestrogen withdrawal differentially impacts the expression of the T-allele, leading to 

down-regulation of luciferase expression in the absence of oestrogen. In contrast, we 

found that the addition of oestrogen had no effect on either the non-mutant (G-allele) 

or mutant allele (T-allele) (Figure 7-3 (A)). Oestrogen depletion was confirmed by RT-

PCR analysis of previously described oestrogen responsive genes GREB1 [607] and TFF1 

[608], which displayed a 10-fold and 7-fold decrease in mRNA expression (respectively) 

in cells treated with fulvestrant (Figure 7-3Figure 7-3(B)).  

 

Figure 7-3: Expression of the BRCA1-3’UTR-variant mutant 

allele with estrogen withdrawal.  

7.5.4 The association of the BRCA1-3’UTR-variant with breast cancer risk  

 

To determine if there were clinical and biological impacts of the BRCA1-3’UTR-variant, 

we studied a genetically and environmentally homogeneous population, to best control 

A. MCF-7 cells treated with either 100 
nM fulvestrant or estrogen for 48-
hours, were transfected with dual 
luciferase reporter plasmids harboring 
either the non-variant (G-allele, light 
purple) or variant (T-allele, dark 
purple) BRCA1 3’UTR. After a 16-hour 
incubation, dual luciferase activities 
were measured. Renilla luciferase was 
normalized to firefly luciferase. T-
allele expression was calculated to 
that of the G-allele. Plotted is the 
mean and standard deviation of at 3 
independent experiments. *p < 0.05; 
error bars represent the mean ± 
standard deviation. B. Total RNA was 
isolated from cell lysates (A) by Trizol 
extraction. RT-qPCR was utilized to 
access the effects of fulvestrant and 
estrogen treatment on mRNA 
expression of estrogen responsive 
markers (GREB1 and TFF1). The 
results were normalized to β-Actin 
mRNA expression. *p < 0.05; error 
bars represent the mean ± standard 
deviation 
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for “context” effects on variant function. We used our case–control analysis of 726 

cases and 387 controls from west-Ireland. Clinico-pathological variables of breast 

cancer cases evaluated in this study and their association with the variant are outlined 

in Table 7-1. Overall, there was a significant difference in the distribution of the three 

genotypes across cases and controls (p = 0.033), with a higher proportion of cases 

displaying the mutant TT and GT genotypes (60[8%] and 318[44%] of 726 cases 

respectively) compared to controls (29[7%] and 141[36%] of 387 controls respectively). 

The dominant model was predictive of breast cancer risk compared to controls for all 

breast cancer patients (OR 1.4, 95% CI 1.1-1.8). We next evaluated the association of 

the BRCA1- 3’UTR-variant across the various breast cancer subtypes. Our cohort was 

comprised of 519 women with Luminal A breast cancer, 84 with Luminal B disease, 40 

with HER2 positive disease and 83 with triple negative breast cancer. 378 (52%) of the 

726 breast cancer cases had the variant, with similar prevalence between the subtypes 

(p = 0.392): Luminal A (279 [54%] of 519 cases), Luminal B (37 [44%] of 84 cases), HER2 

(21 [53%] of 40 cases) and triple negative breast cancer (41 [49%] of 83 cases). 

Comparing the prevalence of the BRCA1-3’UTR-variant within respective subtypes with 

controls, Luminal A breast cancer was most strongly associated with the variant by the 

dominant model (OR = 1.5, 95% CI 1.1-1.9). This association was not seen with the other 

subtypes (Table 7-2), but this was likely due to sample size. Previous work indicated that 

the homozygous (TT) mutant genotype was associated with triple negative breast 

cancer in African American patients [17]. Therefore, we evaluated the association of 

patient/tumour features (age, menopausal status, stage, ER/PR status, and tumour 

grade) with the homozygous TT variant compared to hetero TG or homozygous GG 

alleles in all Irish cases. In agreement with this prior study, Irish Caucasian patients with 

ER/PR negative disease were 2.2 times more likely to carry the homozygous (TT) 

rs8176318 variant, which was of borderline significance (95% CI 0.98-4.87, p = 0.056).  
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Table 7-2: Association between subtypes and controls 

rs8176318 

Genotype 

Luminal A * Luminal B * HER2 * TNBC * 

TT vs GG 1.3 (0.8-2.1),  

p=0.41 

1.0 (0.4-2.4), 

p=0.92 

2.4 (0.9-6.4), 

p=0.16 

1.2 (0.5-3.0), 

p=0.8 

GT vs GG 1.5 (1.2-2.0),  

p=0.0035 

1.0 (0.6-1.7), 

p=0.95 

1.2 (0.6-2.5), 

p=0.72 

1.2 (0.8-2.1), 

p=0.46 

TT/GT vs GG 1.5 (1.1-1.9),  

p=0.0042 

1.0 (0.6-1.6), 

p=0.98 

1.4 (0.7-2.7), 

p=0.38 

1.2 (0.8-2.0), 

p=0.43 

*compared to controls 

 

7.5.5 The association of the BRCA1-3’UTR-variant with tumour biology and clinical 

presentation  

We next tested the hypothesis that the BRCA1-3’UTRvariant may predict altered breast 

cancer biology in our Irish cohort of patients. We found that both disease stage (p = 

0.015) and presence of distant metastasis at presentation (p = 0.037) were significant 

predictors of the BRCA1-3’UTR-variant. Regression analyses of all breast cancer cases 

evaluating the contributory role of age, menopausal status, tumour grade, stage and 

ER/PR status in predicting the BRCA1-3’UTR-variant was significant only for stage (Table 

7-3).  

Table 7-3: Multivariate analysis evaluating the role of patient and pathological factors 

on the BRCA1-3’UTR-variant positivity 

Multivariate analysis p-value OR 95% CI 

Age 
 

0.915 1 0.98-1.02 

Menopausal status Post 0.492 1.29 0.62-2.69 

Grade 2 0.493 0.83 0.49-1.41 
 

3 0.145 0.66 0.38-1.16 

Stage 2 0.065 1.48 0.98-2.24 
 

3 0.169 1.41 0.87-2.29 
 

4 0.018 3.73 1.26-11.07 

ER and/or PR status: Positive 0.603 0.88 0.56-1.41 
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Moreover, patients with metastatic disease (n = 23) at presentation had a four-fold risk 

of carrying the BRCA1-3’UTR-variant compared to Stage I breast cancer patients (p = 

0.018, OR 3.73, 95% CI 1.26- 11.07). Put differently, 17 (73%) of the 23 patients with 

metastatic disease at presentation were positive for the BRCA1-3’UTR-variant, 

compared to 349 (51%) of 680 patients without metastatic lesions (p = 0.040, OR 2.7, 

95% CI 1.1-6.9) (Table 7-4). 

Table 7-4: Genotype distribution across metastasis status 

 M1 M0 p-value OR (95% CI) 

All cases TT and GT 17 349 0.04 2.69 (1.05-6.90) 

GG 6 331 

Luminal A cases TT and GT 11 261 0.029 9.86 (1.26-77.01) 

GG 1 234 

 

Controlling for other disease variables in a multi-variant model, patients with Stage IV 

disease were three-fold more likely to have the BRCA1- 3’UTR-variant compared to all 

other stages of breast cancer (p = 0.055, OR 2.76, 95% CI 1.0-7.8). We further 

performed regression analysis of Luminal A cases alone, evaluating the effect of patient 

age, menopausal status, disease stage, tumour stage and grade on the BRCA1-3’UTR-

variant status. Again, we found that the BRCA1-3’UTR-variant was significant for disease 

stage. Patients presenting with Stage IV disease with Luminal A breast cancer had a 10-

fold increased risk of carrying the variant compared to patients with Stage I disease (p = 

0.033, OR 10.05, 95% CI 1.21-83.52). Presence of distant metastasis at presentation was 

independently associated with variant positivity, as 11 (92%) of 12 Luminal A patients 

with metastasis had the variant compared to 261 (53%) of 495 patients without 

metastasis (p = 0.029, OR 9.9, 95% CI 1.3-77.0) (Table 7-4). Controlling for other 

confounding pathological factors in a multivariant model, Stage IV disease in Luminal A 

cases was again associated with the BRCA1-3’UTR-variant compared to all other stages 

(p = 0.053, OR 7.78, 95% CI 1.0-62.3). In contrast, we found no difference between 

disease free survival, progression free or overall survival using either a recessive or 

dominant model (data not shown).  
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7.5.6 The BRCA1-3’UTR-variant is not associated with features predicting difficulty in 

detection  

As mammographic screening is initiated at the age of 50 in Ireland, and all women 

standardly participate, we tested the hypothesis that this mutation might predict 

difficulty successfully detecting breast cancer using standard screening in these 

patients, explaining the association with Stage IV presentation. We therefore studied a 

cohort of women at high risk for breast cancer, with detailed information collected 

prospectively on health, screening and outcomes from Vermont. Out of this cohort of 

369 tested women, 199 had the BRCA1 3’UTR variant. As dense breast tissue predicts 

increased difficulty in tumour detection [609-611], we examined features of 

mammographic density in this population. We found that women with the BRCA1 3’UTR 

variant were actually significantly less likely to have dense breast tissue compared to 

non-BRCA1 3’UTR mutant patients, when they had an obese BMI (p = 0.0398) (Table 7-

5).  

Table 7-5:Genotype distribution across mammographic density Vermont Cohort 

Mammographic density <50% rs8176318 positive rs8176318 negative p-value* 

Full cohort 93 70 0.2948 

Menopausal status 
   

Pre-menopausal 49 39 0.7842 

Post-menopausal 35 28 0.253 

BMI 
   

Normal 26 22 0.7342 

Overweight 29 20 0.3115 

Obese 36 26 0.0398 

Age at Menarche 
   

7-11 years 16 17 0.7848 

12-13 years 48 33 0.4672 

>14 years 18 9 0.2123 

 

To better understand this, we analyzed the relationship between each density category 

and the BRCA1 3’UTR variant. We found that women with the BRCA1 3’UTR variant 

were less likely to have mammograms with scattered fibroglandular density (p = 0.1397) 

(Tables 7-6 and 7-7), which contributes to density.  
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Table 7-6: Genotype distribution across fibroglandular status 

Mammographic density 

categories 

rs8176318 

positive 

rs8176318 

negative 

p-

value* 

Extremely dense 17 18 0.5936 

Heterogeneously dense 89 82 0.5306 

Scattered fibroglandular 66 44 0.1397 

Fatty replaced 27 26 0.6576 

 

These findings suggest that mammographic screening for women with this variant 

should be at least as successful in detecting disease as in women without this variant, 

and thus failed screening is not the explanation for presentation with Stage IV disease.  
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Table 7-7: Mammographic Density Categories 

 rs8176318 positive rs8176318 negative Significance 

Density  Top 25% Density 17 18 p=1.000 

Bottom 25% Density 27 26  

Upper 50% Density 106 100 p=0.2948 

Lower 50% Density 93 70  

Extremely Dense 17 18 p=0.5936 

Not Extremely Dense 182 152 

Heterogeneously Dense 89 82 p=0.5306 

Not Heterogeneously 

Dense 

110 88 

Density*Menopausal 

status 

Premenopausal 

women 

Top 25% Density 16 12 p=1.000 

Bottom 25% Density 15 13 

Upper 50% Density 79 58 0.7842 

Lower 50% Density 49 39 

Postmenopausal 

women  

Top 25% Density 1 3 0.6051 

Bottom 25% Density 11 12  

Upper 50% Density 21 28 p=0.2530 

Lower 50% Density 35 28  

Density*BMI Normal BMI  Upper 50% Density 73 54 p=0.7342 

Lower 50% Density 26 22 

Overweight BMI Upper 50% Density 23 26 p=0.3115 

Lower 50% Density 29 20  

Obese BMI Upper 50% Density 6 14 p=0.0398 

Lower 50% Density 36 26  
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 rs8176318 positive rs8176318 negative Significance 

Density*Age at 

Menarche 

7-11 years  Upper 50% Density 12 10 p=0.7848 

Lower 50% Density 16 17 

12-13 years Upper 50% Density 62 55 p=0.4672 

Lower 50% Density 48 33 

≥14 years Upper 50% Density 20 21 p=0.2123 

Lower 50% Density 18 9  

Fibroglandularity  Scattered 

Fibroglandular 

66 44 p=0.1397 

Not Scattered 

Fibroglandular 

133 125 

Fatty replacement  Fatty Replaced 27 26 p=0.6576 

Not Fatty Replaced 172 144 
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7.6 Discussion  

Here we show for the first time that the rs8176318 G > T 3’UTR variant (the BRCA1-

3’UTR-variant) is associated with decreased BRCA1 expression both in vitro and in vivo, 

and is impacted by cellular exposure to oestrogen. More importantly, we show that this 

variant predicts aggressive breast cancer biology and stage IV disease, as well as modest 

increased breast cancer risk in a homogeneous well-characterized west-Irish population. 

In addition, studying a collection of women at high risk for breast cancer, we found that 

this variant is associated with features usually considered to improve the ability of 

mammograms to detect disease (lower mammographic density). These findings suggest 

that presentation with stage IV disease of BRCA1-3’UTR-variant patients is unlikely to be 

due to the inability to detect disease early, but instead suggests that this variant 

predicts biologically aggressive disease. These are hypothesis deserving further 

investigation. While the findings of increased cancer risk are in agreement with prior 

reports [591, 592], this is the first study evaluating biologic function and clinical 

associations of the BRCA1-3’UTR-variant with the patients that are carriers and develop 

cancer. While the search for germ-line variants in BRCA1 have predominantly focused 

on open-reading-frame variants, increasing evidence is showing that alterations in non-

coding regions of genes (such as this variant) explain a proportion of cancer 

susceptibility, and more importantly play a role in tumour biology and can act as 

prognostic biomarkers. While the exact biological mechanism leading to altered BRCA1 

expression in BRCA1-3’UTR-variant associated tumours is unknown, it is predicted to be 

a miRNA binding site of miR-20a-3p and miR-5001-3p by target prediction programs 

including MirSNP and PolymiRTS, and was shown previously to be impacted by miRNA 

targeting [591]. We hypothesize that this may be more complex, with this region 

potentially being a landing dock for other RNA binding proteins, and is work that is 

ongoing but outside of the scope of this proposal. Diminished expression of BRCA1 has 

previously been shown to increase the growth rate of benign and malignant breast 

tissue [97, 612]. In another study, loss of nuclear BRCA1 expression (using IHC) was 

significantly associated with high histological grade (p < 0.025) (p < 0.05) [613]. Both of 

these findings could help explain the association of the BRCA1-3’UTR-variant with 

tumour progression and aggressive phenotype. Interestingly, low BRCA1 mRNA 

expression identified in sporadic breast cancer specimens has been associated with 
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development of distant metastasis (p = 0.019) and a shorter disease free interval (p = 

0.015) [614]. Additionally, Japanese women whose tumours stained negative for BRCA1 

expression had worse disease free survival than similar patients whose tumours were 

positive for BRCA1 staining [615]. Overall, these findings are in agreement with our 

findings regarding the BRCA1-3’UTR-variant, that reduced BRCA1 expression in the 

absence of germ-line protein coding sequence variants may be associated with 

aggressive tumour biology. Although the BRCA1-3’UTR-variant has now been shown to 

predict a significant increased risk of breast cancer risk in three independent well-

characterized cohorts, it is notable that this variant has not been reported from GWAS 

analyses. We hypothesize that this may be partly due to the association of the BRCA1-

3’UTR-variant with advanced disease presentation, as patients with Stage IV cancer are 

generally underrepresented in cohorts that are not comprehensive sequential patient 

collections, such as the one used in this study, as well as in the Pelletier triple negative 

cohort study [592]. Another possibility is that because this variant, similar to other 

identified 3’UTR variants, is altered by “context”, in this case oestrogen, which will be 

altered by body habitus as well as the societal acceptance of hormone replacement 

therapy, it would make it more likely to be missed in mixed populations such as those 

used in GWAS studies. For this new class of mutation, 3’UTR variants, the homogeneity 

and appropriate characterization of the study sample is likely to be much more 

important than simple sample size. Our findings suggest a hypothesis where in women 

with the BRCA1-3’UTR-variant, if progressing to an oestrogen independent phenotype, 

their BRCA1 becomes even less functional, possibly allowing more DNA damage, and 

perhaps selection for a more aggressive breast cancer genotype. These findings could 

also indicate that the BRCA1-3’UTR-variant becomes the greatest risk for cancer 

development at the time of oestrogen withdrawal, or menopause. While the steps 

required to lead to breast tumourigenesis in these patients will require studies with in 

vitro and in vivo models, this work represents a significant step forward in generating 

hypotheses about this variant, as well as understanding the role of this variant, and 

other such variants, in cancer biology.  
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7.7 Conclusion  

Here we show for the first time that the BRCA1-3’UTRvariant predicts Stage IV disease, 

likely due to aggressive tumour biology. The discovery of a meaningful clinical 

association of the BRCA1-3’UTR-variant in breast cancer further highlights the 

importance of studying such variants in appropriate cohorts to better understand their 

clinical potential.   
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Chapter 8 
 

Paper 9: The KRAS variant Is Associated with Risk of Developing Double Primary Breast 

and Ovarian Cancer. Pilarski R., Patel D.A., Weitzel J., McVeigh T., Dorairaj J.J., Heneghan 

H.H., Miller N., Weidhaas J.B., Kerin M.J., McKenna M., Wu X., Hildebrandt M., 

Zelterman D., Sand S., Shulman L.P., PLoS ONE, 2012;7(5):e37891.[253]5 

 

  

                                                      
5 This manuscript was written during the introductory phase of my PhD, prior to formal registration. This 
was acknowledged by the examiners and PhD was awarded based on my other papers. I was advised to 
include the manuscript in the thesis as it complements my other papers. 
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8 Paper 9 

8.1 Title 
The KRAS variant Is Associated with Risk of Developing Double Primary Breast and 

Ovarian Cancer. Pilarski R., Patel D.A., Weitzel J., McVeigh T., Dorairaj J.J., Heneghan 

H.H., Miller N., Weidhaas J.B., Kerin M.J., McKenna M., Wu X., Hildebrandt M., 

Zelterman D., Sand S., Shulman L.P., PLoS ONE, 2012;7(5):e37891.[253] 

8.2 Abstract  

Purpose: A germline microRNA binding site-disrupting variant, the KRAS variant 

(rs61764370), is associated with an increased risk of developing several cancers. 

Because this variant is most strongly associated with ovarian cancer risk in patients from 

hereditary breast and ovarian families (HBOC), and with the risk of premenopausal 

triple negative breast cancer, we evaluated the association of the KRAS variant with 

women with personal histories of both breast and ovarian cancer, referred to as double 

primary patients.  

Experimental Design: Germline DNA from double primary patients was tested for the 

KRAS variant (n = 232). Confirmation of pathologic diagnoses, age of diagnoses, interval 

between ovarian cancer diagnosis and sample collection, additional cancer diagnoses, 

and family history were obtained when available. All patients were tested for 

deleterious BRCA mutations.  

Results: The KRAS variant was significantly enriched in uninformative (BRCA negative) 

double primary patients, being found in 39% of patients accrued within two years of 

their ovarian cancer diagnosis. Furthermore, the KRAS variant was found in 35% of 

uninformative double primary patients diagnosed with ovarian cancer post-

menopausally, and was significantly associated with uninformative double primary 

patients with a positive family history. The KRAS variant was also significantly enriched 

in uninformative patients who developed more then two primary cancers, being found 

in 48% of women with two breast primaries plus ovarian cancer or with triple primary 

cancers.  
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Conclusions: These findings further validate the importance of the KRAS variant in 

breast and ovarian cancer risk, and support the association of this variant as a genetic 

marker for HBOC families previously considered uninformative. 

8.3 Introduction  

Hereditary breast and ovarian cancer (HBOC) syndrome is an inherited cancer-

susceptibility syndrome marked by an increased risk of developing both ovarian cancer 

and breast cancer [471]. Families generally considered as having HBOC syndrome are 

those with multiple family members that have one of these cancers, especially at young 

ages, or an individual with a cancer in both organs, a ‘‘double primary’’ patient. While 

this is a relatively rare presentation, a substantial number of women develop both 

breast and ovarian primaries over their lifetime. While BRCA1 and BRCA2 are strongly 

associated with HBOC syndrome [470], a large number of HBOC families and women 

with double primary cancer do not have detectable genetic mutations (herein referred 

to as ‘‘uninformative’’ patients). The chances of identifying a mutation causative for 

HBOC increase when testing individuals diagnosed with double breast/ ovarian 

primaries [616-618]. However, a recent report suggests that the rates of BRCA 

mutations are not higher in a patient with a double primary without a family history 

than that for isolated first degree relative pairs with single primaries (14% versus 17% 

with mutations, respectively) [617]. This supports the importance of family history even 

in patients with double primary cancers. Although BRCA mutations were found in 49% 

of double primary patients in this recent analysis, it should be noted that this indicates 

that over half of double primary patients do not have a known genetic cause for their 

disease. This is consistent with other reports of these patients [616, 618]. Many women 

diagnosed with premenopausal breast cancer undergo testing for BRCA mutations, and 

many do this to gain information on their future ovarian cancer risk [616, 619]. For 

these women this may be the most important role of genetic testing, as positive testing 

could allow prevention or early detection of ovarian cancer [620]. Furthermore, current 

evidence suggests that women with breast cancer who are negative for BRCA mutations 

are not at an increased risk of developing ovarian cancer in the absence of a significant 

family history of ovarian cancer [621]. Previously, there have not been additional 

genetic markers associated with risk of disease in both the breast and the ovary besides 
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BRCA1 and BRCA2. However, a functional germline variant in the 39UTR of the KRAS 

oncogene (rs61764370) has been recently identified and reported to be associated with 

increased risk of both invasive epithelial ovarian cancer [622] and breast cancer [606] in 

clinically well-annotated cohorts. The association of the KRAS variant with ovarian 

cancer was most significant for uninformative women from HBOC families, and the 

association with breast cancer was significant for premenopausal women with triple 

negative breast cancer, also often indicative of an HBOC family. The goal of this study 

was to determine the association of the KRAS variant with women with double primary 

breast and ovarian cancer, to further validate the association of this variant with HBOC 

families. Findings here support the importance of the KRAS variant in uninformative 

HBOC families as well as in predicting the risk of multiple primary cancers in women.  

8.4 Methods  

8.4.1 Ethics Statement  

All patients in this study were consented and enrolled on institution protocols for DNA 

collection by written consent. Institution review boards and ethic committees that 

approved this study were City of Hope, Memorial Sloan Kettering Cancer Center, The 

University of Texas MD Anderson Cancer Center, Yale University, Ohio State University, 

Northwestern University, Cancer Center of Santa Barbara and National University of 

Ireland.  

8.4.2 Patients  

Patients from eight separate institutions (City of Hope, Memorial Sloan Kettering Cancer 

Center, The University of Texas MD Anderson Cancer Center, Yale University, Ohio State 

University, Northwestern University, Cancer Center of Santa Barbara and National 

University of Ireland) were recruited under standard individual institution approved IRB 

protocols for DNA sample collection (total n = 232). Double primary patients from Yale 

University were prospectively collected for this study. Each patient had pathologically 

documented double primary cancer - breast cancer and invasive epithelial ovarian 

cancer. For a patient’s breast cancer diagnosis, ductal carcinoma in situ (DCIS), invasive 

lobular or invasive ductal cancers were eligible for study inclusion. For a patient’s 

ovarian cancer diagnosis, epithelial ovarian cancer, fallopian tube cancer or primary 

peritoneal cancers were eligible for study inclusion. All patients had clinical testing for 
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BRCA mutations by sequencing, and uninformative patients had no sequencing variants. 

Deletion/duplication testing was not done in most subjects. In the analysis, samples 

from 75 patients with pathogenic BRCA1 mutations, 33 patients with pathogenic BRCA2 

mutations, and 124 uninformative (i.e., negative for BRCA mutations) patients were 

analyzed for the KRAS variant. Patient demographics including ethnicity, age at breast 

and ovarian cancer diagnosis, additional cancer diagnoses, time between ovarian cancer 

diagnosis and sample collection, and family history were recorded at each institution for 

most patients when available (all BRCA1 and BRCA2, 92 uninformative, n = 200). An 

additional cohort of uninformative patients with only known diagnosis and detailed 

family history (from Memorial Sloan Kettering Cancer Center) were included to better 

study the impact of family history on KRAS variant status in women with double primary 

cancers (n = 32), for the total cohort size of 232. Postmenopausal status was estimated 

as age 52 years or older for all patients. Germline DNA from each patient was isolated 

from blood or saliva and stored using standard protocols. Germline DNA was assayed 

for the KRAS variant using a Taqman custom designed assay (ABI, CA) with relevant 

positive and negative cell line DNA controls. Samples were analyzed at the individual 

parent institution (n= 95), at Yale University in a blinded fashion (n = 64), or at Mira Dx, 

Inc. (New Haven, CT), a Clinical Laboratory Improvement Amendment (CLIA) certified 

laboratory (n = 73). 

8.4.3 Statistical Methods  

The prevalence of the KRAS variant was examined in relation to ethnicity, BRCA 

mutation status, time between ovarian cancer diagnosis and recruitment, age of ovarian 

cancer onset, family history and multiple primary cancers. Small frequency distributions 

were compared using Fisher’s exact test and comparisons with population rates 

(n.6800) using a binomial model. Logistic regression models were used to examine the 

association between subject age and the KRAS variant. P-values less than.05 were 

considered statistically significant. All the analyses were performed using SAS software 

(Version 9.2) or in R (Version 2.12).  
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8.5 Results  

8.5.1 Prevalence of the KRAS variant in Double Primary Patients by Ethnicity  

Overall, the KRAS variant was found in 21.0% of the entire cohort of double primary 

breast and ovarian cancer patients with full clinical information (n = 42/200). This is 

significantly higher than the population prevalence of ,15% observed in noncancerous 

Caucasian control populations (p = 0.01 binomial test) [606, 622-625]. Because the 

baseline prevalence of the KRAS variant varies across ethnic populations [623], and is 

highest in Caucasian non-Hispanic populations, we examined the prevalence of the 

KRAS variant in Caucasian non-Hispanic double primary patients only, and found the 

prevalence of the KRAS variant was slightly higher in these women compared to the 

overall cohort (38/ 163 = 23.3%, p = 0.002, binomial). The difference in prevalence of 

the KRAS variant between Caucasian non-Hispanic, and non-Caucasian or Hispanic 

women with double primary cancer was not significant, however (p = 0.6), indicating 

that the KRAS variant is significantly associated with double primary cancer for women 

of all ethnicities. Therefore, all double primary patients, regardless of ethnicity, were 

included in the additional analyses.  

8.5.2 The Association of the KRAS variant with BRCA Status  

We evaluated the prevalence of the KRAS variant in double primary patients with full 

clinical information based on BRCA mutation status: pathogenic BRCA1 mutations (n 

=75), pathogenic BRCA2 mutations (n = 33), or BRCA-negative (uninformative) (n = 92). 

The KRAS variant was not statistically significantly elevated in women with pathogenic 

BRCA1 mutations (n = 12/ 75, 16.0%), or in women with pathogenic BRCA2 mutations (n 

= 6/33, 18.2%) compared to population prevalence. In contrast however, the 

prevalence of the KRAS variant was significantly enriched in uninformative double 

primary cancer patients compared to population prevalence (25/92, 27.2%, p,0.001, 

binomial) (Table 8-1). 

Table 8-1: The KRAS variant is significantly associated with uninformative Breast and 

Ovarian patients 

 BRCA1 (n=75) BRCA2 (n=33) BRCA uninformative (n= 92) 

Prevalence  16% 18.2% 27.2%  
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8.5.3 Impact of Interval Between Ovarian Cancer Diagnosis and Patient Recruitment 

on KRAS variant 

Prevalence in Uninformative Patients Because the KRAS variant predicts poor ovarian 

cancer specific survival in uninformative patients [626], we investigated the association 

of the prevalence of the KRAS variant and time between ovarian cancer diagnosis and 

study recruitment for uninformative patients with available information (n = 82). First, 

we found that the interval between ovarian cancer diagnosis and sample collection was 

significantly different across the recruitment centers, likely due to center referral 

patterns (p,0.001). The overall prevalence of the KRAS variant was 30.5% (n =25/82) in 

uninformative patients with available information on interval between diagnosis and 

recruitment. The prevalence of the KRAS variant was 38.5% (n = 20/52) in patients 

recruited within two years of their ovarian cancer diagnosis, which was significantly 

higher than the prevalence in patients recruited more than 2 years after their ovarian 

cancer diagnosis (16.7%, n =5/30, p,0.048 by Exact test) (Table 8-2). 

Table 8-2: The KRAS variant is significantly more likely to be found in women tested 

within two years of their ovarian cancer 

 Overall (n=82) ≤ 2 years from 
ovarian cancer 
diagnosis (n=52) 

>2 years from 
ovarian cancer 
diagnosis 

Prevalence 30.5% 38.5% 16.7% 

  

8.5.4 Timing of Ovarian Cancer Development in KRAS variant Uninformative Patients  

The majority of uninformative women in these studies developed breast cancer before 

their ovarian cancer (74.7% of all uninformative patients [n = 65/87]). This was slightly 

less common in KRAS variant-positive uninformative patients (64%, n = 16/25) 

compared to KRAS variant-negative uninformative patients (79.0%, n = 49/62), but this 

difference was not significant. Because prior reports have found that the KRAS variant is 

rarely associated with premenopausal ovarian cancer (less than 52 years of age) [9,14], 

we next evaluated the association of the KRAS variant with age of ovarian cancer 

development in uninformative double primary patients. We found that 88.0% of KRAS 

variant-positive uninformative patients developed ovarian cancer post-menopausally (n 

=22/25), compared to only 66.1% of KRAS variant-negative uninformative patients (n = 
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41/ 62), however this difference did not reach statistical significant (p = 0.062). We 

additionally found a significant association of the KRAS variant with age of ovarian 

cancer diagnosis, with 34.9% of women diagnosed with ovarian cancer post-

menopausally having the KRAS variant (n = 22/63), compared to only 12.5% of women 

diagnosed with ovarian cancer pre-menopausally (n = 3/ 24). This association with older 

age of ovarian cancer onset in KRAS variant-positive uninformative patients was 

significant by logistic regression analysis (p=0.007) (Table 8-3). 

Table 8-3: The KRAS variant is significantly associated with developing ovarian cancer 

post-menopausally compared to premenopausally. 

 Women with post-
menopausal ovarian cancer 
(n=63) 

Women with pre-
menopausal ovarian cancer 
(n=24) 

Prevalence 34.9% 12.5% 

  

8.5.5 Association of the KRAS variant with Family History in Uninformative Patients  

As the association of double primary cancers and known genetic mutations has been 

found to be enriched in the presence of a positive family history of related cancers, we 

evaluated the association of the prevalence of the KRAS variant with family history in 

uninformative patients. We added an additional cohort of 32 uninformative double 

primary patients with a known family history to the 44 uninformative patients with 

known family history from our fully annotated cohort. In these 76 women with double 

primary cancers, 24 had a positive family history and 52 had a negative family history 

for breast and/or ovarian cancer in first and/or second-degree relatives. The KRAS 

variant was found in 29.2% (7/24) of women with a positive family history, which is a 

prevalence significantly higher than expected in the general population (p,0.02). In 

contrast, the KRAS variant was not significantly elevated in uninformative double 

primary patients with a negative family history compared to the general population 

prevalence, being found in 15.3% (8/52) of this population. The difference between the 

prevalence of the KRAS variant in women with a positive versus negative family history 

was not significant (p = 0.13).  
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8.5.6 Association of the KRAS variant with Multiple Cancers in All Patients  

Because the KRAS variant has been found to be associated with an increased risk for 

other cancers besides breast and ovarian cancer [623, 627] we tested the hypothesis 

that the KRAS variant would predict for an increased risk of developing additional 

cancers in this double primary cohort, regardless of BRCA mutation status. For 183 of 

the patients in our study where this information was available, 79.2% (n = 145) had 

reported just the two cancers (breast and ovarian), 12.0% (n = 22) had two separate 

primary breast cancers and also ovarian cancer, and 8.7% (n = 16) had cancer in an 

additional organ outside of the breast and ovary (triple primary). The KRAS variant was 

found in 20.0% (n = 29/145) of double primary patients overall; 19.3% (11/57) of BRCA1 

patients, 13.6% (3/22) of BRCA2 patients and 22.7% (15/66) of uninformative patients. 

The KRAS variant was found in 22.7% (n = 5/22) of patients with two separate primary 

breast cancers and ovarian cancer; 0% (0/12) of BRCA1 patients, 33.3% (1/3) of BRCA2 

patients and 57.1% (4/7) of uninformative patients. Finally, the KRAS variant was found 

in 43.8% (n = 7/16) of women with triple primaries; 0% (0/1) of BRCA1 patients, 100% 

(1/1) of BRCA2 patients, and 42.9% (6/14) of uninformative patients. The KRAS variant 

predicts a significant increased risk of developing a third independent cancer in all 

double primary patients (p,0.01), which was largely due to increased risk for 

uninformative patients (p,0.005) and also possibly BRCA2 patients (p,0.05). The KRAS 

variant also predicts a significantly increased risk of developing more than two primary 

cancers in uninformative double primary patients, being found in 47.6% (10/21) of 

uninformative patients with more then two primary cancers compared to 22.7% (15/66) 

of uninformative patients with just two primary cancers (p = 0.05) (Table 8-4). 

Table 8-4: The KRAS variant is significantly associated with the risk of developing 
additional cancers beyond breast and ovarian 

 Breast and 
Ovarian cancer 
(n=145) 

Two breast cancers 
and ovarian cancer 
(n=22) 

Triple primary 
cancer (n=16) 

Prevalence overall  20% 22.7% 43.8% 

Prevalence in 
uninformative patients 

22.7% (15/66) 57.1% (4/7) 42.9% (6/14) 
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8.6 Discussion  

Here we show that the KRAS variant, a functional germline miRNA-binding disrupting 

mutation that has previously been shown to be associated with ovarian cancer, 

especially in HBOC families [622], as well as with premenopausal triple negative breast 

cancer [606], is also significantly enriched in women who develop both breast and 

ovarian cancer with uninformative BRCA sequencing results (Table 8-5).  

Table 8-5: Presence of the KRAS variant in uninformative patients 

 Yes No P-value 

Accrued within 2 
years of ovarian 
cancer diagnosis 

38.5% 16.7% 0.048 

Developed Ovarian 
Cancer post-
menopausally 

34.9% 12.5% 0.007 

Developed more 
than two primary 
cancers  

47.6% 22.7% 0.05 

 

The KRAS variant was most enriched in women who were tested within two years of 

their ovarian cancer diagnosis, likely reflecting the increased risk of interim death of 

KRAS variant positive ovarian cancer patients with longer accrual times [622]. In 

addition, the KRAS variant was significantly associated with BRCA-uninformative 

patients who developed ovarian cancer post-menopausally (as estimated by age .52 

years), and with BRCA-uninformative patients with a positive family history of breast or 

ovarian cancer. Finally, the KRAS variant was significantly associated with an increased 

risk of developing a third, independent cancer in addition to breast and ovarian cancer, 

being found in 43.8% of patients with triple primary cancers, most of whom had 

uninformative BRCA testing. It is possible that a small proportion of cases considered 

BRCA-uninformative may harbour a large rearrangement mutation, known to account 

for about 10% of deleterious BRCA1 mutations [492, 532] given the lack of screening in 

many cases. However, this would not have altered the significance of the primary 

observations in this report. These findings further confirm that the KRAS variant is 

indeed a bona fide marker for uninformative HBOC families, and also highlights some 

similarities as well as some differences between KRAS variant patients and BRCA mutant 
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patients. Because the great majority of KRAS variant double primary patients in this 

study developed breast cancer before their ovarian cancer, it appears that there could 

have been an opportunity for ovarian cancer prevention through chemoprevention 

(oral contraceptives) and/or prophylactic oophorectomy for these women. In addition, 

the association of the KRAS variant primarily with postmenopausal ovarian cancer 

suggests that oophorectomy might be reasonable delayed in these patients compared 

to recommendations for women with BRCA mutations, where oophorectomy is 

recommended at 35 or upon completion of childbearing. Currently, women with 

premenopausal breast cancer who are uninformative for BRCA mutations without a 

family history of ovarian cancer are told that they have no increased risk of ovarian 

cancer, based on a study of hereditary breast cancer families [620]. Our findings here 

indicate that women with the KRAS variant are also at an increased risk of subsequently 

developing ovarian cancer, and should be managed accordingly. The finding that the 

prevalence of the KRAS variant is significantly higher in women tested within two years 

of ovarian cancer diagnosis likely reflects the fact that these patients have worse 

ovarian cancer specific survival and a higher risk for interim death over time [626]. In 

addition, the significant association of the KRAS variant with early onset triple negative 

breast cancer [606], the most deadly form of breast cancer, would also have likely 

diluted the prevalence of the KRAS variant in these cohorts, as these women would be 

more likely to die of their breast cancer before development of ovarian cancer. 

Regardless, the prevalence of the KRAS variant remained significantly enriched in these 

patients even when studying the group as a whole. Importantly though these findings 

highlight the necessity of carefully considering study design when analyzing markers 

that predict aggressive tumour biology, such as the KRAS variant. Erroneous conclusions 

will otherwise be reached when using prevalence as a measure of the association with 

cancer risk if the populations studied have long ascertainment times. Such disparities in 

these and other areas of study cohort and design likely explain the failure to find the 

association between the KRAS variant and sporadic ovarian cancer risk in a prior 

publication [625]. However, it is also important to highlight that the association found in 

this study is again strongest in women with a personal and family history most 

consistent with HBOC. The finding that the KRAS variant is associated with 

uninformative women with double primary cancer is important, as it further confirms 
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that 1) the KRAS variant is associated with uninformative HBOC families, 2) appropriate 

intervention for patients with the KRAS variant who develop breast cancer may allow 

prevention of future ovarian cancer and 3) women with cancer that have the KRAS 

variant may benefit from screening to detect additional cancer development at its 

earliest stages. Overall, this work continues to support the importance of the KRAS 

variant broadly in cancer biology, and specifically in women’s health.  
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9 Paper 10 

9.1 Title 
Oestrogen Withdrawal, Increased Breast Cancer Risk and the KRAS variant. McVeigh, 

T.P., Jung, S-Y., Kerin, M.J., Salzman, D., Nallur, S., Nemec, A., Dookwah, M, Sadofsky, J., 

Paranjape, T., Kelly, O., Chan, E., Miller, N., Sweeney, K.J., Zelterman, D., Sweasy, J., 

Pilarski, R., Telesca, D., Slack, F.J., Weidhaas, J.B, Cell Cycle, 2015 14(13): 2091-

2099.[254] 

9.2 Abstract  

The KRAS variant is a biologically functional, microRNA binding site variant, which 

predicts increased cancer risk especially for women. Because external exposures, such 

as chemotherapy, differentially impact the effect of this mutation, we evaluated the 

association of oestrogen exposures, breast cancer (BC) risk and tumour biology in 

women with the KRAS variant. Women with BC (n = 1712), the subset with the KRAS 

variant (n = 286) and KRAS variant unaffected controls (n = 80) were evaluated, and 

hormonal exposures, KRAS variant status, and pathology were compared. The impact of 

oestrogen withdrawal on transformation of isogenic normal breast cell lines with or 

without the KRAS variant was studied. Finally, the association and presentation 

characteristics of the KRAS variant and multiple primary breast cancer (MPBC) were 

evaluated. KRAS variant BC patients were more likely to have ovarian removal pre-BC 

diagnosis than non-variant BC patients (p = 0.033). In addition, KRAS variant BC patients 

also appeared to have a lower oestrogen state than KRAS variant unaffected controls, 

with a lower BMI (P < 0.001). Finally, hormone replacement therapy (HRT) 

discontinuation in KRAS variant patients was associated with a diagnosis of triple 

negative BC (P < 0.001). Biologically confirming our clinical findings, acute oestrogen 

withdrawal led to oncogenic transformation in KRAS variant positive isogenic cell lines. 

Finally, KRAS variant BC patients had greater than an 11-fold increased risk of 

presenting with MPBC compared to non-variant patients (45.39% vs 6.78%, OR 11.44 

[3.42–37.87], P < 0.001). Thus, oestrogen withdrawal and a low oestrogen state appear 

to increase BC risk and to predict aggressive tumour biology in women with the KRAS 

variant, who are also significantly more likely to present with multiple primary breast 

cancer. 
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9.3 Introduction 

MicroRNA (miRNA) binding site variants in the 3’ untranslated region (3’ UTR) of 

important growth and survival genes are a recently discovered, novel class of functional, 

biologically active, germ-line mutations that are powerful biomarkers of cancer risk and 

treatment response [628]. One of the first mutations discovered in this class is the KRAS 

variant, a let-7 binding site mutation in the 3’ UTR of the KRAS oncogene [623]. This 

mutation predicts an increased risk of several cancers, including non-small cell lung 

cancer[623], triple negative breast cancer (TNBC) in premenopausal women [606] and 

ovarian cancer [253, 622, 626]. The KRAS variant also predicts unique tumour biology, 

with tumours in KRAS variant patients exhibiting a KRAS-addicted signature, as well as 

an oestrogen negative, basal-like gene expression pattern [606, 626]. Perhaps most 

powerful is the extensive evidence that the KRAS variant is biologically functional, as 

exemplified by its role as a strong biomarker of response to cancer therapy. KRAS 

variant patients with ovarian cancer or head and neck cancer are cisplatin resistant 

[622, 629], those with colon cancer or head and neck cancer exhibit cetuximab 

sensitivity[629, 630], and those with non-small cell lung cancer (NSCLC) are resistant to 

erlotinib but sensitive to sorafenib [631]. Cell line data further supports the unique 

response of the KRAS variant to chemotherapy exposure [630]. Women with the KRAS 

variant are also at a significantly increased risk of developing multiple primary cancers, 

including breast and ovarian cancer, as well as a third independent cancer in their 

lifetime [253]. Multiple primary cancer, although difficult to predict, is not rare, as one 

in eight cancer patients will be diagnosed with a new primary cancer after their first 

cancer diagnosis (metachronous cancer), and one in forty patients will be diagnosed 

with two cancers at the same time (synchronous cancer) [632]. While it is hypothesized 

that some metachronous cancers are caused by primary cancer treatment, it is also 

thought that genetics may play a significant role in the development of both 

synchronous and metachronous cancers [633]. Multiple primary breast cancer (MPBC) 

is one of the most common forms of multiple primary cancer [634]. Currently known 

risk factors for MPBC include young age at first diagnosis; [635-637] first BC of lobular 

histology [634, 638, 639]; high BMI (>30) in pre-menopausal patients with a hormone 

receptor negative first primary [640]; positive family history of BC [641]; and mutations 

in BRCA1, BRCA2 [642] or CHEK2 [643]. Most recently, the KRAS variant was found to 
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also be associated with MPBC in a small case series, as it was found in 57.1% (4/7) of 

patients who developed bilateral BC and ovarian cancer who were uninformative (BRCA 

negative)[253]. Factors thought to decrease MPBC risk have also been identified, and 

include menarche after age thirteen, multiparity [639], treatment with anti-hormonal 

agents or chemotherapy [163, 644] and prophylactic surgical intervention [645]. These 

findings suggest that multiple primary BC risk can be impacted by oestrogen alterations 

either before or after the first BC diagnosis. In general, evidence suggests that elevated 

oestrogen increases primary BC risk. Such evidence includes increased BC risk in women 

experiencing early menarche, late menopause, obesity (in post-menopausal patients), 

nulliparity, or advanced maternal age at first birth [646]. In addition, in vitro studies 

using the breast epithelial line MCF10A show that excess oestrogen and its metabolites 

can lead to increased transformation, i.e. BC initiation [647, 648]. However, oestrogen is 

not a risk for BC for all women, as has become clear through clinical studies of HRT use 

[649, 650]. Initially, the Million Women Study and Women’s Health Initiative reported 

that current and/or prolonged use of HRT correlated with an increased risk of BC. 

Because these tumours tended to be lower grade, with over-representation of lobular 

or tubular subtypes compared to other ductal cancers[651], it was hypothesized that 

HRT was causing cancers that otherwise would not have arisen. However, a follow-up 

WHI report found that there was actually no increased BC risk for patients assigned to 

estrogenonly preparations compared to placebo. In fact, after a median follow up of 

11.8 years (IQR 9.1–12.9), post-menopausal use of oestrogen alone was associated with 

a lower BC incidence than placebo [652] (HR 0.77 (CI 0.62–0.95, p 0.02). These findings 

suggest that there may be a group of women for whom oestrogen is actually protective 

against BC development. For women with the KRAS variant, there is growing evidence 

that oestrogen may differentially impact their overall cancer risk and tumour biology. 

This evidence includes: a higher risk of non small cell lung cancer in women versus men 

with the KRAS variant (unpublished data); ovarian cancer almost exclusively 

postmenopausally for women with the KRAS variant [253]; an increased risk of 

oestrogen receptor (ER) negative tumour development in KRAS variant patients (TNBC 

and type II uterine cancer [653]) and; the finding that post-menopausal KRAS variant BC 

patients with a history of HRT use are more likely to develop biologically aggressive BC 

[654]. Although it may seem unusual that an external exposure, such as oestrogen, 
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could impact the function of an inherited 3’ UTR variant like the KRAS variant, there is in 

fact strong evidence that such miRNA binding site mutations are “influenced” by 

external exposures [655]. This is believed to be through alterations in miRNAs, which 

are immediate responders to cellular stress, and which directly act through the 3’ UTR 

sites affected by these mutations [655]. Based on the association of the KRAS variant 

with cancer in women and the biological impact of external exposures on this type of 

mutation, we hypothesized that oestrogen alterations could impact cancer risk and 

tumour biology for individuals with the KRAS variant. Here, we test this hypothesis, with 

a large cohort of BC survivors and unaffected KRAS variant controls. We further 

biologically confirm our findings by utilizing an isogenically matched normal breast 

epithelial cell line with, or without the KRAS variant. Finally, we define the association of 

the KRAS variant with MPBC in these patients. We show here for the first time that 

oestrogen withdrawal appears to increase both BC risk and to predict aggressive 

tumour biology for women with the KRAS variant. We furthermore find that KRAS 

variant BC patients are at a significantly elevated risk for both synchronous and 

metachronous BC development, which is not explained by other known risk factors.  

9.4 Methods  

9.4.1 Study groups  

A cohort of BC patients were invited (through the Susan Love Foundation) to join a 

study called “The KRAS variant and hormones” 

(http://www.armyofwomen.org/current/view? grant_idD438). 1906 women responded 

to the invitation and completed questionnaires regarding age at diagnosis; 

anthropomorphic measurements including weight and height; reproductive history 

including parity, age at first birth, use of contraceptives and hormone replacement 

therapy; and personal and familial cancer history. Participants signed a consent 

approved through the Yale University Human Investigation Committee (HIC), and were 

mailed a cheek swab or saliva kit (Oragene) for DNA testing, and requested to supply 

pathology reports for their BC(s). 1712 patients supplied DNA samples. Pathology 

reports were used in all cases of second primary BCs, where synchronous second 

primary BCs were either in the contralateral breast, or if in the same breast were 

classified as multi-centric on the pathology reports, with different pathologies. 
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Metachronous BC was of different pathology if in the same breast and classified as a 

new primary, or in the contralateral breast. Control samples were provided by the 

Human Genetics Sample Bank at the Ohio State University Medical Center (OSUMC). All 

controls were women who had the KRAS variant but were unaffected by cancer at the 

time of testing (n = 80). The Columbus Area Controls Sample Bank is a collection of 

control samples for use in human genetics research that includes both donor’s 

anonymized biological specimens and linked phenotypic data. The data and samples are 

collected under the protocol “Collection and Storage of Controls for Genetics Research 

Studies,” which is approved by the Biomedical Sciences Institutional Review Board at 

OSUMC. Recruitment takes place in OSUMC primary care and internal medicine clinics. 

If individuals agree to participate, they provide written informed consent, complete a 

questionnaire that includes demographic, medical and family history information, and 

donate a blood sample, which is used for genomic DNA extraction and the 

establishment of an EBV-transformed lymphoblastoid cell culture, cell pellet in Trizol, 

and plasma.  

9.4.2 KRAS variant testing  

For all participants, DNA was extracted from buccal swabs or saliva according to the 

manufacturer’s protocol (Oragene). Coded patient samples were genotyped for the 

KRAS variant using a Taqman-based assay as previously described[623], in the MiraDx 

CLIA certified laboratory, through MiraKind, a non-profit organization.  

9.4.3 Isogenic cell line creation  

We generated isogenic MCF10A lines with and without the KRAS variant using the 

CompoZrTM custom designed zinc-finger nuclease (ZFN) targeted genome editing 

technology (SigmaAldrich)[656], per manufacturer’s instructions. MCF10a cells are an 

immortalized, non-transformed mammary epithelial cell line derived from human 

fibrocystic mammary tissue and have a lack of tumourigenicity in nude mice and lack of 

anchorage independent growth[657]. A ZFN pair was designed and constructed to 

specifically target the KRAS 3’ UTR. The donor construct containing the homology arms 

on either side of the KRAS variant was generated by PCR amplifying a 2087 base pair 

region containing the KRAS variant from genomic DNA with forward primer 5’ 

AGGACTCTGATTTTGAGGACATC 3’ and reverse primer 5’ AACATGCCCCACAAAGTTTC 3’ 
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and cloning into the pGEM-T (Promega) cloning vector. The ZFN plasmids (500 ng) and 

the donor plasmid (2 ug) were transfected into 2 x 105 MCF10A cells by nucleofection, 

program T-024, according to manufacturer’s instructions (Amaxa), in media containing 

100 uM chloroquine. The media was changed after 4 hrs and the cells were incubated 

overnight and re-seeded as single cells into 24-well plates. After passage and DNA 

collection, clones were assessed for the presence of the KRAS variant using an allele-

specific primer and a PCR-based TaqMan assay. Secondary validation was carried out by 

allele-specific sequencing of TOPO TA cloned, PCR amplified genomic DNA using 

forward primer 5’ AAGGCATACTAGTACAAGTGGTAATTT 3’ and reverse primer 5’ 

TAGGAGTAGTACAGTTCATGACAAAAA 3’, which hybridize to the KRAS locus outside of 

the region corresponding to the donor plasmid recombination site. In addition, two 

positive clones were authenticated using bi-allelic short tandem repeat (STR) analysis at 

16 different genomic loci, yielding 32 diagnostic markers for confirmation (Genetica 

DNA Laboratories, Inc.). STR analysis confirmed that the MCF10AKRAS variant-/- (Parental, 

WT) and the 2 MCF10AKRAS variant+/- (MT) cell lines were (a) identical to the ATCCs STR 

profile and (b) identical to each other, except for the presence or absence of the KRAS 

variant.  

9.4.4 Cell line and anchorage independent growth assays  

MCF10A (WT) and (MT) cells were cultured in regular DMEM/F12 medium (Invitrogen) 

as per the Brugge lab protocol[658]. Anchorage independent growth was assessed as 

described previously [659]. After thawing and growing cells until confluence in EGF 

supplemented media (20 ng/ml), cells were plated into conditions of study for 2 

passages. For oestrogen depletion experiments phenol red free DMEM/F12 medium 

(Invitrogen) and 5% charcoal-stripped horse serum (Thermo Fisher), were used, and 

Tamoxifen or oestrogen was added to a final concentration of 1uM after the first 

passage, as appropriate. To plate, 100 ml of MCF10A (WT) or (MT) cells at a density of 

400,000 cells/ml were mixed with 2ml of media for the condition under study 

containing 2 ml 0.7% noble agar (USB). 1ml of the cell mixture was added to 1ml of 1.0% 

noble agar in a well of a 6-well dish. Cells were fed twice weekly by layering on a 50:50 

mixture of media with 0.7% agar for 2 weeks, followed by only media for 2–3 additional 

weeks. The number of colonies present in each of 10 microscope fields per well from a 
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total of 3 wells per experiment was counted and is reported as an average of the 2 

separate MT lines. Statistics Data was analyzed using the R environment for statistical 

computing and graphics. Continuous data was assessed for normality using Shapiro-Wilk 

test and parametric or non-parametric tests applied as appropriate. Student t tests 

were used to compare continuous variables that were normally distributed and Mann 

Whitney U test for non-normally distributed data. Categorical data was analyzed using 2 

x 2 contingency tables (chi-square). In order to assess association between the 

likelihood of being diagnosed with a second primary BC and KRAS variants, we used 

logistic regression and quantified differential risk through odds ratios (OR). A similar 

analysis was replicated to associate the time from primary diagnosis to diagnosis with a 

second primary BC through the Cox proportional hazard model. Differential timing of 

second primary cancers was compared through hazard ratios (HR). In both modeling 

frameworks, when adjusting for potential confounders, we selected order and scope of 

interaction effects through the Bayesian Information Criterion (BIC). In the Cox 

proportional hazard model, the assumption of proportionality was assessed both 

visually by inspection of Kaplan-Meier survival curves and formally, through the analysis 

of Schoenfeld residuals (P > 0.10). Results KRAS variant BC patients vs non-variant BC 

patients. We first evaluated history of oestrogen exposure in BC patients with and 

without the KRAS variant. Of the 1712 patients who supplied DNA samples, 17.4% (n = 

298) had the KRAS variant, and 70 (4.0%) had other known genetic mutations 

associated with increased BC risk, including BRCA1, BRCA2 and PTEN. In the 1642 

women without other mutations, 286 (17.42%) had the KRAS variant, and 1356 

(82.58%) did not. We evaluated the association of self-reported oestrogen exposures in 

these BC patients to determine if there were any differences for BC patients with vs. 

without the KRAS variant. By univariate analysis, KRAS variant BC patients were 

significantly more likely to have had an oophorectomy before their BC diagnosis (15.5% 

vs 10.7%, p = 0.024) and to be on HRT when diagnosed with BC (66.3% vs 54.4%, p = 

0.034) than non-variant BC patients (Table 9-1)  

By multivariate analysis, KRAS variant BC patients continued to be significantly more 

likely to have a history of ovarian removal (oophorectomy) pre-diagnosis (OR = 1.42, CI 

1.03–1.42, p = 0.033) (Table 9-2).  



Paper 10 

192 
 

Table 9-1: KRAS variant breast cancer versus non-variant breast cancer patients.  

  Non-variant KRAS variant  P-value 

  1356 286  

Age at diagnosis  50 (24-77)  51 (24-72) 0.576* 

Oophorectomy before diagnosis 145 (10.7%) 44 (15.4%) 0.024# 

Interval between diagnosis and 
enrolment 

6 (0-40) 6 (0-35) 0.142* 

Age at menopause 49 (25-59) 48 (27-57) 0.07* 

Menopausal status1 Pre 748 (55%) 142 (50%) 0.089# 

Post 608 (45%) 144 (50%)  

HRT use2  Yes 401 (67%) 104 (73%) 0.192# 

No  195 (33%) 39 (27%)  

On HRT at diagnosis3  Yes 217 (54%) 68 (66%) 0.034# 

No 182 (46%) 35 (34%)  

Duration of HRT3   60 (2-384) 66 (1-444) 0.586* 

Pregnancy Nulliparous 304 62 0.801# 

≥ 1 
pregnancy  

1046  222   

Number of 
pregnancies4 

2 (1-11) 2 (1-9) 0.614* 

Number of 
live births4  

2 (0-7) 2 (0-5) 0.218* 

Age at first 
birth  

27 (15-45) 26 (16-39) 0.085* 

OCP  Yes 1155  251  0.280# 

No 199  35   

Duration  
(years)   

7.75 (0.08-35) 7.5 (0.1-40) 0.971* 

BMI  24.38 (15.73-
64.36) 

24.27 (18.01-
46.98) 

0.824* 

By univariate analysis, BC patients with the KRAS variant were more likely to have had 
an oophorectomy, and were more likely to be on hormone replacement therapy (HRT) 
at the time of diagnosis, compared to non-variant breast cancer patients. 

1At diagnosis, cases; at sampling, controls; 2For post-menopausal women only; 3For 
women on HRT only; 4Excluding nulliparous women; * Mann Whitney U test; # X2 test 
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Table 9-2: KRAS variant BC cases compared to non-variant BC cases. 

 Odds Ratio  

(95% Confidence Interval) 

P-value 

Baseline Prob = 15.88%  

Lobular 0.82 (0.53-1.26) 0.365 

ER-positive 0.76 (0.52-1.11) 0.154 

Ovaries removed 1.42 (1.03-1.96) 0.033 

BMI 0.98 (0.96-1.01) 0.277 

BCP 1.23 (0.78-1.94) 0.364 

Personal Cancer history  0.80 (0.54-1.20) 0.278 

Age at diagnosis  1.00 (0.98-1.03) 0.705 

Menopause at diagnosis 1.27 (0.83-1.96) 0.266 

Ever Pregnant 0.93 (0.65-1.32) 0.686 

By a logistic regression model, with predictors included in the model assuming a linear 

additive structure, BC patients with the KRAS variant were more likely to have had an 

oophorectomy compared to non-variant breast cancer patients 

 

In addition, although KRAS variant patients were not significantly more likely to have a 

family history of breast or ovarian cancer than non-variant BC patients (62.66% vs 

64.01%, NS), they were significantly more likely to have a family history of a relative 

with multiple primary cancers than non-variant BC patients (4.98% vs 0.92%, P < 

0.0001), in agreement with our prior findings of increased multiple primary cancer 

risk[253]. The association of HRT with BC subtype and grade. We next evaluated the 

association of hormone replacement therapy (HRT) use and tumour biology in women 

with the KRAS variant. We grouped post-menopausally diagnosed BC patients into 3 

HRT use groups based on their HRT use at the time of their diagnosis. These groups 

comprised “never users,” “current users” (women on HRT at the time of their BC 

diagnosis), or “past users” (women with a history of HRT preceding their BC diagnosis by 

at least 6 months). We then compared histologic BC tumour subtypes (ER/PR+, HER2+, 

or ER/PR/ HER2- [triple negative]) and grade with these categories of HRT use for KRAS 

variant (n = 133) vs non-variant BC patients (n = 612) with complete histologic tumour 

documentation. Overall, there was no difference in tumour grade between KRAS variant 

versus non-variant BC patients, but the TNBC tumour subtype was significantly more 

common in post-menopausal women with the KRAS variant (13.9% vs 7.7%, p = 0.029). 
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For non-variant BC patients, there were no differences in the proportion of women with 

each tumour subtype between the never, current or past HRT user groups. However, as 

reported previously [651] there was a trend for current or past HRT users to have lower 

grade breast tumours than never users, but this difference was not statistically 

significant in our study cohort. For KRAS variant BC patients, past HRT users were 

significantly more likely to be diagnosed with TNBC than KRAS variant never or current 

HRT users (35.5% [n = 11/31] vs 6.6% [6/91], P < 0.0001). In addition, compared to non-

variant past HRT users, KRAS variant past HRT users were significantly more likely to be 

diagnosed with TNBC (35.5% vs 7.3% [n = 11/151] P < 0.0001, Table 9-3), and also to 

have significantly higher-grade tumours (2.33 vs 1.98, p = 0.029).  

Table 9-3: Histologic breast cancer subtype and history of HRT use.  

  KRAS variant Non-KRAS variant p-value 

Never on HRT ER+ 77.1% (27/35) 85.2% (127/149) NS 

HER2+ 22.9% (8/28) 19.9% (28/141) NS 

Triple Negative 11.4% (4/35) 9.3% (14/150)  NS 

Grade 2.24 2.16 NS 

On HRT when 

diagnosed 

(current) 

ER+ 85.5% (47/55) 84.8% (156/184)  NS 

HER2+ 16.3% (7/43)  12.0% (17/142)  NS 

Triple Negative 3.6% (2/56)  6.6% (12/182)  NS 

Grade 2.02 2.01 NS 

Stopped HRT >6 

months before 

diagnosis (past) 

ER+ 53.1% (17/32)  89.7% (139/155)  <0.0001 

HER2+ 6.9% (2/29)  11.2% (15/134)  NS 

Triple Negative 35.5% (11/31)  7.3% (11/151)  <0.0001 

Grade 2.33 1.98 0.029 

Tumour grade between all KRAS variant vs. non-KRAS variant BC patients was non-

significant. KRAS variant patients were significantly more likely to have triple negative 

breast cancers as a group (13.9% vs 7.7%, p = 0.029). KRAS variant patients with a 

history of past HRT use were significantly more likely to have TNBC. There were no 

differences in cancer subtype by HRT use for non-variant patients 

 

In contrast, there were no statistically significant differences in tumour subtype or 

grade between KRAS variant never or current HRT users. KRAS variant BC patients vs 

unaffected KRAS variant controls We then evaluated if differences in hormonal 

exposures might impact BC risk in women with the KRAS variant, by comparing 
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hormonal exposures in KRAS variant BC patients (n = 286) with a cohort of KRAS variant 

cancer free unaffected controls (n = 80). In univariate analysis we found numerous 

significant differences, including factors associated with HRT use, pregnancy, OCP use 

and BMI (Table 9-4).  

Table 9-4: KRAS variant breast cancer patients (cases) versus unaffected KRAS variant 

controls. 

  Control Case  p-value 

N  80 286  

Age at 

menopause 

(Range/years) 50 (32-58) 48 (27-57) 0.037* 

HRT use (post-

menopausal at 

dx/sampling 

only) 

Yes 18 (43%) 104 (73%) <0.001# 

No  24 (57%) 39 (27%) 

    

Median duration of 

HRT (post- 

menopausal at dx) 

84 (6-360) 60 (1-444) 0.769* 

Pregnancy Nulliparous 10 (12.5%) 62 (22%) 0.064# 

≥ 1 pregnancy  70 (87.5%) 222 (78%) 

Number of 

pregnancies1 

3 (1-7) 2(1-9) 0.194* 

Number of live births1 3 (0-7) 2 (0-5) <0.001* 

Median age at first 

birth  

24 (16-38) 26 (16-39) 0.009* 

OCP  Yes 63 (79%) 251 (88%) 0.041# 

No 17 (21%) 35 (12%)  

Duration (years)   5 (0.5-28) 7.5 (0.1-40) 0.182* 

BMI  29 (17.6–

75.3) 

24 (18.0-47.0) <0.001* 

Women with breast cancer with the KRAS variant have several significant differences 

in hormonal exposures when compared to cancer free KRAS variant women. 
1 Excluding nulliparous women, * Mann Whitney U test , # X2 test 
 

By multivariate analysis we confirmed that KRAS variant BC patients remained 

significantly more likely to have a lower BMI, and have fewer live births than KRAS 

variant cancer free controls (Table 9-5). Of note, we found no difference in age of 

diagnosis vs age of enrolment between the BC patients and the controls.  
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Table 9-5: KRAS variant BC cases compared to KRAS variant controls.  

 Odds Ratio (95% CI)  p-value 

Age at diagnosis  0.95 (0.89-1.03) 0.211 

Use of HRT1 2.73 (0.91-8.18) 0.07 

Duration of HRT use 1 (0.99-1.00)  0.62 

Number of live births 0.62 (0.39-0.98) 0.04 

Age at first live birth  1.11 (0.99-1.24) 0.06 

BMI 0.93 (0.87-1.00) 0.04 

OCP use2 2.15 (0.63-7.42) 0.22 

Duration of OCP 1.01 (0.94-1.09) 0.77 

Oophorectomy before 

diagnosis/enrolment 

1.3 (0.44-3.89) 0.63 

Women with breast cancer with the KRAS variant by a binary logistic model were 

significantly more likely to have fewer live births, and to have a lower Body Mass Index 

(BMI) 
1Compared to no HRT use; 2Compared to no OCP use; 3Compared to no ovarian 
procedure. 
 

9.4.5 KRAS variant MCF10A cell lines and Transformation  

To biologically confirm our clinical findings, that a low oestrogen state and/or oestrogen 

withdrawal may be associated with increased BC risk for women with the KRAS variant, 

we created an isogenic MCF10a line, with (MCF10aKRASv+/-, MT1 and MT2) vs. without 

(MCF10aKRASv-/-, WT) the KRAS variant. We found that KRAS mRNA was lower in the MT 

cells, but KRAS protein was fairly equivalent or slightly elevated (Fig. S1), consistent with 

prior reports in KRAS variant-associated tissues[660]. WT and MT lines were plated in 

soft agar to test for transformation, as measured by anchorage independent growth. 

There was no colony formation seen in the presence of Epidermal Growth Factor (EGF) 

during the course of the experiment for either the WT or MT lines, indicating that 

neither line, at baseline, was transformed (Fig. S2). However, when the cell lines were 

grown without EGF, as is standard to promote transformation, the MT lines exhibited 

low levels of colony formation by the fifth soft agar plating (10 ± 2.24, P < 0.001). We 

next evaluated if oestrogen withdrawal would enhance transformation, consistent with 

our clinical findings, by growing the cells in charcoal stripped serum, tamoxifen, or a 

combination of the two. We found for both MT lines a 2-fold increased colony 
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formation rate when cells were grown in Tamoxifen (p = 0.002), a 6.2 fold increased 

colony formation in charcoal stripped media (P < 0.001), and a 7.9 fold increased colony 

formation with the combination (P < 0.001, Fig. 1A). Supporting that the impact of 

charcoal stripping on transformation was due to oestrogen depletion, return of 

oestrogen to the media resulted in decreased colonies for the MT cell lines (p = 0.018, 

Fig. 1B). These findings biologically confirm wide spread transformation in normal 

breast epithelium with acute oestrogen withdrawal in breast cells with the KRAS variant. 

Multiple primary BC Risk in KRAS variant BC patients. Based on our findings that 

oestrogen withdrawal appears to increase wide spread breast cell transformation in 

KRAS variant breast epithelial cells, we evaluated the association of the KRAS variant 

with MPBC. We found that overall women with the KRAS variant (GT or GG) did exhibit a 

2.04-fold increase risk of having a second primary BC, compared to women without the 

variant (12.93% vs 6.78% with MPBC, P < 0.001). In addition, we found a genetic dose 

effect of the KRAS variant, with women heterozygous (GT) for the variant exhibiting a 

1.81-fold increased risk of having a second primary BC (11.64% with MPBC, p = 0.006), 

and women homozygous (GG) for the KRAS variant having an 11.64-fold increase risk of 

having a second primary BC (45.39% with MPBC, P < 0.001) compared to non-variant BC 

patients (Table 9-6).  
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Table 9-6: Second breast cancer risk in KRAS variant breast cancer patients.  

KRAS 
Genotype 

N % second primary BC (95% CI) OR (95% CI) P value  

TT 1357 6.78% (5.56%–8.25%)  1.00 (Baseline) - 

TG or GG 286 12.93% (9.52%–17.32%) 2.04 (1.36–3.06) <0.001 

TG 275 11.64% (8.35%–15.99%)  1.81 (1.18–2.77) 0.006 

GG 11 45.39% (20.25%–73.04%) 11.44 (3.42–37.87)  <0.001 

 Synchronous Second Primary BC (95% CI) OR, p value 

 N Combined  Unilateral  Contralateral  

TT 1561 2.70% (1.95%–3.73%) (1.00-
baseline) 

0.23% (0.07%–0.72%)(1.00-
baseline) 

2.62% (1.87%–3.64%)(1.00-
baseline) 

TG or GG 1296 6.79% (4.31%–10.50%)(2.63) 
[0.001] 

4.49% (2.58%–7.71%)(20.29) 
[<0.001] 

3.00% (1.51%–5.90%)(1.15) [0.73] 

TG 257 6.23% (3.85%–9.87%)(2.39)[0.005] 3.85% (2.09%–
6.98%)(17.22)[<0.001] 

3.09% (1.55%–6.04%)(1.19) [0.67] 

GG 8 25.02% (6.27%–62.24%) 
(12.03)[0.003] 

30.03% (10.05%–62.01%)(184) 
[<0.001] 

10.02% (1.39%–
46.57%)(4.15)[0.18] 

 Metachronous Second Primary BC (95% CI) OR, p value 

 N Combined  Unilateral  Contralateral  

TT 1393 4.84% (3.74%–6.23%)(1.00-
baseline) 

0.52% (0.23%–1.14%)(1.00-
baseline) 

4.40% (3.36%–5.76%(1.00-
baseline) 

TG or GG 236 8.05% (5.19%–12.33%)(1.72)[0.04] 2.10% (0.88%–4.97%)(4.12) [0.02] - 

TG 229 6.98% (4.32%–11.09%)(1.48)[0.16] 1.73% (0.65%–4.52%)(3.38) [0.06] 6.73% (4.16%–10.73%)(1.57) [0.13] 

GG 7 42.80% (14.32%–
76.88%)(14.72)[<0.001  

22.23% (5.57%–57.88%)(54.8) 
[<0.001] 

 

Women with the KRAS variant are significantly more likely to be diagnosed with multiple primary breast cancer, including synchronous 
and metachronous second primary breast cancer. This is especially true for KRAS variant homozygous (GG) patients 
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We next investigated if second BC for KRAS variant patients primarily occurred at the 

same time as their first diagnosis (synchronous MPBC), or after their first diagnosis 

(metachronous MPBC). We found that women with the KRAS variant had a 2.63-fold 

increased risk of being diagnosed with a synchronous second primary BC compared to 

non-variant BC patients (6.79% vs 2.70% with synchronous MPBC, p = 0.001). This was 

again most pronounced for women homozygous for the KRAS variant, who had a 12.03-

fold increased risk of having a synchronous second primary BC (25.02% with 

synchronous MPBC, p = 0.003) compared to non-variant patients. However, women 

with the KRAS variant also continued to be at an elevated risk for a metachronous BC, 

with a 1.72-fold increased risk of developing a metachronous second primary tumour 

when compared to non-variant patients (8.05% vs 4.84% with metachronous MBPC, p = 

0.05). This difference was again primarily explained by the large increased risk of 

metachronous BC for the homozygous KRAS variant group, who had a 14.72-fold 

increased risk of developing a second primary BC after their first BC diagnosis (42.80% 

with metachronous MPBC, P < 0.001, Table 9-6). Multiple primary breast cancer risk and 

other risk factors. We next evaluated MPBC risk controlling for the extent of surgery and 

time of follow up. Controlling for extent of primary surgery, women with the KRAS 

variant who had a lumpectomy or a unilateral mastectomy were significantly more likely 

to have a synchronous second primary tumour than non-variant patients (lumpectomy 

OR = 4.32, CI 1.15–16.40, p = 0.03; unilateral mastectomy OR = 18.42, CI 3.88–87.82, P 

< 0.001, Table 9-7(A).  

In addition, controlling for number of years at risk, women with the KRAS variant 

treated with a lumpectomy were significantly more likely to develop a second, 

metachronous primary BC (OR = 1.84, CI-1.03–3.27, p = 0.04) when compared to non-

variant patients treated in the same manner (Table 9-7). This was confirmed using a 

time to event analysis (p = 0.05). Of note, we found that KRAS variant and non-variant 

patients did not significantly differ in their choice of lumpectomy, unilateral 

mastectomy or bilateral mastectomy at the time of diagnosis (Table 9-8). As expected, 

women with either a unilateral or a bilateral mastectomy were more likely to have a 

diagnosis of a synchronous MPBC (Table 9-8). 
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Table 9-7: Synchronous and Metachronous Second Primary Breast Cancer Risk 
Controlling for Surgery. 

  

(A) Synchronous Second Primary Tumours  

 N KRAS TT 
% Second Primary BC (95% 
C.I.) 

KRAS TG/GG 
OR (95% C.I. ) [p.val] 

Lumpectomy 1016 0.58%  (0.24%, 1.39%) 4.32 (1.15, 16.40) [0.03] 

Unilateral 318 0.79%  (0.20%,  3.12%) 18.42 (3.88, 87.82) [<0.001] 

Bilateral 228 16.13% (11.59%, 22.05%) 1.34 (0.56, 3.20) [0.45] 

(B) Metachronous Second Primary Tumours * 

 N KRAS TT 
% Second Primary BC (95% 

C.I.) 

KRAS TG/GG 
OR (95% C.I. ) [p.val] 

Lumpectomy 1074 5.18% (3.89%, 6.86%) 1.84 (1.03, 3.27) [0.04] 

Unilateral 
Mastectomy 

318 2.52% (1.20%, 5.25%) 2.18 (0.62, 7.72) [0.23] 

Time to Second Primary Tumour Recurrence 

 N KRAS TT 
Hazard Ratio (95% C.I.) 

[p.val] 

KRAS  
Hazard Ratio (95% C.I.) 

[p.val]TG/GG 

Lumpectomy 1074 1.00 - baseline 1.74 (0.99, 3.07) [0.05] 

Unilateral 
Mastectomy 

318 0.56 (0.18, 0.97) [0.04] 1.43 (0.36, 5.74) [0.61] 

Odds Ratios (OR) and Hazard Ratios (HR) refer to a comparison of KRAS variants 
within extent of surgery category; *Adjusted by no. of years at risk, removing bilateral 
mastectomy 

Women with the KRAS variant are significantly more likely to develop multiple primary 
breast cancer regardless of surgical management. 
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Table 9-8: Surgical choices in BC patients. 

 

 

A. Frequencies of unilateral and bilateral mastectomy by KRAS variant status 

KRAS -variant N % Unilateral (95% C.I.) OR 
[p.val] 

% Bilateral (95% C.I.) OR 
[p.val] 

TT  1352 22.86% (20.70-25.16) 
(1.00-baseline) 

14.13% (12.37-16.09) 
(1.00-baseline) 

TG or GG  284 23.60% (19.03%, 28.89%) 

(1.04), [0.78] 

13.02% (9.59 - 17.45) 

(0.91),[0.63] 

B. Frequencies of second primary BC by Extent of surgery 

Combined Synchronous and Metachronous second Primary Tumours  

Surgery N % Second Primary BC (95% 

C.I.) 

OR (95% C.I. ) [p.val] 

Lumpectomy 1081 6.66% (5.32 - 8.31) 1.00 - Baseline 

Unilateral 

Mastectomy 

327 5.50%  (3.49 - 8.57) 0.82 (0.48 - 1.38) [0.45] 

Bilateral 

Mastectomy 

228 16.66% (12.36 - 22.06) 2.80 (1.84 - 4.27) [<0.001] 

Synchronous Second Primary Tumours 

  % Second Primary BC (95% C.I.) (OR) [p.val] 

Surgery N Combined Unilateral Contralateral 

Lumpectomy 1016  0.79% (0.39 -1.57) 

(1.00-baseline) 

 0.20% (0.05 - 

0.78) 

(1.00-baseline) 

0.69% (0.33 - 1.44) 

(1.00-baseline) 

Unilateral 

Mastectomy 

318  3.13% (1.68 - 

5.69) 

(4.08), [0.003] 

3.13% (1.69 - 5.69) 

(16.38),[<0.001] 

0.31% (0.04 - 2.16) 

(0.45), [0.45] 

Bilateral 

Mastectomy 

228 16.59% (12.34 - 

21.96) 

(25.11), [<0.001] 

1.75% (0.65 - 4.57) 

(9.03), [0.01] 

15.29% (11.16 - 

20.57) 

(26.04), [<0.001] 

Metachronous Second Primary Tumours (Excluding double mastectomy cases) 

Surgery N % Second Primary BC (95% 

C.I.) 

OR (95% C.I.) [p.val] 

Lumpectomy 1074 6.05% (4.78 - 7.65) 1.00 - Baseline 

Unilateral 

Mastectomy 

318 2.84% (1.48 -5.35) 0.45 (0.22 - 0.92), [0.03] 

Women with the KRAS variant are not significantly more likely to choose one surgery 

versus another. Multiple primary breast cancer risk is more commonly found in 

bilateral mastectomy patients, as expected. 
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We next evaluated the association of lobular histology with the KRAS variant and 

second BC risk. We found that the KRAS variant was not associated with lobular 

histology, although in agreement with prior reports, in our cohort lobular histology 

alone was associated with increased rates of second primary BC, both synchronous and 

metachronous (Table 9-9).  

Table 9-9: Multiple Primary Breast Cancer and lobular histology 

 

Finally, we controlled for lobular histology, extent of surgery and number of years at risk 

and evaluated the association of the KRAS variant with MPBC. We found that women 

with the KRAS variant treated with unilateral mastectomy were significantly more likely 

to have a synchronous second primary tumour regardless of lobular histology (OR D 

40.75, CI = 4.98–339.72, P < 0.01). In addition, women with the KRAS variant treated 

with lumpectomy with non-lobular histology continued to be significantly more likely to 

develop a second, metachronous primary BC (OR = 2.01, CI = 1.05–3.86, p = 0.04). 

A. Combined Synchronous and Metachronous second Primary Tumours  

KRAS Variant N % Lobular (95% C.I.) OR (95% C.I.) [p.val] 

TT 1183 15.30% (13.36 - 17.46) 1.00 (Baseline) 

TG or GG 249 12.45%  (8.89 - 17.13) 0.79  (0.52 - 1.18) [0.25] 

TG 239 12.55% (8.92 - 17.41) 0.79 (0.52 - 1.20) [0.28] 

GG 10 9.96%  (1.39 - 46.46) 0.61 (0.08 - 4.83) [0.65] 

B. Frequencies of second primary BC by Lobular Status 

Combined Synchronous and Metachronous second Primary Tumours  

 N % Second Primary BC (95% C.I.) OR (95% C.I.) [p.val] 

Non-Lobular 1220 7.79% (6.41 - 9.42) 1.00 (Baseline) 

Lobular 212 13.68% (9.67 - 18.99) 1.88  (1.20 - 2.93), [0.006] 

Synchronous Second Primary Tumours  

 N % Second Primary BC (95% C.I.) OR (95% C.I.) [p.val] 

Non-Lobular 1663 3.27% (2.39 - 4.46) 1.00 (Baseline) 

Lobular 196 6.63% (3.89 - 11.10) 2.10 (1.10 - 4.03), [0.02] 

Metachronous Second Primary Tumours (Excluding double mastectomy cases) 

 N % Second Primary BC (95% C.I.) OR (95% C.I.) [p.val] 

Non-Lobular 1041 5.48% (4.25 - 7.03) 1.00 (Baseline) 

Lobular 156 10.27% (6.39 - 16.12) 1.97 (1.10 - 3.54) [0.02] 

Women with the KRAS variant are not more likely to have lobular histology. Lobular 

histology does predict an increased risk of MPBC as expected 
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Similar conclusions were found using a time to event analysis (HR = 2.011, p = 0.03) 

(Table 9-10). 

Table 9-10: Second breast cancer risk in KRAS variant breast cancer patients controlling 

for lobular histology, extent of surgery and time. 

 N KRAS TT (%), second 
primary BC (95% CI)  

KRAS TG/GG OR (95% 
CI), p-value  

Synchronous Tumours 

Lumpectomy  

Non-
lobular 

748 0.51% (0.19-1.36) 4.43 (0.97-20.38), 
>0.5 

Lobular 97 0.94% (0.29-2.95) 2.88 (0.40 -20.99), 
>0.5 

Unilateral 
Mastectomy  

Non-
lobular 

247 0.38% (0.05-2.67) 40.75 (4.98-339.72), 
<0.01 

Lobular 45 0.7% (0.09-5.2) 26.55 (2.42-295.05), 
<0.01 

Bilateral 
Mastectomy 

Non-
lobular 

166 13.62% (8.96-20.15) 6.44 (0.98-41.97), 
>0.5 

Lobular 54 22.57% (12.93%–
36.29% 

0.95 (0.24–3.75) 
[>0.5] 

Metachronous Second Primary Tumours (Adjusted by no. years at risk) 

Lumpectomy  

Non-
lobular 

792 4.89% (3.49%–6.80%) 2.01 (1.05–3.86), 
0.04 

Lobular 110 12.08% (7.23%–19.46%) 1.08 (0.21–5.38), 
>0.5 

Unilateral 
Mastectomy  

Non-
lobular 

245 1.77% (0.76%–4.06%) 1.54 (0.29–8.27), 
>0.5 

Lobular 47 4.59% (1.86%–10.82%) 0.83 (0.10–6.92), 
>0.5 

Time to Second Primary Tumour Development 

 
N KRAS TT HR (95% C.I.) 

[p.val] 
KRAS TG/GG HR (95% 

C.I.) [p.val] 

Lumpectomy  

Non-
lobular 

792 1.00-Baseline 2.01 (1.08–3.77), 
0.03 

Lobular 110 2.39 (1.31–4.36), <0.001 1.38 (0.30–6.21), 
>0.5 

Unilateral 
Mastectomy 

Non-
lobular 

245 0.34 (0.15–0.81), <0.001 1.31 (0.26–6.69), 
>0.5 

Lobular 47 0.82 (0.30–2.29), >0.5 0.89 (0.11–7.23), 
>0.5 

Women with the KRAS variant continue to be at a significantly increased risk of 
synchronous and metachronous breast cancer when controlling for lobular histology, 
extent of surgery and time 
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To confirm that having the KRAS variant was an independent predictor of MPBC, we 

performed a multivariate analysis using a logistic regression model, assuming that the 

predictors included in the model had a linear additive structure. We confirmed using 

this model that the KRAS variant was an independent predictor of MPBC risk 

considering all other risk factors (OR = 2.26, CI 1.44–2.26, P < 0.001, Table 9-11). 

Table 9-11: The KRAS variant is an independent predictor of multiple primary breast 

cancer in a multivariable model. 

Multivariable analysis of multiple cancer risk 

 OR (95% C.I.)[p.val] 

Baseline Prob = 8.78% 

KRAS 2.26 (2.26, 1.44) [<0.001] 

Mastectomy (Unilateral) 0.56 (0.56, 0.30) [0.071] 

Mastectomy (Bilateral) 2.54 (2.54, 1.58) [<0.001] 

Lobular 1.64 (1.64, 0.99) [0.054] 

ER positive 0.87 (0.87, 0.50) [0.623] 

Ovaries removed 1.30 (1.30, 0.84) [0.243] 

BMI 1.00 (1.00, 0.96) [0.947] 

BCP 1.10 (1.10, 0.60) [0.758] 

Personal Cancer History 1.29 (1.29, 0.78) [0.322] 

Age at Diagnosis 1.04 (1.04, 1.01) [0.010] 

Menopause at Diagnosis 0.40 (0.40, 0.22) [0.003] 

Ever pregnant 0.91 (0.91, 0.56) [0.698] 

Results are based on a logistic regression model, and predictors are included in the 

model assuming a linear additive structure. 

  

9.5 Discussion  

In this study, we show for the first time that oestrogen withdrawal increases breast 

cancer risk in women with the KRAS variant, who are also significantly more likely to 

present with and develop multiple primary breast cancers. This finding was confirmed 

biologically in cell lines with the KRAS variant compared to isogenic controls. BC risk 

appears to be increased by a low oestrogen state in general, and abrupt oestrogen 

withdrawal, as found with oophorectomy, discontinuation of HRT, or in our cell line 

assays, enhances transformation and appears to increase the risk of aggressive breast 

tumour biology. We find that women with the KRAS variant are at greatest risk of 
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presenting with multiple primary synchronous breast cancer, although also continue to 

be at risk of metachronous breast cancer development. These findings further highlight 

the unique paradigm of 3’ UTR mutations, as well as give new insight into how this 

mutation could meaningfully subgroup patients to develop the best preventive 

approaches for breast cancer. The role of oestrogen withdrawal on BC risk for women 

with the KRAS variant could be due to a relationship between the KRAS variant, its 

downstream pathways and oestrogen signalling, as there are known interaction 

between oestrogen signalling and the RAS pathway. Alternatively, the relationship 

between oestrogen and the KRAS variant may instead be due to alterations in miRNA 

expression or regulation caused by this powerful hormone. In support of the later, we 

have previously shown that TNBC tumours from women with the KRAS variant have 

significantly higher aromatase expression and ER Beta expression. Both of these genes 

are regulated by the miRNA let-7, which is known to be low in KRAS variant associated 

tissues and tumours. One could speculate that sudden oestrogen withdrawal disrupts 

these biological interactions in KRAS variant tissues, ultimately leading to escape, 

independent signalling and growth, and oncogenesis. Extensive cell line work is ongoing 

to define the relationship with oestrogen and the series of mechanistic events leading 

to cancer in individuals with the KRAS variant. Regardless, our cell line findings confirm 

that breast cells with the KRAS variant are transformed by oestrogen withdrawal. In 

addition, our clinical findings that BC patients with the KRAS variant are more likely to 

have an oophorectomy than non-variant patients, have a lower BMI, and thus lower 

circulating oestrogen than controls, and that HRT discontinuation leads to aggressive 

tumour biology, supports the hypothesis that acute oestrogen withdrawal alters breast 

cell biology for KRAS variant individuals. A genetic marker of increased risk of 

synchronous MPBC has not been previously identified. Other BC associated genetic 

mutations are generally considered to predict an increased risk of second, 

metachronous BC, likely due to the continued DNA damage-prone state of the tissues in 

these individuals. For women with the KRAS variant, our findings here suggest instead a 

scenario where an “event” promotes cancer initiation, globally impacting their breast 

tissue. Based on our results, we hypothesize that the event could be some form of 

acute oestrogen withdrawal, a hypothesis requiring further confirmation. As treatment 

for BC general involves acute oestrogen withdrawal, through chemotherapy and/or 
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anti-oestrogen therapy, it seems possible that the continued risk of metachronous 

breast cancer in KRAS variant patients may be partly a result of treatment for their first 

BC. Studies are currently on-going for women with the KRAS variant to both better 

understand the first potential “causative event,” as well as to define the most 

efficacious, and safest, treatment strategies to avoid metachronous breast cancer. 

Limitations of our clinical studies include self-reported lifestyle factors for our BC 

patients, which are prone to recall bias. However, our most critical findings, regarding 

tumour biology post HRT, and second BC risk, were all confirmed with pathologic 

documentation. Another limitation of our study is that our population was not 

prospectively collected, allowing survivor bias for metachronous BC development. 

However, our cohorts in this study have identical length of follow up, and we controlled 

for time in our metachronous BC analysis. Also, as women with the KRAS variant are 

significantly more likely to be diagnosed with premenopausal TNBC, which is the most 

deadly form of breast cancer, if anything, this bias should have decreased our ability to 

identify an association between metachronous BC and the KRAS variant. Perhaps most 

importantly, the findings from this study further highlight the critical importance of 

studying biologically functional 3’ UTR miRNA binding site mutations in the appropriate 

cohorts. Unlike previously discovered mutations that impact DNA repair, 3’ UTR 

mutations instead alter the appropriate cellular response to external factors. Since both 

lifestyle and environmental exposures will differ across populations, and represent 

external factors, increasing subject numbers as is standard by large consortia by 

combining patients of numerous ethnic backgrounds and cultures should be avoided in 

the study of 3’ UTR mutations. Since such consortia have begun to study 3’ UTR 

mutations, it should be recognized that their findings, or lack of findings, will be biased 

against finding the mutations that are perhaps the most important – those that could 

be managed by lifestyle modifications. Utilizing the correct cohorts to define the factors 

that can modify cancer risk in biologically functional 3’ UTR mutations should be an 

extremely high priority in cancer prevention studies at this time. Although the best 

oestrogen management strategies for women with the KRAS variant are yet to be 

defined, our findings do suggest that sudden oestrogen withdrawal, such as that caused 

by oophorectomy or abrupt discontinuation of HRT, may increase breast cancer risk for 

these women. It also appears that women with the KRAS variant are significantly at 



Paper 10 

207 
 

increased risk of MPBC, and at the time of their first BC diagnosis should be carefully 

evaluated for other synchronous primaries. While those at highest risk are women 

homozygous for the KRAS variant, a relatively rare genotype (»3% of the healthy 

population), it is important to note that the prevalence of homozygote KRAS variant 

patients is still >10 fold higher than BRCA mutant individuals in the healthy population 

(∼0.25%). While the best way to integrate these findings into current BC management 

is an active area of discussion between both physicians and BC patients, this marker is a 

potentially vital additional tool to help guide both oestrogen tailoring and BC 

management for women with the KRAS variant, who comprise one in 5 newly diagnosed 

BC patients. 
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Chapter 10 
 
Paper 11: Targeted resequencing of the microRNAome and 3′UTRome reveals functional 

germline DNA variants with altered prevalence in epithelial ovarian cancer. Chen, X., 

Paranjape, T., Stahlhut, C., McVeigh, T., Keane, F., Nallur, S., Miller, N., Kerin, M., Deng, 

Y., Yao, X., Zhao, H., Weidhaas, J. B., Slack, F. J. Oncogene, 2014. 34(16): p. 2125-

2137.[423] 
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10 Paper 11 

10.1 Title 
Targeted resequencing of the microRNAome and 3′UTRome reveals functional germline 

DNA variants with altered prevalence in epithelial ovarian cancer. Chen, X., Paranjape, 

T., Stahlhut, C., McVeigh, T., Keane, F., Nallur, S., Miller, N., Kerin, M., Deng, Y., Yao, X., 

Zhao, H., Weidhaas, J. B., Slack, F. J. Oncogene, 2014. 34(16): p. 2125-2137.[423] 

10.2 Abstract  

Ovarian cancer is a major cause of cancer deaths, yet there have been few known 

genetic risk factors identified, the best known of which are disruptions in protein coding 

sequences (BRCA1 and 2). Recent findings indicate that there are powerful genetic 

markers of cancer risk outside of these regions, in the noncoding mRNA control regions. 

To identify additional cancer-associated, functional non-protein-coding sequence 

germline variants associated with ovarian cancer risk, we captured DNA regions 

corresponding to all validated human microRNAs and the 3′ untranslated regions (UTRs) 

of ~ 6000 cancer-associated genes from 31 ovarian cancer patients. Multiple single-

nucleotide polymorphisms in the 3′UTR of the vascular endothelial growth factor 

receptor/ FLT1, E2F2 and PCM1 oncogenes were highly enriched in ovarian cancer 

patients compared with the 1000 Genome Project. Sequenom validation in a case–

control study (267 cases and 89 controls) confirmed a novel variant in the PCM1 3′UTR 

is significantly associated with ovarian cancer (P = 0.0086). This work identifies a 

potential new ovarian cancer locus and further confirms that cancer resequencing 

efforts should not ignore the study of noncoding regions of cancer patients. 

10.3 Introduction  

Ovarian cancer is the most lethal gynecological cancer[661]. The high death rate is 

primarily due to patients presenting with advanced disease due to vague symptoms that 

delay diagnosis and a lack of well-known risk factors. Although there is a familial-

inherited risk component for ovarian cancer risk, historically very few genetic 

abnormalities identified (BRCA1- and BRCA2-coding sequence mutations [662]) have 

been associated with a meaningful increased risk for the disease. Such previously 

identified inherited mutations associated with cancer risk all reside in the protein-

coding region of the DNA, and account for only 3% of all cancers (ACS, 2010). Attempts 
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to find new meaningful inherited mutations have taken global approaches such as 

genome-wide association studies, but these studies have found exclusively non-

functional variants that may only be associated with regions of DNA that harbor the 

functional variants [663, 664], resulting in only small effect sizes that are not clinically 

useful [663, 664]. Although cancer genome resequencing projects have identified a few 

additional genetic alterations in individual patient tumours, the success of these 

research programs has been limited, possibly because of the rarity of mutations that 

result in such complex phenotypic changes as oncogenesis, or because of their focus on 

protein-coding sequences [665-668]. MicroRNAs (miRNAs) provide a powerful new 

avenue to the discovery of functional genetic risk factors in cancer. MiRNAs have been 

found to be altered in all cancer types studied, including ovarian cancer [669, 670]. 

Owing to the importance of miRNA functions in development and growth, as well as 

their ability to target hundreds of genes simultaneously, single miRNA disruptions can 

enhance oncogenesis and hence, mutations in miRNA genes, and in their binding sites in 

cancer genes, are proving powerful in cancer risk assessment [671-673]. A recent study 

of reported single nucleotide polymorphisms (SNPs) in miRNAs found a relatively low 

level of sequence variation in functional regions of miRNAs [671]. Several such 

polymorphisms have been identified and appear to be deleterious in cancer, making 

them likely candidates for causal variants [623, 674-677]. It has also been shown that 

there are genetic variations within the 3′ untranslated regions (3′UTRs) of cancer genes 

and in some cases, the variations specifically alter miRNA-binding sites [623]. The first 

discovered and best studied mutation of this class is a functional 3′UTR inherited 

mutation in KRAS (rs61764370), which has been shown to be a risk factor for multiple 

cancers, including ovarian cancer [606, 622, 623]. Given the existence of relatively rare, 

functional variants in miRNAs and their binding sites in target genes, we chose to 

systematically sequence germline genomic DNA obtained from ovarian cancer patients 

to discover additional functional variants associated with cancer in the miRNA regions 

and 3′UTRs of cancer-related genes. Our workflow consisted of capturing these regions 

using NimbleGen’s sequence capture technology using a custom developed 

hybridization array followed by high-throughput paired-end sequencing to identify 

genetic variations using individual genomic DNA samples from ovarian cancer patients. 

The sequencing data sets for our patients were of high quality and we applied stringent 
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quality control and filtering to ensure the accuracy of variant identification. We next 

used a network-wide analysis to focus on those genes with variation in their sequence 

and their expression in ovarian tumours. Subsequently, a subset of the known and novel 

variants was validated using Sequenom technology in a case–control cohort. We have 

identified multiple novel and known variants both in miRNA genes as well as in the 

3′UTR of cancer-related genes. Many of the variants in the 3′UTRs were also found to lie 

in target sites for miRNAs. A case–control validation of a subset of these mutations 

confirms significant enrichment of one of these variants in ovarian cancer patients. Our 

results demonstrate the existence of additional functional genetic variation located in 

the noncoding regions of the DNA that may help identify individuals at increased 

genetic risk for developing ovarian cancer.  

10.4 Results  

10.4.1 Target enrichment and high-throughput sequencing of miRNA genes and 3′UTRs 

of cancer genes 

We generated and analyzed targeted high-throughput sequencing data sets of ~ 700 

miRNAs and 3′UTRs of ~ 6000 cancer-associated genes to pinpoint sequence variants 

associated with ovarian cancer (Figure 10-1 (a)). The ovarian cancer population we 

studied comprised of 31 women of European descent, high-risk, ovarian cancer patients 

identified through the Yale Cancer Genetics Core, who were expected based on 

personal and family history to have a potential inherited cancer risk. Patients were 

selected to be without other known genetic lesions associated with ovarian cancer (OC) 

risk such as BRCA mutations [662] or the KRAS variant (rs61764370) [622, 623] in order 

to enrich for novel variants. Six samples known to carry the KRAS variant were included 

as positive controls. We used a target gene capture procedure to obtain sequences 

enriched in all 718 of the known human miRNA genes in miRBase 14 and 3′UTRs of 

cancer-associated genes from cancer patients. First, genomic DNA isolated from saliva 

or blood specimens was separately sheared to fragments compatible with 

Illumina/Solexa sequencing systems. Second, the individual genomic DNA was 

denatured and hybridized to a custom DNA NimbleGen array [678-680] carrying 

sequences complementary to the 718 known miRNA genes (miRBase 14) and 3′UTRs of 

5424 genes (obtained from the list of cancer genes in The Cancer Genome Atlas: 
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http://cancergenome.nih.gov/). Finally, the captured DNA was eluted and processed 

through standard Solexa sequencing [681]. We successfully performed gene capture, 

and large-scale paired-end sequencing with ~ 500X coverage per sample, and the 

majority of sequencing reads were mapped to the target regions (TRs) by aligner BWA 

[682] (Appendix 10-1). 
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Figure 10-1: (a) Workflow for our integrated study of miRNAs and targeted genes. (b) 

Allele frequency of known SNPs, patient samples versus the 1 KG database. 
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10.4.2 Identification of known and novel genetic variants 

Variations to the consensus genotype were called with Samtools (version 0.1.11) [683]. 

To increase the quality of variant calls, the read depth threshold was set to 10. With 

this, each sample contained ~ 9000 SNPs passing the threshold compared with the 

reference genome hg18 downloaded from the University of California, Santa Cruz 

(UCSC) Genome Browser (http://genome.ucsc.edu/; Appendix 10-2).  

Almost all of the samples have around 300 SNPs in pre-miRNA regions and 8500 other 

SNPs with a read depth of at least 10. We successfully detected the KRAS variant in the 

six cases where we had previously genotyped this SNP [622]. To determine whether 

SNPs identified in our patient samples corresponded to SNPs found in previous ovarian 

cancer studies, we compared our SNP list with the cancer-associated SNPs reported in 

12 papers [591, 683-694]. From a total of 94 SNPs (Appendix 10-3), 28 were identified 

by our study as well.  

A few of them, such as rs10719 (RNASEN, P-value = 0.006), rs12889916 (SSTR1, P-value 

= 0.011), rs7499 (COL18A1, P-value = 0.028) and rs7869402 (TLR4, P-value = 0.039), 

have statistically different allele frequencies (P-value < 0.05) from normal populations 

present in the 1000 Genome Project (1 KG; Table 10-1) which indicated that our studies 

successfully identified certain known ovarian cancer-associated SNPs.  

  

http://genome.ucsc.edu/
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Table 10-1: Enrichment of previously described ovarian cancer SNPs 

SNP ID  Gene ID  Chromosome Position  Ref Freq Alt Freq in DB p-value 

rs10719 RNASEN 5 31437204 A 0.53 G 0.71 0.006 

rs12889916 SSTR1 14 37749831 T 0.208 C 0.355 0.011 

rs7499 COL18A1 21 45756756 G 0.465 A 0.323 0.028 

rs7869402 TLR4 9 119517853 C 0.091 T 0.016 0.039 

rs7957 TNFRSF10D 8 23049312 T 0.218 C 0.113 0.058 

rs12245 KRAS 12 25249917 A 0.55 T 0.435 0.092 

rs8065843 FLJ35220 17 76024941 G 0.686 T 0.79 0.095 

rs4245739 MDM4 1 202785465 C 0.784 A 0.694 0.117 

rs1126772 SPP1 4 89123210 A 0.188 G 0.258 0.188 

rs9920 CAV1 7 115987328 T 0.044 C 0.081 0.199 

rs895819 hsa-mir-27a 19 13808292 T 0.358 C 0.274 0.225 

rs720014 DGCR8 22 18478882 T 0.214 C 0.274 0.272 

rs12900401 SMAD3 15 65273644 C 0.037 T 0.065 0.294 

rs17147016 UGT2A3 4 69829815 T 0.257 A 0.194 0.303 

rs12010722 RPS6KA3 X 20080448 C 0.302 T 0.242 0.33 

rs16869269 RRM2B 8 103288805 T 0.094 C 0.129 0.375 

rs680 IGF2 11 2110210 T 0.717 C 0.774 0.391 

rs2248718 ATP6V1C1 8 104151483 C 0.111 T 0.145 0.411 

rs2910164 hsa-mir-146a 5 159844996 C 0.619 G 0.677 0.426 

rs3757 DGCR8 22 18479331 G 0.212 A 0.258 0.431 

rs17749202 WNT11 11 75575022 T 0.205 C 0.226 0.636 

rs11169571 ATF1 12 49500032 T 0.342 C 0.323 0.788 

rs2075993 E2F2 1 23708951 A 0.417 G 0.435 0.795 

rs10900596 MDM4 1 202789080 T 0.573 C 0.597 0.795 

rs12190214 ALDH5A1 6 24643187 C 0.072 A 0.081 0.801 

rs6505162 hsa-mir-423 17 25468309 A 0.511 C 0.516 1 

rs3917328 IL1R1 2 102160973 C 0.041 T 0.032 1 
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To determine how many novel SNPs were discovered in our sequencing data, the SNPs 

were compared with the dbSNP database (ver. 135)[695] and the 1000 Genomes 

Project (1 KG) (SNP calls are based on 1092 individuals from the 20101123 sequence 

and alignment release of the 1000 genomes project; 379 individuals from European 

population)[696]. We defined ‘novel SNPs’ as those not reported in dbSNP or 1 KG. We 

found approximately 50 novel SNPs in pre-miRNA regions and 900 novel SNPs in 3′UTRs 

per sample (Table 10-2)6, which constitutes almost 5–10% of total SNPs identified from 

each patient, consistent with the identification rate of novel SNPs in other studies[697]. 

To determine the mutation properties of 3′UTR and miRNA regions, we compared our 

results with mutations in 1 KG by transition vs transversion (Ti/Tv rate) and substitution 

rate. We found that miRNAs have similar mutation properties to 1 KG, whereas 3′UTR 

regions are prone to have more transversions. A-G and T-C are frequent substitution 

types, but SNPs in our samples have more balanced substitutions between A and G and 

between T and C (Figure 10-2), which further demonstrated that the sequencing of our 

samples was of high quality.  

 

Figure 10-2: Ti/Tv rate and substitution rate. 

For known SNPs, we compared the allele frequency of SNPs with the frequency in 1 KG 

or dbSNP. The frequencies across all populations were obtained for all 24 834 known 

SNPs and the frequencies over the European population (which was the population 

used for this resequencing project) were obtained for 19 093 SNPs. The vast majority of 

SNPs have a very similar frequency between our patients and the ‘normal’ people from 

                                                      
6 Supplementary data is available from the Oncogene website. File size precludes inclusion in thesis. 
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1 KG, either all populations or European only, but 1 KG European population presents 

more similarity with the patients, as our patients are from this population (Figure 10-

1(b)). However, certain SNPs presented with a much higher frequency in either our 

cases or the 1 KG controls, and are candidates to be associated with ovarian cancer 

(Figure 10-1(b), Table 10-3)7.  

 

  

                                                      
7 Supplementary information may be found on the Oncogene website. File size precludes inclusion in 
thesis.  
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Table 10-2: The top 20 of the list of novel SNPs residing in miRNA-binding sites ranked by allele frequency8 

Gene Chr Pos R Alt Freq Targeted microRNA 

HS2ST1 1 87345928 G AT 0.565 hsa-miR-3148 

DDX17 22 37211649 T A 0.516 hsa-miR-3145 

UGT2B15 4 69547273 G A 0.484 hsa-miR-545*, hsa-miR-376c 

THOC4 17 77439146 G A 0.484 hsa-miR-4311, hsa-miR-186,hsa-miR-3121 

SLC2A12 6 134350481 A G 0.452 hsa-miR-2054 

SOX4 6 21705732 C T 0.452 hsa-miR-186, hsa-miR-3133 

NT5C2 10 104836975 A G 0.419 hsa-miR-3128, hsa-miR-196a* 

FABP7 6 123146836 C T 0.387 hsa-miR-3163, hsa-miR-340, hsa-miR-452 

CUL4A 13 112967273 C T 0.387 hsa-miR-3148, hsa-miR-891a 

CUL4A 13 112967272 T AC 0.387 hsa-miR-3148, hsa-miR-891a 

ARSJ 4 115042086 T A 0.387 hsa-miR-3163, hsa-miR-142-5p, hsa-miR-873, hsa-miR-1252, hsa-miR-1286, hsa-miR-548c-3p, 
hsa-miR-548l 

SNCA 4 90865526 G A 0.371 hsa-miR-4311 

GIGYF1 7 100117074 A T 0.371 hsa-miR-4282, hsa-miR-548c-3p 

RND3 2 151034403 C A 0.371 hsa-miR-548p, hsa-miR-495, hsa-miR-376a*, hsa-miR-7-2*, hsa-miR-7-1*, hsa-miR-3065-5p, 
hsa-miR-3121, hsa-miR-410 

HMGA1 6 34321614 T C 0.371 hsa-miR-495, hsa-miR-7-2*, hsa-miR-7-1*, hsa-miR-3065-5p 

MMP11 22 22456467 T A 0.355 hsa-miR-4264, hsa-miR-2053, hsa-miR-223, hsa-miR-4328, hsa-miR-500, hsa-miR-29b-1* 

BASP1 5 17329847 A C 0.355 hsa-miR-4307, hsa-miR-129-5p 

ELAVL3 19 11423309 C T 0.355 hsa-miR-511 

MAP4K4 2 101874911 G A 0.323 hsa-miR-501-5p 

HMGA1 6 34321585 C T 0.323 hsa-miR-196a, hsa-miR-542-3p, hsa-miR-196b, hsa-miR-3148, hsa-miR-3125 

Abbreviations: Alt, alternative nucleotide; Chr, chromosome; Freq, allele frequency; Pos, genomic position; R, reference nucleotide.  

                                                      
8 Bold indicates genes differentially expressed in ovarian cancer. 
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Table 10-3: The top 20 of the list of known SNPs residing in miRNA-binding sites ranked by P-value 

Gene Chr Pos Ref Alt Db f. Freq P value Targeted microRNA 

IL18 11 111519362 C G 0.98 0.032 4.68E-74 hsa-miR-1178, hsa-miR-505, hsa-miR-4253, hsa-miR-1226*, has-miR-4260  

INPP5B 1 38100173 C T 1 0.258 5.02E-62 hsa-miR-34c-5p, hsa-miR-34a, hsa-miR-449b, hsa-miR-449a 

EIF3A 10 120785256 G T 1 0.355 2.06E-52 hsa-miR-200c, hsa-miR-23b, hsa-miR-130a*, hsa-miR-23a, hsa-miR-371-5p 

HMGA1 6 34321274 T C 1 0.387 2.28E-49 hsa-miR-4297 

ESRRA 11 63840689 A G 1 0.452 1.76E-43 hsa-miR-600, hsa-miR-148b*, hsa-miR-627, hsa-let-7a-2*, hsa-miR-4294, hsa-
miR-593, hsa-let-7g*, hsa-miR-493*, hsa-miR-924, hsa-miR-3121 

MTFMT 15 63081112 G A 1 0.484 1.25E-40 hsa-miR-548d-3p, hsa-miR-1323, hsa-miR-548x, has-miR-5480 

BCKDHB 6 81110585 C T 0.82 0.032 2.42E-38 hsa-miR-4253, hsa-miR-612, hsa-miR-654-5p, hsa-miR-1285, hsa-miR-762, hsa-
miR-541 

IDO2 8 39992635 T C 1 0.532 1.89E-36 hsa-miR-4307, hsa-miR-183*, hsa-miR-548c-3p, hsa-miR-551b*, hsa-miR-570 

CACNB2 10 18870675 T C 0.77 0.032 5.43E-33 hsa-miR-552 

PPP1R14B 11 63768801 G C 1 0.597 4.72E-31 hsa-miR-1228*, hsa-miR-886-5p, hsa-miR-3144-5p 

MAD2L1 4  T C 0.71 0.016 1.63E-29 hsa-miR-3074, hsa-miR-181c, hsa-miR-625*, hsa-miR-144*, hsa-miR-181a, hsa-
miR-410, hsa-miR-181b 

ZNF28 19 57993057 T C 0.91 0.29 5.79E-28 hsa-miR-3165 

RAB7L1 1 204004404 T C 0.91 0.29 5.79E-28 hsa-miR-541*, hsa-miR-1976 

PSPH 7 56046588 T C 0.74 0.065 4.53E-27 hsa-miR-105* 

FGFR2 10 123231486 T C 1 0.677 1.50E-24 hsa-miR-152, hsa-miR-764, hsa-miR-552, hsa-miR-148a 

ALPK1 4 113582830 C T 0.65 0.032 1.71E-23 hsa-miR-219-2-3p, hsa-miR-216a 

AGPS 2 178113035 A G 0.81 0.194 4.19E-23 hsa-miR-656, hsa-miR-410 

VHL 3 10168683 T G 0.7 0.081 1.13E-22 hsa-miR-4284, hsa-miR-484 

ZNF665 19 58359449 C T 0.6 0.016 5.48E-22 hsa-miR-125a-3p 

TLX3 5 170671441 G A 0.71 0.113 7.40E-21 hsa-miR-578, hsa-miR-525-3p, hsa-miR-103-2* 
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For known SNPs in the 1 KG project, we performed Fisher’s exact test on alleles in our 

patient samples and European population in 1 KG to test if the SNPs are associated with 

ovarian cancer. Within 19 093 known SNPs in the European population, 143 SNPs have 

a P-value less than 5 × 10−6; within 3665 novel SNPs (the novel allele at least appears 

twice in patient samples), 724 SNPs have an allele frequency more than 10%. For 

example, known and novel SNPs in the 3′UTR of HMGA1 (known SNP P-value = 2.28E-

49; novel SNP allele frequency = 37.40%), an oncogene mis-expressed in ovarian 

cancer[698], are enriched in the patient samples and are candidates for alleles with 

causal roles in ovarian cancer. Interestingly, HMGA1 is also shown to have somatic 

mutations causally implicated in microfollicular thyroid adenoma and various benign 

mesenchymal tumours in the COSMIC database [699]. Besides HMGA1, two other 

genes, FGFR2 and TLX3 with known SNPs near the top of our list, have causally 

implicated somatic mutations in non-small cell lung cancer (NSCLC), endometrial cancer 

(FGFR2) and T-cell acute lymphocytic leukemia (TLX3), respectively. GATK[700] Unified 

Genotyper was used to further confirm the SNPs called by Samtools. Among 24 834 

known SNPs called by Samtools, 22 483 (90%) were called as SNPs and 492 (~2%) were 

called as indels in GATK; among 13 030 novel SNPs called by Samtools, 3421 (26%) were 

called as SNPs and 2255 (17%) were called as indels in GATK9. This showed that variant 

calling programs have very high concordance on known SNP calling, but they have lower 

reliability in novel variant calling. We noticed that some SNPs have very small P-values 

comparing cases to controls. We suspect that this might be due to mapping and/or SNP 

calling biases and errors from either 1 KG or our own patient samples, or due to poor 

matching between cancer patients and 1 KG controls. 

10.4.3 MiRNA target site prediction and gene expression analysis 

We predicted the targets of all human miRNAs in miRBase v14 (including 5p, 3p and star 

miRNAs) by miRanda46 and TargetScan,47 and then compared targets with SNPs called 

from our samples. Of 24 834 distinct, known SNPs, 14 084 of them are within predicted 

miRNAbinding sites; of 13 030 distinct, novel SNPs, 7023 of them are within miRNA 

                                                      
9 Supplementary data available on Oncogene website. File size precludes inclusion in thesis. 
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complementary sites. Almost half of SNPs are at putative miRNA complementary sites. 

To further evaluate the function of these SNPs, we obtained a list of differentially 

expressed genes in ovarian cancer from three independent gene microarray studies 

[701-703]. These studies identified 259, 2048 and 568 differentially expressed genes, 

respectively (77, 726 and 144 genes were examined in this study). Within them, the 

numbers of genes having SNPs (for novel ones, we only considered those with more 

than one alternative allele in cases) from our patient samples are 65 (357 SNPs), 642 

(3921 SNPs) and 109 (575 SNPs; Table 10-4), respectively.  

Table 10-4: SNPs in differentially expressed genes 

Authors Number 
of 
patients 

Microarray 
platform  

Number of 
DE genes 

Number of 
genes with 
SNPs 

Number of 
genes with 
SNPs in 
miRNA 
target 

Chien et al. 
[703] 

10 cDNA-DASL 259 65 54 

Bowen et al. 
[702] 

12 Oligonucleotides 2048 642 590 

Ramakrishna 
et al.[701] 

68 Oligonucleotides 568 109 98 

Abbreviations: cDNA-DASL, cDNA-mediated annealing, selection, extension, 
and ligation; DE, differentially expressed; miRNA, microRNA; SNP, 
single-nucleotide polymorphism. For novel SNPs, we only considered those 
that have more than one alternative alleles in patient samples. 

 

To check if the SNPs are enriched in differentially expressed genes compared with all 

sequenced cancer genes, we considered the average number of SNPs per gene. The fold 

changes of the average number of SNPs per gene are 1.02, 1.18 and 1.00 for three gene 

sets compared with all sequenced genes. So the SNPs are comparatively enriched in the 

largest differentially expressed gene set; however, they are not enriched in the other 

two. In Table 10-5, we show the top differentially expressed genes identified by at least 

two microarray studies, and the genes that have SNPs at miRNA target sites (Appendix 

10-4)10.  

                                                      
10 Supplementary data may be found on the Oncogene website. File size precludes inclusion in thesis.  
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Table 10-5: SNPs in differentially expressed genes (identified in at least two studies) having SNPs in miRNA targets 

Table 10-5 (a) Known SNPs, ranked by P-value 

Gene Chr Pos Ref Alt Db Freq  Freq P-value Targeted miRNAs 

FLT1 13 27840450 T C 0.97 0.677 4.36E-13 hsa-miR-664* 

E2F2 1 23706198 G T 0.53 0.097 6.07E-12 hsa-miR-4278 

GNAS 20 56919207 C T 0.01 0.081 1.69E-03 hsa-miR-105*,hsa-miR-876-5p,hsa-miR-
4273 

SKIL 3 171593223 T A 0.88 0.742 4.90E-03 hsa-miR-140-3p 

BIRC5 17 73731801 T C 0.4 0.258 3.01E-02 hsa-miR-936 

FLT1 13 27859409 T A 0.01 0.048 4.39E-02 hsa-miR-660 

BIRC5 17 73733023 T C 0.68 0.548 4.83E-02 hsa-miR-4325 

FLT1 13 27858593 T A 0.5 0.371 6.37E-02 hsa-miR-1285 

FLT1 13 27860757 A T 0.53 0.403 6.39E-02 hsa-miR-548a-3p,hsa-miR-582-3p,hsa-miR-
553,hsa-miR-548e,hsa-miR-223* 

BIRC5 chr17 73732965 A G 0.69 0.581 8.85E-02 hsa-miR-764,hsa-miR-3127 

Table 10-5 (b) Novel SNPs, ranked by allele frequency 

Gene Chr Pos Ref Alt Freq miRanda 

FLT1 13 27772664 A C 0.081 hsa-miR-603 

PTX3 3 158643893 G T 0.065 hsa-miR-4307,hsa-miR-452*,hsa-miR-335*,hsa-miR-340,hsa-miR-190b,hsa-
miR-33a*,hsa-miR-567,hsa-miR-190 

FLT1 13 27861284 A T 0.048 hsa-miR-218 

FLT1 13 27859961 G A 0.048 hsa-miR-548u 

FLT1 13 27860592 T G 0.032 hsa-miR-135a 

INPPL1 11 71627495 G T 0.032 hsa-miR-205 

E2F2 1 23706194 A T 0.032 hsa-miR-4278 

DNMT3B 20 30860677 A T 0.032 hsa-miR-569, hsa-miR-935, hsa-miR-145, hsa-miR-590-3p, hsa-miR-4282 

SYNE1 chr6 152484598 T C 0.032 hsa-miR-485-3p,hsa-let-7a-2*,hsa-miR-181d,hsa-miR-511,hsa-miR-655,hsa-
miR-889,hsa-let-7g*,hsa-miR-493*,hsa-miR-1183,hsa-miR-2054,hsa-miR-548c-
3p,hsa-miR-181b 
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We note some very important cancer-associated genes in this table, including the 

oncogenes FLT1 (P-value = 4.36E-13, encoding the vascular endothelial growth factor 

receptor 1 tyrosine kinase), and E2F2 (P-value = 6.07E-12, encoding a key transcription 

factor responsible for the G1-S transition). In fact, we found multiple known and novel 

SNPs as well as variants within the E2F2 and FLT1 3′UTRs that were highly enriched in 

our cancer patients (Figure 10-3).  

Figure 10-3: SNPs and indels identified in our EOC cases 
The SNPs and indels identified in our EOC cases. All novel SNPs and indels identified in EOC cases and only 
those known variants that were found to be enriched in EOC cases compared with reference European 
population controls from the 1000 Genomes Project were mapped to their relative positions in the 3′UTR 
of (a) E2F2, (b) FLT1 (three separate 3′UTR transcripts) and (c) PCM1 genes, respectively. The solid line 
represents a SNP, dashed line represents an indel, red indicates novel SNP/indel, blue is known SNP/indel 
and the height of the bar represents the fold enrichment of known SNPs/indels in our EOC cases vs 
reference European population controls from the 1000 Genomes Project or the allele frequency of novel 
SNPs in cases. The bar with a circular end represents SNPs within high confidence miRNA complementary 
sites, which are shown in the black bar. The asterisk indicates the novel variant in the PCM1 3′UTR found 
to be significantly enriched in EOC cases. 
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Another gene, PCM1, with multiple known and novel variants with relatively high allele 

frequency in cancer patients, was also in the list (Figure 10-3). The genes in this 

category were also screened for evidence of somatic mutations in cancers. The third 

gene in the list, GNAS, was found to contain mutations affecting pituitary adenoma. 

Gene ontology analysis of differentially expressed SNP-containing genes putatively 

targeted by miRNAs revealed that the putative ovarian cancer-related genes involve 
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kinase activity, nucleoside binding, metabolic process and cell cycle control. Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis showed the genes 

function in pathways in cancer (adjusted P-value = 5.528−13), cell cycle (adjusted P-value 

= 8.045−5) and small-cell lung cancer (adjusted P-value = 8.892−5; Table 10-6). 

Table 10-6: GO and KEGG pathway analysis for differentially expressed genes with SNPs 

and putative miRNA targets 

Term P-value Benjamini 

GO molecular function 
 

GO:0004672 ~ protein kinase activity 1.61E-10 1.52E-07 

GO:0004713 ~ protein tyrosine kinase activity 1.71E-07 8.10E-05 

GO:0001883 ~ purine nucleoside binding 2.99E-07 9.43E-05 

GO:0030554 ~ adenyl nucleotide binding 4.05E-07 9.57E-05 

GO:0001882 ~ nucleoside binding 4.37E-07 8.26E-05 

GO biological process 
 

GO:0006796 ~ phosphate metabolic process 6.73E-12 2.30E-08 

GO:0006793 ~ phosphorus metabolic process 6.73E-12 2.30E-08 

GO:0042127 ~ regulation of cell proliferation 1.12E-09 1.91E-06 

GO:0022403 ~ cell cycle phase 4.51E-09 5.14E-06 

GO:0009725 ~ response to hormone stimulus 5.94E-09 5.08E-06 

GO cellular component 
 

GO:0031012 ~ extracellular matrix 5.41E-06 0.002362 

GO:0000793 ~ condensed chromosome 8.42E-06 0.001838 

GO:0005604 ~ basement membrane 1.32E-05 0.001924 

GO:0005578 ~ proteinaceous extracellular matrix 1.70E-05 0.001851 

GO:0005829 ~ cytosol 7.08E-05 0.006168 

KEGG pathway 
  

hsa05200:Pathways in cancer 5.53E-13 1.00E-10 

hsa04110:Cell cycle 8.05E-05 0.007255 

hsa05222:Small-cell lung cancer 8.89E-05 0.005351 

hsa00330:Arginine and proline metabolism 0.001256 0.05527 

hsa04510:Focal adhesion 0.001295 0.045824 

Abbreviations: GO, gene ontology; miRNA, microRNA; SNP, single nucleotide 

polymorphism. Only top five terms in each category are shown. 
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10.4.4 Validation of candidate variants with Sequenom and Sanger sequencing 

We tested 2 known and 19 novel SNPs (Appendix 10-4) by Sequenom for validation in a 

prospectively collected clinically completely annotated case–control study (n = 356, 267 

cases and 89 controls) by criteria as described in the Materials and methods section.  

Interestingly, most of our novel SNPs were detected in the control group, showing that 

1 KG project may be under-reporting these variants, possibly due to low coverage. 

Univariate analysis was performed with χ 2 test and logistic regression, and then 

multivariate logistic regression was performed with age, and cancer-related mutation 

status (KRAS variant and BRCA) as covariates to test whether the SNP allele is 

significantly associated with disease. From the 21 SNPs, one novel variant in gene PCM1 

(chr8 17931372) was significantly associated with ovarian cancer patients (χ 2 P-value of 

0.0086). Multivariate analysis results further confirmed the association between this 

biomarker and disease risk, after adjusting age and KRAS/BRCA mutation status (Figure 

10-3, Table 10-7).  

To further test the variant within a sample subgroup without known risk factors for 

ovarian cancer such as BRCA and KRAS variant, we performed univariate and 

multivariate analyses for samples that do not carry BRCA mutations or the KRAS variant. 

The PCM1 variant is even more significantly associated with ovarian cancer patients in 

this subgroup (Fisher’s exact P-value of 0.0014; Table 10-7(c)). Sanger sequencing of 

256 samples (142 cases and 114 controls) was used to corroborate the data from the 

Sequenom validation (Figure 10-4).  
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Table 10-7: The PCM1 variant is associated with ovarian cancer using a recessive model 

a. Univariate analysis by χ2 test and logistic regression for all samples 

Table of case by PCM1 genotype     

 PCM1    

 0+1 2 Total p-value 

Case 202 (71.89%) 65 
(86.67%) 

267 0.0086 

Control  79 (28.11%) 10 
(13.33%) 

89 

Total  281 75 356 

Analysis of maximum likelihood estimates  

Parametre  DF Estimate Standard 
error 

Wald X2 Pr>X2 

Intercept   1 1.4053 0.1823 59.3983 <0.0001 

PCM1 insATTT  1 0.4665 0.1823 6.5449 0.0105 

Odds ratio estimates  

Effect Point estimate 95% wald confidence limits 

PCM1 2-v0+1 2.542 1.244-5.195 

b. Multivariate analysis for all samples controlled for KRAS/BRCA mutation status and age 

Analysis of maximum likelihood estimates  

Parametre  DF Estimate Std. error Wald X2 Pr>X2 

Intercept   1 2.6208  0.7100  13.6244  0.0002 

PCM1 insATTT 1 0.4461 0.1834  5.9161  0.0150 

KV or BRCA 
mutation  

No 1 0.0318 0.1530  0.0431  0.8356 

Age  1 − 0.0202  0.0110  3.4010  0.0652 

Odds ratio estimates  

Effect Point estimate 95% wald confidence limits 

PCM1 2 -v- 0+1 2.441  1.189-5.009 

KV or_BRCA_mutation 0 
vs 1  

1.066  0.585-1.941 

Age  0.980  0.959-1.001 

c. Univariate analysis by Fisher’s exact test and logistic regression, and multivariate analysis for 
samples without KRAS/BRCA mutation controlled for age 

Models  
(samples w/o 
KRAS/BRCA) 

Fisher’s exact test Univariate logistic 
regression 

Multivariate logistic 
regression 

p-value 0.0014  0.0033  0.0034 

OR 3.790  3.805  3.804 

95% CI 1.529–11.307  1.677–10.261  1.672–10.277 

Abbreviations: CI, confidence interval; DF, degrees of freedom; OR, odds ratio. 0: homozygous 
ATTT deletion, 1: heterozygous ATTT insertion, 2: homozygous ATTT insertion. 
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Figure 10-4: Identification of a novel variant in the 3’UTR of the PCM1 gene.  

This allele was also found in three of four ovarian cancer cell lines sequenced. CaOV3 

and BG1 are homozygous for the ATTT insertion, IGROV1 is homozygous for the ATTT 

deletion and SKOV3 is heterozygous for the ATTT insertion. To also evaluate if this 

variant may be a risk for other cancers, such as breast cancer, we subsequently 

evaluated this variant in a separate cohort (Appendix 10-5)) of prospectively collected 

clinically completed annotated Irish breast cancer cases (n = 377) and controls (n = 

372), but did not find any significant association with breast cancer overall or with any 

specific molecular subtype (χ 2 P-value = 0.434; Appendix 10-5).  

This finding further demonstrates the specific association of this novel variant with 

ovarian cancer. We next evaluated the association of the PCM1 variant with resistance 

to platinum chemotherapy and overall survival in ovarian cancer patients. The PCM1 

variant was not found to be associated with platinum resistance as analyzed by 
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univariate and multivariate models (adjusted for histology, grade and stage, Appendix 

10-6).  

In the overall survival analysis, both stage and histology (serous vs other types) were 

statistically significant predictors of differences in survival by univariate analysis. After 

adjusting for stage, age and histology, the effect of the PCM1 variant on overall survival 

was not statistically significant (P = 0.078, Table 10-8).  

Table 10-8: The PCM1 variant is not associated with overall survival in ovarian cancer 

Multivariate analysis adjusted for age, stage and histology, type 3 tests 

Effect DF Wald X2 Pr>X2 

Age 1 5.0475 0.0247 

Stage 3 8.7872 0.0323 

PCM1 variant 1 3.1046 0.0781 

Histology 1 0.0836 0.7725 

Analysis of maximum likelihood estimates 

Parametre  DF  Paratmetre 
estimate  

Standard 
error  

X2 Pr>X2 Hazard 
Ratio 

Age 1 0.02907 0.01294 5.0475 0.0247 1.029 

Stage 1 1 0.11009 0.74131 0.0221 0.8819 1.116 

Stage 2 1 -2.02514 0.75154 7.2611 0.0070 0.132 

Stage 3 1 -0.42677 0.25765 2.7436 0.0976 0.653 

PCM1 ATTT 
insertion 

1 0.52038 0.29534 3.1046 0.0781 1.683 

Histology 
other  

1 -0.16139 0.55834 0.0836 0.7725 0.851 

 

Next, we tested whether this novel variant was associated with a particular tumour 

type, grade, stage or histology and found that the variant was most prevalent in 

malignant Mixed Mullerian Tumours (Appendix 10-7).  

To test if the 3′UTR variant could affect regulation of the PCM1 gene, we subcloned 

1741 bp of the PCM1 3′UTR downstream of luciferase in a reporter plasmid. This region 

of the 3′UTR showed 1.5-fold repression of reporter gene expression compared with an 

empty vector control in the CaOV3 ovarian cancer cell line, and 6.2-fold repression in 

the MCF-7 breast cancer cell line (Figure 10-5).  
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Figure 10-5: Regulation of PCM1 3'UTR in CaOV3 and MCF-7 cells 

 

This repression was not significantly affected by the presence of the ATTT variant 

insertion in the 3′UTR. To focus on a potential regulatory role for the ATTT insertion, we 

focused on the region of the 3′UTR immediately upstream and downstream of the 

location of the ATTT insertion. Accordingly, we generated luciferase reporters with an 

insert containing from 342 nt upstream to 249 nt downstream of the position of the 
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variant, either containing the insertion (PCM1 SF1 ATTT Variant) or lacking it (PCM1 

SF1). Expression of the reporter lacking the insertion was significantly upregulated 

relative to empty vector in CaOV3 ovarian cancer cells (Figure 10-5 (b)). This 

upregulation was also observed in MCF-7 breast cancer cells (Figure 10-5 (b)), HeLa 

cervical cancer cells and A549 lung cancer cells (Figure 10-6). Notably, reporter 

upregulation is partially (CaOV3, HeLa) or completely (MCF-7, A549) lost in reporters 

containing the ATTT insertion (Figure 10-6). These results indicate that the ATTT 

insertion has the potential to cause mis-regulation of PCM1 expression, and may 

constitute a ‘functional’ variant. 



Paper 11 

233 
 

 

 

Figure 10-6: Differential regulation of PCM1 3' UTR insATTT in cervical and lung cancer 

cell lines 
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10.5 Discussion 

In this work, we took a unique approach to identify genetic variations associated with 

ovarian cancer risk. We discovered a new variant in the PCM1 3′UTR that has been 

missed by prior efforts, is likely functional and is significantly enriched in ovarian cancer 

patients, suggesting that it represents a potential new ovarian cancer risk locus. PCM1, 

pericentriolar material 1, is a centrosomal protein that shows dynamic distribution 

during the cell cycle and exhibits a distinct cell cycle-dependent association with the 

centrosome complex [704]. Expression of the PCM1 gene and its intracellular 

sublocalization are altered in papillary thyroid carcinoma [705]. Aberrations of the gene 

have also been associated with atypical chronic myeloid leukemia and T-cell lymphoma 

[704-707]. Furthermore, PCM1 has been shown to be differentially expressed in ovarian 

cancer patients [702, 708, 709], supporting the validity of our finding. Based on strong 

evidence that 3′UTRs and miRNAs have a critical role in oncogenesis, our study was a 

hypothesis-driven investigation of these regions through sequencing of the nonprotein-

coding regions/3′UTRs of ~ 6000 cancer genes and ~ 700 validated miRNA genes in 31 

ovarian cancer patients. We further focused only on those genes with known varied 

expression in ovarian cancer, and applied bioinformatics to identify variants in predicted 

miRNA-binding sites. We found a significant number of novel variants not previously 

identified in any existing database. We further validated both the existence of a group 

of these variants as well as their enrichment in ovarian cancer using a case–control 

cohort and the Sequenom platform. 

Our findings indicate that there are potentially numerous additional potential inherited 

markers of ovarian cancer risk in these previously poorly explored regions of the 

genome [710, 711]. In particular, our functional variant in the 3′UTR of the known 

cancer gene PCM1 was enriched in ovarian cancer patients and even more significantly 

enriched in patients without other known genetic risks for ovarian cancer. Although 

PCM1 is known to be mis-expressed in ovarian cancer, this is the first report of a 3′UTR 

DNA variant in PCM1 that could alter its expression. In addition, we identified variants in 

other important oncogenes, such as FLT1, which encodes a member of the vascular 

endothelial growth factor receptor family of receptor tyrosine kinases. This protein has 

an important role in angiogenesis, a key hallmark of ovarian cancer [712], and is a target 
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of ovarian cancer therapy [713]. We will continue to further validate the variants 

identified in our study, to both confirm their existence (considering the possibility of 

false positives of variant calling algorithms), their enrichment in ovarian cancer patients, 

as well as their function and association with clinical factors. Although compared with 

large genome-wide association study data sets, our sample sets are small, we used 

hypothesis-directed investigation of specific regions of the genome. Our validation 

study set confirmed the existence of many of these novel variants, as well as their 

enrichment in ovarian cancer patients as well as biological function. Since existing data 

on 3′UTR variants indicates that their function often leads to altered outcome in cancer 

patients, it is critical to use well clinically annotated data sets, without ascertainment 

bias, as is found in most larger genome-wide association study-based data sets, to both 

discover and validate them. That said, further validation studies in the appropriate, 

clinically well annotated and non-biased data sets will further confirm our findings. Our 

data further confirm the paradigm that the non-protein-coding regions of the genome 

must be included in resequencing projects and in DNA screening to better predict 

individual cancer risk, and that functional 3′UTR variants must be confirmed on 

appropriately data sets. Such approaches as described in this comprehensive analysis of 

variation in miRNA genes and 3′UTR regions have the potential to identify new markers 

that predict risk in diseases beyond ovarian cancer. 

10.6 Materials and Methods  

10.6.1 Ethics statement  

Complete clinical data and DNA from women diagnosed with EOC were included from 

different institutions as described previously [622] under individual International Review 

Board approvals. 

10.6.2 Patient samples 

The data for ovarian cancer patients are described in Appendix 10-8.  

Patients were drawn from a study described previously [622]. Importantly, patients in 

this study were all prospectively collected, with complete clinical annotation, avoid 

selection bias as frequently found with other patient cohorts. The number of sequenced 

individuals is within an acceptable range used previously to obtain significant results 
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[714-716]. Meanwhile, in our study, we used these 31 patients identify variants of 

interest for a larger case–control validation. Samples 2, 3, 8,11, 20 and 31 were known 

to carry the KRAS variant and were included as positive controls. The data for Irish 

breast cancer cases are described in Appendix 10-5. The controls were normal healthy 

subjects of Irish decent with ages ranging between 60 and 98 years with the median age 

being 70 years.  

10.6.3 Evaluating 3′UTR and miRNA gene resequencing using NimbleGen Sequence 

Capture Arrays Gene selection 

The total of all 718 human miRNAs from miRBase v14, a searchable database of 

published miRNA sequences and annotation [717], was selected for resequencing. 

Cancer-related genes were obtained from the cancer gene list of The Cancer Genome 

Atlas. The coordinates of these 718 miRNA genes and 5437 3′UTRs covering a total 9 

681 943 bp TR of interest were identified and submitted to Roche Diagnostics 

(Indianapolis, IN, USA) for custom array design using the 2.1 M (2.1 M probes) HX1 

NimbleGen sequence capture array. The coordinates included the sequence of the pre-

miRNAs plus an additional 200 bp of flanking sequences in order to cover the regulatory 

sequences as well as aid with efficient capture. Regions for 45 miRNA genes could not 

be covered on the NimbleGen array (Appendix 10-9). 

10.6.4 Sample preparation 

The genomic DNA samples were quantified on a Nanodrop, and analyzed for quality and 

purity by gel electrophoresis. Genomic DNA was separately sheared to fragments 

compatible with the Solexa sequencing system. Next the individual genomic DNA was 

denatured and hybridized to our custom NimbleGen DNA array carrying sequences 

complementary to the 3′UTRs and miRNA genes of interest. Finally, the captured DNA 

was eluted and processed through standard high-throughput sequencing on an Illumina 

platform at the core sequencing laboratory at the Yale Center for Genome Analysis. 

Individual samples were run per well of the flow cell along with a standard positive 

control using a read length of 74 bp. All of these samples were sequenced by paired-

end sequencing.  
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10.6.5 NimbleGen individual data analysis 

Individual targeted sequencing reads were mapped to the reference genome using 

Burrows-Wheeler Aligner (BWA)[682]. Each of the patient samples had more than 60 

million sequenced reads (Appendix 10-1). As expected, all of the samples had a high 

percentage of mappable reads. Approximately 95% of reads could be mapped to the 

reference human genome when three mismatches but no gaps were allowed. For 

paired-end sequencing reads, we also excluded the reads mapped with clipping before 

subsequent analyses. The number of reads in TRs and the average of coverage were 

determined. It has been claimed that 30X coverage is sufficient to identify SNPs from 

resequencing data [683]. Our results showed that our samples have a high percentage 

of reads mapping to TRs and have excellent coverage, about 500-fold (Appendix 10-1). 

Most of the TRs were covered with a sufficient number of reads; a few positions or 

genes were not well captured by NimbleGen technology.  

10.6.6 Consensus genotype calling and SNP association test 

To infer which alleles are represented at a certain position according to the aligned 

reads, we performed consensus genotype calling. Based on the fact that sequencing 

data have errors and biases and the human is a diploid species, the consensus genotype 

should distinguish real heterozygous alleles from those resulting from errors and biases. 

A widely used method, Samtools,26 calls the consensus genotype with a Bayesian 

model that incorporates correlated errors and diploid sampling. Samtools was able to 

achieve high sensitivity for our individual sequencing data. We used default settings to 

call the SNPs and then applied filtering of raw SNP calls with parameters -d8 -D10000 -

11e-5 -20 -41e-7. Then, to further control the false positive rates, we discarded SNPs 

less than 4 bp away from a potential indel (called from gapped mapping results) or 

covered by less than 10 reads. If there were more than two SNPs in a 10-bp window, we 

discarded them all. As in our subsequent Sanger sequencing effort we discovered that 

one of the variants initially called as a SNP by Samtools was in fact an indel, we used the 

GATK45 to confirm the SNP calling results from Samtools. We preprocessed the reads 

mapped to the human genome by indel realignment, base quality recalibration and 

duplicates removal. Then the processed reads were subjected to Unified Genotyper in 

GATK to call variants on all the patient samples simultaneously. We only retained SNPs 
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and indels without missing calls from any sample11. For known SNPs in the 1 KG project, 

we performed Fisher’s exact test on alleles in patient samples and the European 

population in 1 KG to test if SNPs are associated with ovarian cancer. For novel SNPs, we 

only considered SNPs those appear at least twice in the patient samples, as there is the 

possibility for false positive calls in novel SNPs, especially when only one allele is called 

as novel SNP. However, novel SNPs (not found in 1 KG or dbSNP) may contain a large 

number of false positives because of region complexity or sequence composition, so 

further investigation is needed to validate the existence of these putative novel SNPs.  

10.6.7 MiRNA target prediction and gene expression analysis 

miRNA targets were predicted by two computational prediction programs—

miRanda[718] and TargetScan [719], with default settings. The genomic locations of 

putative binding sites were obtained from the prediction results and then matched with 

SNPs identified in the patients’ samples. Three independent gene expression studies 

were used to extract differentially expressed genes in ovarian cancer. The gene lists 

were obtained from results of microarray analysis in three original papers. Gene 

ontology analysis and KEGG pathway analysis were conducted on differentially 

expressed genes with SNPs and putative miRNA targets with DAVID bioinformatics 

resources [720, 721].  

10.6.8 SNP selection and genotyping for validation set 

Twenty-one (19 novel and 2 known) SNPs with evidence for association with ovarian 

cancer were tested by Sequenom genotyping in a case–control study. SNPs were 

selected based on the minor allele frequency of ≥8% in ovarian cancer patients, with a 

predicted miRNA-binding site at the SNP location and primer compatibility in multiplex 

genotyping on the Sequenom platform. Additionally, for the known SNPs they had to be 

enriched in the patients with Fisher Exact test P-value less than 1 × 10−4 and a 

differential fold change of ≥2 compared with the European controls in the 1 KG 

database. FLT1 and E2F alleles failed the Sequenom primer design. SNPs were 

genotyped using the Sequenom MassArray system (Sequenom, San Diego, CA, USA) 

according to the manufacturer’s instructions using 10 ng of genomic DNA. The 

                                                      
11 All GATK calling results are available on the Oncogene website. File size precludes inclusion in thesis.  
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validation cohort consisted of 267 ovarian cancer patients and 89 controls, mostly 

Caucasians [626]. The controls were healthy subjects without a prior history of any 

cancer. Appropriate positive and negative control samples were included on the plates 

along with the samples to ensure genotyping accuracy. In every case, Sequenom 

successfully identified the correct allele (data not shown).  

10.6.9 Statistical analysis 

Patient characteristics were presented using descriptive statistics. χ2 test and univariate 

logistic regression were performed to investigate the association between SNP and 

ovarian cancer. Odds ratio was calculated with 95% confidence interval. Multivariate 

logistic regression model was built to estimate the SNP association with ovarian cancer 

by taking into account age and KRAS/BRCA mutation status. χ2 test was then used to 

estimate the association between the PCM1 variant with resistance to platinum 

chemotherapy, followed by a multivariate logistic regression model adjusted for 

histology, grade and stage. Log-rank test and Cox proportional-hazards model were 

used to test the significance of PCM1 in the prediction of overall survival time.  

10.6.10 Sanger sequencing 

A genomic fragment of ~ 623 bp surrounding the novel variant identified in PCM1 3′UTR 

was PCR amplified using the forward and reverse primers, PCM1-PCR-F: 5′-

TTCCCTGCGAGGACATT TAC-3′ and PCM1-PCR-R: 5′- GGCCAGCTCATTATTTTAGGC-3′ 

from genomic DNA using KOD hot start polymerase. The PCR product was then verified 

on by agarose gel electrophoresis and ~ 70 ng of T-SAPExoI-digested product was 

sequenced using the above primers as well as a second set of nested primers; P-SEQ-F: 

5′-CGGAGTTCTTATCCAGGTGCT-3′ and P-SEQ-R: 5′- TGAATGCCTAACCCTTCAGC-3′. This 

variant in PCM1 was initially called as a SNP by Samtools, but after Sanger sequencing it 

was identified to be a 4-nt ATTT insertion corresponding to the reference allele (version 

hg18).  

10.6.11 Luciferase reporter construct generation 

The 3′UTR of PCM1 was amplified from human genomic DNA by PCR using primers 

PCM1-UTR-F: 5′- atgcagCTCGAGgcccatccattaggccagtc-3′ and PCM1-UTR-R: 5′- 

cagattGCGGCCGCctcaacctgcataaagttctctct-3′. The PCR product was isolated and cloned 

between the XhoI-NotI sites of psiCHECK2 (Promega, Madison, WI, USA). This product 
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contained the ATTT insertion, yielding psiCHECK-PCM1 ATTT variant. To create 

psiCHECK-PCM1, the ATTT insertion was deleted by primer extension mutagenesis with 

psiCHECK-PCM1 ATTT variant as template. The 5′ fragment was generated using primers 

PCM1-UTR-F and PCM-Del-RA: 5′- 

GATTAATAGCAGCTGTAACACCAGTCAAGCAATTTTGATAAGG-3′. The 3′ fragment was 

generated using primers PCM-Del-FB: 5′- 

CCTTATCAAAATTGCTTGACTGGTGTTACAGCTGCTATTAATC-3′ and PCM1-UTRR. The full-

length 3′UTR was obtained by PCR with primers PCM1-UTR-F and PCM1- UTR-R in the 

presence of the 5′ and 3′ fragments as templates. This product was cloned between the 

XhoI-NotI sites of psiCHECK2 to produce psiCHECK-PCM1. To generate reporters 

flanking the region ~ 300 nt upstream and downstream of the ATTT insertion in PCM1, 

this region of the PCM1 3′UTR was amplified from psiCHECK-PCM1 or psiCHECK-PCM1 

ATTT variant to generate psiCHECK-PCM1 SF1 and psiCHECKPCM1 SF1 ATTT variant, 

respectively. The PCR product was generated with primers PCM1SF-F: 5′-

atgcagCTCGAGccctgcgaggacatttactg-3′ and PCM1-UTR-R: 5′- 

cagattGCGGCCGCctcaacctgcataaagttctctct-3′. The PCR products were isolated and 

cloned between the XhoI-NotI sites of psiCHECK2 to yield the final reporters. Luciferase 

assays—Twenty-four hours before transfection, CaOV3 cells were seeded in antibiotic-

free media in 12-well plates, at a density of 30 000 cells/well. One hundred nanogram of 

reporter was transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), 

according to the manufacturer’s instructions. Twenty-four hours after transfection, 

luciferase activity was assayed using the Dual Luciferase Reporter Assay (Promega) and 

a Glomax-Multi+ Plate Reader (Promega), following the manufacturer’s instructions. 

After subtracting background measurements, Renilla luciferase activity intensity (IRluc) 

was normalized over firefly luciferase activity (IFluc). The fold change expression of the 

reporters relative to psiCHECK2 was calculated as: (IRluc Reporter/IFluc Reporter)/(IRluc 

psiCHECK2/IFluc psiCHECK2). The assay was repeated least three times for each 

reporter and the P-value was calculated by Student’s t-test. 
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11 Paper 12 

11.1 Title  
A genetic variant at 12p11 significantly modifies breast cancer risk in a genetically 

homogenous island population, McVeigh, T. P., McVeigh, U. M., Sweeney, K. J., Kerin, 

M. J., Miller, N., Breast Cancer Research and Treatment, 2015 Jan;149(1):41-7. [424] 

11.2 Abstract  

Genome-wide association studies have identified novel breast cancer susceptibility loci 

at 12q24 (rs1292011), 12p11 (rs10771399) and 21q21 (rs2823093). The aim of our 

study was to investigate the prevalence of variants at these three loci in an Irish sample, 

and to examine the association between these variants and breast cancer in this cohort. 

DNA was extracted from the blood or buccal swabs of Irish patients with breast cancer 

(cases), as well as from healthy Irish female controls. Genotyping was performed for 

each target using a Taqman-based platform. Data were analysed using IBM Statistical 

Package for the Social Sciences version 22. Genotyping was performed on samples from 

1,267 patients with breast cancer and 841 cancer-free controls. The per-allele odds 

ratio associated with the minor allele at 12p11 was found to be 0.67 (0.54–0.81, 

p<0.001). Genotype-specific odds ratios showed an allele dosage effect with odds ratio 

of 0.76 (0.6–0.95) for heterozygotes, and 0.23 (0.1–0.51) for rare homozygotes. Minor 

allele frequencies of the variants at 12q24 and 21q21 did not differ significantly 

between cases or controls. All three investigated variants were identified in the Irish 

population. The polymorphism rs10771399 was strongly associated with breast cancer 

risk in this cohort, and was shown to be associated with reduced odds ratio for all 

molecular subtypes. 

Keywords: Breast cancer; Single nucleotide polymorphism; Parathyroid hormone-

related peptide; Parathyroid hormone-like hormone; 12p11 

11.3 Introduction 

Excluding non-melanomatous skin cancer, breast cancer remains the most common 

malignancy in Irish women, with an incidence in the order of 2,700 cases annually. 

Despite ever-increasing improvements in detection and treatment, breast cancer is also 

the second most common cause of cancer-related mortality, accounting for 

approximately 700 deaths annually. Highly penetrant mutations in single genes account 
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for less than 15 % of cases of familial breast cancer [464] and less than 1 % of cases 

overall. The most commonly implicated genes in hereditary breast and/ or ovarian 

cancer are BRCA 1 and BRCA 2 breast cancer susceptibility genes. Intensive genetic 

linkage studies have failed to identify other BRCA genes, and a large proportion of 

familial clusters are as yet unexplained [500]. It has been suggested that the 

susceptibility of breast cancer could be polygenic, and perhaps involves multiple 

number of low– moderate penetrance genetic loci [501]. Over 70 putative breast cancer 

susceptibility loci have been identified through genome-wide association studies to date 

[722]. One recent large case–control analysis identified three novel breast cancer loci in 

a patient of European ancestry [723]. The analyses in this study included case–control 

studies through the Breast Cancer Association Consortium, which includes samples 

from patients of Irish extraction [713]. This particular study analysed the impact of two 

variants on chromosome 12 (rs10771399 on 12p and rs1292011 on 12q) as well as a 

variant on chromosome 21 (rs2823093) on breast cancer risk. The rs10771399 

polymorphism lies in a region close to the gene encoding parathyroid hormone-like 

hormone isoform 1. This neuroendocrine peptide has a role in mammary mesenchymal 

differentiation, as well as in the development of endochondral bone. Parathyroid 

hormonelike hormone isoform 1 accounts for a large proportion of cases of humoral 

hypercalcaemia of malignancy [724], as well as being directly involved in metastasis of 

breast cancer to bone [725] and has also been implicated in the promotion of migration 

and invasion of colon cancer via Rac1 activation [726]. This particular polymorphism 

(rs10771399) has been shown to reduce breast cancer risk in patients from the UK [5], 

conferring a per-allele odds ratio of 0.79 in the UK2 study (p = 3.1 9 10-6), and 0.84 in 

the British Breast Cancer Study (p = 0.008). By large scale replication in other case–

control studies via the Breast Cancer Association Consortium, this variant was shown to 

confer strong protective effect against both oestrogen receptor-positive (odds ratio 

0.87) and oestrogen receptor-negative breast cancer (odds ratio 0.85) [723]. The variant 

has been shown to be protective in women of European [723] and Asian ancestry [727] 

as well as in BRCA1 gene mutation carriers, conferring a hazard ratio of 0.87 (0.81–0.94) 

[728]. Polymorphisms in this region of 12q24 have been implicated in both malignant 

and non-malignant disease. The GG genotype of variant rs1292011 has been associated 

with reduced breast cancer risk in BRCA 2 mutation carriers [728], conferring an odds 
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ratio of 0.84. In the Breast Cancer Association Consortium replication, both 

heterozygous and rare homozygous genotypes were associated with reduced risk of 

breast cancer in women of European ancestry (odds ratio 0.93 and 0.84, respectively) 

[501]. The nearest candidate gene to the polymorphic locus at 21q21 is Nuclear 

receptor-interacting protein 1 (NRIP1), which is known to repress ER signalling via the 

Four and a half LIM domains protein 1 (FHL1) [729]. The variant rs2823093 was 

associated with reduced odds of breast cancer for both heterozygous (odds ratio 0.94) 

and homozygous (odds 0.87) genotypes, but wide heterogeneity was evident across 

several genome-wide association studies [723]. The aim of our study was to investigate 

the prevalence of these three polymorphisms at 12p11, 12q24 and 21q21 in the Irish 

population, and to investigate their role in modification of breast cancer risk, phenotype 

and outcome. 

11.4 Materials and methods 

11.4.1 Study cohort 

All patients with breast cancer were recruited via Symptomatic and Screening 

(BreastCheck) units at a single tertiary referral centre in the west of Ireland. Inclusion 

criteria included was histological confirmation of invasive or in situ breast cancer, and 

Irish ethnicity. There were no restrictions for age or histological subtype. 

Histopathological data, and information regarding treatment and outcome were 

obtained from the patient medical record. All patients referred for genetic testing for 

highly penetrant germ line mutations in single genes (BRCA1, BRCA2, CDH1, STK11, 

PTEN) were identified and results obtained from the National Centre for Medical 

Genetics, and positive carriers were excluded from the analysis. Cancer-free controls 

were recruited from the community. Volunteers were considered eligible to participate 

as a ‘‘control’’ if they had no personal cancer history of any type (except non-

melanomatous skin cancer), had no first degree familial history of breast or ovarian 

cancer, were females, had matched ethnicity to cases (i.e. Irish) and were aged over 

sixty years. Controls defined by these criteria have the lowest probability of developing 

breast cancer by age 80 years [23]. 
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11.4.2 DNA extraction and Genotyping 

After informed written consent was obtained, DNA was extracted from whole blood or 

buccal swabs by salting out, and qualified and quantified using nanodrop 

spectrophotometer. Genotyping was performed using a TaqMan-based platform, and 

the 7900HT real-time PCR system (Applied Biosystems, Foster City, CA). Results were 

obtained by allelic discrimination following PCR, using Applied Biosystems SDS 2.3 allelic 

discrimination software, and confirmed by manual analysis of multicomponent plots. 

Non-template controls corresponding to each genotype, as well as a blank were 

included in each 96-well reaction plate, and 10 % of samples were duplicated in an 

attempt to assure quality control. 

11.4.3 Statistical analysis 

All data were tabulated and analysed using SPSS version 22 (IBM). Continuous data 

were assessed for normality using Shapiro–Wilk test [439] and parametric or non-

parametric tests applied as appropriate. Normal data are presented as mean ± standard 

deviation, and skewed data as median (range). Categorical data were analysed using Chi 

squared test. Deviation from Hardy–Weinberg equilibrium in cases and controls was 

assessed using Chi squared test [436]. 

11.4.4 Ethics 

Approval for this research was granted by the Research Ethics Committee in Galway 

University Hospital. 

11.5 Results 

11.5.1 Demographics and disease characteristics 

In total, DNA from 2108 participants was genotyped. The study group included 841 

cancer-free controls and 1267 patients with breast cancer (Table 11-1).  
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Table 11-1: Patients characteristics 

Type of participant N (%) Median age 
(range), 
years 

Control 841 (39) 70 (60–99) 

Case 1267 (59) 53 (24–96) 

No/Low–moderate risk family history 1208 (96) 54 (27–96) 

Affected BRCA gene mutation carrier 19 (1.5%) 40 (25–63) 

Affected patient, mutation in other high-risk gene 4 (0.3) 56 (49–67) 

Affected high-risk patient, negative for BRCA gene 
mutations 

26 (2) 42 (24–67) 

High-risk affected patient not tested for BRCA gene 
mutations 

10 (1.6) 49.5 (28–74) 

 

Family history was defined as high risk if the probability of carrying a single gene 

mutation in BRCA1 or BRCA2 as calculated by Manchester Score [60] exceeded 10 %. 

The median age (at time of sampling) of controls [70 years (60–99)] was significantly 

older than the age (at diagnosis) of cases at 53 years (24–96) (p< 0.001, Kruskall Wallis 

test), by virtue of strict age-related inclusion criteria for controls. Patients known to 

have mutations in BRCA1 or BRCA2 breast cancer susceptibility genes were diagnosed at 

younger median age than other affected patients (p < 0.001, Kruskall Wallis test). The 

most common histological subtype of breast cancer identified was ductal type 

accounting for 877 cases (69 %), followed thereafter by lobular subtype (n = 149, 12 %). 

The most common molecular subtype was Luminal A (n = 749, 59 %). Information with 

respect to specific molecular subtype was unspecified in patients diagnosed prior to 

instigation of Her2/neu-receptor testing. The vast majority of tumours expressed either 

ER- or PR-receptors or both (n = 936, 74 %). Of patients in whom Her-2receptor status 

was established (n = 1032 81 %), 167 (16 %) were found to be positive. Five hundred 

and sixty-four (45 %) patients were node negative at presentation, but twenty-six 

patients (2 %) presented with stage IV disease (Table 11-2). 
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Table 11-2: Tumour pathological characteristics 

Tumour pathological characteristics N (%) 

Histological type 

Ductal 877 (69) 

Lobular 149 (12) 

Others 85 (7) 

Unspecified 156 (12) 

Molecular subtype 

Luminal A 749 (59) 

Luminal B 113 (9) 

Her2-overexpressing 55 (4) 

Triple Negative disease 115 (9) 

Unspecified 235 (18.5) 

Stage 

0 74 (3) 

IA 279 (22) 

IB 7 (1) 

IIA 261 (21) 

IIB 183 (14) 

IIIA 134 (11) 

IIIB 34 (3) 

IIIC 50 (4) 

IV 26 (2) 

Unspecified 219 (17) 

 

11.5.2 Genotyping 

The total cohort (n = 2,108) was genotyped for the variant rs10771399 at 12p11, and 

genotypes were scored in 98 % (n = 2,061). The frequency of the minor allele in the 

entire cohort was 0.10, with a total of 30 rare homozygotes. Patients known to have a 

highly penetrant single gene mutation were excluded from case–control analysis. In the 

remaining affected patients (n = 1,232), minor allele frequency was 0.09, and in controls 

0.13. The cohort was tested for equilibrium at each target under the Hardy–Weinberg 

principle. The variant rs10771399, was found to be in disequilibrium in controls (p = 

0.009), but not in cases (p = 0.54) and not as overall (p = 0.08) (Table 11-3).  
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Table 11-3: Test of Hardy-Weinberg equilibrium 

 
Common homozygote Heterozygote Rare homozygote X2 p value 

rs10771399 (A>G) 

Control 639 168 22 6.92 0.009 

Case 1021 203 8 0.37 0.54 

Total 1660 371 30 3.08 0.08 

rs1292011 (A>G) 

Control 122 231 87 1.41 0.24 

Case 362 580 224 0.09 0.76 

Total 484 811 311 0.76 0.38 

rs2823093 (G>A) 

Control 236 174 40 0.94 0.33 

Case 625 468 116 4.21 0.04 

Total 861 642 156 5.1 0.02 

The per-allele odds ratio [730] associated with the minor allele was 0.67 (95 % CI 0.54–

0.81), p = 0.0001, X2 (Table 11-4). Odds ratios less than one were associated with the 

minor allele for both ER-positive and ER-negative disease, as well as for both Her-2-

expressing and HER-2 non-expressing tumours (Table 11-5).  

Table 11-4: Genotypic and allelic frequencies and OR 

Genotypic frequencies 

 Common 
Homozygote 

Heterozygote Rare Homozygote 

rs10771399 (A>G) AA AG GG 

Control 639 168 22 

Case 1021 203 8 

rs1292011 (A>G) AA AG GG 

Control 122 231 87 

Case 362 580 224 

rs2823093 (G>A) GG AG AA 

Control 236 174 40 

Case 625 468 116 

Odds Ratios  

 Genotypic Odds Ratio (95% CI), p-value Alleic Odds Ratio 
(95% CI), p-value 

 Heterozygote  Rare Homozygote Minor Allele 

rs10771399 (A>G) 0.76 (0.6-0.95), 
p=0.016 

0.23 (0.1-0.51), 
P=0.0001 

0.67 (0.54-0.81), 
p<0.0001 

rs1292011 (A>G) 0.85 (0.66-1.09), 
p=0.2 

0.87 (0.63-1.2), 
p=0.39 

0.93 (0.79-1.08), 
p=0.34 

rs2823093 (G>A) 1.02 (0.81-1.28), 
p=0.89 

1.1 (0.74-1.62), 
p=0.65 

1.04 (0.87-1.23), 
p=0.698 
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Table 11-5: Genotypic and allelic frequencies, variant at 12p11 

rs10771399 

 Genotypic frequency (n) Allelic 
frequency (n) 

Per-allele OR  
(95 % CI) 

Significance 

Patient 
group 

AA AG GG A G 
  

Control 639 168 22 1,446 212 
  

ER-positive 715 145 6 1,575 157 0.68 (0.55–0.86) 0.0005 

ER-negative 188 39 1 415 41 0.67 (0.47–0.96) 0.03 

Her-2 
positive 

134 25 1 293 27 0.63 (0.41–0.96) 0.03 

Her-2 
negative 

690 144 6 1,524 156 0.7 (0.56–0.87) 0.0013 

 

Genotypic odds ratio associated with the rare homozygote versus common 

heterozygote was 0.23 (0.1–0.51, p = 0.0001, X2). Considering a sample of 1,267 cases 

and 841 controls, with a minor allele frequency of 9 % in cases and 13 % in controls, the 

study is powered at 82 % [731]. In affected patients, rare homozygotes (GG genotype) 

were affected at a median age of 56 years (44–76), compared to 53 years for 

heterozygotes (range 27–93) or common homozygotes (range 24–96), (p = 0.84, 

Kruskall Wallis test). Minor allele frequency was 0.09 in both node-positive and node-

negative disease, and no statistically significant difference in this frequency was noted 

across stage of presentation. A subset of the study group was also genotyped for the 

variants at 12q24 and 21q21 (Table 11-4). The frequency of the minor allele at the 

polymorphic locus at 12q24 was 0.45 overall, 0.46 in controls and 0.44 in cases. Per-

allele odds ratio associated with the minor allele at this locus was 0.93 (0.79–1.08, p = 

0.34). The rs2823093 variant had a minor allele frequency of 0.28 in controls, compared 

to 0.29 in cases, and 0.29 overall, with an associated per allele odds ratio of 1.04 (0.87–

1.23, p = 0.7). No significant differences in allelic or genotypic frequency were 

appreciated between stage, age of diagnosis or molecular subtype of disease. 

11.6 Discussion 

Ghoussaini et al. have shown evidence of association between three loci and breast 

cancer in European patients [723], in an analysis which included a small sample of Irish 
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patients. All three of these variants were detected in this cohort. The breast cancer 

association attached to these loci was not evident in certain other populations, namely 

Asian, for rs1292011 or rs2823093, and indeed the OR attached to rs2823093 was in 

the opposite direction. Overall, the odds ratio attached to this particular polymorphism 

in our cohort was 1.04, but 95 % CI crossed 1, and did not reach statistical significance. 

The odds ratio attached to rs1292011 overall was 0.93 (0.87–1.08), but this was not 

statistically significant. The minor allele of rs1292011 was very commonly identified, 

with a minor allele frequency of 0.45. Frequency of the minor allele was higher in 

controls than in cases (0.46 vs. 0.44). At such frequency, to be powered at 80 % for 

significance level 5 %, we would need a sample size in excess of 9,700 in each group, 

which may explain our difficulty in reproducing the significant findings of larger studies. 

The frequency of the minor allele at the 21q21 locus was actually lower in controls than 

cases. The polymorphism rs10771399 certainly appears to have a modifying effect on 

breast cancer risk in the Irish patients. Per-allele odds ratio was 0.67 (0.54–0.81), and 

genotype-specific odds ratios showed an allele dosage effect with an odds ratio 

associated with AG genotype of 0.76 (0.6–0.95), and that of GG genotype 0.23 (0.1–

0.51). Reduced odds ratio was associated with the variant for both oestrogen receptor-

positive and oestrogen receptor-negative and for both HER2-positive and HER2-

negative cancers. In affected patients with the variant, age of onset of cancer was 

slightly older than those patients without the minor allele, although wide heterogeneity 

reduced the significance of this finding. Frequency of the minor allele was found to be 

lowest in patients presenting with stage IV disease (0.076). The variant did not seem to 

significantly associate with nodal status or tumour grade. The control population was 

found not to be in equilibrium under the Hardy–Weinberg principle. This may be due to 

the fact that one of the fundamental assumptions underlying this principle was 

breached in this study. By strictly selecting for the particular phenotype conferred by 

the variant—i.e. ‘‘no cancer’’, we may have introduced ascertainment bias. Efforts to 

reduce genotyping error included duplication of testing by two authors, inclusion of 

positive and negative controls in each plate and manual as well as automatic calling of 

alleles. Cases and controls were not separated during the genotyping process. The 

frequency of the variant rs10771399 in BRCA1/ BRCA2 gene mutation carriers was 

unexpectedly high in affected patients compared to pre-symptomatic carriers. The small 
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number of such carriers included in this study makes interpretation difficult. As well as, 

a number of the unaffected carriers have undergone risk-reducing surgery in the form 

of bilateral mastectomy and/or oophorectomy. Moreover, in unaffected patients from 

families of high risk where no single gene mutation has been identified, minor allele 

frequency was 0.15, indicating modifying influence even in the setting of high familial 

risk. None of these patients had undergone any risk-reducing procedures, and median 

age was 70. Small numbers preclude statistical analysis. To elucidate the ‘‘missing 

heritability’’ of breast cancer, discovery efforts in recent years have focused on 

common low–moderate penetrant polymorphisms. Individually, loci of low–moderate 

penetrance may confer a low relative risk of breast cancer. Cumulatively however, the 

additive effect of multiple variants at breast cancer susceptibility loci, along with 

modifying environmental factors [732, 733] such as hormone replacement therapy or 

parity, may significantly impact risk, phenotype or response to treatment of malignancy 

of the breast. The Irish population represents a desirable resource for mapping of 

genetic variants. Thanks to its isolated location as an island on the westernmost point of 

Europe and a relative recent colonisation by modern humans, the genetic diversity of 

the Irish population is reduced compared to continental European counterparts. This 

has been confirmed by Y-chromosome and mitochondrial diversity studies [515]. 

Principal Component Analysis has been used to graphically reproduce genetic variation, 

and the resulting genetic map has been shown to closely resemble European 

geographic maps [407], with Ireland clearly segregating from UK and western Europe. Y-

chromosome DNA haplogroups, as defined by polymorphisms in nonrecombinant DNA, 

exhibit a low mutation rate, and can be used to follow changes in male populations, and 

as a marker of diversity. A short tandem repeat (STR) signature of one Haplogroup R1b 

cluster (R1b3) has been identified as the Irish Modal Haplotype, occurring with 

increasing frequency from Middle East to north-western Europe, with maximal 

frequency in the west of Ireland [734]. A high prevalence of this haplotype in modern 

Ireland exemplifies limited admixture in this population [477]. The Irish population also 

exhibits a relatively increased frequency of some rare functional alleles, including those 

that predispose to phenylketonuria [735], galactosemia [410], cystic fibrosis [408] and 

haemochromatosis [736]. Indeed, R408W, the most genotype identified in Irish patients 

with phenylketonuria, exhibits increasing relative frequency from east to west in Europe 
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peaking in highest frequency in the west of Ireland [737]. Furthermore, genealogical 

characterisation of phenylalanine hydroxylase alleles in patients with phenylketonuria in 

Victoria, Australia, identified a number of alleles of Irish origin [738], reflecting the 

impact of outward migration of Irish probands on other populations. Large-scale 

emigration from the island is well recognised, in particular to Australia and North 

America. Indeed, approximately 11 % (>34,000,000) of North Americans, and 10 % of 

Australians report Irish Ancestry [739]. Haplogroup R1b3 has been identified in ∼60 % 

of European Americans [740]. Information with respect to prevalence and impact of 

other functional alleles in the Irish population may be valuable to millions of Irish 

descendants in these and other countries worldwide. 

11.7 Conclusion 

All three investigated variants were identified in the Irish population. The variant 

rs10771399 was strongly associated with breast cancer risk in this cohort, and was 

shown to be associated with reduced odds ratio for all molecular subtypes 
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12 Paper 13 

12.1 Title 
Investigating the association of rs2910164 with cancer in Irish patients, McVeigh, T.P., 

Mulligan, R.J., McVeigh, U.M., Owens, P.W., Miller, N., Bell, M., Sebag, F., Guerin, C., 

Quill, D.S., Weidhaas, J.B., Kerin, M.J., Lowery, A.J., Endocrine Connections, 2017 [741] 

12.2 Abstract  

Introduction: Micro(mi)-RNAs are small non-coding RNA molecules that exert post-

transcriptional effects on gene expression by binding with cis-regulatory regions in 

target messenger-(m)RNA. Polymorphisms in genes encoding miRNAs, or in miRNA-

mRNA binding sites confer deleterious epigenetic effects on cancer risk. MiR146a has a 

role in inflammation and may have a role as a tumour suppressor. The polymorphism 

rs2910164 in the MIR146A gene encoding pre-mir146a has been implicated in several 

inflammatory pathologies, including cancers of the breast and thyroid; although 

evidence for the associations has been conflicting in different populations. We aimed to 

further investigate the association of this variant with these two cancers in an Irish 

cohort.  

Methods: The study group comprised patients with breast cancer (BC), patients with 

differentiated thyroid cancer (DTC), and unaffected controls. Germline DNA was 

extracted from blood or from saliva collected using the DNA Genotek Oragene 575 

collection kit, using crystallisation precipitation, and genotyped using Taqman-based 

PCR. Data was analysed using SPSS v22.  

Results: The total study group included 1516 participants. This was comprised of 1386 

Irish participants; 724 unaffected individuals (controls), 523 patients with breast cancer 

(BC), 136 patients with differentiated thyroid cancer (DTC) and three patients with dual 

primary breast and thyroid cancer. An additional cohort of 130 patients with DTC from 

the South of France was also genotyped for the variant. The variant was detected with a 

minor allele frequency (MAF) of 0.19 in controls, 0.22 in BC, and 0.27 and 0.26 in DTC 

cases from Ireland and France respectively. The variant was not significantly associated 

with BC (per allele odds ratio= 1.20 (0.98-1.46), p=0.07); but was associated with DTC in 

Irish patients (per allele OR= 1.59 (1.18-2.14, p=0.002).   
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Conclusion: The rs2910164 variant in MIR146A is significantly associated with 

differentiated thyroid cancer, but was not significantly associated with breast cancer in 

this cohort. 

12.3 Background 

The association between breast and thyroid disorders has been widely explored with a 

large amount of epidemiological evidence linking breast and thyroid malignancies. 

However, the extent and explanation for this association have remained ill-defined. A 

recent meta-analysis has revisited the possibility of such an association and has 

confirmed the existence of, and quantified the increased co-occurrence of breast and 

differentiated thyroid cancer (DTC) [742]. Both cancers occur predominantly in females, 

and there is a significantly increased risk of developing thyroid cancer as a second 

primary malignancy following a diagnosis of breast cancer and vice versa[743-746]. 

Mutations in PTEN have long been known to predispose to both types of m as part of 

the PTEN Hamartoma Tumour Syndrome [747]. A relationship between breast cancer 

and benign thyroid disease has also been hypothesised [748], given the common iodine 

transport mechanism [749, 750], prevalence of anti-thyroid peroxidase (TPO) 

autoantibodies in breast cancer patients[751-753] and the role of Thyroid Hormone 

Receptor B in breast cancer[754]. A non-syndromic monogenic disorder predisposing to 

breast and thyroid cancers has been postulated but has not, as yet, been identified 

[755]. However, it is possible that this association may be explained by overlapping 

moderate- or low-penetrance breast-thyroid cancer genetic susceptibility loci [756]. 

MicroRNAs (miRNAs) are crucial elements in the regulation of gene expression, and are 

involved in a host of physiological and pathological processes. A substantial proportion 

of the human transcriptome is subject to regulation by miRNAs [757]. MicroRNA genes 

are transcribed from endogenous DNA into primary miRNA transcripts (pri-miRNA), 

which are then processed by Drosha-containing complexes to form hairpin structures 

called pre-miRNAs. Pre-miRNAs are then transported into the cytoplasm, and processed 

further by a Dicer-containing complex, which acts to excise the hairpin loop. Binding of 

miRNA to target messenger RNA (mRNA) leads to translational suppression or mRNA 

degradation [758]. Partial complementarity is often sufficient for binding[757], meaning 

that individual miRNAs may have hundreds of different mRNA targets, and the 
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individual mRNA target can be regulated by many different miRNAs leading to a rich and 

complex miRNA-mRNA network. The potential complexity of the miRNA-mRNA network 

can be exemplified by the mir-146 family of microRNAs. This family includes two closely 

related but genetically distinct microRNAs, mir-146a and mir-146b, differing only at two 

nucleotides in the 3’ region of the mature sequences[758].  

These miRNAs are critical in a number of immune and inflammatory response pathways, 

and are activated differentially by NF-KB and in response to pro-inflammatory cytokines 

[758]. Mir-146a has a number of molecular targets involved in innate and adaptive 

immune responses; cell proliferation, invasion and metastasis; including, among others, 

TRAF6 [758], IRAK1 [758], IRAK2 [759], EGF-R [760], NOTCH1 [761] and ROCK1[762]. 

Mir-146a upregulation is mediated by BRAF and NRAS oncoproteins [761] .  

The typical human genome varies from the reference sequence at 4.1-8 million sites 

[763], and the majority of this variation is attributable to small indels and single 

nucleotide polymorphisms (SNPs). The vast majority of these SNPs are benign, but they 

may become relevant functionally and clinically if they occur in a critical binding site or 

regulatory region [764].  A single nucleotide variant (rs2910164) in the precursor stem 

region of pre-mir-146a is thought to reduce the stability of the pri-miR and affect 

processing of pri- to pre-miRNA; thus impacting expression of mature miR-146a [765]. 

This variant has been implicated in a host of malignant and non-malignant inflammatory 

conditions such as hepatocellular [766] and gastric cancers [767], coronary artery 

disease[768], inflammatory bowel disease[769], multiple sclerosis[770, 771]. Some 

authors report an association between the variant in  heterozygous, but not 

homozygous states and an increased risk of papillary thyroid cancer [765]; while others 

report an association with  both heterozygous and homozygous states [772]. Data with 

respect to this association is conflicting, with other groups failing to show an association 

with hetero- or homozygous genotypes [773, 774]. Similarly, there are conflicting 

reports of the impact of the variant allele on mature mir146a expression, with some 

authors reporting reduced expression[765], and others over-expression[676].  

A possible association between the rs2910164 variant and breast cancer was suggested 

after a report by Shen et al suggested an impact of age of onset of familial breast cancer 

in Chinese patients[676]. An Italian study of a small cohort of carriers with 
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BRCA1/BRCA2 mutations also suggested an influence of age of onset of disease, but not 

on risk overall[775]. However, no association between age at diagnosis or disease risk 

and genotype was identified in a larger study of BRCA1/BRCA2 mutation carriers from 

Europe and USA[776], nor in a different Chinese cohort of sporadic cases [777]. It has 

been postulated that ethnicity may significantly modify the association between miRNA 

polymorphisms and cancer risk[778].  An association between genotype and sporadic 

breast cancer risk and phenotype has been investigated in variably powered studies 

from China[777], Italy[775, 779], Germany[779], Spain[780], Australia[781], Saudi 

Arabia[782], India [783] and Iran[784-786]; and in numerous meta-analyses with 

conflicting results[767, 787-789].  To date, no Irish samples have been included in such 

analyses.  

The aims of this study were to investigate the association between the variant allele of 

rs2910164 in MIR146A and predisposition to breast and differentiated thyroid cancers 

in an Irish patient sample, and to investigate the frequency of the variant in a distinct 

patient population from the South of France.  

12.4 Methods 

12.4.1 Study Samples 

Case-control analyses were undertaken, comparing genotypic and allelic frequencies of 

the variant in patients with breast cancer and in those with DTC, to frequencies in 

unaffected controls.  

Unselected patients with confirmed in situ or invasive breast cancer (n=534) were 

recruited via a symptomatic and screening breast cancer tertiary referral centre (Galway 

University Hospital). Of these, 7 were found to carry a pathogenic mutation in BRCA1 or 

BRCA2 and were excluded from analysis. Two other individuals were found to carry 

pathogenic mutations in another breast cancer susceptibility gene (CHEK2, CDH1), and 

were also excluded.  

Patients were recruited from thyroid cancer treatment clinics at tertiary centres in the 

West of Ireland and South of France as part of a collaborative multicentre study to 

establish a thyroid cancer biobank at the Discipline of Surgery in the Lambe Institute for 

Translational Research, based in Galway University Hospital. Patients with a histological 
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confirmation of differentiated thyroid cancer (DTC) were included (n=269). Exclusion 

criteria included benign thyroid disease, medullary thyroid cancer, or known pathogenic 

germline mutations in cancer predisposition genes.  

Individuals were included as controls if they did not have a current or previous diagnosis 

of cancer (not including non-melanomatous skin cancer), if they did not have a first-

degree familial history of breast, ovarian or thyroid cancers, and if they were aged over 

sixty years. Controls were recruited from non-oncological out-patient clinics, and from 

volunteers in the community.  

Written and informed consent was obtained from each patient and the study was 

approved by the institutional ethics review board at Galway University Hospital.  

Data pertaining to tumour clinico-pathological characteristics and previous germline 

genetic testing was recorded from hospital histopathology and genetic testing reports. 

Information regarding personal and familial medical history was self-reported by 

patients. 

12.4.2 DNA extraction 

Participants recruited in hospital were asked to provide a 10ml whole blood sample, 

and those recruited from the community were asked to provide a salivary sample 

collected using the DNA Genotek Oragene 575 collection kit. DNA was extracted 

manually by ethanol precipitation from whole blood or saliva, and qualified and 

quantified using nanodrop spectrophotometry. DNA was deemed to be of suitable 

purity if the ratio of the absorbance at 260 and 280nm measured approximately 1.8 

[790].  

12.4.3 Genotyping 

Genotyping was performed by PCR using a Taqman assay (Applied Biosystems) 

containing allele -specific probes and a PCR primer pair to detect the specific variant 

under investigation. Each allelic discrimination reaction mix contained 1mcl Taqman 

SNP genotyping assay, 10mcl Taqman SNP genotyping Master Mix, and 40ng/9mcl 

genomic DNA. RT-PCR was performed using ABI 7900 HT Fast Real-Time PCR System 

(Applied Biosystems) under the following conditions: 95 ºC for ten minutes to facilitate 

activation of DNA polymerase, and 40 cycles of amplification, with denaturation at 95ºC 
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for 15 seconds followed thereafter by annealing and extension at 60 ºC for one minute. 

The assay for rs2910164 SNP was manufactured such that reporter dyes were tagged to 

the 5’ end of alternative allele probes (VIC to the variant C allele probe, and FAM to the 

G allele probe[791]), and a non-fluorescent quencher at the 3’ end of the respective 

probes. VIC dye fluorescence only was interpreted as homozygosity for the C-allele, 

FAM dye fluorescence only as homozygosity for the G allele, and fluorescence signals 

from both dyes as heterozygosity. Allelic discrimination plots were generated, with 

automatically interpreted FAM and VIC fluorescent signals plotted on X and Y axes. 

Automated genotype calling was confirmed manually by interrogation of 

multicomponent plots.  

12.4.4 Statistical Analysis 

Data was analysed using SPSS version 24. Continuous data was assessed for normality 

using the Kolmogorov-Smirnov tests, and analysed using parametric or non-parametric 

tests as appropriate. Normal data was expressed as mean ± standard deviation, and 

non-normally distributed data as median (range). Categorical data was assessed using 

chi-squared tests. The frequency of the variant was assessed for Hardy Weinberg 

equilibrium using chi-squared test. Case-control analyses were performed between 

patients of matched ethnicity.  

12.5 Results 

Considering the Irish cohort primarily, samples from 724 controls, 523 patients with 

breast cancer, 136 patients with differentiated thyroid cancer, and 3 patients with dual 

primary breast and thyroid cancer were successfully genotyped for rs2910164 in pre-

miR146a. The clinical and pathological characteristics of the patient cohort are outlined 

in Tables 12-1 and 12-2. The variant was proven to be in Hardy Weinberg equilibrium in 

both case cohorts and in controls.  
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Table 12-1: Irish patient characteristics 

 Breast Cancer 
(N(%)) 

Thyroid Cancer 
(N(%)) 

Controls 
(N(%)) 

Total 526* 139* (100) 724 (100) 

Gender 
Male 3 (1) 27 (19) 53 (7) 

Female 523* (99) 112* (81) 671 (93) 

Age at diagnosis 
(cases) or 
sampling 
(controls) 

Median 
(Range) 
Mean ± St. 
Dev. 

53 (30-88) 
55.14 ± 11.11 

42 (16-84) 
45.33 ± 15.01 

70 (60-93) 
70.72 ± 6.71 

Age Groups 

15-39 28 (5) 48 (35) 0 

40-49 149 (28) 29 (21) 0 

50-64 229 (44) 32 (23) 124 (17) 

≥65 104 (20) 13 (9) 600 (83) 

Unknown 16 (3) 17 (12) 0 (0) 

*including three female patients with breast and thyroid cancer 

Table 12-2: Tumour Clinico-pathological features 

  Breast Cancer 
N=526 

Thyroid Cancer 
N=139 

 N (%)  N (%) 

Histology 

Ductal 397 (75) Papillary 112 (81) 

Lobular 78 (15) Follicular 27 (19) 

Colloid 12 (2)   
  
  

Other 19 (4) 

Missing 20 (4) 

Molecular 
Subtype 

Luminal A 344 (65)   

Luminal B 61 (12) 

Her2-overexpressing 28 (5) 

Triple-negative 53 (10) 

Unknown 40 (8) 

T-stage 

Is 33 (6)     

1 182 (35) 1 57 (41) 

2 216 (41) 2 45 (32) 

3 39 (7) 3 25 (18) 

4 16 (3) Unknown 12 (9) 

Unknown 37 (7)     

N-stage 

0 250 (48) 0 38 

1 130 (25) 1 21 

2 62 (12)     

3 27 (5)     

Missing 57 (11) Not assessed 80 

  



Paper 13 

261 
 

The frequency of the minor allele was higher in breast cancer cases (0.22) than controls 

(0.19), but the per allele odds ratio for the C-allele did not achieve statistical significance 

(OR 1.20 (0.98-1.46), p=0.07). Neither hetero- nor homozygous genotypes were 

associated with breast cancer in this patient population (Tables 12-3 and 12-4). 

 
Table 12-3: Genotypic and allelic frequencies 

Genotype Control Case (DTC) Case (Breast) 

Irish patients    

Number 724 139 526 

GG 480 74 326 

CG 215 55 171 

CC 29 10 29 

C allele 273 75 229 

G allele 1175 203 823 

Minor Allele Frequency 0.19 0.27 0.22 

Male Patients 

 Number 53 27 3 

GG 35 (66) 13 (48) 2 (67) 

CG 16 (30) 12 (44) 0 

CC 2 (4) 2 (7) 1 (33) 

C allele 20 16 2 

G allele 86 38 4 

Minor Allele Frequency 0.19 0.30 0.33 

Female Patients 

Number  671 112 523 

GG 445 61 324 

CG 199 43 171 

CC 27 8 28 

C allele 253 59 227 

G allele 1089 165 819 

Minor Allele Frequency 0.19 0.26 0.22 
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Table 12-4: Genotypic and Allelic Odds Ratios (Irish Patients) 

Odds Ratio (95% CI) Per C allele CG-v-GG CC-v-GG 

Thyroid 
Cancer 

All 
cases  

1.59 (1.18-2.14) 
p = 0.002 

1.66 (1.13-2.44) 
p = 0.009 

2.24 (1.05-4.78) 
p = 0.03 

Male 1.81 (0.85-3.87) 
P = 0.13 

2.02 (0.76-5.39) 
P=0.16 

2.69 (0.34 -21.14) 
P = 0.33 

Female 1.54 (1.11-2.14) 
P = 0.01 

1.58 (1.03-2.41) 
P = 0.03 

2.16 ( 0.94- 4.97) 
0.06 

Breast 
Cancer 

Overall 1.20 (0.98-1.46), 
p =0.07 

1.17 (0.92-1.5), 
p = 0.21 

1.47 (0.86-2.51) 
p = 0.15 

Male 2.15 (0.37-12.57) 
P = 0.40 

0 (n/a) 
  

8.75 (0.54-142.69) 
P=0.77 

Female 1.19 (0.98-1.46) 
P= 0.09 

1.18 (0.92-1.51) 
P=1.19 

1.42 (0.82-2.46) 
P = 0.20 

No significant association was detected between genotype and age at diagnosis of 

breast cancer (p=0.13, Kruskall Wallis test), or molecular subtype of breast cancer 

(p=0.715, X2) (Table 12-5). No association was evident between genotype and T-stage 

(p=0.559, X2), absolute tumour size (p = 0.409, Kruskall Wallis test), or nodal status 

(p=0.843, X2) (Table 12-6). The frequency of the minor allele was significantly higher in 

DTC cases (0.27) than controls (0.19). The C-allele variant was significantly associated 

with DTC in both heterozygous (OR 1.66 (1.13-2.44), p = 0.009) and homozygous 

genotypes (OR 2.24 (1.05-4.78), p = 0.03) (Tables 12-3 and 12-4). When association was 

analysed by gender, the association remained significant for females. The association 

also retained significance when histological subtype was considered. When papillary 

subtypes of thyroid cancer only (n=113) were considered, the risk conferred by the CG 

genotype was 1.55 (1.01-2.38), p =0.04; and by the CC genotype, 2.81 (1.3-6.05), p = 

0.006 (Table 12-5).  

We did not identify an association between genotype and age at diagnosis of DTC 

(p=0.644, ANOVA, Figure 12-1).  There was no appreciable association between 

genotype and nodal status (p=0.625, X2), or T-stage (p=0.153, X2) (Table 12-6). 
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Figure 12-1: Genotype vs age at diagnosis 

Table 12-5:  Genotypic Odds Ratios 

  Genotype  Genotypic OR (95% CI) 

N Odds Ratio 
(95% CI) 

P Odds Ratio 
(95% CI) 

p 

GG GC CC GC-v-CC GG-v-CC 

Molecular 
Subtypes 
of Breast 
Cancer 

Luminal A 
(n=342) 

219 106 17 2.02  
(1.76-5.39) 

0.16 2.69  
(0.34-21.14) 

0.33 

Luminal B 
(n=61) 

35 22 4 1.4  
(0.8-2.45) 
  

0.23 1.89  
(0.63-5.68) 

0.25 

Her2-
overexpressing 
(n=28) 

18 7 3 0.87  
(0.36-2.11) 
  

0.75 1.07  
(0.24-2.68), 

0.92 

Triple Negative 
(n=52) 

31 20 2 1.44  
(0.8-2.58) 

0.22 2.76  
(0.77-9.91) 

0.11 

Thyroid 
Cancer 
Histology  

Papillary 
(n=110) 

59 41 10 1.55  
(1.01-2.38) 

0.04 2.81  
(1.3-6.05) 

0.00
6 

Follicular 
(n=26) 

15 11 0 1.64  
(0.74-3.62) 

0.2 n/a   
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Table 12-6: Lack of association of genotype with age, T-stage, nodal status 

  Genotype  

   GG GC CC Significance 

Breast 
Cancer 

Age 55 (33-88) 52 (32-84) 52 (30-84) 0.197* 

T-stage         

Is 24 8 1 0.689# 

1 105 65 12 

2 133 72 11 

3 26 10 3 

4 12 3 1 

Unknown 26 10 1   

Tumour Size 25 (2-100) 23 (2-116) 25 (2-110) 0.327* 

Nodal Status         

0 158 77 15 0.861# 

1 80 42 8 

2 36 22 4 

3 19 8 0 

Thyroid 
Cancer 

Age 43.89 ± 
14.69 

47.45 ± 16 46 ± 12.44 0.470α 

T-stage         

1 38 15 4 0.079 

2 21 22 2 

3 10 12 3 

Unknown 5 3 1   

Nodal Status         

0 24 12 2 0.728 

1 11 7 2 

Not assessed 39 33 6   

* Kruskall Wallis Test, # X2, α ANOVA 

All three female patients diagnosed with both breast and thyroid primary malignancies 

were found to be of CG genotype.  

One hundred and thirty patients with DTC were recruited from a tertiary centre in the 

South of France and genotyped successfully for this variant. This sample demonstrated 

much greater diversity in terms of ethnic origin – with the majority identifying as 

“French Caucasian” (n=90, 68%), but significant patients reporting other European 

(n=20, 15%), Asian (n= 7, 5%) or North African origin (n=10, 8%) (Table 12-7). The 

frequency of the variant allele in this population was 0.26.  
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Table 12-7:  Characteristics of French patients 

Patient Characteristic N (%) 

Ethnicity  

French Caucasian 90 (69) 

Other European Caucasian 20 (15) 

Asian 7 (5) 

African 10 (8) 

Other 3 (2) 

Minor allele frequency 0.26 

Gender 
 

Male 37 (29) 

Female 93 (72) 

Histopathological Subtype  

Papillary 119 (92) 

Follicular 11 (9) 

Mean Age at diagnosis ± Std. Dev. (years) 47.71 ± 15.28 

 

Table 12-8: Genotypic frequency (French cohort) 

  Patient Genotype   

  GG GC CC Significance 

N (%) 72 (55) 49 (38) 9 (7)   

Minor Allele 
Frequency 

0.26   

Mean age at 
diagnosis ± 
std. dev 
(years) 

47.85 ± 14.56 47.65 ± 16.27 46.89 ± 17.14 0.984α 

T-stage         

1 40 21 3 0.066# 

2 13 12 6 

3 17 12 0 

4 1 0 0 

Unknown 1 4 0   

Nodal Status         

0 17 9 2 0.945# 

1 22 10 2 

Not assessed 32 27 5   

Unknown 1 3 0   

# X2, α ANOVA 
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12.5.1 Discussion  

The role of miRNA-146a and miRNA-146b in inflammation, immune function and 

epithelial cell homeostasis, and their reported roles in inhibition of invasion and 

metastasis, make them seductive candidates as cancer susceptibility genes. The 

function of miR-146a, as is true for other microRNAs, appears to be tissue-, as well as 

context-specific[792]. Different studies have variably categorised mir-146a as tumour 

suppressor or oncogenic microRNA depending on the tissue of interest[793].  

The expression of these miRNAs has been shown to be upregulated in basal-like breast 

cancer cell lines, a subtype commonly associated with BRCA1 deficiency, compared to 

Luminal subtypes. Binding of these miRNAs to target sites in the 3’UTR of BRCA1 can 

also downregulate its’ expression, leading to increased cellular proliferation [794]. 

However, miRNA-146b has also been shown to be upregulated in healthy basal 

mammary epithelial cells [795]. It has also been reported that upregulation of mir-

146a/b by BRMS1 leads to inhibition of  invasion and metastasis of MDA-MB-231 

human breast carcinoma cells [796], by subsequent down-regulation of NFkB through 

the targets IRAK1 and TRAF6 [797]. In other studies, such upregulation was associated 

with an anti-apoptotic effect in p53 deficient breast tumours [793]. The expression of 

genes involved in the NF-KB pathway and regulation of apoptosis may also be 

dependent on pre-mir146a genotype[798].  

Considering in rs2910164 in particular, in vitro studies have suggested that mature 

miRNA-146a levels are increased in MCF7 cell lines transfected with pcDNA3.3-miR-

146C versus pcDNA3.3-miR-146G, which the authors postulate to be related to 

increased binding capacity of mir-146a to BRCA1 in the presence of the C-variant [676].  

However, we, and other authors, have previously shown that circulating mir-146a levels 

are reduced in the presence of the C-allele in patients with breast cancer[799, 800].  

Mir-146a and mir-146b have been shown to be upregulated, and associated with 

adverse prognostic features, progression and invasion in papillary [801], follicular[802], 

and anaplastic [803] thyroid cancers. This effect may be mediated through associations 

with NFKB [803], ST8SIA4[802] or RARB[804, 805]. A previous study by Jazdzewski et al 

postulated that different genotypes did not show an association between the 

homozygous rs2910164 genotype and disease, which they attribute to differential 
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production of mature miRNA in tumours; with heterozygotes producing three alternate 

isoforms of the miRNA (miR-146a from leading strand, and miR-146a*G and miR-

146a*C from passenger strand), with different sets of target genes [765, 806].  

Our data support a possible association between the variant allele of rs2910164 and 

differentiated thyroid cancer in this patient population. Furthermore, an allele dosage 

effect was observed, with homozygous genotypes associated with increased odds of 

disease compared to heterozygotes. In our study, 7% of patients were homozygous for 

the variant compared to 4% of controls, while in the cohort of the study by Jazdzewski 

et al, the homozygote genotypic frequency was 2.9% in cases compared to 6.6% in 

controls [765]. This study included samples from three ethnically distinct populations 

(Finland, Poland and USA); with approximately equal representation of cases from each 

cohort; but over half of the controls were Polish. We have demonstrated that the 

frequency of the variant allele in French cases is 0.26, which is comparable to that 

reported in our Irish cases (0.27), and to the MAF in Finnish cases (0.27)[765] and 

comparatively higher than the MAF reported in the Polish (0.22)[765] or UK (0.24) [773] 

cohorts, but  lower than that reported in American cases (0.30)[765]; and considerably 

lower than that reported in Chinese patients (0.57). A cohort of French controls is 

required for comparative analyses before any conclusion can be made regarding the 

significance of this variant in the French population, as there is obvious variability in 

frequency of the variant that can be demonstrated across different populations. This 

high MAF in DTC cases merits further investigation in a larger study with controls of 

matched ethnicity. Variability in frequency of the variant across different populations is 

exemplified by the different MAF demonstrated in our cohort compared to our nearest 

geographical neighbours in the UK, where the MAF in both control and case cohorts 

was 0.24. The UK study therefore did not support an association of the variant with 

disease. Our criteria for inclusion of participants as controls was much more stringent 

than in this study, where controls were recruited from the national blood donor service, 

the 1958 Birth cohort, and from a separate colorectal cancer susceptibility gene 

discovery project (COloRectal Gene Identification study (CORGI)). Furthermore, 

although the number of cases included in this study was greater (cases: 748 -v- 139; 

controls: 2857 -v- 724 ); the population in the UK is 65.6 million [807], almost 14 times 
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greater than that in the Republic of Ireland (approximately 4.7 million [808]). Our 

sample therefore represents a greater proportion of the national population.   

We applied rigorous selection criteria to controls, specifying that they must be aged at 

least 60 years; the rationale being that patients with a genetic predisposition to cancer 

are more likely to be affected at younger ages, and older individuals have the lowest 

residual lifetime possibility of developing cancer. Indeed, the median age at diagnosis of 

thyroid cancer in our cohort was 45 years (range 16-84). The controls in other studies 

were young or age-matched unaffected individuals recruited from outpatient clinics or 

as part of another study [765, 809, 810]. In an Italian study, no association between the 

variant and thyroid cancer was described, but the authors do not describe the ages of 

the control individuals [43].  Young patients have a higher lifetime probability of 

developing a cancer that may be related to an underlying predisposition.  

Previous studies have suggested that gender may influence the strength of the 

association of rs2910164 with disease[811]; potentially because of the regulation of 

miRNA-146a expression by oestrogen in immune cells[812]. In this study, the strength 

of the association between the variant and thyroid cancer retained significance in 

female patients, but did not in male patients. A limitation of this study however is the 

small number of male controls, and this subgroup is underpowered to draw any formal 

conclusion from the analysis.  

As the variant in question is a transversion involving two nucleotides of a Watson-Crick 

pair; it is important that the orientation of the DNA strand on which the variant is 

called; and the method by which genotyping is performed is considered. Previous meta-

analyses have described the multitude of methods by which genotyping of this variant 

has been performed in different cohorts [813]. It is important not just to consider the 

method, but also the orientation of the primers in the assays utilised, and indeed the 

assembly build on which their design is based.  A lack of clarity about this point may 

have contributed to the apparently discordant results in the literature to date; a 

confounding factor that has been reported in the investigation of other SNPs [814]. The 

situation in this context is further complicated by the differing frequencies and indeed 

impact of the variant allele in different populations, especially between East Asian and 

European Caucasian populations [809, 813, 815].  
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The technology at our disposal to investigate and identify genetic variation has 

improved dramatically in recent years. It is therefore likely that the “low-hanging fruit” 

– the highly penetrant monogenic cancer predisposition syndromes – have already 

been identified. The missing heritability of cancer is likely to be attributable to low 

penetrance alleles in multiple genes. While individually these polymorphisms may 

confer small effect sizes, the cumulative risk conferred by inheritance of multiple low 

penetrance alleles may possibly approach that of the high-risk monogenic disorders. As 

we start to develop algorithms to include data from low penetrance alleles into breast 

cancer risk estimation[791], we must endeavour to do the same for less common 

malignancies – particularly those of which the genetic architecture is, as yet, poorly 

defined.   

This study highlights a number of key points. In this cohort, the variant rs2910164 

appears to be associated with differentiated thyroid cancer, but does not have a clear 

association with breast cancer risk, nor age of disease onset or molecular subtype of 

breast cancer. The clinical utility of the identification of this variant in a patient sample 

is, as yet, undetermined, given the numerous potential inflammatory benign and 

malignant disease processes in which miR-146a has a role; and the differential 

frequency and influence of this variant across populations. This study is limited by a 

relatively small number of samples from patients with DTC.  However, we believe this 

sample to be representative of Irish patients with the disease, considering that we have 

strongly matched for ethnicity in a population of only 4,757,976 [808, 816] with a 

thyroid cancer incidence of  3.61/100,000 [816].  

The possibility of variant allele misalignment between different studies does exist, and a 

robust meta-analysis, accounting for this, may further elucidate the association 

between the variant allele at this locus, and cancer predisposition.  
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Chapter 13 
 

Paper 14: The impact of Oncotype DX testing on breast cancer management and 

chemotherapy prescribing patterns in a tertiary referral centre, McVeigh, T.P., Hughes, 

L.M., Miller, N., Sheehan, M., Keane, M., Sweeney, K.J., Kerin, M.J., European Journal of 

Cancer (2014) [206]  
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13 Paper 14 

13.1 Title  
The impact of Oncotype DX testing on breast cancer management and chemotherapy 

prescribing patterns in a tertiary referral centre, McVeigh, T.P., Hughes, L.M., Miller, N., 

Sheehan, M., Keane, M., Sweeney, K.J., Kerin, M.J., European Journal of Cancer (2014) 

[206]  

13.2 Abstract 

Introduction: The use of chemotherapy in node-negative, (O)Estrogen Receptor (ER)-

positive breast cancer has changed significantly since the introduction of Oncotype DX 

to determine systemic recurrence risk based on tumour genomic signature.  

Aims: This study aims to  

1. Document longitudinal changes in chemotherapy use 

2. Assess the impact of new evidence on local protocol  

Methods: A cohort study was undertaken, including consecutive patients with early 

node negative, ER-positive breast cancer diagnosed between 2006 and May 2013, 

including a period of prospective clinical trial (Trial Assigning Individualised Options for 

Treatment (TAILORx)) recruitment. Data were collected regarding patient 

demographics, tumour clinico-pathological features, Oncotype DX use and recurrence 

score and chemotherapy use. All therapeutic decisions were made following 

multidisciplinary discussion, with adherence to guidelines and consideration of trial 

protocol and Oncotype DX recurrence scores.  

Results: 479 consecutive patients were included in the study, of whom 241 (50%) 

underwent Oncotype DX testing, 97 as part of the TAILORx clinical trial. Oncotype DX 

testing began on a trial basis in 2007 and until October 2011, only patients enrolled on 

TAILORx availed of genomic profiling. From October 2011, Oncotype DX was used in all 

eligible patients as per National Cancer Control Programme (NCCP) guidelines. A total of 

216 (45%) patients received chemotherapy. The use of chemotherapy changed in 

inverse proportion to the availability of the genomic assay. Of those patients in whom 

Oncotype DX was utilised, 138 (57%) were spared chemotherapy.  
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Conclusion: This study validates the use of molecular testing in the rationalisation of 

systemic therapy.  

13.3 Introduction  

13.3.1 Management of breast cancer  

Disease free and overall survival rates from breast cancer have increased steadily over 

the last several years despite a trend towards less aggressive surgical techniques [1]. 

Breast conserving surgery represents the gold standard surgical approach to the breast, 

while the surgical management of the axilla is trending increasingly towards a more 

minimally invasive approach especially in the case of limited nodal disease burden [2]. 

Enhanced understanding of the molecular basis of breast cancer has allowed targeting 

of hormonal therapy or immunologic agents [3–5]. The use of systemic therapy in the 

management of breast cancer has led to a dramatic reduction in cancer-related 

mortality by virtue of eradication of micro-metastatic disease in the circulation [6]. The 

benefit of adjuvant chemotherapy is most apparent in those cases in which the cancer 

cannot be cured by local treatment alone [7,8]. In those patients with node-negative 

early-stage breast cancer, however, the absolute benefit of systemic treatment is 

modest [9], but the associated potential adverse effects are considerable. Therefore, in 

line with other breast cancer treatment modalities, the application of chemotherapy is 

becoming increasingly individualised, and over-treatment avoided wherever possible. 

To this end, international guidelines recommend inclusion of gene expression analysis in 

risk stratification and decision-making in prescription of adjuvant systemic therapy 

[10,11].  

13.3.2 Breast cancer genomics  

Our understanding of tumour behaviour may be enhanced by gene expression analysis. 

The risk of distant spread or recurrence of a tumour may not simply be a function of 

increasing size or temporal acquisition of metastatic ability, but may exist as an inbuilt 

property of the tumour from the very beginning of the neoplastic process [8]. The use 

of chemotherapy is based traditionally on factors providing prognostic information, but 

the genomic profile of a tumour may provide additional information in predicting the 

recurrence risk of a tumour, and the degree of benefit associated with chemotherapy 

[8,9]. Oncotype DX (Genomic Health Inc., Redwood City, CA) is a clinically validated 
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twenty-one-gene genomic assay that can quantify the risk of breast cancer recurrence 

[12–14]. The gene panel includes five reference genes and sixteen cancer-related genes, 

including those associated with cell proliferation, invasion and hormone response. The 

test generates a recurrence score between 0 and 100 that correlates to the likelihood of 

disease recurrence within 10 years of diagnosis. Prospective validation of the assay was 

carried out using a cohort from the National Surgical Adjuvant Breast and Bowel Project 

(NSABP), trial B-14 and B-20 [13,14]. Patients in these trials were divided into low-, 

intermediate- and high-risk groups based on recurrence scores (<18, 18– 30 and ≥31, 

respectively). The additional chemotherapy benefit when added to hormonal therapy 

compared to hormones alone was large in the high-risk group, and minimal in the low-

risk group. The benefit in the intermediate group was unclear [14]. The protocol of 

TAILORx (Trial Assigning Individualised Options for Treatment) has assigned different 

definitions to risk categories, with ‘low risk’ defined as scores less than 10, high-risk 

greater than 26 and intermediate between 11 and 25, inclusive. This new ‘intermediate-

risk’ group is randomised to receive either hormonal therapy alone or combination 

chemotherapy and hormonal therapy [15,16]. This trial will hopefully increase our 

understanding of the utility of adjuvant systemic therapy in this group. TAILORx 

recruitment in Ireland was run through the All Ireland Cooperative Research Oncology 

Group (ICORG), and interested and participating oncologists were provided with 

information and educational materials at ICORG meetings, by post and online. The 

Health Service Executive (HSE) provides health and personal social services for every 

Irish resident, using taxation accrued public funds. A substantial proportion of the Irish 

population also avails of private health insurance from a variety of insurance brokers. 

Ireland was among the first European countries to publicly reimburse the Oncotype DX 

test from October 2011. Prior to this date, Oncotype DX had been available for use in 

this patient cohort in Ireland on trial basis only, as part of the TAILORx trial [16]. From 

October 2011, Oncotype DX was used in all eligible patients as per national Irish Society 

of Medical Oncology and National Cancer Control Program guidelines [17]. Recruitment 

for this trial began in our institution in September 2007 and continued until May 2010. 

Between May 2010 and October 2011, Oncotype DX was included in only a small 

proportion (20%) of private health insurance policies, and was not publicly available. 

The test was therefore not routinely used in clinical practice.  
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13.4 Aims  

This study aims to document longitudinal changes in the uptake of genomic profiling 

technologies and systemic chemotherapy, and to assess the impact of new evidence on 

local protocol.  

13.5 Methods  

A retrospective cohort study was undertaken. Patients were included if their disease 

fulfilled the following criteria: unilateral, stage T1 or T2, between 10 and 50 mm in size, 

node-negative, (O)Estrogen Receptor (ER)-positive and Her2/neu negative. The study 

group comprised 471 consecutive female patients diagnosed between January 2006 

and May 2013. Patient demographic and tumour clinico-pathological data, Oncotype DX 

recurrence scores and information regarding chemotherapy treatment regimes, 

complications and patient outcomes were obtained by chart review. Oncotype DX 

testing was performed centrally at the Genomic Health Laboratory, using paraffin-

embedded tissue samples taken from the tumour. All tumour specimens were analysed 

in-house in the department of pathology, and interpretation validated by a dedicated 

breast pathologist. All reports were discussed at a weekly monthly disciplinary meeting. 

Tumour grade was scored using Elston–Ellis modification of the Scarff–Bloom–

Richardson grading system (Nottingham grading system) [18], based on assessment of 

tubule formation, nuclear pleomorphism and mitotic count. Tumours were staged as 

per TNM staging system [19].  

The use of chemotherapy in patients enrolled to the TAILORx clinical trial was based on 

recurrence score and randomisation as per protocol. The use of chemotherapy in 

patients managed outside this trial was guided by recurrence score and decided based 

on a case-by-case discussion at the multidisciplinary meeting, and in full consultation 

with patients. All patients received adjuvant hormonal therapy, and in the case of breast 

conserving surgery, adjuvant radiotherapy. The standard chemotherapy regime 

consisted of Docetaxel and Cyclophosphamide or Doxorubicin and cyclophosphamide.  

A comparative analysis was carried out across four time intervals:  

1. Period prior to availability of Oncotype DX in Ireland (2006–September 2007). 

2. Period during TAILORx recruitment (September 2007–May 2010). 
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3. Period following TAILORx recruitment and prior to public reimbursement (May 

2010–October 2011). 

4. Period in which Oncotype DX testing is part of routine clinical practice (October 

2011–May 2013).  

All data were analysed using SPSS version 20. 

13.6 Results  

13.6.1 Patient Demographics  

Criteria for inclusion in this study included a diagnosis of unilateral, stage T1 or T2 

tumours (650 mm in maximum diameter), node-negative, ER-positive HER2-negative 

breast cancer. Three patients had tumours less than 1 cm and were excluded from 

analysis. Five hundred consecutive female patients were diagnosed with tumours fitting 

this molecular profile over the study period. Twenty-five of these patients were 

excluded from analysis in the case of bilateral disease, ipsilateral concomitant second 

tumour of different morphology or if the diagnosis pertained to a disease recurrence. 

Two patients had multifocal disease but overall tumour burden measured < 50 mm 

maximally. A total of four hundred and seventy-three tumours in four-hundred and 

seventy-one patients were then included in the final analysis. Patient and tumour 

clinico-pathological data are outlined in Table 13-1. The majority of patients were aged 

between 50 and 65 years (n = 250, 53%).  
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Table 13-1: Patient and tumour characteristics 

Median age at diagnosis (range), years 58 (30–89) 

Age group, n(%)  

<40 18 (4) 

40–49 78(16) 

50–64 250 (53) 

>65 125 (27) 

Median size (range), mm 20 (10–50) 

T-stage, n (%) 
 

T1 240 (51) 

T2 233 (49) 

Histological subtype, n (%) 
 

Ductal 364 (77) 

Lobular 56 (12) 

Colloid 23 (5) 

Tubular 12 (3) 

Mixed 5 (1) 

Other 13 (3) 

Grade, n(%) 
 

1 66 (14) 

2 317 (67) 

3 90 (19) 

 

13.6.2 Time Intervals  

The use of Oncotype DX testing and adjuvant chemotherapy across four intervals is 

outlined in Table 13-2  
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Table 13-2. The application of the test in clinical practice has increased exponentially 

since it has been available for use in the public sector. Eighty-five percent of patients (n 

= 125) managed in the most recent interval underwent genomic profiling of their 

tumours as part of their treatment. The use of chemotherapy has undergone a stepwise 

reduction over the four intervals, having been used in 63% of cases in the interval pre-

Oncotype DX availability, compared to 32% of cases in the interval of routine Oncotype 

DX testing.  
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Table 13-2: Treatment intervals, Oncotype DX and chemotherapy use. 

Time period 2006–2007 2007–May 
2010 

June 2010–
October 
2011 

October 
2011– May 
2013 

Total 

Oncotype DX test 
availability  

Oncotype 
not 
Available 

Oncotype 
available 
on trial 
only 

Oncotype 
not 
publicly 
reimbursed 

Oncotype 
in clinical 
use 

 

Number of potentially 
eligible patients 
treated 

54 (12%) 198 (42%) 73 (15%) 147 (31%) 471 

Oncotype DX use 0 (0%) 96 (48%) 19 (26%) 125 (85%) 240 

Chemotherapy use 34 (63%) 100 (51%) 33 (45%) 47 (32%) 216 

Proportion of 
population with 
private health 
insurance 

49% 47% 48% 46% . 

 

13.6.3 Chemotherapy drug costs  

Chemotherapy drug-related costs reduced dramatically in 2010 following the expiration 

of the patent on Docetaxel. The cost in our institution of four cycles of the TC 

(Docetaxel/Cyclophosphamide) fell from €5965 in 2006 to €483 in 2013.  

13.6.4 Recurrence scores  

A total of 240 (51%) Oncotype DX genomic tests were performed over the study period. 

Of these, 96 were performed as part of the TAILORx trial. Patients were stratified into 

low-, moderate- and high-risk groups based on recurrence scores, as per the definitions 

outlined by Paik et al. [14,20]. The majority of patients (n = 118, 50%) had a low 

recurrence score. A minority (n = 16, 7%) had a score in excess of 31 (high-risk). The 

remaining patients (n = 100, 43%) were of intermediate risk. All patients with a high-risk 

score received adjuvant chemotherapy (n = 16, 100%). Of patients with a low-risk score, 

16 received chemotherapy (n = 16, 14%). All 16 patients were enrolled to the TAILORx 

trial, and had a recurrence score in excess of 11, and were randomised to 

chemotherapy as per protocol [16]. Sixty-five (65%) of patients deemed to be of 

intermediate recurrence risk were prescribed adjuvant chemotherapy. Patients in this 

risk category were far more likely to receive chemotherapy if they were not being 

managed as part of the TAILORx trial (40 (70%)-versus-25 (58%), Table 13-3).  
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Table 13-3: Recurrence risk groups and chemotherapy use. 

Recurrence risk Oncotype 
score 

Trial Number of 
patients (n) 

Chemotherapy 
used (n (%)) 

Low 0–17 

Total  118 16 (14%) 

TAILORx 41 16 (39%) 

Off-trial 77 0 (0%) 

Intermediate 18–30 

Total  100 65 (65%) 

TAILORx 43 25 (58%) 

Off-trial 57 40 (70%) 

High ≥31 

Total 16 16 (100%) 

TAILORx 7 7 (100%) 

Off-trial 9 9 (100%) 

 

13.6.5 Chemotherapy use  

Univariate analyses were performed to investigate which factors influenced use of 

chemotherapy (Table 13-4). Chemotherapy was more often prescribed in the case of 

tumours of increasing grade (< 0.001, Mann–Whitney). The use of chemotherapy 

correlated inversely with age at diagnosis (p < 0.001, Mann–Whitney). Chemotherapy 

use was also significantly influenced by the time period during which patients were 

treated (p < 0.001, X2).  
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Table 13-4: Univariate analysis: factors influencing prescribing of chemotherapy. 

  
N Chemo. 

used 
p-value 

Interval 

Prior to Oncotype 54 34 (63) <0.001* 

Trial period 198 100 (51) 
 

Prior to 
reimbursement 

73 33 (45) 
 

Publicly reimbursed 147 47 (32) 
 

Grade 

1 66 12 (18) <0.001* 

2 317 153 (48) 
 

3 90 51 (57) 
 

Age groups (years) 

<39 18 14 (78) <0.001* 

40–49 78 52 (67) 
 

50–64 250 119 (48) 
 

≥65 125 29 (23) 
 

Oncotype DX risk groups 

Low 118 16 (14) <0.001* 

Intermediate 100 65 (65) 
 

High 16 16 (100) 
 

 Chemotherapy use  

 
Chemotherapy 
prescribed 

No chemotherapy  

Median age (range)/years 54 (31–77) 62 (30–89) <0.001ⱡ 

Median tumour size 
(range)/mm 

22 (7–50) 19 (10–49) 0.012 ⱡ 

Median Oncotype score (range) 24 (11–61) 14 (4–28) <0.001 ⱡ 

Chemo. = chemotherapy * Chi-squared test, ⱡ Independent Samples Mann–Whitney 
U test 

 

Four patients declined chemotherapy. Three of these patients did not undergo genomic 

assessment, and the other patient had an intermediate risk score and was not on a 

clinical trial. One other patient withdrew from participation in a clinical trial and did not 

have systemic chemotherapy treatment. These factors were then included in a 

multivariate model (binary logistic regression, Table 13-5  
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Table 13-5). Considering traditional prognostic indicators such as grade and tumour 

size, as well as patient age and interval of treatment, all factors retained significance in 

influencing decision-making as regards prescription of chemotherapy.  
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Table 13-5: Factors influencing chemotherapy prescribing overall. 

Factor Significance OR 

Interval* <0.001 - 

Oncotype available on trial only 0.049 0.49 

Oncotype not publicly reimbursed 0.022 0.37 

Oncotype routinely used <0.001 0.2 

Grade ⱡ <0.001 - 

Grade 2 <0.001 5.37 

Grade 3 <0.001 7.4 

Size 0.029 1.03 

Age <0.001 0.91 

* Compared to interval prior to availability of Oncotype DX, ⱡ Compared to grade 1 

 

However, when recurrence score was included in the multivariate model (Table 13-6), 

the traditional prognostic indicators (grade and tumour size) were not shown to be 

independent factors in guiding chemotherapy use. Patients were 1.32-times more likely 

to receive chemotherapy with each unit increase in recurrence score (p < 0.001). The 

interval during which patients underwent treatment remained a significant predictive 

factor (p = 0.04).  

Table 13-6: Factors influencing chemotherapy prescribing following the introduction 

Factor Significance OR 

Interval* 0.04 
 

Oncotype not publicly reimbursed 0.15 0.32 

Oncotype routinely used 0.017 0.41 

Grade ⱡ 0.24 
 

Grade 2 0.15 2.17 

Grade 3 0.78 1.22 

Size 0.59 1.01 

Age 0.04 0.96 

Oncotype score <0.001 1.33 

*Compared to period of trial recruitment, ⱡ Compared to grade 1 

 

In those patients in whom Oncotype DX was not used, traditional prognostic factors 

such as grade, size and age were highly significant in determining chemotherapy use 

(Table 13-5). In this cohort, time interval of treatment was also found to impact on 

decision-making (p = 0.045), with patients managed following the introduction of 

Oncotype DX into clinical practice being far less likely to receive chemotherapy than 
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those patients managed in the era pre-Oncotype DX availability (OR 0.09, p = 0.008), 

despite a lack of formal tumour genomic assessment.  

Table 13-7: Factors influencing chemotherapy use in patients in whom Oncotype DX was 

not used  

Factor Significance OR 

Interval* 0.045 
 

Oncotype available on trial only 0.069 0.45 

Oncotype not publicly reimbursed 0.121 0.42 

Oncotype routinely used 0.008 0.09 

Grade ⱡ 0.001 
 

Grade 2 0.002 9.20 

Grade 3 <0.0001 17.72 

Size 0.03 1.01 

Age 0.04 0.96 

Oncotype score <0.001 1.33 

*Compared to period of trial recruitment, ⱡ Compared to grade 1 

13.6.6 Follow up and disease recurrence  

The median follow-up in this series is 47 months (8– 97). Over the study period, 12 

(2.5%) patients experienced disease progression, relapse or a second cancer. Two 

patients progressed to develop visceral metastases, and one patient unfortunately 

succumbed to metastatic disease of bone, brain and viscera. Five patients (1%) 

developed metastases limited to bone. Three patients developed recurrent disease 

despite having received full dose chemotherapy. One patient had a recurrence score of 

36 and developed visceral metastases despite receiving full dose chemotherapy. The 

five patients in whom bone metastases were diagnosed had received hormonal agents 

only. A further four patients developed contralateral breast disease. One patient was 

diagnosed with a contralateral breast cancer of different morphology, while three 

patients developed contralateral breast disease of similar morphology.  

13.7 Discussion  

It is well reported that variations in gene expression patterns can influence breast 

cancer phenotype, and clustering of gene expression patterns can be used to these 

tumours into distinct molecular subgroups [3]. It is recognised that each tumour has a 

unique gene expression profile, and there may be diversity in tumour biology and 
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disease progression even between tumours of the same molecular subtype [21]. These 

variations can greatly influence intrinsic tumour behaviour, and, therefore, response to 

treatment and patient outcome. Traditionally, the need for chemotherapy was decided 

based on tumour clinico-pathological prognostic indicators, with factors such as age 

[22], tumour size, nodal status, grade and receptor expression profiles taken into 

consideration as predictors of recurrence risk [23,24]. Generally, tumours <2 cm of 

grade 1 would not be managed on endocrine therapy alone. Those patients however, if 

recruited to TAILORx, underwent genomic profiling and were randomised to treatment 

groups according to protocol. Some traditional prognostic factors may reflect timing of 

cancer detection as opposed to tumour biology [25], and may therefore miss some of 

the patients that would accrue most survival benefit from systemic therapy, leading to 

potentially inappropriate under-treatment [8]. Furthermore, these traditional 

prognostic indicators lack specificity, resulting in overtreatment of patients with 

potentially harmful adjuncts of negligible benefit beyond local curative resection, 

radiation and systemic endocrine therapy [12]. The Oncotype DX 21-gene assay 

represents the first clinically validated multi-gene assay that can quantify the likelihood 

of breast cancer recurrence [8]. The recurrence score generated in this test has been 

consistently shown to directly impact decision-making in breast cancer management 

[25,26]. Treatment decisions among medical oncologists for early breast cancer are 

variable even with the use of gene assays [27,28]. A pooled analysis by Carlson and Roth 

[12] found the proportion of patients with low-risk recurrence scores receiving 

chemotherapy to range between 0 and 16% across fourteen series (pooled mean 5.8%). 

In our series, 14% (n = 16) of patients in this category received chemotherapy. It is 

worth noting that all 16 of these patients were enrolled in the TAILORx trial. These 

patients all had recurrence scores greater than 11, necessitating their inclusion in the 

trial arm. They were then randomised to receive chemotherapy. Patients not enrolled 

to TAILORx were spared chemotherapy in all cases of a low-risk recurrence score. All 

patients with a high-risk recurrence score (n = 16, 100%) received chemotherapy 

whether or not they were enrolled to a clinical trial. In other series, this proportion 

ranged between 72% and 100% (pooled mean 83.4%) [12]. Patients found to have an 

intermediate-risk recurrence score (18–30) received chemotherapy in 65% cases. 

Patients were more likely to receive chemotherapy if they were not enrolled to TAILORx 
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(n = 40 (70%)-versus-25 (58%)). This proportion is higher than that reported in other 

series (range 23.9–65% [12]). When considering factors influencing chemotherapy 

prescribing in this group alone (Table 13-8), the absolute Oncotype score was significant 

in influencing use of chemotherapy (OR 1.28 per unit increase).  

Table 13-8: Factors influencing use of chemotherapy in intermediate-risk patient 

Factor Significance OR 

TAILORx participation 0.13 0.47 

Grade ⱡ 0.016 
 

Grade 2 0.004 13.84 

Grade 3 0.018 12.09 

Size 0.44 0.98 

Age 0.05 0.94 

Oncotype score 0.002 1.28 

ⱡ Compared to grade 1 

 

TAILORx participation was not shown to be an independent predictor of chemotherapy 

use when considering other factors such as Oncotype score, age at diagnosis and 

tumour size and grade. Grade was found to retain strong significance in this group, with 

tumours of grade 2 and grade 3 associated with a 13.8- and 12.1- fold increased used of 

chemotherapy compared to tumours of low grade even when all other factors were 

considered (p = 0.016). This reflects a reversion back to traditional prognostic indicators 

in the decision-making process when faced with an indeterminate score. The most 

striking finding of this series was the observed stepwise reduction in chemotherapy use. 

Considering time intervals alone, this is unexpected, given that the cost of systemic 

therapy has decreased drastically over the study period and yet is being utilised less 

frequently. The application of Oncotype DX has previously been shown to influence 

decision-making in chemotherapy-prescribing [29]. In this series, we have shown the 

introduction of the 21-gene assay into the clinical arena to have an influence on 

decision-making among disciplinary teams, independent of its direct use. The concept 

that not all patients might benefit from chemotherapy by virtue of favourable tumour 

genomics has translated into reduced application of systemic therapy even in those 

patients in whom formal genomic appraisal was not available. Traditional prognostic 

factors are now only relied on in the case of an indeterminate result. Validation of the 
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Oncotype DX by level one evidence [30] has led to a change in physician attitudes 

towards risk stratification and adjuvant chemotherapy use. 

13.8 Conclusion  

The application of Oncotype DX has been successfully integrated into the treatment 

paradigm of patients with early stage ER+, node-negative breast cancer in our 

institution. Patients at lowest risk of disease recurrence on the basis of the test have 

been spared chemotherapy, while those found to be likely to receive most survival 

benefit from chemotherapy have all received systemic treatment. Traditional prognostic 

factors remain important in decision-making in patients of indeterminate scores. The 

introduction of Oncotype DX testing into clinical practice in our institution has led to 

reduction in the application of systemic therapy independent of its actual use. Long-

term data regarding patient outcome are awaited but certainly short- and medium-term 

results are favourable. This illustrates the importance of continued adaptation of the 

clinical team to new evidence in decision-making of breast cancer management. 
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14 Discussion and Implications for future research  

Personalisation of care of the patient with breast cancer has been the goal of clinicians 

for many decades. In more recent years, genetics has become a central feature of this 

endeavour, thanks to increased research and discovery efforts, and significant 

reductions in costs of sequencing[1]. The genetics of cancer is particularly complex, as 

we must consider not only genetic variation within the germline, but also within the 

tumour. This is complicated further by increasing variation of the genetic architecture of 

the tumour over space and time; and by alternative methods of gene silencing, such as 

methylation or variation within cis regulatory regions. Because of this, inclusion of 

molecular diagnostics and interrogation of the tumour, and, where appropriate, the 

germline, in the care of the patient with cancer has been formally recognised as a 

priority in the National Cancer Strategy for 2017-2026[421].  We have shown a high 

level of acceptability and uptake of tumour-based profiling among clinicians, and indeed 

have shown a change in practice in response to inclusion of gene expression profiling as 

part of the patient diagnostic work-up [9]. Indeed, the establishment of research 

initiatives such as the Irish Cancer Society’s BreastPredict programme[817], as well as 

the foundation of a Genetics research programme within the Discipline of Surgery in our 

own university, and in other Irish universities, highlights the interest that exists among 

clinicians and clinical researchers in Ireland with respect to exploring the utility of 

genomic profiling in patients with cancer. 

At present, the staffing levels in Clinical Genetics in Ireland are the worst in Europe 

[420], and waiting lists are unacceptably long [421, 818]. One method of ensuring timely 

access to diagnostic BRCA testing is the “mainstreaming” pathway, whereby oncologists 

or surgeons may order a diagnostic BRCA test directly, at one of the patient’s routine 

appointments[819]. This model has been adopted in a number of countries already, and 

is going to be rolled out in a number of others imminently[819-822]. Onward referrals 

to Genetics  are made only when necessary, i.e., in the case of a positive or uncertain 

result, or in the case of an uninformative result in an individual with a family history 

suspicious for another cancer predisposition syndrome[823]. This model of care ensures 

timely provision of diagnostic BRCA testing to high-risk eligible individuals; thereby 

initiating cascade testing of at-risk family members at an earlier time point. Referrals to 

genetics would therefore become more appropriately skewed towards proven variant 
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carriers, patients for predictive tests, or patients with complex family histories. This 

pathway has proven to be acceptable to patients and clinicians[824, 825], and is highly 

cost-effective, costing £4,339 for every quality-adjusted life-year (QALY) [64, 826]. This 

is far cheaper than the €10,000-€45,000/QALY measures variably used by the Health 

Technology Assessment process in Ireland to determine cost effectiveness of drugs or 

procedures[827].  

The first Irish “mainstreaming” BRCA testing pilot programme was instigated this year, 

as part of a collaboration between the Royal Marsden NHS Trust and the National 

Cancer Control Programme Lead in Cancer Genetics. As part of this pilot, 101 newly 

diagnosed individuals with ovarian or breast cancer, fulfilling strict inclusion criteria, 

underwent BRCA testing at a routine oncology/gynaecology or surgical appointment. 

Data collection is ongoing, but preliminary results show high level of satisfaction among 

clinicians and patients[828]. The mutation detection rate was 12% (n=12), including four 

apparently unrelated patients in the West of Ireland with deletions of exons 1-23 in 

BRCA1 (unpublished data), which we have previously identified as a recurrent deletion 

in this population[414]. To further confirm that this variant is a founder mutation in this 

population, we plan to sequence the breakpoints of this deletion in a number of 

patients, and may perform haplotyping analysis to determine relatedness of the 

individuals in question.  

A major breakthrough in the care of patients with cancer associated with pathogenic 

variants in BRCA1 or BRCA2 (somatic or germline) is the development of PARP 

inhibitors[8], including Olaparib. As of October 2017, Olaparib has been granted funding 

in Ireland, for patients with proven pathogenic BRCA1/BRCA2 variants, with relapsed 

ovarian cancer who have undergone at least three lines of standard chemotherapy 

(personal communication, office of the National Cancer Control Programme). To 

facilitate increased access to this drug, medical oncologists are now able to order 

BRCA1/BRCA2 testing in patients fulfilling eligibility criteria for the drug[829]. In light of 

positive results from phase II and phase III trials in patients with BRCA-related 

breast[830] and prostate [831] cancer, it is likely that the utility of these drugs may 

further expand in the near future, which may lead to changes in the manner in which, 

and indeed to whom, such testing is offered. Given that knowledge of a patient’s 
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BRCA1/BRCA2 mutation status can now directly influence treatment in Ireland, it is 

becoming increasingly imperative that all patients have timely access to genetic testing 

where appropriate. There is also evidence that agents such as PARP inhibitors also have 

efficacy in patients with mutations in other DNA damage repair genes[39].  

As testing becomes part of the routine clinical care of individuals, and as thresholds for 

testing become lower, it is likely that increasing numbers of BRCA mutation carriers will 

be identified. Despite our small population and centralised testing, no registry of such 

carriers exists as yet. As part of this work, an online portal was designed, which can be 

prospectively maintained to include data regarding uptake and timing of surgical 

prophylaxis, screening, cancer incidence, treatment response etc. One of the key aims 

of the National Cancer Control Programme is to develop such a registry, and to 

centralise all national referrals between the three existing cancer genetics services in 

the country, in St James’s, Mater Misericordiae and Our Lady’s Children’s hospitals 

(personal communication, office of NCCP).  

Since the discovery of BRCA1 and BRCA2 in the 1990s, almost 16,000 Pubmed-indexed 

scientific manuscripts have been published regarding the function, penetrance, or 

associated phenotype of mutations in one or both of these genes[832]. It has been well 

established that the risk conferred by pathogenic variants in such genes can be 

modified by the type and location of the variant, environmental modifiers, and other 

genetic modifiers. In some centres, data from polygenic risk scores derived from testing 

for multiple SNPs will be used in clinical consultations, to refine risk estimates, and 

potentially to help BRCA mutation carriers in decision-making with respect to timing of 

prophylactic surgery[833], although most centres are slow to introduce testing of low-

penetrance alleles in a diagnostic setting until risk estimates can be more accurately 

refined, particularly as different authors have proposed different combinations of SNPs 

to generate such scores [45, 791, 834]. Roll out of testing of moderate-risk genes has 

similarly been delayed in most centres in Ireland and the UK, until clinical guidelines 

regarding testing criteria, management of such mutation carriers, and indications for 

cascade testing of at-risk relatives can be defined (discussed at Cancer Genetics 

Group/UK Genetic Testing Network cancer gene panel workshop 2017). However, 

analysis of genes in a stepwise fashion is inefficient in terms of both time and cost. In 
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individuals in whom moderate-risk gene testing is likely to be undertaken in the near 

future, it is much more economical to perform testing of high- and moderate risk-genes 

simultaneously. This has led to the development of a multitude of multi-gene panels, 

offering analysis of up to many dozen high-, moderate-, and low-risk genes[817]. The 

reported frequency of variants in such genes in patients with breast and/or ovarian 

cancer ranges between 3-6%[58, 835-839]. With increasing interest in utilisation of such 

data in treatment planning, it is crucial that robust guidelines regarding the 

management of such variants are developed as soon as possible, so as to facilitate 

access to testing if/when appropriate.  

It is becoming increasingly obvious that normal individuals can carry many apparently 

pathogenic variants without demonstrating an obvious clinical phenotype [489]. We 

postulated an association between a variant rs61764370 in the KRAS proto-oncogene 

and breast and ovarian cancer [253]. In retrospect, our study was underpowered to 

draw definitive conclusions about an association, and larger scale studies did not 

confirm this association [625, 840]. It is clear that large scale studies are required to 

adequately power studies to explore associations of rare variants with common disease, 

even where functional and other in vitro data is supportive. Conversely, however, 

smaller studies of our local population also have a role, as they permit more accurate 

estimation of minor allele frequency and allelic odds ratios in ethnically matched cases 

and controls, and may help define algorithms used to generate polygenic risk scores in 

this patient population. The development of initiatives such as Genomics Medicine 

Ireland will also help define the frequency of risk alleles in the general population in 

Ireland[832].  
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15 Conclusions 

Genomic profiling of the germline and the tumour of the patient with cancer is 

becoming, increasingly, standard practice, so as to achieve best possible response to 

therapy, provide accuracy in prognostication, and inform risk estimates for additional 

malignancies in the individual and their relatives. This work has demonstrated the 

clinical utility of tumour and germline assessment in determining patient treatment, but 

has also highlighted the need for further research to clarify the translational utility of 

testing of moderate or low-penetrance risk alleles before such testing becomes part of 

routine clinical care. It is integral that we ensure that those patients at highest risk by 

virtue of familial or personal factors have timely access to testing of the highest risk 

genes (BRCA1, BRCA2, TP53 etc.). The potential utility of moderate and low risk genetic 

loci is enormous, but also fraught with potential pitfalls, and it is crucial that clear risk 

estimates and guidelines for management of individuals found to carry such mutations 

are established before instigating testing in a diagnostic context.  

 

  



293 
 

Chapter 15 
 
Bibliography 
  



References 

294 
 

16 References   

1. McVeigh, T.P., Boland, M.R., and Lowery, A.J., The impact of the Biomolecular Era on 
breast cancer surgery. Surgeon, 2017. 15(3): p. 169-181. 

2. McVeigh, T.P. and George, A.J., Personalisation of Therapy – clinical impact and 
relevance of genetic mutations in tumours. Cancer Research Frontiers, 2017. 3(1): p. 
29-50. 

3. McVeigh, T.P. and Kerin, M.J., Clinical use of the Oncotype DX genomic test to guide 
treatment decisions for patients with invasive breast cancer. Breast Cancer (Dove Med 
Press), 2017. 9: p. 393-400. 

4. Kuchenbaecker, K., Hopper, J., Barnes, D., Phillips, K., Mooij, T., Roos-Blom, M., et al., 
Risks of breast, ovarian, and contralateral breast cancer for BRCA1 and BRCA2 
mutation carriers. JAMA, 2017. 317(23): p. 2402-2416. 

5. Mavaddat, N., Pharoah, P.D., Michailidou, K., Tyrer, J., Brook, M.N., Bolla, M.K., et al., 
Prediction of breast cancer risk based on profiling with common genetic variants. J Natl 
Cancer Inst, 2015. 107(5). 

6. Albain, K.S., Barlow, W.E., Shak, S., Hortobagyi, G.N., Livingston, R.B., Yeh, I.T., et al., 
Prognostic and predictive value of the 21-gene recurrence score assay in 
postmenopausal women with node-positive, oestrogen-receptor-positive breast cancer 
on chemotherapy: a retrospective analysis of a randomised trial. Lancet Oncol, 2010. 
11(1): p. 55-65. 

7. Cardoso, F., Van't Veer, L., Rutgers, E., Loi, S., Mook, S., and Piccart-Gebhart, M.J., 
Clinical application of the 70-gene profile: the MINDACT trial. J Clin Oncol, 2008. 26(5): 
p. 729-35. 

8. Rodon, J., Iniesta, M.D., and Papadopoulos, K., Development of PARP inhibitors in 
oncology. Expert Opin Investig Drugs, 2009. 18(1): p. 31-43. 

9. McVeigh, T.P., Hughes, L.M., Miller, N., Sheehan, M., Keane, M., Sweeney, K.J., et al., 
The impact of Oncotype DX testing on breast cancer management and chemotherapy 
prescribing patterns in a tertiary referral centre. European Journal of Cancer, 2014. 
50(16): p. 2763-2770. 

10. Heather, J.M. and Chain, B., The sequence of sequencers: The history of sequencing 
DNA. Genomics, 2016. 107(1): p. 1-8. 

11. Rahman , N. TGL Clinical Services 2017; Available from: 
http://www.tglclinical.com/services/4577714349. 

12. Trujillano, D., Bertoli-Avella, A.M., Kumar Kandaswamy, K., Weiss, M.E.R., Koster, J., 
Marais, A., et al., Clinical exome sequencing: results from 2819 samples reflecting 1000 
families. Eur J Hum Genet, 2017. 25(2): p. 176-182. 

13. Murtaza, M., Dawson, S.J., Tsui, D.W., Gale, D., Forshew, T., Piskorz, A.M., et al., Non-
invasive analysis of acquired resistance to cancer therapy by sequencing of plasma 
DNA. Nature, 2013. 497(7447): p. 108-12. 

14. Oellerich, M., Schütz, E., Beck, J., Kanzow, P., Plowman, P.N., Weiss, G.J., et al., Using 
circulating cell-free DNA to monitor personalized cancer therapy. Critical Reviews in 
Clinical Laboratory Sciences, 2017. 54(3): p. 205-218. 

15. Ulz, P., Thallinger, G.G., Auer, M., Graf, R., Kashofer, K., Jahn, S.W., et al., Inferring 
expressed genes by whole-genome sequencing of plasma DNA. Nature Genetics, 2016. 
48(10): p. 1273-1278. 

16. Fiorentino, F., Bono, S., Pizzuti, F., Duca, S., Polverari, A., Faieta, M., et al., The clinical 
utility of genome-wide non invasive prenatal screening. Prenatal Diagnosis, 2017. 
37(6): p. 593-601. 

17. CancerPOP. 2017. 
18. Green, R.C., Berg, J.S., Grody, W.W., Kalia, S.S., Korf, B.R., Martin, C.L., et al., ACMG 

Recommendations for Reporting of Incidental Findings in Clinical Exome and Genome 

http://www.tglclinical.com/services/4577714349


References 

295 
 

Sequencing. Genetics in medicine : official journal of the American College of Medical 
Genetics, 2013. 15(7): p. 565-574. 

19. Friedman, J.M., Cornel, M.C., Goldenberg, A.J., Lister, K.J., Sénécal, K., and Vears, D.F., 
Genomic newborn screening: public health policy considerations and 
recommendations. BMC Medical Genomics, 2017. 10(1): p. 9. 

20. Auton, A., Abecasis, G.R., Altshuler, D.M., Durbin, R.M., Bentley, D.R., Chakravarti, A., 
et al., A global reference for human genetic variation. Nature, 2015. 526(7571): p. 68-
74. 

21. Curradi, M., Izzo, A., Badaracco, G., and Landsberger, N., Molecular Mechanisms of 
Gene Silencing Mediated by DNA Methylation. Molecular and Cellular Biology, 2002. 
22(9): p. 3157-3173. 

22. NCRI. National Cancer Registry Ireland Cancer Trends 29 Breast Cancer 2016; Available 
from: http://www.ncri.ie/sites/ncri/files/pubs/bc_trends_21.pdf. 

23. Beral, V., Bull, D., Doll, R., Peto, R., and Reeves, G., Familial breast cancer: 
Collaborative reanalysis of individual data from 52 epidemiological studies including 58 
209 women with breast cancer and 101 986 women without the disease. Lancet, 2001. 
358(9291): p. 1389-1399. 

24. Brewer, H.R., Jones, M.E., Schoemaker, M.J., Ashworth, A., and Swerdlow, A.J., Family 
history and risk of breast cancer: an analysis accounting for family structure. Breast 
Cancer Res Treat, 2017. 165(1): p. 193-200. 

25. Minikel, E.V., Vallabh, S.M., Lek, M., Estrada, K., Samocha, K.E., Sathirapongsasuti, J.F., 
et al., Quantifying penetrance in a dominant disease gene using large population 
control cohorts. Science translational medicine, 2016. 8(322): p. 322ra9-322ra9. 

26. Hollestelle, A., Wasielewski, M., Martens, J.W.M., and Schutte, M., Discovering 
moderate-risk breast cancer susceptibility genes. Current Opinion in Genetics and 
Development, 2010. 20(3): p. 268-276. 

27. Shimelis, H., Mesman, R.L.S., Von Nicolai, C., Ehlen, A., Guidugli, L., Martin, C., et al., 
BRCA2 Hypomorphic Missense Variants Confer Moderate Risks of Breast Cancer. 
Cancer Res, 2017. 77(11): p. 2789-2799. 

28. Spurdle, A.B., Whiley, P.J., Thompson, B., Feng, B., Healey, S., Brown, M.A., et al., 
BRCA1 R1699Q variant displaying ambiguous functional abrogation confers 
intermediate breast and ovarian cancer risk. J Med Genet, 2012. 49(8): p. 525-32. 

29. Moghadasi, S., Meeks, H.D., Vreeswijk, M.P., Janssen, L.A., Borg, A., Ehrencrona, H., et 
al., The BRCA1 c. 5096G>A p.Arg1699Gln (R1699Q) intermediate risk variant: breast 
and ovarian cancer risk estimation and recommendations for clinical management 
from the ENIGMA consortium. J Med Genet, 2017. 

30. Southey, M.C., Teo, Z.L., Dowty, J.G., Odefrey, F.A., Park, D.J., Tischkowitz, M., et al., A 
PALB2 mutation associated with high risk of breast cancer. Breast Cancer Research : 
BCR, 2010. 12(6): p. R109-R109. 

31. Southey, M.C., Goldgar, D.E., Winqvist, R., Pylkäs, K., Couch, F., Tischkowitz, M., et al., 
PALB2, CHEK2 and ATM rare variants and cancer risk: data from COGS. Journal of 
Medical Genetics, 2016. 53(12): p. 800-811. 

32. Friedman, L.S., Szabo, C.I., Ostermeyer, E.A., Dowd, P., Butler, L., Park, T., et al., Novel 
inherited mutations and variable expressivity of BRCA1 alleles, including the founder 
mutation 185delAG in Ashkenazi Jewish families. Am J Hum Genet, 1995. 57(6): p. 
1284-97. 

33. Malkin, D., Li-Fraumeni Syndrome. Genes & Cancer, 2011. 2(4): p. 475-484. 
34. Gudmundsdottir, K. and Ashworth, A., The roles of BRCA1 and BRCA2 and associated 

proteins in the maintenance of genomic stability. Oncogene, 2006. 25(43): p. 5864-74. 
35. Milne, R.L. and Antoniou, A.C., Modifiers of breast and ovarian cancer risks for BRCA1 

and BRCA2 mutation carriers. Endocr Relat Cancer, 2016. 23(10): p. T69-84. 

http://www.ncri.ie/sites/ncri/files/pubs/bc_trends_21.pdf


References 

296 
 

36. Rebbeck, T.R., Mitra, N., Wan, F., Sinilnikova, O.M., Healey, S., McGuffog, L., et al., 
Association of Type and Location of BRCA1 and BRCA2 Mutations With Risk of Breast 
and Ovarian Cancer. JAMA, 2015. 313(13): p. 1347-1361. 

37. Thompson, D. and Easton, D., Variation in Cancer Risks, by Mutation Position, in BRCA2 
Mutation Carriers. American Journal of Human Genetics, 2001. 68(2): p. 410-419. 

38. De Felice, F., Tombolini, V., Marampon, F., Musella, A., and Marchetti, C., Defective 
DNA repair mechanisms in prostate cancer: Impact of olaparib. Drug Design, 
Development and Therapy, 2017. 11: p. 547-552. 

39. Mateo, J., Carreira, S., Sandhu, S., Miranda, S., Mossop, H., Perez-Lopez, R., et al., DNA-
Repair Defects and Olaparib in Metastatic Prostate Cancer. N Engl J Med, 2015. 
373(18): p. 1697-708. 

40. Bancroft, E.K., Page, E.C., Castro, E., Lilja, H., Vickers, A., Sjoberg, D., et al., Targeted 
prostate cancer screening in BRCA1 and BRCA2 mutation carriers: Results from the 
initial screening round of the IMPACT study. European Urology, 2014. 66(3): p. 489-
499. 

41. Wolpert, N., Warner, E., Seminsky, M.F., Futreal, A., and Narod, S.A., Prevalence of 
BRCA1 and BRCA2 mutations in male breast cancer patients in Canada. Clinical breast 
cancer, 2000. 1(1): p. 57-63; discussion 64. 

42. De Mestier, L., Danset, J.B., Neuzillet, C., Rebours, V., Cros, J., Soufir, N., et al., 
Pancreatic ductal adenocarcinoma in BRCA2 mutation carriers. Endocrine-Related 
Cancer, 2016. 23(10): p. T57-T67. 

43. Cancer Risks in BRCA2 Mutation Carriers. JNCI: Journal of the National Cancer Institute, 
1999. 91(15): p. 1310-1316. 

44. Rebbeck, T.R., Mitra, N., Wan, F., Sinilnikova, O.M., Healey, S., McGuffog, L., et al., 
Association of type and location of BRCA1 and BRCA2 mutations with risk of breast and 
ovarian cancer. JAMA - Journal of the American Medical Association, 2015. 313(13): p. 
1347-1361. 

45. Kuchenbaecker, K.B., McGuffog, L., Barrowdale, D., Lee, A., Soucy, P., Dennis, J., et al., 
Evaluation of Polygenic Risk Scores for Breast and Ovarian Cancer Risk Prediction in 
BRCA1 and BRCA2 Mutation Carriers. JNCI: Journal of the National Cancer Institute, 
2017. 109(7): p. djw302-djw302. 

46. Walker, L.C., Marquart, L., Pearson, J.F., Wiggins, G.A.R., O'Mara, T.A., Parsons, M.T., 
et al., Evaluation of copy-number variants as modifiers of breast and ovarian cancer 
risk for BRCA1 pathogenic variant carriers. European Journal of Human Genetics, 2017. 
25(4): p. 432-438. 

47. Peterlongo, P., Chang-Claude, J., Moysich, K.B., Rudolph, A., Schmutzler, R.K., Simard, 
J., et al., Candidate genetic modifiers for breast and ovarian cancer risk 
inBRCA1andBRCA2 mutation carriers. Cancer Epidemiology Biomarkers and 
Prevention, 2015. 24(1): p. 308-316. 

48. Hamdi, Y., Soucy, P., Kuchenbaeker, K.B., Pastinen, T., Droit, A., Lemaçon, A., et al., 
Association of breast cancer risk in BRCA1 and BRCA2 mutation carriers with genetic 
variants showing differential allelic expression: identification of a modifier of breast 
cancer risk at locus 11q22.3. Breast Cancer Research and Treatment, 2017. 161(1): p. 
117-134. 

49. Gaudet, M.M., Kuchenbaecker, K.B., Vijai, J., Klein, R.J., Kirchhoff, T., McGuffog, L., et 
al., Identification of a BRCA2-Specific Modifier Locus at 6p24 Related to Breast Cancer 
Risk. PLoS Genetics, 2013. 9(3). 

50. Devilee, P., Cornelis, R.S., Bootsma, A., Bardoel, A., Van Vliet, M., Van Leeuwen, I., et 
al., Linkage to markers for the chromosome region 17q12-q21 in 13 Dutch breast 
cancer kindreds. American Journal of Human Genetics, 1993. 52(4): p. 730-735. 



References 

297 
 

51. Goldgar, D.E., Cannon-Albright, L.A., Oliphant, A., Ward, J.H., Linker, G., Swensen, J., et 
al., Chromosome 17q linkage studies of 18 Utah breast cancer kindreds. American 
Journal of Human Genetics, 1993. 52(4): p. 743-748. 

52. Spurr, N.K., Kelsell, D.P., Black, D.M., Murday, V.A., Turner, G., Crockford, G.P., et al., 
Linkage analysis of early-onset breast and ovarian cancer families, with markers on the 
long arm of chromosome 17. American Journal of Human Genetics, 1993. 52(4): p. 777-
785. 

53. Peto, J., Collins, N., Barfoot, R., Seal, S., Warren, W., Rahman, N., et al., Prevalence of 
BRCA1 and BRCA2 Gene Mutations in Patients With Early-Onset Breast Cancer. JNCI: 
Journal of the National Cancer Institute, 1999. 91(11): p. 943-949. 

54. Anglian Breast Cancer Study, G., Prevalence and penetrance of BRCA1 and BRCA2 
mutations in a population-based series of breast cancer cases. British Journal of 
Cancer, 2000. 83(10): p. 1301-1308. 

55. Stratton, M.R. and Rahman, N., The emerging landscape of breast cancer susceptibility. 
Nature Genetics, 2008. 40(1): p. 17-22. 

56. Antoniou, A.C., Cunningham, A.P., Peto, J., Evans, D.G., Lalloo, F., Narod, S.A., et al., 
The BOADICEA model of genetic susceptibility to breast and ovarian cancers: updates 
and extensions. Br J Cancer, 2008. 98(8): p. 1457-66. 

57. Maxwell, K.N., Domchek, S.M., Nathanson, K.L., and Robson, M.E., Population 
Frequency of Germline BRCA1/2 Mutations. Journal of Clinical Oncology, 2016. 34(34): 
p. 4183-4185. 

58. Thompson, E.R., Rowley, S.M., Li, N., McInerny, S., Devereux, L., Wong-Brown, M.W., 
et al., Panel Testing for Familial Breast Cancer: Calibrating the Tension Between 
Research and Clinical Care. Journal of Clinical Oncology, 2016. 34(13): p. 1455-1459. 

59. NICE guideline - Familial breast cancer: classification, care and managing breast cancer 
and related risks in people with a family history of breast cancer. 2013. 

60. Evans, D.G., Lalloo, F., Wallace, A., and Rahman, N., Update on the Manchester Scoring 
System for BRCA1 and BRCA2 testing. Journal of medical genetics., 2005. 42(7). 

61. Antoniou, A.C., Durocher, F., Smith, P., Simard, J., and Easton, D.F., BRCA1 and BRCA2 
mutation predictions using the BOADICEA and BRCAPRO models and penetrance 
estimation in high-risk French-Canadian families. Breast Cancer Res, 2006. 8(1): p. R3. 

62. Evans, D.G., Harkness, E.F., Plaskocinska, I., Wallace, A.J., Clancy, T., Woodward, E.R., 
et al., Pathology update to the Manchester Scoring System based on testing in over 
4000 families. J Med Genet, 2017. 54(10): p. 674-681. 

63. Kwon, J.S., Gutierrez-Barrera, A.M., Young, D., Sun, C.C., Daniels, M.S., Lu, K.H., et al., 
Expanding the criteria for BRCA mutation testing in breast cancer survivors. Journal of 
Clinical Oncology, 2010. 28(27): p. 4214-4220. 

64. Eccleston, A., Bentley, A., Dyer, M., Strydom, A., Vereecken, W., George, A., et al., A 
Cost-Effectiveness Evaluation of Germline BRCA1 and BRCA2 Testing in UK Women with 
Ovarian Cancer. Value in Health, 2017. 20(4): p. 567-576. 

65. Smith, K.R., Hanson, H.A., and Hollingshaus, M.S., BRCA1 and BRCA2 mutations and 
female fertility. Current opinion in obstetrics & gynecology, 2013. 25(3): p. 207-213. 

66. Kwiatkowski, F., Arbre, M., Bidet, Y., Laquet, C., Uhrhammer, N., and Bignon, Y.-J., 
BRCA Mutations Increase Fertility in Families at Hereditary Breast/Ovarian Cancer Risk. 
PLoS ONE, 2015. 10(6): p. e0127363. 

67. Phillips, K.A., Collins, I.M., Milne, R.L., McLachlan, S.A., Friedlander, M., Hickey, M., et 
al., Anti-Müllerian hormone serum concentrations of women with germline BRCA1 or 
BRCA2 mutations. Human Reproduction, 2016. 31(5): p. 1126-1132. 

68. Johnson, L., Sammel, M.D., Domchek, S., Schanne, A., Prewitt, M., and Gracia, C., 
Antimüllerian hormone levels are lower in BRCA2 mutation carriers. Fertility and 
Sterility, 2017. 107(5): p. 1256-1265.e6. 



References 

298 
 

69. Wang, E.T., Pisarska, M.D., Bresee, C., Chen, Y.D.I., Lester, J., Afshar, Y., et al., BRCA1 
germline mutations may be associated with reduced ovarian reserve. Fertility and 
Sterility, 2014. 102(6): p. 1723-1728. 

70. Chan, J.L., Johnson, L.N.C., Sammel, M.D., DiGiovanni, L., Voong, C., Domchek, S.M., et 
al., Reproductive Decision-Making in Women with BRCA1/2 Mutations. Journal of 
Genetic Counseling, 2017. 26(3): p. 594-603. 

71. Abeliovich, D., Kaduri, L., Lerer, I., Weinberg, N., Amir, G., Sagi, M., et al., The founder 
mutations 185delAG and 5382insC in BRCA1 and 6174delT in BRCA2 appear in 60% of 
ovarian cancer and 30% of early-onset breast cancer patients among Ashkenazi 
women. American Journal of Human Genetics, 1997. 60(3): p. 505-514. 

72. Janavičius, R., Founder BRCA1/2 mutations in the Europe: Implications for hereditary 
breast-ovarian cancer prevention and control. EPMA Journal, 2010. 1(3): p. 397-412. 

73. Rosenthal, E., Moyes, K., Arnell, C., Evans, B., and Wenstrup, R.J., Incidence of BRCA1 
and BRCA2 non-founder mutations in patients of Ashkenazi Jewish ancestry. Breast 
Cancer Res Treat, 2015. 149(1): p. 223-7. 

74. Evans, D.G.R. and Ingham, S.L., Reduced life expectancy seen in hereditary diseases 
which predispose to early-onset tumors. The Application of Clinical Genetics, 2013. 6: 
p. 53-61. 

75. Masciari, S., Dillon, D.A., Rath, M., Robson, M., Weitzel, J.N., Balmana, J., et al., Breast 
cancer phenotype in women with TP53 germline mutations: A Li-Fraumeni syndrome 
consortium effort. Breast Cancer Research and Treatment, 2012. 133(3): p. 1125-1130. 

76. Olivier, M., Goldgar, D.E., Sodha, N., Ohgaki, H., Kleihues, P., Hainaut, P., et al., Li-
Fraumeni and related syndromes: correlation between tumor type, family structure, 
and TP53 genotype. Cancer Res, 2003. 63(20): p. 6643-50. 

77. Rath, M.G., Masciari, S., Gelman, R., Miron, A., Miron, P., Foley, K., et al., Prevalence of 
germline TP53 mutations in HER2+ breast cancer patients. Breast Cancer Research and 
Treatment, 2013. 139(1): p. 193-198. 

78. Wilson, J.R.F., Bateman, A.C., Hanson, H., An, Q., Evans, G., Rahman, N., et al., A novel 
HER2-positive breast cancer phenotype arising from germline TP53 mutations. Journal 
of Medical Genetics, 2010. 47(11): p. 771-774. 

79. Keller, G., Vogelsang, H., Becker, I., Hutter, J., Ott, K., Candidus, S., et al., Diffuse Type 
Gastric and Lobular Breast Carcinoma in a Familial Gastric Cancer Patient with an E-
Cadherin Germline Mutation. The American Journal of Pathology, 1999. 155(2): p. 337-
342. 

80. Brooks-Wilson, A.R., Kaurah, P., Suriano, G., Leach, S., Senz, J., Grehan, N., et al., 
Germline E-cadherin mutations in hereditary diffuse gastric cancer: assessment of 42 
new families and review of genetic screening criteria. J Med Genet, 2004. 41(7): p. 508-
17. 

81. Oliveira, C., Bordin, M.C., Grehan, N., Huntsman, D., Suriano, G., Machado, J.C., et al., 
Screening E-cadherin in gastric cancer families reveals germline mutations only in 
hereditary diffuse gastric cancer kindred. Hum Mutat, 2002. 19(5): p. 510-7. 

82. Pharoah, P.D., Guilford, P., and Caldas, C., Incidence of gastric cancer and breast cancer 
in CDH1 (E-cadherin) mutation carriers from hereditary diffuse gastric cancer families. 
Gastroenterology, 2001. 121(6): p. 1348-53. 

83. McVeigh, T.P., Choi, J.K., Miller, N.M., Green, A.J., and Kerin, M.J., Lobular breast 
cancer in a CDH1 splice site mutation carrier: Case report and review of the literature. 
Clinical Breast Cancer, 2014. 14(2): p. e47-e51. 

84. Beggs, A.D. and Hodgson, S.V., Genomics and breast cancer: the different levels of 
inherited susceptibility. European Journal of Human Genetics, 2009. 17(7): p. 855-856. 



References 

299 
 

85. Rahman, N., Seal, S., Thompson, D., Kelly, P., Renwick, A., Elliott, A., et al., PALB2, 
which encodes a BRCA2-interacting protein, is a breast cancer susceptibility gene. 
Nature Genetics, 2007. 39(2): p. 165-167. 

86. Lee, A.J., Cunningham, A.P., Tischkowitz, M., Simard, J., Pharoah, P.D., Easton, D.F., et 
al., Incorporating truncating variants in PALB2, CHEK2, and ATM into the BOADICEA 
breast cancer risk model. Genetics in Medicine, 2016. 18(12): p. 1190-1198. 

87. Southey, M.C., Goldgar, D.E., Winqvist, R., Pylkäs, K., Couch, F., Tischkowitz, M., et al., 
PALB2, CHEK2 and ATM rare variants and cancer risk: Data from COGS. Journal of 
Medical Genetics, 2016. 53(12): p. 800-811. 

88. Evans, M.K. and Longo, D.L., PALB2 mutations and breast-cancer risk. New England 
Journal of Medicine, 2014. 371(6): p. 566-568. 

89. Foo, T.K., Tischkowitz, M., Simhadri, S., Boshari, T., Zayed, N., Burke, K.A., et al., 
Compromised BRCA1-PALB2 interaction is associated with breast cancer risk. 
Oncogene, 2017. 36(29): p. 4161-4170. 

90. Antoniou , A.C., Casadei , S., Heikkinen , T., Barrowdale , D., Pylkäs , K., Roberts , J., et 
al., Breast-Cancer Risk in Families with Mutations in PALB2. New England Journal of 
Medicine, 2014. 371(6): p. 497-506. 

91. Hofstatter, E.W., Domchek, S.M., Miron, A., Garber, J., Wang, M., Componeschi, K., et 
al., PALB2 mutations in familial breast and pancreatic cancer. Familial cancer, 2011. 
10(2): p. 10.1007/s10689-011-9426-1. 

92. Lener, M.R., Kashyap, A., Kluźniak, W., Cybulski, C., Soluch, A., Pietrzak, S., et al., The 
prevalence of founder mutations among individuals from families with familial 
pancreatic cancer syndrome. Cancer Research and Treatment, 2017. 49(2): p. 430-436. 

93. Cheung, R.S. and Taniguchi, T., Recent insights into the molecular basis of Fanconi 
anemia: genes, modifiers, and drivers. International Journal of Hematology, 2017: p. 1-
10. 

94. Tischkowitz, M. and Xia, B., PALB2/FANCN: Recombining cancer and fanconi anemia. 
Cancer Research, 2010. 70(19): p. 7353-7359. 

95. Reid, S., Schindler, D., Hanenberg, H., Barker, K., Hanks, S., Kalb, R., et al., Biallelic 
mutations in PALB2 cause Fanconi anemia subtype FA-N and predispose to childhood 
cancer. Nature Genetics, 2007. 39(2): p. 162-164. 

96. Pauty, J., Couturier, A.M., Rodrigue, A., Caron, M.C., Coulombe, Y., Dellaire, G., et al., 
Cancer-causing mutations in the tumor suppressor PALB2 reveal a novel cancer 
mechanism using a hidden nuclear export signal in the WD40 repeat motif. Nucleic 
Acids Research, 2017. 45(5): p. 2644-2657. 

97. Larson, J.S., Tonkinson, J.L., and Lai, M.T., A BRCA1 mutant alters G2-M cell cycle 
control in human mammary epithelial cells. Cancer Research, 1997. 57(16): p. 3351-
3355. 

98. Bell, D.W., Varley, J.M., Szydlo, T.E., Kang, D.H., Wahrer, D.C., Shannon, K.E., et al., 
Heterozygous germ line hCHK2 mutations in Li-Fraumeni syndrome. Science, 1999. 
286(5449): p. 2528-31. 

99. Wasielewski, M., den Bakker, M.A., van den Ouweland, A., Meijer-van Gelder, M.E., 
Portengen, H., Klijn, J.G.M., et al., CHEK2 1100delC and male breast cancer in the 
Netherlands. Breast Cancer Research and Treatment, 2009. 116(2): p. 397-400. 

100. Meijers-Heijboer, H., van den Ouweland, A., Klijn, J., Wasielewski, M., de Snoo, A., 
Oldenburg, R., et al., Low-penetrance susceptibility to breast cancer due to 
CHEK2(*)1100delC in noncarriers of BRCA1 or BRCA2 mutations. Nat Genet, 2002. 
31(1): p. 55-9. 

101. Schmidt, M.K., Hogervorst, F., Van Hien, R., Cornelissen, S., Broeks, A., Adank, M.A., et 
al., Age-And tumor subtype-specific breast cancer risk estimates for CHEK2∗1100delC 
Carriers. Journal of Clinical Oncology, 2016. 34(23): p. 2750-2760. 



References 

300 
 

102. Vahteristo, P., Bartkova, J., Eerola, H., Syrjäkoski, K., Ojala, S., Kilpivaara, O., et al., A 
CHEK2 genetic variant contributing to a substantial fraction of familial breast cancer. 
American Journal of Human Genetics, 2002. 71(2): p. 432-438. 

103. McInerney, N.M., Miller, N., Rowan, A., Colleran, G., Barclay, E., Curran, C., et al., 
Evaluation of variants in the CHEK2, BRIP1 and PALB2 genes in an Irish breast cancer 
cohort. Breast Cancer Research and Treatment, 2010. 121(1): p. 203-210. 

104. Schutte, M., Seal, S., Barfoot, R., Meijers-Heijboer, H., Wasielewski, M., Evans, D.G., et 
al., Variants in CHEK2 other than 1100delC do not make a major contribution to breast 
cancer susceptibility. American Journal of Human Genetics, 2003. 72(4): p. 1023-1028. 

105. Nevanlinna, H. and Bartek, J., The CHEK2 gene and inherited breast cancer 
susceptibility. Oncogene, 2006. 25(43): p. 5912-5919. 

106. Muranen, T.A., Greco, D., Blomqvist, C., Aittomäki, K., Khan, S., Hogervorst, F., et al., 
Genetic modifiers of CHEK2*1100delC associated breast cancer risk. Genetics in 
medicine : official journal of the American College of Medical Genetics, 2017. 19(5): p. 
599-603. 

107. Weber, A.M. and Ryan, A.J., ATM and ATR as therapeutic targets in cancer. 
Pharmacology & Therapeutics, 2015. 149: p. 124-138. 

108. Choi, M., Kipps, T., and Kurzrock, R., ATM Mutations in Cancer: Therapeutic 
Implications. Molecular Cancer Therapeutics, 2016. 15(8): p. 1781-1791. 

109. Hammond, E.M. and Muschel, R.J., Radiation and ATM inhibition: the heart of the 
matter. The Journal of Clinical Investigation, 2014. 124(8): p. 3289-3291. 

110. Pollard, J.M. and Gatti, R.A., Clinical Radiation Sensitivity with DNA Repair Disorders: 
An Overview. International journal of radiation oncology, biology, physics, 2009. 74(5): 
p. 1323-1331. 

111. Byrd, P.J., Srinivasan, V., Last, J.I., Smith, A., Biggs, P., Carney, E.F., et al., Severe 
reaction to radiotherapy for breast cancer as the presenting feature of ataxia 
telangiectasia. Br J Cancer, 2012. 106(2): p. 262-8. 

112. R, G. and S., P., Ataxia-Telangiectasia, in GeneReviews® [Internet]. , A.M. Pagon RA, 
Ardinger HH, et al., Editor. 1999, University of Washington, Seattle; 1993-2017. : 
Seattle (WA):. 

113. Lavin, M., Role of the ataxia-telangiectasia gene (ATM) in breast cancer: A-T 
heterozygotes seem to have an increased risk but its size is unknown BMJ : British 
Medical Journal, 1998. 317(7157): p. 486-487. 

114. Swift, M., Morrell, D., Massey, R.B., and Chase, C.L., Incidence of cancer in 161 families 
affected by ataxia-telangiectasia. N Engl J Med, 1991. 325(26): p. 1831-6. 

115. Olsen, J.H., Hahnemann, J.M., Børresen-Dale, A.-L., Brøndum-Nielsen, K., 
Hammarström, L., Kleinerman, R., et al., Cancer in Patients With Ataxia-Telangiectasia 
and in Their Relatives in the Nordic Countries. JNCI: Journal of the National Cancer 
Institute, 2001. 93(2): p. 121-127. 

116. d'Almeida, A.K., Cavaciuti, E., Dondon, M.G., Lauge, A., Janin, N., Stoppa-Lyonnet, D., 
et al., Increased risk of breast cancer among female relatives of patients with ataxia-
telangiectasia: a causal relationship? Br J Cancer, 2005. 93(6): p. 730-732. 

117. Tavtigian, S.V., Oefner, P.J., Babikyan, D., Hartmann, A., Healey, S., Le Calvez-Kelm, F., 
et al., Rare, evolutionarily unlikely missense substitutions in ATM confer increased risk 
of breast cancer. Am J Hum Genet, 2009. 85(4): p. 427-46. 

118. Gatti, R.A., Tward, A., and Concannon, P., Cancer risk in ATM heterozygotes: a model of 
phenotypic and mechanistic differences between missense and truncating mutations. 
Mol Genet Metab, 1999. 68(4): p. 419-23. 

119. Ahmed, M. and Rahman, N., ATM and breast cancer susceptibility. Oncogene, 2006. 
25(43): p. 5906-11. 



References 

301 
 

120. Lee, A.J., Cunningham, A.P., Tischkowitz, M., Simard, J., Pharoah, P.D., Easton, D.F., et 
al., Incorporating truncating variants in PALB2, CHEK2, and ATM into the BOADICEA 
breast cancer risk model. Genet Med, 2016. 18(12): p. 1190-1198. 

121. Seal, S., Thompson, D., Renwick, A., Elliott, A., Kelly, P., Barfoot, R., et al., Truncating 
mutations in the Fanconi anemia J gene BRIP1 are low-penetrance breast cancer 
susceptibility alleles. Nat Genet, 2006. 38(11): p. 1239-41. 

122. Easton, D.F., Lesueur, F., Decker, B., Michailidou, K., Li, J., Allen, J., et al., No evidence 
that protein truncating variants in BRIP1 are associated with breast cancer risk: 
Implications for gene panel testing. Journal of Medical Genetics, 2016. 53(5): p. 298-
309. 

123. Meindl, A., Hellebrand, H., Wiek, C., Erven, V., Wappenschmidt, B., Niederacher, D., et 
al., Germline mutations in breast and ovarian cancer pedigrees establish RAD51C as a 
human cancer susceptibility gene. Nature Genetics, 2010. 42(5): p. 410-414. 

124. Thompson, E.R., Boyle, S.E., Johnson, J., Ryland, G.L., Sawyer, S., Choong, D.Y.H., et al., 
Analysis of RAD51C germline mutations in high-risk breast and ovarian cancer families 
and ovarian cancer patients. Human Mutation, 2012. 33(1): p. 95-99. 

125. Loveday, C., Turnbull, C., Ramsay, E., Hughes, D., Ruark, E., Frankum, J.R., et al., 
Germline mutations in RAD51D confer susceptibility to ovarian cancer. Nature 
Genetics, 2011. 43(9): p. 879-882. 

126. Song, H., Dicks, E., Ramus, S.J., Tyrer, J.P., Intermaggio, M.P., Hayward, J., et al., 
Contribution of germline mutations in the RAD51B, RAD51C, and RAD51D genes to 
ovarian cancer in the population. Journal of Clinical Oncology, 2015. 33(26): p. 2901-
2907. 

127. Norquist, B.M., Harrell, M.I., Brady, M.F., Walsh, T., Lee, M.K., Gulsuner, S., et al., 
Inherited mutations in women with ovarian carcinoma. JAMA Oncology, 2016. 2(4): p. 
482-490. 

128. Loveday, C., Turnbull, C., Ruark, E., Xicola, R.M.M., Ramsay, E., Hughes, D., et al., 
Germline RAD51C mutations confer susceptibility to ovarian cancer. Nature Genetics, 
2012. 44(5): p. 475-476. 

129. Le Calvez-Kelm, F., Oliver, J., Damiola, F., Forey, N., Robinot, N., Durand, G., et al., 
RAD51 and Breast Cancer Susceptibility: No Evidence for Rare Variant Association in 
the Breast Cancer Family Registry Study. PLoS ONE, 2012. 7(12). 

130. Li, J., Meeks, H., Feng, B.J., Healey, S., Thorne, H., Makunin, I., et al., Targeted 
massively parallel sequencing of a panel of putative breast cancer susceptibility genes 
in a large cohort of multiple-case breast and ovarian cancer families. Journal of 
Medical Genetics, 2016. 53(1): p. 34-42. 

131. Golmard, L., Caux-Moncoutier, V., Davy, G., Al Ageeli, E., Poirot, B., Tirapo, C., et al., 
Germline mutation in the RAD51B gene confers predisposition to breast cancer. BMC 
Cancer, 2013. 13. 

132. Li, N., Rowley, S., McInerny, S., Devereux, L., Brown, M., Lee, A., et al., Targeted 
sequencing in large cohorts of breast cancer families and population controls identify 
NTHL1 as novel breast cancer predisposition gene (abstract, presented at "Familial 
Cancer 2017: Research and Practice" meeting (kConfab), Kingscliff, Australia) 2017. 

133. Rivera, B., Castellsagué, E., Bah, I., van Kempen, L.C., and Foulkes, W.D., Biallelic NTHL1 
Mutations in a Woman with Multiple Primary Tumors. New England Journal of 
Medicine, 2015. 373(20): p. 1985-1986. 

134. Rennert, G., Lejbkowicz, F., Cohen, I., Pinchev, M., Rennert, H.S., and Barnett-Griness, 
O., MutYH mutation carriers have increased breast cancer risk. Cancer, 2012. 118(8): p. 
1989-93. 

135. Out, A.A., Wasielewski, M., Huijts, P.E.A., van Minderhout, I.J.H.M., Houwing-
Duistermaat, J.J., Tops, C.M.J., et al., MUTYH gene variants and breast cancer in a 



References 

302 
 

Dutch case–control study. Breast Cancer Research and Treatment, 2012. 134(1): p. 
219-227. 

136. Win, A.K., Cleary, S.P., Dowty, J.G., Baron, J.A., Young, J.P., Buchanan, D.D., et al., 
Cancer risks for monoallelic MUTYH mutation carriers with a family history of 
colorectal cancer. International Journal of Cancer. Journal International du Cancer, 
2011. 129(9): p. 2256-2262. 

137. Boesaard, E.P., Vogelaar, I.P., Bult, P., Wauters, C.A., van Krieken, J.H.J., Ligtenberg, 
M.J., et al., Germline MUTYH gene mutations are not frequently found in unselected 
patients with papillary breast carcinoma. Hereditary Cancer in Clinical Practice, 2014. 
12(1): p. 21. 

138. Pilati, C., Shinde, J., Alexandrov, L.B., Assie, G., Andre, T., Helias-Rodzewicz, Z., et al., 
Mutational signature analysis identifies MUTYH deficiency in colorectal cancers and 
adrenocortical carcinomas. J Pathol, 2017. 242(1): p. 10-15. 

139. Viel, A., Bruselles, A., Meccia, E., Fornasarig, M., Quaia, M., Canzonieri, V., et al., A 
Specific Mutational Signature Associated with DNA 8-Oxoguanine Persistence in 
MUTYH-defective Colorectal Cancer. EBioMedicine, 2017. 20: p. 39-49. 

140. Grolleman, J.E., Weren, R.D.A., Kuiper, R.A., Nielsen, M., Elsayed, F.A., Ligtenberg, 
M.J.L., et al., A somatic mutational signature in different tumor types associated with 
biallelic germline NTHL1 mutations (abstract, presented at European Society of Human 
Genetics Meeting, 2017, Copenhagen). 2017. 

141. Bahcall, O. Heritability estimates in COGS studies. Available from: 
http://www.nature.com/icogs/primer/common-variation-and-heritability-estimates-
for-breast-ovarian-and-prostate-cancers/#43. 

142. Bahcall, O. Nature iCOGS - Common variation and heritability estimates for breast, 
ovarian and prostate cancers. 2017; Available from: 
http://www.nature.com/icogs/primer/common-variation-and-heritability-estimates-
for-breast-ovarian-and-prostate-cancers/. 

143. Michailidou, K., Hall, P., Gonzalez-Neira, A., Ghoussaini, M., Dennis, J., Milne, R.L., et 
al., Large-scale genotyping identifies 41 new loci associated with breast cancer risk. Nat 
Genet, 2013. 45(4): p. 353-61, 361e1-2. 

144. Garcia-Closas, M., Couch, F.J., Lindstrom, S., Michailidou, K., Schmidt, M.K., Brook, 
M.N., et al., Genome-wide association studies identify four ER negative-specific breast 
cancer risk loci. Nat Genet, 2013. 45(4): p. 392-8, 398e1-2. 

145. Machiela, M.J., Chen, C.-Y., Chen, C., Chanock, S.J., Hunter, D.J., and Kraft, P., 
Evaluation of polygenic risk scores for predicting breast and prostate cancer risk. 
Genetic epidemiology, 2011. 35(6): p. 506-514. 

146. Evans, D.G., Brentnall, A., Byers, H., Harkness, E., Stavrinos, P., Howell, A., et al., The 
impact of a panel of 18 SNPs on breast cancer risk in women attending a UK familial 
screening clinic: a case–control study. Journal of Medical Genetics, 2016. 

147. Tanić, M. and Beck, S., Epigenome-wide association studies for cancer biomarker 
discovery in circulating cell-free DNA: technical advances and challenges. Current 
Opinion in Genetics & Development, 2017. 42: p. 48-55. 

148. Jaenisch, R. and Bird, A., Epigenetic regulation of gene expression: how the genome 
integrates intrinsic and environmental signals. Nat Genet, 2003. 33 Suppl: p. 245-54. 

149. Tatton-Brown, K., Loveday, C., Yost, S., Clarke, M., Ramsay, E., Zachariou, A., et al., 
Mutations in Epigenetic Regulation Genes Are a Major Cause of Overgrowth with 
Intellectual Disability. Am J Hum Genet, 2017. 100(5): p. 725-736. 

150. Plass, C., Pfister, S.M., Lindroth, A.M., Bogatyrova, O., Claus, R., and Lichter, P., 
Mutations in regulators of the epigenome and their connections to global chromatin 
patterns in cancer. Nature Reviews Genetics, 2013. 14(11): p. 765-780. 

http://www.nature.com/icogs/primer/common-variation-and-heritability-estimates-for-breast-ovarian-and-prostate-cancers/#43
http://www.nature.com/icogs/primer/common-variation-and-heritability-estimates-for-breast-ovarian-and-prostate-cancers/#43
http://www.nature.com/icogs/primer/common-variation-and-heritability-estimates-for-breast-ovarian-and-prostate-cancers/
http://www.nature.com/icogs/primer/common-variation-and-heritability-estimates-for-breast-ovarian-and-prostate-cancers/


References 

303 
 

151. Hitchins, M.P. and Ward, R.L., Constitutional (germline) MLH1 epimutation as an 
aetiological mechanism for hereditary non-polyposis colorectal cancer. J Med Genet, 
2009. 46(12): p. 793-802. 

152. Wong, E.M., Southey, M.C., Fox, S.B., Brown, M.A., Dowty, J.G., Jenkins, M.A., et al., 
CONSTITUTIONAL METHYLATION OF THE BRCA1 PROMOTER IS SPECIFICALLY 
ASSOCIATED WITH BRCA1 MUTATION-ASSOCIATED PATHOLOGY IN EARLY-ONSET 
BREAST CANCER. Cancer prevention research (Philadelphia, Pa.), 2011. 4(1): p. 23-33. 

153. Galetzka, D., Hansmann, T., El Hajj, N., Weis, E., Irmscher, B., Ludwig, M., et al., 
Monozygotic twins discordant for constitutive BRCA1 promoter methylation, childhood 
cancer and secondary cancer. Epigenetics, 2012. 7(1): p. 47-54. 

154. Hitchins, M.P., Wong, J.J., Suthers, G., Suter, C.M., Martin, D.I., Hawkins, N.J., et al., 
Inheritance of a cancer-associated MLH1 germ-line epimutation. N Engl J Med, 2007. 
356(7): p. 697-705. 

155. Etzold, A., Galetzka, D., Weis, E., Bartsch, O., Haaf, T., Spix, C., et al., CAF-like state in 
primary skin fibroblasts with constitutional BRCA1 epimutation sheds new light on 
tumor suppressor deficiency-related changes in healthy tissue. Epigenetics, 2016. 11(2): 
p. 120-131. 

156. Hitchins, M.P., Constitutional epimutation as a mechanism for cancer causality and 
heritability? Nat Rev Cancer, 2015. 15(10): p. 625-34. 

157. Ferlay J, S.I., Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM, Forman D, 
Bray, F. International Agency for Research on Cancer. GLOBOCAN 2012 v1.0, Cancer 
Incidence and Mortality Worldwide: IARC CancerBase No. 11 [Internet]. 2013; Available 
from: http://globocan.iarc.fr. 

158. John R, R.H. The global economic cost of cancer. American Cancer Society and the 
Livestrong Organization. 2010; Available from: http://phrma-
docs.phrma.org/sites/default/files/pdf/08-17-2010_economic_impact_study.pdf. 

159. Watson, J.D. and Crick, F.H.C., Genetical implications of the structure of 
deoxyribonucleic acid. Nature, 1953. 171(4361): p. 964-967. 

160. Watson, J.D. and Crick, F.H.C., Molecular structure of nucleic acids: A structure for 
deoxyribose nucleic acid. Nature, 1953. 171(4356): p. 737-738. 

161. Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C., Baldwin, J., et al., Initial 
sequencing and analysis of the human genome. Nature, 2001. 409(6822): p. 860-921. 

162. Schena, M., Shalon, D., Davis, R.W., and Brown, P.O., Quantitative monitoring of gene 
expression patterns with a complementary DNA microarray. Science, 1995. 270(5235): 
p. 467-470. 

163. Clarke, M., Collins, R., Darby, S., Davies, C., Elphinstone, P., Evans, V., et al., Effects of 
radiotherapy and of differences in the extent of surgery for early breast cancer on local 
recurrence and 15-year survival: an overview of the randomised trials. Lancet, 2005. 
366(9503): p. 2087-106. 

164. Kiess, A.P., McArthur, H.L., Mahoney, K., Patil, S., Morris, P.G., Ho, A., et al., Adjuvant 
trastuzumab reduces locoregional recurrence in women who receive breast-
conservation therapy for lymph node-negative, human epidermal growth factor 
receptor 2-positive breast cancer. Cancer, 2012. 118(8): p. 1982-8. 

165. Lowery, A.J., Kell, M.R., Glynn, R.W., Kerin, M.J., and Sweeney, K.J., Locoregional 
recurrence after breast cancer surgery: a systematic review by receptor phenotype. 
Breast Cancer Res Treat, 2012. 133(3): p. 831-41. 

166. Silverstein, M.J., Savalia, N., Khan, S., and Ryan, J., Extreme oncoplasty: breast 
conservation for patients who need mastectomy. Breast J, 2015. 21(1): p. 52-9. 

167. Breasted, J.H., New-York Historical, S., and Library, The Edwin Smith surgical papyrus. 
1930. 

http://globocan.iarc.fr/
http://phrma-docs.phrma.org/sites/default/files/pdf/08-17-2010_economic_impact_study.pdf
http://phrma-docs.phrma.org/sites/default/files/pdf/08-17-2010_economic_impact_study.pdf


References 

304 
 

168. Bigelow, H., Insensibility during surgical operations produced by inhalation. . Boston 
Med Surg J, 1846. 35(309): p. 17. 

169. Lister, J., On the Antiseptic Principle in the Practice of Surgery. British Medical Journal, 
1867. 2(351): p. 246-248. 

170. Halsted, W.S., I. The Results of Operations for the Cure of Cancer of the Breast 
Performed at the Johns Hopkins Hospital from June, 1889, to January, 1894. Annals of 
Surgery, 1894. 20(5): p. 497-555. 

171. Sakorafas, G.H. and Safioleas, M., Breast cancer surgery: an historical narrative. Part II. 
18th and 19th centuries. Eur J Cancer Care (Engl), 2010. 19(1): p. 6-29. 

172. Fisher, B., Biological research in the evolution of cancer surgery: a personal 
perspective. Cancer Res, 2008. 68(24): p. 10007-20. 

173. Fisher , B., Anderson , S., Bryant , J., Margolese , R.G., Deutsch , M., Fisher , E.R., et al., 
Twenty-Year Follow-up of a Randomized Trial Comparing Total Mastectomy, 
Lumpectomy, and Lumpectomy plus Irradiation for the Treatment of Invasive Breast 
Cancer. New England Journal of Medicine, 2002. 347(16): p. 1233-1241. 

174. Veronesi, U., Cascinelli, N., Mariani, L., Greco, M., Saccozzi, R., Luini, A., et al., Twenty-
year follow-up of a randomized study comparing breast-conserving surgery with 
radical mastectomy for early breast cancer. N Engl J Med, 2002. 347(16): p. 1227-32. 

175. Litiere, S., Werutsky, G., Fentiman, I.S., Rutgers, E., Christiaens, M.R., Van Limbergen, 
E., et al., Breast conserving therapy versus mastectomy for stage I-II breast cancer: 20 
year follow-up of the EORTC 10801 phase 3 randomised trial. Lancet Oncol, 2012. 
13(4): p. 412-9. 

176. Poggi, M.M., Danforth, D.N., Sciuto, L.C., Smith, S.L., Steinberg, S.M., Liewehr, D.J., et 
al., Eighteen-year results in the treatment of early breast carcinoma with mastectomy 
versus breast conservation therapy: the National Cancer Institute Randomized Trial. 
Cancer, 2003. 98(4): p. 697-702. 

177. Blichert-Toft, M., Nielsen, M., During, M., Moller, S., Rank, F., Overgaard, M., et al., 
Long-term results of breast conserving surgery vs. mastectomy for early stage invasive 
breast cancer: 20-year follow-up of the Danish randomized DBCG-82TM protocol. Acta 
Oncol, 2008. 47(4): p. 672-81. 

178. Arriagada, R., Lê, M.G., Rochard, F., and Contesso, G., Conservative treatment versus 
mastectomy in early breast cancer: patterns of failure with 15 years of follow-up data. 
Institut Gustave-Roussy Breast Cancer Group. Journal of Clinical Oncology, 1996. 14(5): 
p. 1558-1564. 

179. Simone, N.L., Dan, T., Shih, J., Smith, S.L., Sciuto, L., Lita, E., et al., Twenty-five year 
results of the national cancer institute randomized breast conservation trial. Breast 
Cancer Res Treat, 2012. 132(1): p. 197-203. 

180. Arriagada, R., Lê, M.G., Guinebretière, J.M., Dunant, A., Rochard, F., and Tursz, T., Late 
local recurrences in a randomised trial comparing conservative treatment with total 
mastectomy in early breast cancer patients. Annals of Oncology, 2003. 14(11): p. 1617-
1622. 

181. Shapiro, D.M. and Fugmann, R.A., A role for chemotherapy as an adjunct to surgery. 
Cancer Res, 1957. 17(11): p. 1098-101. 

182. Fisher, B., Carbone, P., Economou, S.G., Frelick, R., Glass, A., Lerner, H., et al., 1-
Phenylalanine mustard (L-PAM) in the management of primary breast cancer. A report 
of early findings. N Engl J Med, 1975. 292(3): p. 117-22. 

183. Fisher, B., Redmond, C., Legault-Poisson, S., Dimitrov, N.V., Brown, A.M., Wickerham, 
D.L., et al., Postoperative chemotherapy and tamoxifen compared with tamoxifen 
alone in the treatment of positive-node breast cancer patients aged 50 years and older 
with tumors responsive to tamoxifen: results from the National Surgical Adjuvant 
Breast and Bowel Project B-16. J Clin Oncol, 1990. 8(6): p. 1005-18. 



References 

305 
 

184. Allred, D.C., Harvey, J.M., Berardo, M., and Clark, G.M., Prognostic and predictive 
factors in breast cancer by immunohistochemical analysis. Mod Pathol, 1998. 11(2): p. 
155-68. 

185. Pegram, M.D., Pauletti, G., and Slamon, D.J., HER-2/neu as a predictive marker of 
response to breast cancer therapy. Breast Cancer Res Treat, 1998. 52(1-3): p. 65-77. 

186. Lowery, A., Lemetre, C., Ball, G., and Kerin, M., MicroArray Technology - Expression 
Profiling of MRNA and MicroRNA, in Breast Cancer, Computational Biology and Applied 
Bioinformatics. 2011. 

187. Perou, C.M., Sorlie, T., Eisen, M.B., van de Rijn, M., Jeffrey, S.S., Rees, C.A., et al., 
Molecular portraits of human breast tumours. Nature, 2000. 406(6797): p. 747-52. 

188. Sørlie, T., Perou, C.M., Tibshirani, R., Aas, T., Geisler, S., Johnsen, H., et al., Gene 
expression patterns of breast carcinomas distinguish tumor subclasses with clinical 
implications. Proceedings of the National Academy of Sciences, 2001. 98(19): p. 10869-
10874. 

189. Hu, Z., Fan, C., Oh, D.S., Marron, J.S., He, X., Qaqish, B.F., et al., The molecular portraits 
of breast tumors are conserved across microarray platforms. BMC Genomics, 2006. 7: 
p. 96. 

190. Zhao, X., Rodland, E.A., Sorlie, T., Naume, B., Langerod, A., Frigessi, A., et al., 
Combining gene signatures improves prediction of breast cancer survival. PLoS One, 
2011. 6(3): p. e17845. 

191. Norum, J.H., Andersen, K., and Sorlie, T., Lessons learned from the intrinsic subtypes of 
breast cancer in the quest for precision therapy. Br J Surg, 2014. 101(8): p. 925-38. 

192. Prat, A., Carey, L.A., Adamo, B., Vidal, M., Tabernero, J., Cortes, J., et al., Molecular 
features and survival outcomes of the intrinsic subtypes within HER2-positive breast 
cancer. J Natl Cancer Inst, 2014. 106(8). 

193. Rouzier, R., Perou, C.M., Symmans, W.F., Ibrahim, N., Cristofanilli, M., Anderson, K., et 
al., Breast cancer molecular subtypes respond differently to preoperative 
chemotherapy. Clin Cancer Res, 2005. 11(16): p. 5678-85. 

194. Goldhirsch, A., Wood, W.C., Coates, A.S., Gelber, R.D., Thürlimann, B., and Senn, H.J., 
Strategies for subtypes-dealing with the diversity of breast cancer: Highlights of the St 
Gallen international expert consensus on the primary therapy of early breast cancer 
2011. Annals of Oncology, 2011. 22(8): p. 1736-1747. 

195. Blows, F.M., Driver, K.E., Schmidt, M.K., Broeks, A., van Leeuwen, F.E., Wesseling, J., et 
al., Subtyping of breast cancer by immunohistochemistry to investigate a relationship 
between subtype and short and long term survival: a collaborative analysis of data for 
10,159 cases from 12 studies. PLoS Med, 2010. 7(5): p. e1000279. 

196. Goldhirsch, A., Winer, E.P., Coates, A.S., Gelber, R.D., Piccart-Gebhart, M., Thurlimann, 
B., et al., Personalizing the treatment of women with early breast cancer: highlights of 
the St Gallen International Expert Consensus on the Primary Therapy of Early Breast 
Cancer 2013. Ann Oncol, 2013. 24(9): p. 2206-23. 

197. Zumsteg, Z.S., Morrow, M., Arnold, B., Zheng, J., Zhang, Z., Robson, M., et al., Breast-
conserving therapy achieves locoregional outcomes comparable to mastectomy in 
women with T1-2N0 triple-negative breast cancer. Ann Surg Oncol, 2013. 20(11): p. 
3469-76. 

198. Adkins, F.C., Gonzalez-Angulo, A.M., Lei, X., Hernandez-Aya, L.F., Mittendorf, E.A., 
Litton, J.K., et al., Triple-negative breast cancer is not a contraindication for breast 
conservation. Ann Surg Oncol, 2011. 18(11): p. 3164-73. 

199. Abdulkarim, B.S., Cuartero, J., Hanson, J., Deschenes, J., Lesniak, D., and Sabri, S., 
Increased risk of locoregional recurrence for women with T1-2N0 triple-negative breast 
cancer treated with modified radical mastectomy without adjuvant radiation therapy 
compared with breast-conserving therapy. J Clin Oncol, 2011. 29(21): p. 2852-8. 



References 

306 
 

200. van 't Veer, L.J., Dai, H., van de Vijver, M.J., He, Y.D., Hart, A.A.M., Mao, M., et al., Gene 
expression profiling predicts clinical outcome of breast cancer. Nature, 2002. 
415(6871): p. 530-536. 

201. Piccart, M., Rutgers, E., van' t Veer, L., Slaets, L., Delaloge, S., Viale, G., et al., Primary 
analysis of the EORTC 10041/ BIG 3-04 MINDACT study: a prospective, randomized 
study evaluating the clinical utility of the 70-gene signature (MammaPrint) combined 
with common clinical-pathological criteria for selection of patients for adjuvant 
chemotherapy in breast cancer with 0 to 3 positive nodes. Proceedings of the 107th 
Annual Meeting of the American Association for Cancer Research, 2016(Abstract 
Number CT039). 

202. Paik, S., Shak, S., Tang, G., Kim, C., Baker, J., Cronin, M., et al., A multigene assay to 
predict recurrence of tamoxifen-treated, node-negative breast cancer. New England 
Journal of Medicine, 2004. 351(27): p. 2817-2826. 

203. Paik, S., Tang, G., Shak, S., Kim, C., Baker, J., Kim, W., et al., Gene expression and 
benefit of chemotherapy in women with node-negative, estrogen receptor-positive 
breast cancer. Journal of Clinical Oncology, 2006. 24(23): p. 3726-3734. 

204. Sparano, J.A., Gray, R.J., Makower, D.F., Pritchard, K.I., Albain, K.S., Hayes, D.F., et al., 
Prospective Validation of a 21-Gene Expression Assay in Breast Cancer. N Engl J Med, 
2015. 373(21): p. 2005-14. 

205. Smyth, L., Watson, G., Walsh, E.M., Kelly, C.M., Keane, M., Kennedy, M.J., et al., 
Economic impact of 21-gene recurrence score testing on early-stage breast cancer in 
Ireland. Breast Cancer Res Treat, 2015. 153(3): p. 573-82. 

206. Dorairaj, J.J., Salzman, D.W., Wall, D., Rounds, T., Preskill, C., Sullivan, C.A.W., et al., A 
germline mutation in the BRCA1 3'UTR predicts Stage IV breast cancer. BMC Cancer, 
2014. 14(1). 

207. Mamounas, E.P., Tang, G., Fisher, B., Paik, S., Shak, S., Costantino, J.P., et al., 
Association between the 21-gene recurrence score assay and risk of locoregional 
recurrence in node-negative, estrogen receptor-positive breast cancer: results from 
NSABP B-14 and NSABP B-20. J Clin Oncol, 2010. 28(10): p. 1677-83. 

208. Boughey, J.C., McCall, L.M., Ballman, K.V., Mittendorf, E.A., Ahrendt, G.M., Wilke, L.G., 
et al., Tumor biology correlates with rates of breast-conserving surgery and pathologic 
complete response after neoadjuvant chemotherapy for breast cancer: findings from 
the ACOSOG Z1071 (Alliance) Prospective Multicenter Clinical Trial. Ann Surg, 2014. 
260(4): p. 608-14; discussion 614-6. 

209. Cortazar, P., Zhang, L., Untch, M., Mehta, K., Costantino, J.P., Wolmark, N., et al., 
Pathological complete response and long-term clinical benefit in breast cancer: the 
CTNeoBC pooled analysis. Lancet, 2014. 384(9938): p. 164-72. 

210. Fisher, B., Bryant, J., Wolmark, N., Mamounas, E., Brown, A., Fisher, E.R., et al., Effect 
of preoperative chemotherapy on the outcome of women with operable breast cancer. 
J Clin Oncol, 1998. 16(8): p. 2672-85. 

211. Barranger, E., Antomarchi, J., Chamorey, E., Cavrot, C., Flipo, B., Follana, P., et al., 
Effect of Neoadjuvant Chemotherapy on the Surgical Treatment of Patients With 
Locally Advanced Breast Cancer Requiring Initial Mastectomy. Clin Breast Cancer, 2015. 
15(5): p. e231-5. 

212. Killelea, B.K., Yang, V.Q., Mougalian, S., Horowitz, N.R., Pusztai, L., Chagpar, A.B., et al., 
Neoadjuvant chemotherapy for breast cancer increases the rate of breast conservation: 
results from the National Cancer Database. J Am Coll Surg, 2015. 220(6): p. 1063-9. 

213. Pivot, X., Mansi, L., Chaigneau, L., Montcuquet, P., Thiery-Vuillemin, A., Bazan, F., et 
al., In the Era of Genomics, Should Tumor Size Be Reconsidered as a Criterion for 
Neoadjuvant Chemotherapy? The Oncologist, 2015. 20(4): p. 344-350. 



References 

307 
 

214. Silverstein, M.J., Mai, T., Savalia, N., Vaince, F., and Guerra, L., Oncoplastic breast 
conservation surgery: the new paradigm. J Surg Oncol, 2014. 110(1): p. 82-9. 

215. Losken, A., Dugal, C.S., Styblo, T.M., and Carlson, G.W., A meta-analysis comparing 
breast conservation therapy alone to the oncoplastic technique. Ann Plast Surg, 2014. 
72(2): p. 145-9. 

216. Yang, T.J., Morrow, M., Modi, S., Zhang, Z., Krause, K., Siu, C., et al., The Effect of 
Molecular Subtype and Residual Disease on Locoregional Recurrence in Breast Cancer 
Patients Treated with Neoadjuvant Chemotherapy and Postmastectomy Radiation. Ann 
Surg Oncol, 2015. 22 Suppl 3: p. S495-501. 

217. Swisher, S.K., Vila, J., Tucker, S.L., Bedrosian, I., Shaitelman, S.F., Litton, J.K., et al., 
Locoregional Control According to Breast Cancer Subtype and Response to 
Neoadjuvant Chemotherapy in Breast Cancer Patients Undergoing Breast-conserving 
Therapy. Ann Surg Oncol, 2016. 23(3): p. 749-56. 

218. Pilewskie, M.L. and Morrow, M., Management of the clinically node-negative axilla: 
what have we learned from the clinical trials? Oncology (Williston Park), 2014. 28(5): p. 
371-8. 

219. Morrow, M., Progress in the surgical management of breast cancer: Present and 
future. Breast, 2015. 24: p. S2-S5. 

220. Vaz-Luis, I., Ottesen, R.A., Hughes, M.E., Mamet, R., Burstein, H.J., Edge, S.B., et al., 
Outcomes by tumor subtype and treatment pattern in women with small, node-
negative breast cancer: a multi-institutional study. J Clin Oncol, 2014. 32(20): p. 2142-
50. 

221. Boughey, J.C., Suman, V.J., Mittendorf, E.A., Ahrendt, G.M., Wilke, L.G., Taback, B., et 
al., Sentinel lymph node surgery after neoadjuvant chemotherapy in patients with 
node-positive breast cancer: the ACOSOG Z1071 (Alliance) clinical trial. Jama, 2013. 
310(14): p. 1455-61. 

222. Kuehn, T., Bauerfeind, I., Fehm, T., Fleige, B., Hausschild, M., Helms, G., et al., Sentinel-
lymph-node biopsy in patients with breast cancer before and after neoadjuvant 
chemotherapy (SENTINA): a prospective, multicentre cohort study. Lancet Oncol, 2013. 
14(7): p. 609-18. 

223. Boileau, J.F., Poirier, B., Basik, M., Holloway, C.M., Gaboury, L., Sideris, L., et al., 
Sentinel node biopsy after neoadjuvant chemotherapy in biopsy-proven node-positive 
breast cancer: the SN FNAC study. J Clin Oncol, 2015. 33(3): p. 258-64. 

224. Vila, J., Mittendorf, E.A., Farante, G., Bassett, R.L., Veronesi, P., Galimberti, V., et al., 
Nomograms for Predicting Axillary Response to Neoadjuvant Chemotherapy in 
Clinically Node-Positive Patients with Breast Cancer. Ann Surg Oncol, 2016. 23(11): p. 
3501-3509. 

225. Enokido, K., Watanabe, C., Nakamura, S., Ogiya, A., Osako, T., Akiyama, F., et al., 
Sentinel Lymph Node Biopsy After Neoadjuvant Chemotherapy in Patients With an 
Initial Diagnosis of Cytology-Proven Lymph Node-Positive Breast Cancer. Clin Breast 
Cancer, 2016. 16(4): p. 299-304. 

226. McVeigh, T.P., Al-Azawi, D., Kearney, D.E., Malone, C., Sweeney, K.J., Barry, K., et al., 
Assessing the impact of neoadjuvant chemotherapy on the management of the breast 
and axilla in breast cancer. Clin Breast Cancer, 2014. 14(1): p. 20-5. 

227. Mamtani, A., Barrio, A.V., King, T.A., Van Zee, K.J., Plitas, G., Pilewskie, M., et al., How 
Often Does Neoadjuvant Chemotherapy Avoid Axillary Dissection in Patients With 
Histologically Confirmed Nodal Metastases? Results of a Prospective Study. Ann Surg 
Oncol, 2016. 23(11): p. 3467-3474. 

228. Hall, J.M., Lee, M.K., Newman, B., Morrow, J.E., Anderson, L.A., Huey, B., et al., Linkage 
of early-onset familial breast cancer to chromosome 17q21. Science, 1990. 250(4988): 
p. 1684-9. 



References 

308 
 

229. Wooster, R., Bignell, G., Lancaster, J., Swift, S., Seal, S., Mangion, J., et al., Identification 
of the breast cancer susceptibility gene BRCA2. Nature, 1995. 378(6559): p. 789-92. 

230. Mavaddat, N., Peock, S., Frost, D., Ellis, S., Platte, R., Fineberg, E., et al., Cancer risks for 
BRCA1 and BRCA2 mutation carriers: results from prospective analysis of EMBRACE. J 
Natl Cancer Inst, 2013. 105(11): p. 812-22. 

231. Mavaddat, N., Barrowdale, D., Andrulis, I.L., Domchek, S.M., Eccles, D., Nevanlinna, H., 
et al., Pathology of breast and ovarian cancers among BRCA1 and BRCA2 mutation 
carriers: results from the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA). 
Cancer Epidemiol Biomarkers Prev, 2012. 21(1): p. 134-47. 

232. Bevers, T.B., Ward, J.H., Arun, B.K., Colditz, G.A., Cowan, K.H., Daly, M.B., et al., Breast 
Cancer Risk Reduction, Version 2.2015. J Natl Compr Canc Netw, 2015. 13(7): p. 880-
915. 

233. Evans, D.G., Graham, J., O'Connell, S., Arnold, S., and Fitzsimmons, D., Familial breast 
cancer: summary of updated NICE guidance. Bmj, 2013. 346: p. f3829. 

234. National Institute for Health and Clinical Excellence: Guidance, in Familial Breast 
Cancer: Classification and Care of People at Risk of Familial Breast Cancer and 
Management of Breast Cancer and Related Risks in People with a Family History of 
Breast Cancer. 2013, National Collaborating Centre for Cancer (UK): Cardiff (UK). 

235. Rich, T.A., Woodson, A.H., Litton, J., and Arun, B., Hereditary breast cancer syndromes 
and genetic testing. Journal of Surgical Oncology, 2015. 111(1): p. 66-80. 

236. Rahman, N., Realizing the promise of cancer predisposition genes. Nature, 2014. 
505(7483): p. 302-8. 

237. Balmaña, J., Díez, O., Rubio, I.T., and Cardoso, F., BRCA in breast cancer: ESMO clinical 
practice guidelines. Annals of Oncology, 2011. 22(SUPPL. 6): p. vi31-vi34. 

238. Lalloo, F. and Evans, D.G., Familial breast cancer. Clin Genet, 2012. 82(2): p. 105-14. 
239. Chompret, A., Brugières, L., Ronsin, M., Gardes, M., Dessarps-Freichey, F., Abel, A., et 

al., P53 germline mutations in childhood cancers and cancer risk for carrier individuals. 
British Journal of Cancer, 2000. 82(12): p. 1932-1937. 

240. Robson , M. and Offit , K., Management of an Inherited Predisposition to Breast 
Cancer. New England Journal of Medicine, 2007. 357(2): p. 154-162. 

241. Pharoah, P.D.P., Guilford, P., and Caldas, C., Incidence of gastric cancer and breast 
cancer in CDH1 (E-cadherin) mutation carriers from hereditary diffuse gastric cancer 
families. Gastroenterology, 2001. 121(6): p. 1348-1353. 

242. Rahman, N., Seal, S., Thompson, D., Kelly, P., Renwick, A., Elliott, A., et al., PALB2, 
which encodes a BRCA2-interacting protein, is a breast cancer susceptibility gene. Nat 
Genet, 2007. 39(2): p. 165-7. 

243. Heikkinen, K., Rapakko, K., Karppinen, S.M., Erkko, H., Knuutila, S., Lundan, T., et al., 
RAD50 and NBS1 are breast cancer susceptibility genes associated with genomic 
instability. Carcinogenesis, 2006. 27(8): p. 1593-9. 

244. Hindorff, L.A., Gillanders, E.M., and Manolio, T.A., Genetic architecture of cancer and 
other complex diseases: lessons learned and future directions. Carcinogenesis, 2011. 
32(7): p. 945-54. 

245. Antoniou, A.C., Casadei, S., Heikkinen, T., Barrowdale, D., Pylkas, K., Roberts, J., et al., 
Breast-cancer risk in families with mutations in PALB2. N Engl J Med, 2014. 371(6): p. 
497-506. 

246. Adank, M.A., Jonker, M.A., Kluijt, I., van Mil, S.E., Oldenburg, R.A., Mooi, W.J., et al., 
CHEK2*1100delC homozygosity is associated with a high breast cancer risk in women. J 
Med Genet, 2011. 48(12): p. 860-3. 

247. Seminog, O.O. and Goldacre, M.J., Age-specific risk of breast cancer in women with 
neurofibromatosis type 1. British Journal of Cancer, 2015. 112(9): p. 1546-1548. 



References 

309 
 

248. Swift, M., Reitnauer, P.J., Morrell, D., and Chase, C.L., Breast and other cancers in 
families with ataxia-telangiectasia. N Engl J Med, 1987. 316(21): p. 1289-94. 

249. Stacey, S.N., Manolescu, A., Sulem, P., Rafnar, T., Gudmundsson, J., Gudjonsson, S.A., 
et al., Common variants on chromosomes 2q35 and 16q12 confer susceptibility to 
estrogen receptor-positive breast cancer. Nat Genet, 2007. 39(7): p. 865-9. 

250. Easton, D.F., Pooley, K.A., Dunning, A.M., Pharoah, P.D.P., Thompson, D., Ballinger, 
D.G., et al., Genome-wide association study identifies novel breast cancer susceptibility 
loci. Nature, 2007. 447(7148): p. 1087-1093. 

251. Ghoussaini, M., Fletcher, O., Michailidou, K., Turnbull, C., Schmidt, M.K., Dicks, E., et 
al., Genome-wide association analysis identifies three new breast cancer susceptibility 
loci. Nat Genet, 2012. 44(3): p. 312-8. 

252. Mavaddat, N., Antoniou, A.C., Easton, D.F., and Garcia-Closas, M., Genetic 
susceptibility to breast cancer. Mol Oncol, 2010. 4(3): p. 174-91. 

253. Pilarski, R., Patel, D.A., Weitzel, J., McVeigh, T., Dorairaj, J.J., Heneghan, H.M., et al., 
The KRAS-variant is associated with risk of developing double primary breast and 
ovarian cancer. PLoS ONE, 2012. 7(5). 

254. McVeigh, T.P., Jung, S.Y., Kerin, M.J., Salzman, D.W., Nallur, S., Nemec, A.A., et al., 
Estrogen withdrawal, increased breast cancer risk and the KRAS-variant. Cell Cycle, 
2015. 14(13): p. 2091-2099. 

255. Pharoah, P.D., Antoniou, A., Bobrow, M., Zimmern, R.L., Easton, D.F., and Ponder, B.A., 
Polygenic susceptibility to breast cancer and implications for prevention. Nat Genet, 
2002. 31(1): p. 33-6. 

256. MG, M., DG, A., DA, C., JA, D., SG, T., and M, W., The benefits and harms of breast 
cancer screening: an independent review. Lancet, 2012. 380(9855): p. 1778-86. 

257. Narod, S.A., Breast cancer prevention in the era of precision medicine. J Natl Cancer 
Inst, 2015. 107(5). 

258. Heywang-Köbrunner, S.H., Hacker, A., and Sedlacek, S., Advantages and Disadvantages 
of Mammography Screening. Breast Care, 2011. 6(3): p. 199-207. 

259. Wong, S.M., Freedman, R.A., Sagara, Y., Aydogan, F., Barry, W.T., and Golshan, M., 
Growing Use of Contralateral Prophylactic Mastectomy Despite no Improvement in 
Long-term Survival for Invasive Breast Cancer. Ann Surg, 2016. 

260. Neuburger, J., Macneill, F., Jeevan, R., van der Meulen, J.H., and Cromwell, D.A., Trends 
in the use of bilateral mastectomy in England from 2002 to 2011: retrospective analysis 
of hospital episode statistics. BMJ Open, 2013. 3(8). 

261. Kulkarni, A. and Brady, A. Scientific impact paper No. 48: Management of women with 
a genetic predisposition to gynaecological cancers. . 2015  [cited 17 2]; 140]. Available 
from: https://www.rcog.org.uk/globalassets/documents/guidelines/scientific-impact-
papers/sip48.pdf. 

262. Kotsopoulos, J., Huzarski, T., Gronwald, J., Singer, C.F., Moller, P., Lynch, H.T., et al., 
Bilateral Oophorectomy and Breast Cancer Risk in BRCA1 and BRCA2 Mutation 
Carriers. JNCI: Journal of the National Cancer Institute, 2017. 109(1): p. djw177-
djw177. 

263. Domchek, S.M., Friebel, T.M., Singer, C.F., Evans, D.G., Lynch, H.T., Isaacs, C., et al., 
Association of risk-reducing surgery in BRCA1 or BRCA2 mutation carriers with cancer 
risk and mortality. Jama, 2010. 304(9): p. 967-75. 

264. Metcalfe, K., Gershman, S., Ghadirian, P., Lynch, H.T., Snyder, C., Tung, N., et al., 
Contralateral mastectomy and survival after breast cancer in carriers of BRCA1 and 
BRCA2 mutations: retrospective analysis. BMJ : British Medical Journal, 2014. 348. 

265. Basu, N.N., Ross, G.L., Evans, D.G., and Barr, L., The Manchester guidelines for 
contralateral risk-reducing mastectomy. World Journal of Surgical Oncology, 2015. 13: 
p. 237. 

https://www.rcog.org.uk/globalassets/documents/guidelines/scientific-impact-papers/sip48.pdf
https://www.rcog.org.uk/globalassets/documents/guidelines/scientific-impact-papers/sip48.pdf


References 

310 
 

266. Heemskerk-Gerritsen, B.A., Rookus, M.A., Aalfs, C.M., Ausems, M.G., Collee, J.M., 
Jansen, L., et al., Improved overall survival after contralateral risk-reducing 
mastectomy in BRCA1/2 mutation carriers with a history of unilateral breast cancer: a 
prospective analysis. Int J Cancer, 2015. 136(3): p. 668-77. 

267. Evans, D.G., Ingham, S.L., Baildam, A., Ross, G.L., Lalloo, F., Buchan, I., et al., 
Contralateral mastectomy improves survival in women with BRCA1/2-associated breast 
cancer. Breast Cancer Res Treat, 2013. 140(1): p. 135-42. 

268. Pierce, L.J., Phillips, K.A., Griffith, K.A., Buys, S., Gaffney, D.K., Moran, M.S., et al., Local 
therapy in BRCA1 and BRCA2 mutation carriers with operable breast cancer: 
comparison of breast conservation and mastectomy. Breast Cancer Res Treat, 2010. 
121(2): p. 389-98. 

269. Metcalfe, K., Gershman, S., Lynch, H.T., Ghadirian, P., Tung, N., Kim-Sing, C., et al., 
Predictors of contralateral breast cancer in BRCA1 and BRCA2 mutation carriers. Br J 
Cancer, 2011. 104(9): p. 1384-92. 

270. Valachis, A., Nearchou, A.D., and Lind, P., Surgical management of breast cancer in 
BRCA-mutation carriers: a systematic review and meta-analysis. Breast Cancer Res 
Treat, 2014. 144(3): p. 443-55. 

271. Da Silva, L. and Lakhani, S.R., Pathology of hereditary breast cancer. Mod Pathol, 2010. 
23 Suppl 2: p. S46-51. 

272. King, T.A., Pilewskie, M., and Morrow, M., Optimal surgical management for high-risk 
populations. Breast, 2015. 24 Suppl 2: p. S91-5. 

273. Parker, P.A., Peterson, S.K., Bedrosian, I., Crosby, M.A., Shen, Y., Black, D.M., et al., 
Prospective Study of Surgical Decision-making Processes for Contralateral Prophylactic 
Mastectomy in Women with Breast Cancer. Annals of surgery, 2016. 263(1): p. 178-
183. 

274. Yao, K., Belkora, J., Sisco, M., Rosenberg, S., Bedrosian, I., Liederbach, E., et al., Survey 
of the Deficits in Surgeons' Knowledge of Contralateral Prophylactic Mastectomy. 
JAMA Surg, 2016. 151(4): p. 391-3. 

275. Sisco, M. and Yao, K.A., Nipple-sparing mastectomy: A contemporary perspective. J 
Surg Oncol, 2016. 113(8): p. 883-90. 

276. De La Cruz, L., Moody, A.M., Tappy, E.E., Blankenship, S.A., and Hecht, E.M., Overall 
Survival, Disease-Free Survival, Local Recurrence, and Nipple-Areolar Recurrence in the 
Setting of Nipple-Sparing Mastectomy: A Meta-Analysis and Systematic Review. Ann 
Surg Oncol, 2015. 22(10): p. 3241-9. 

277. Heneghan, H.M., Prichard, R.S., Lyons, R., Regan, P.J., Kelly, J.L., Malone, C., et al., 
Quality of life after immediate breast reconstruction and skin-sparing mastectomy - a 
comparison with patients undergoing breast conserving surgery. Eur J Surg Oncol, 
2011. 37(11): p. 937-43. 

278. Early and locally advanced breast cancer: diagnosis and treatment. National Institute 
for Clinical Excellence. Clinical guideline [CG80] 2017; Available from: 
https://www.nice.org.uk/guidance/CG80. 

279. Kronowitz, S.J., State of the art and science in postmastectomy breast reconstruction. 
Plast Reconstr Surg, 2015. 135(4): p. 755e-71e. 

280. Albornoz, C.R., Bach, P.B., Mehrara, B.J., Disa, J.J., Pusic, A.L., McCarthy, C.M., et al., A 
paradigm shift in U.S. Breast reconstruction: increasing implant rates. Plast Reconstr 
Surg, 2013. 131(1): p. 15-23. 

281. Zhong, T., Temple-Oberle, C., Hofer, S., Beber, B., Semple, J., Brown, M., et al., The 
Multi Centre Canadian Acellular Dermal Matrix Trial (MCCAT): study protocol for a 
randomized controlled trial in implant-based breast reconstruction. Trials, 2013. 14(1): 
p. 356. 

https://www.nice.org.uk/guidance/CG80


References 

311 
 

282. Cemal, Y., Albornoz, C.R., Disa, J.J., McCarthy, C.M., Mehrara, B.J., Pusic, A.L., et al., A 
paradigm shift in U.S. breast reconstruction: Part 2. The influence of changing 
mastectomy patterns on reconstructive rate and method. Plast Reconstr Surg, 2013. 
131(3): p. 320e-6e. 

283. Kelley, B.P., Ahmed, R., Kidwell, K.M., Kozlow, J.H., Chung, K.C., and Momoh, A.O., A 
systematic review of morbidity associated with autologous breast reconstruction 
before and after exposure to radiotherapy: are current practices ideal? Ann Surg Oncol, 
2014. 21(5): p. 1732-8. 

284. Adetayo, O.A., Salcedo, S.E., Bahjri, K., and Gupta, S.C., A Meta-analysis of Outcomes 
Using Acellular Dermal Matrix in Breast and Abdominal Wall Reconstructions: Event 
Rates and Risk Factors Predictive of Complications. Ann Plast Surg, 2016. 77(2): p. e31-
8. 

285. Tevlin, R., Atashroo, D., Duscher, D., Mc Ardle, A., Gurtner, G.C., Wan, D.C., et al., 
Impact of surgical innovation on tissue repair in the surgical patient. Br J Surg, 2015. 
102(2): p. e41-55. 

286. Chhaya, M., Melchels, F., Wiggenhauser, P., Schantz, J., and Hutmacher, D., Breast 
reconstruction using biofabrication-based tissue engineering strategies., in 
Biofabrication: micro- and nano-fabrication, printing, patterning, and assemblies. . 
2013. p. 183. 

287. Philips, B.J., Marra, K.G., and Rubin, J.P., Healing of Grafted Adipose Tissue: Current 
Clinical Applications of Adipose-Derived Stem Cells for Breast and Face Reconstruction. 
Wound repair and regeneration : official publication of the Wound Healing Society 
[and] the European Tissue Repair Society, 2014. 22(0 1): p. 11-13. 

288. Ross, R.J., Shayan, R., Mutimer, K.L., and Ashton, M.W., Autologous fat grafting: 
current state of the art and critical review. Ann Plast Surg, 2014. 73(3): p. 352-7. 

289. Coleman, S.R. and Saboeiro, A.P., Fat grafting to the breast revisited: safety and 
efficacy. Plast Reconstr Surg, 2007. 119(3): p. 775-85; discussion 786-7. 

290. Yoshimura, K., Sato, K., Aoi, N., Kurita, M., Hirohi, T., and Harii, K., Cell-Assisted 
Lipotransfer for Cosmetic Breast Augmentation: Supportive Use of Adipose-Derived 
Stem/Stromal Cells. Aesthetic Plastic Surgery, 2008. 32(1): p. 48-55. 

291. Kolle, S.F., Fischer-Nielsen, A., Mathiasen, A.B., Elberg, J.J., Oliveri, R.S., Glovinski, P.V., 
et al., Enrichment of autologous fat grafts with ex-vivo expanded adipose tissue-
derived stem cells for graft survival: a randomised placebo-controlled trial. Lancet, 
2013. 382(9898): p. 1113-20. 

292. Perez-Cano, R., Vranckx, J.J., Lasso, J.M., Calabrese, C., Merck, B., Milstein, A.M., et al., 
Prospective trial of adipose-derived regenerative cell (ADRC)-enriched fat grafting for 
partial mastectomy defects: the RESTORE-2 trial. Eur J Surg Oncol, 2012. 38(5): p. 382-
9. 

293. Chhaya, M.P., Melchels, F.P., Holzapfel, B.M., Baldwin, J.G., and Hutmacher, D.W., 
Sustained regeneration of high-volume adipose tissue for breast reconstruction using 
computer aided design and biomanufacturing. Biomaterials, 2015. 52: p. 551-60. 

294. Findlay, M.W., Dolderer, J.H., Trost, N., Craft, R.O., Cao, Y., Cooper-White, J., et al., 
Tissue-engineered breast reconstruction: bridging the gap toward large-volume tissue 
engineering in humans. Plast Reconstr Surg, 2011. 128(6): p. 1206-15. 

295. Martin, F.T., Dwyer, R.M., Kelly, J., Khan, S., Murphy, J.M., Curran, C., et al., Potential 
role of mesenchymal stem cells (MSCs) in the breast tumour microenvironment: 
stimulation of epithelial to mesenchymal transition (EMT). Breast Cancer Res Treat, 
2010. 124(2): p. 317-26. 

296. Kucerova, L., Kovacovicova, M., Polak, S., Bohac, M., Fedeles, J., Palencar, D., et al., 
Interaction of human adipose tissue-derived mesenchymal stromal cells with breast 
cancer cells. Neoplasma, 2011. 58(5): p. 361-70. 



References 

312 
 

297. Kuhbier, J.W., Bucan, V., Reimers, K., Strauss, S., Lazaridis, A., Jahn, S., et al., Observed 
changes in the morphology and phenotype of breast cancer cells in direct co-culture 
with adipose-derived stem cells. Plast Reconstr Surg, 2014. 134(3): p. 414-23. 

298. Ryu, H., Oh, J.E., Rhee, K.J., Baik, S.K., Kim, J., Kang, S.J., et al., Adipose tissue-derived 
mesenchymal stem cells cultured at high density express IFN-beta and suppress the 
growth of MCF-7 human breast cancer cells. Cancer Lett, 2014. 352(2): p. 220-7. 

299. Klopp, A.H., Gupta, A., Spaeth, E., Andreeff, M., and Marini, F., 3rd, Concise review: 
Dissecting a discrepancy in the literature: do mesenchymal stem cells support or 
suppress tumor growth? Stem Cells, 2011. 29(1): p. 11-9. 

300. Bielli, A., Scioli, M.G., Gentile, P., Cervelli, V., and Orlandi, A., Adipose Tissue-Derived 
Stem Cell Therapy for Post-Surgical Breast Reconstruction--More Light than Shadows. 
Advances in clinical and experimental medicine : official organ Wroclaw Medical 
University, 2015. 24(3): p. 545-548. 

301. Planck, M., Isaksson, S., Veerla, S., and Staaf, J., Identification of transcriptional 
subgroups in EGFR-mutated and EGFR/KRAS wild-type lung adenocarcinoma reveals 
gene signatures associated with patient outcome. Clin Cancer Res, 2013. 19(18): p. 
5116-26. 

302. Alexandrov, L.B., Nik-Zainal, S., Siu, H.C., Leung, S.Y., and Stratton, M.R., A mutational 
signature in gastric cancer suggests therapeutic strategies. Nat Commun, 2015. 6: p. 
8683. 

303. Wood, K. and Luke, J.J., Optimal Use of BRAF Targeting Therapy in the Immunotherapy 
Era. Curr Oncol Rep, 2016. 18(11): p. 67. 

304. Sorlie, T., Perou, C.M., Tibshirani, R., Aas, T., Geisler, S., Johnsen, H., et al., Gene 
expression patterns of breast carcinomas distinguish tumor subclasses with clinical 
implications. Proc Natl Acad Sci U S A, 2001. 98(19): p. 10869-74. 

305. Marquard, A.M., Birkbak, N.J., Thomas, C.E., Favero, F., Krzystanek, M., Lefebvre, C., et 
al., TumorTracer: a method to identify the tissue of origin from the somatic mutations 
of a tumor specimen. BMC Med Genomics, 2015. 8: p. 58. 

306. Lillie, E.O., Patay, B., Diamant, J., Issell, B., Topol, E.J., and Schork, N.J., The n-of-1 
clinical trial: the ultimate strategy for individualizing medicine? Per Med, 2011. 8(2): p. 
161-173. 

307. Collins, F.S. and Varmus, H., A new initiative on precision medicine. N Engl J Med, 2015. 
372(9): p. 793-5. 

308. European Commission: Horizon 2020: Health, D.C.a.W.; Available from: 
https://ec.europa.eu/programmes/horizon2020/en/h2020-section/health-
demographic-change-andwellbeing  

309. Kaufman, D.J., Baker, R., Milner, L.C., Devaney, S., and Hudson, K.L., A Survey of U.S 
Adults' Opinions about Conduct of a Nationwide Precision Medicine Initiative(R) Cohort 
Study of Genes and Environment. PLoS One, 2016. 11(8): p. e0160461. 

310. Henneman, L., Vermeulen, E., van El, C.G., Claassen, L., Timmermans, D.R., and Cornel, 
M.C., Public attitudes towards genetic testing revisited: comparing opinions between 
2002 and 2010. Eur J Hum Genet, 2013. 21(8): p. 793-9. 

311. McVeigh, T.P., Sweeney, K.J., Kerin, M.J., and Gallagher, D.J., A qualitative analysis of 
the attitudes of Irish patients towards participation in genetic-based research. Irish 
Journal of Medical Science, 2016. 185(4): p. 825-831. 

312. Weichhart, T., Hengstschlager, M., and Linke, M., Regulation of innate immune cell 
function by mTOR. Nat Rev Immunol, 2015. 15(10): p. 599-614. 

313. Stratton, M.R., Campbell, P.J., and Futreal, P.A., The cancer genome. Nature, 2009. 
458(7239): p. 719-24. 

314. Vogelstein, B. and Kinzler, K.W., The Path to Cancer --Three Strikes and You're Out. N 
Engl J Med, 2015. 373(20): p. 1895-8. 

https://ec.europa.eu/programmes/horizon2020/en/h2020-section/health-demographic-change-andwellbeing
https://ec.europa.eu/programmes/horizon2020/en/h2020-section/health-demographic-change-andwellbeing


References 

313 
 

315. Tomasetti, C., Marchionni, L., Nowak, M.A., Parmigiani, G., and Vogelstein, B., Only 
three driver gene mutations are required for the development of lung and colorectal 
cancers. Proc Natl Acad Sci U S A, 2015. 112(1): p. 118-23. 

316. Vogelstein, B., Papadopoulos, N., Velculescu, V.E., Zhou, S., Diaz, L.A., Jr., and Kinzler, 
K.W., Cancer genome landscapes. Science, 2013. 339(6127): p. 1546-58. 

317. Swanton, C., Soria, J.C., Bardelli, A., Biankin, A., Caldas, C., Chandarlapaty, S., et al., 
Consensus on precision medicine for metastatic cancers: a report from the MAP 
conference. Ann Oncol, 2016. 27(8): p. 1443-8. 

318. Forment, J.V., Kaidi, A., and Jackson, S.P., Chromothripsis and cancer: causes and 
consequences of chromosome shattering. Nat Rev Cancer, 2012. 12(10): p. 663-70. 

319. Nik-Zainal, S., Alexandrov, L.B., Wedge, D.C., Van Loo, P., Greenman, C.D., Raine, K., et 
al., Mutational processes molding the genomes of 21 breast cancers. Cell, 2012. 149(5): 
p. 979-93. 

320. Maciejowski, J., Li, Y., Bosco, N., Campbell, P.J., and de Lange, T., Chromothripsis and 
Kataegis Induced by Telomere Crisis. Cell, 2015. 163(7): p. 1641-54. 

321. Kriplani, D. and Patel, M.M., Immunohistochemistry: A diagnostic aid in differentiating 
primary epithelial ovarian tumors and tumors metastatic to the ovary. South Asian J 
Cancer, 2013. 2(4): p. 254-8. 

322. Ikeda, S., Fujimori, M., Shibata, S., Okajima, M., Ishizaki, Y., Kurihara, T., et al., 
Combined immunohistochemistry of beta-catenin, cytokeratin 7, and cytokeratin 20 is 
useful in discriminating primary lung adenocarcinomas from metastatic colorectal 
cancer. BMC Cancer, 2006. 6: p. 31. 

323. Metcalf, A.M. and Spurdle, A.B., Endometrial tumour BRAF mutations and MLH1 
promoter methylation as predictors of germline mismatch repair gene mutation status: 
a literature review. Fam Cancer, 2014. 13(1): p. 1-12. 

324. NCCN.org. NCCN Clinical Practice Guidline in Oncology: Acute Myeloid Leukaemia. 2017 
06/06/2017; Available from: 
https://www.nccn.org/professionals/physician_gls/pdf/aml.pdf. 

325. NCCN.org. NCCN Clinical Practice Guidelines in Oncology: Acute Lymphoblastic 
Leukaemia Version 2.2016. 2016 27/10/2017; Available from: 
https://www.nccn.org/professionals/physician_gls/pdf/all.pdf. 

326. NCCN.org. NCCN Clinical Practice Guidelines in Oncologu: Myelodysplastic Syndrome 
2017 29/08/2017; Available from: 
https://www.nccn.org/professionals/physician_gls/PDF/mds.pdf. 

327. Nicholson, J.M. and Cimini, D., Cancer karyotypes: survival of the fittest. Front Oncol, 
2013. 3: p. 148. 

328. NCCN.org. NCCN Clinical Practice Guidelines in Oncology: Central Nervous System 
Cancers Version 1.2016. 2016 18/08/2017; Available from: 
https://www.nccn.org/professionals/physician_gls/pdf/cns.pdf. 

329. NCCN.org. NCCN Clinical Practice Guidelines in Oncology: Soft Tissue Sarcoma 2018 
31/10/2017; Available from: 
https://www.nccn.org/professionals/physician_gls/pdf/sarcoma.pdf. 

330. Harris, G., O'Toole, S., George, P., Browett, P., and Print, C., Massive parallel 
sequencing of solid tumours - challenges and opportunities for pathologists. 
Histopathology, 2017. 70(1): p. 123-133. 

331. Harper, M.J. and Walpole, A.L., A new derivative of triphenylethylene: effect on 
implantation and mode of action in rats. J Reprod Fertil, 1967. 13(1): p. 101-19. 

332. Finn, R.S., Crown, J.P., Lang, I., Boer, K., Bondarenko, I.M., Kulyk, S.O., et al., The cyclin-
dependent kinase 4/6 inhibitor palbociclib in combination with letrozole versus 
letrozole alone as first-line treatment of oestrogen receptor-positive, HER2-negative, 

https://www.nccn.org/professionals/physician_gls/pdf/aml.pdf
https://www.nccn.org/professionals/physician_gls/pdf/all.pdf
https://www.nccn.org/professionals/physician_gls/PDF/mds.pdf
https://www.nccn.org/professionals/physician_gls/pdf/cns.pdf
https://www.nccn.org/professionals/physician_gls/pdf/sarcoma.pdf


References 

314 
 

advanced breast cancer (PALOMA-1/TRIO-18): a randomised phase 2 study. Lancet 
Oncol, 2015. 16(1): p. 25-35. 

333. Finn, R.S., Martin, M., Rugo, H.S., Jones, S., Im, S.A., Gelmon, K., et al., Palbociclib and 
Letrozole in Advanced Breast Cancer. N Engl J Med, 2016. 375(20): p. 1925-1936. 

334. Daldorff, S., Mathiesen, R.M., Yri, O.E., Odegard, H.P., and Geisler, J., Cotargeting of 
CYP-19 (aromatase) and emerging, pivotal signalling pathways in metastatic breast 
cancer. Br J Cancer, 2017. 116(1): p. 10-20. 

335. Finn, R.S., Dering, J., Conklin, D., Kalous, O., Cohen, D.J., Desai, A.J., et al., PD 0332991, 
a selective cyclin D kinase 4/6 inhibitor, preferentially inhibits proliferation of luminal 
estrogen receptor-positive human breast cancer cell lines in vitro. Breast Cancer Res, 
2009. 11(5): p. R77. 

336. Cristofanilli, M., Turner, N.C., Bondarenko, I., Ro, J., Im, S.A., Masuda, N., et al., 
Fulvestrant plus palbociclib versus fulvestrant plus placebo for treatment of hormone-
receptor-positive, HER2-negative metastatic breast cancer that progressed on previous 
endocrine therapy (PALOMA-3): final analysis of the multicentre, double-blind, phase 3 
randomised controlled trial. Lancet Oncol, 2016. 17(4): p. 425-39. 

337. Chalhoub, N. and Baker, S.J., PTEN and the PI3-kinase pathway in cancer. Annu Rev 
Pathol, 2009. 4: p. 127-50. 

338. Guerrero-Zotano, A., Mayer, I.A., and Arteaga, C.L., PI3K/AKT/mTOR: role in breast 
cancer progression, drug resistance, and treatment. Cancer Metastasis Rev, 2016. 
35(4): p. 515-524. 

339. Franz, D.N., Belousova, E., Sparagana, S., Bebin, E.M., Frost, M.D., Kuperman, R., et al., 
Long-Term Use of Everolimus in Patients with Tuberous Sclerosis Complex: Final Results 
from the EXIST-1 Study. PLoS One, 2016. 11(6): p. e0158476. 

340. Yao, J.C., Shah, M.H., Ito, T., Bohas, C.L., Wolin, E.M., Van Cutsem, E., et al., Everolimus 
for advanced pancreatic neuroendocrine tumors. N Engl J Med, 2011. 364(6): p. 514-
23. 

341. Baselga, J., Campone, M., Piccart, M., Burris, H.A., 3rd, Rugo, H.S., Sahmoud, T., et al., 
Everolimus in postmenopausal hormone-receptor-positive advanced breast cancer. N 
Engl J Med, 2012. 366(6): p. 520-9. 

342. Santa-Maria, C.A. and Gradishar, W.J., Changing Treatment Paradigms in Metastatic 
Breast Cancer: Lessons Learned. JAMA Oncol, 2015. 1(4): p. 528-34; quiz 549. 

343. Massacesi, C., Di Tomaso, E., Urban, P., Germa, C., Quadt, C., Trandafir, L., et al., PI3K 
inhibitors as new cancer therapeutics: implications for clinical trial design. Onco 
Targets Ther, 2016. 9: p. 203-10. 

344. Shih, C., Padhy, L.C., Murray, M., and Weinberg, R.A., Transforming genes of 
carcinomas and neuroblastomas introduced into mouse fibroblasts. Nature, 1981. 
290(5803): p. 261-4. 

345. Slamon, D.J., Clark, G.M., Wong, S.G., Levin, W.J., Ullrich, A., and McGuire, W.L., 
Human breast cancer: correlation of relapse and survival with amplification of the HER-
2/neu oncogene. Science, 1987. 235(4785): p. 177-82. 

346. Eccles, S.A., The epidermal growth factor receptor/Erb-B/HER family in normal and 
malignant breast biology. Int J Dev Biol, 2011. 55(7-9): p. 685-96. 

347. Miller, S.M., Goulet, D.R., and Johnson, G.L., Targeting the Breast Cancer Kinome. J Cell 
Physiol, 2017. 232(1): p. 53-60. 

348. Wu, P., Nielsen, T.E., and Clausen, M.H., FDA-approved small-molecule kinase 
inhibitors. Trends Pharmacol Sci, 2015. 36(7): p. 422-39. 

349. Cameron, D., Casey, M., Oliva, C., Newstat, B., Imwalle, B., and Geyer, C.E., Lapatinib 
plus capecitabine in women with HER-2-positive advanced breast cancer: final survival 
analysis of a phase III randomized trial. Oncologist, 2010. 15(9): p. 924-34. 



References 

315 
 

350. Geyer , C.E., Forster , J., Lindquist , D., Chan , S., Romieu , C.G., Pienkowski , T., et al., 
Lapatinib plus Capecitabine for HER2-Positive Advanced Breast Cancer. New England 
Journal of Medicine, 2006. 355(26): p. 2733-2743. 

351. Blackwell, K.L., Burstein, H.J., Storniolo, A.M., Rugo, H.S., Sledge, G., Aktan, G., et al., 
Overall survival benefit with lapatinib in combination with trastuzumab for patients 
with human epidermal growth factor receptor 2-positive metastatic breast cancer: final 
results from the EGF104900 Study. J Clin Oncol, 2012. 30(21): p. 2585-92. 

352. Li, D. and Marchenko, N.D., ErbB2 inhibition by lapatinib promotes degradation of 
mutant p53 protein in cancer cells. Oncotarget, 2017. 8(4): p. 5823-5833. 

353. Bang, Y.J., Van Cutsem, E., Feyereislova, A., Chung, H.C., Shen, L., Sawaki, A., et al., 
Trastuzumab in combination with chemotherapy versus chemotherapy alone for 
treatment of HER2-positive advanced gastric or gastro-oesophageal junction cancer 
(ToGA): a phase 3, open-label, randomised controlled trial. Lancet, 2010. 376(9742): p. 
687-97. 

354. Kang, Y.-K., Shah, M.A., Ohtsu, A., Cutsem, E.V., Ajani, J.A., Horst, T.v.d., et al., A 
randomized, open-label, multicenter, adaptive phase 2/3 study of trastuzumab 
emtansine (T-DM1) versus a taxane (TAX) in patients (pts) with previously treated 
HER2-positive locally advanced or metastatic gastric/gastroesophageal junction 
adenocarcinoma (LA/MGC/GEJC). Journal of Clinical Oncology, 2016. 34(4_suppl): p. 5-
5. 

355. Hecht, J.R., Bang, Y.J., Qin, S.K., Chung, H.C., Xu, J.M., Park, J.O., et al., Lapatinib in 
Combination With Capecitabine Plus Oxaliplatin in Human Epidermal Growth Factor 
Receptor 2-Positive Advanced or Metastatic Gastric, Esophageal, or Gastroesophageal 
Adenocarcinoma: TRIO-013/LOGiC--A Randomized Phase III Trial. J Clin Oncol, 2016. 
34(5): p. 443-51. 

356. Fong, P.C., Yap, T.A., Boss, D.S., Carden, C.P., Mergui-Roelvink, M., Gourley, C., et al., 
Poly(ADP)-ribose polymerase inhibition: frequent durable responses in BRCA carrier 
ovarian cancer correlating with platinum-free interval. J Clin Oncol, 2010. 28(15): p. 
2512-9. 

357. Ledermann, J., Harter, P., Gourley, C., Friedlander, M., Vergote, I., Rustin, G., et al., 
Olaparib maintenance therapy in patients with platinum-sensitive relapsed serous 
ovarian cancer: a preplanned retrospective analysis of outcomes by BRCA status in a 
randomised phase 2 trial. Lancet Oncol, 2014. 15(8): p. 852-61. 

358. Tutt, A., Robson, M., Garber, J.E., Domchek, S.M., Audeh, M.W., Weitzel, J.N., et al., 
Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients with BRCA1 or BRCA2 
mutations and advanced breast cancer: a proof-of-concept trial. Lancet, 2010. 
376(9737): p. 235-44. 

359. Postow, M.A. and Robson, M.E., Inherited gastrointestinal stromal tumor syndromes: 
mutations, clinical features, and therapeutic implications. Clin Sarcoma Res, 2012. 2(1): 
p. 16. 

360. Demetri, G.D., von Mehren, M., Blanke, C.D., Van den Abbeele, A.D., Eisenberg, B., 
Roberts, P.J., et al., Efficacy and safety of imatinib mesylate in advanced 
gastrointestinal stromal tumors. N Engl J Med, 2002. 347(7): p. 472-80. 

361. O'Brien, S.G., Guilhot, F., Larson, R.A., Gathmann, I., Baccarani, M., Cervantes, F., et al., 
Imatinib compared with interferon and low-dose cytarabine for newly diagnosed 
chronic-phase chronic myeloid leukemia. N Engl J Med, 2003. 348(11): p. 994-1004. 

362. Heinrich, M.C., Corless, C.L., Demetri, G.D., Blanke, C.D., von Mehren, M., Joensuu, H., 
et al., Kinase mutations and imatinib response in patients with metastatic 
gastrointestinal stromal tumor. J Clin Oncol, 2003. 21(23): p. 4342-9. 

363. Heinrich, M.C., Maki, R.G., Corless, C.L., Antonescu, C.R., Harlow, A., Griffith, D., et al., 
Primary and secondary kinase genotypes correlate with the biological and clinical 



References 

316 
 

activity of sunitinib in imatinib-resistant gastrointestinal stromal tumor. J Clin Oncol, 
2008. 26(33): p. 5352-9. 

364. Reichardt, P., Demetri, G.D., Gelderblom, H., Rutkowski, P., Im, S.A., Gupta, S., et al., 
Correlation of KIT and PDGFRA mutational status with clinical benefit in patients with 
gastrointestinal stromal tumor treated with sunitinib in a worldwide treatment-use 
trial. BMC Cancer, 2016. 16: p. 22. 

365. Corless, C.L., Schroeder, A., Griffith, D., Town, A., McGreevey, L., Harrell, P., et al., 
PDGFRA mutations in gastrointestinal stromal tumors: frequency, spectrum and in vitro 
sensitivity to imatinib. J Clin Oncol, 2005. 23(23): p. 5357-64. 

366. Lasota, J. and Miettinen, M., Clinical significance of oncogenic KIT and PDGFRA 
mutations in gastrointestinal stromal tumours. Histopathology, 2008. 53(3): p. 245-66. 

367. Nannini, M., Astolfi, A., Urbini, M., Indio, V., Santini, D., Heinrich, M.C., et al., 
Integrated genomic study of quadruple-WT GIST (KIT/PDGFRA/SDH/RAS pathway wild-
type GIST). BMC Cancer, 2014. 14: p. 685. 

368. Gasparotto, D., Rossi, S., Polano, M., Tamborini, E., Lorenzetto, E., Sbaraglia, M., et al., 
Quadruple-Negative GIST Is a Sentinel for Unrecognized Neurofibromatosis Type 1 
Syndrome. Clin Cancer Res, 2017. 23(1): p. 273-282. 

369. Lasota, J. and Miettinen, M., KIT and PDGFRA mutations in gastrointestinal stromal 
tumors (GISTs). Semin Diagn Pathol, 2006. 23(2): p. 91-102. 

370. Agaimy, A., Terracciano, L.M., Dirnhofer, S., Tornillo, L., Foerster, A., Hartmann, A., et 
al., V600E BRAF mutations are alternative early molecular events in a subset of 
KIT/PDGFRA wild-type gastrointestinal stromal tumours. J Clin Pathol, 2009. 62(7): p. 
613-6. 

371. Agaram, N.P., Wong, G.C., Guo, T., Maki, R.G., Singer, S., Dematteo, R.P., et al., Novel 
V600E BRAF mutations in imatinib-naive and imatinib-resistant gastrointestinal 
stromal tumors. Genes Chromosomes Cancer, 2008. 47(10): p. 853-9. 

372. Banzi, M., De Blasio, S., Lallas, A., Longo, C., Moscarella, E., Alfano, R., et al., 
Dabrafenib: a new opportunity for the treatment of BRAF V600-positive melanoma. 
Onco Targets Ther, 2016. 9: p. 2725-33. 

373. Spain, L., Julve, M., and Larkin, J., Combination dabrafenib and trametinib in the 
management of advanced melanoma with BRAFV600 mutations. Expert Opin 
Pharmacother, 2016. 17(7): p. 1031-8. 

374. Mangana, J., Levesque, M.P., Karpova, M.B., and Dummer, R., Sorafenib in melanoma. 
Expert Opin Investig Drugs, 2012. 21(4): p. 557-68. 

375. Escudier, B., Szczylik, C., Hutson, T.E., Demkow, T., Staehler, M., Rolland, F., et al., 
Randomized phase II trial of first-line treatment with sorafenib versus interferon Alfa-
2a in patients with metastatic renal cell carcinoma. J Clin Oncol, 2009. 27(8): p. 1280-9. 

376. Falchook, G.S., Trent, J.C., Heinrich, M.C., Beadling, C., Patterson, J., Bastida, C.C., et 
al., BRAF mutant gastrointestinal stromal tumor: first report of regression with BRAF 
inhibitor dabrafenib (GSK2118436) and whole exomic sequencing for analysis of 
acquired resistance. Oncotarget, 2013. 4(2): p. 310-5. 

377. Blay, J.-Y., Labouret, N.H., Cropet, C., Mazieres, J., Nowak, F., Bieche, I., et al., 
Biomarker-driven access to vemurafenib in BRAF-positive cancers: Second study of the 
French National AcSé Program. Journal of Clinical Oncology, 2016. 34(15_suppl): p. 
TPS11620-TPS11620. 

378. Szucs, Z., Thway, K., Fisher, C., Bulusu, R., Constantinidou, A., Benson, C., et al., 
Promising novel therapeutic approaches in the management of gastrointestinal 
stromal tumors. Future Oncol, 2017. 13(2): p. 185-194. 

379. Jones, S., Anagnostou, V., Lytle, K., Parpart-Li, S., Nesselbush, M., Riley, D.R., et al., 
Personalized genomic analyses for cancer mutation discovery and interpretation. Sci 
Transl Med, 2015. 7(283): p. 283ra53. 



References 

317 
 

380. Catenacci, D.V., Amico, A.L., Nielsen, S.M., Geynisman, D.M., Rambo, B., Carey, G.B., et 
al., Tumor genome analysis includes germline genome: are we ready for surprises? Int J 
Cancer, 2015. 136(7): p. 1559-67. 

381. Jain, R., Savage, M.J., Forman, A.D., Mukherji, R., and Hall, M.J., The Relevance of 
Hereditary Cancer Risks to Precision Oncology: What Should Providers Consider When 
Conducting Tumor Genomic Profiling? J Natl Compr Canc Netw, 2016. 14(6): p. 795-
806. 

382. Funchain, P., Sohal, D., Khorana, A.A., Abraham, J., Pennell, N.A., Rini, B.I., et al., 
Hereditary implications of somatic tumor testing. Journal of Clinical Oncology, 2015. 
33(15_suppl): p. 1523-1523. 

383. Ngeow, J. and Eng, C., Precision medicine in heritable cancer: when somatic tumour 
testing and germline mutations meet. 2016. 1: p. 15006. 

384. Colling, R., Church, D.N., Carmichael, J., Murphy, L., East, J., Risby, P., et al., Screening 
for Lynch syndrome and referral to clinical genetics by selective mismatch repair 
protein immunohistochemistry testing: an audit and cost analysis. J Clin Pathol, 2015. 
68(12): p. 1036-9. 

385. Beamer, L.C., Grant, M.L., Espenschied, C.R., Blazer, K.R., Hampel, H.L., Weitzel, J.N., et 
al., Reflex immunohistochemistry and microsatellite instability testing of colorectal 
tumors for Lynch syndrome among US cancer programs and follow-up of abnormal 
results. J Clin Oncol, 2012. 30(10): p. 1058-63. 

386. O'Kane, G., Flannery, D., O'Connor, K., Nolan, C., Farrell, M.P., Green, A.J., et al., 
Routine screening for mismatch repair proteins: The impact on genetic testing. Journal 
of Clinical Oncology, 2015. 33(3_suppl): p. 525-525. 

387. NICE. National Institute for Health and Care Excellence- Diagnostics Assessment 
Programme: Molecular testing for Lynch syndrome in people with colorectal cancer 
2016; Available from: https://www.nice.org.uk/guidance/GID-
DG10001/documents/final-scope. 

388. Alexandrov, L.B., Nik-Zainal, S., Wedge, D.C., Aparicio, S.A., Behjati, S., Biankin, A.V., et 
al., Signatures of mutational processes in human cancer. Nature, 2013. 500(7463): p. 
415-21. 

389. Jia, P., Pao, W., and Zhao, Z., Patterns and processes of somatic mutations in nine 
major cancers. BMC Med Genomics, 2014. 7: p. 11. 

390. Nielsen, M., Morreau, H., Vasen, H.F., and Hes, F.J., MUTYH-associated polyposis 
(MAP). Crit Rev Oncol Hematol, 2011. 79(1): p. 1-16. 

391. Al-Tassan, N., Chmiel, N.H., Maynard, J., Fleming, N., Livingston, A.L., Williams, G.T., et 
al., Inherited variants of MYH associated with somatic G:C-->T:A mutations in 
colorectal tumors. Nat Genet, 2002. 30(2): p. 227-32. 

392. Jones, S., Emmerson, P., Maynard, J., Best, J.M., Jordan, S., Williams, G.T., et al., 
Biallelic germline mutations in MYH predispose to multiple colorectal adenoma and 
somatic G:C→T:A mutations. Human Molecular Genetics, 2002. 11(23): p. 2961-2967. 

393. Lipton, L., Halford, S.E., Johnson, V., Novelli, M.R., Jones, A., Cummings, C., et al., 
Carcinogenesis in MYH-associated polyposis follows a distinct genetic pathway. Cancer 
Res, 2003. 63(22): p. 7595-9. 

394. Wang, L., Baudhuin, L.M., Boardman, L.A., Steenblock, K.J., Petersen, G.M., Halling, 
K.C., et al., MYH mutations in patients with attenuated and classic polyposis and with 
young-onset colorectal cancer without polyps. Gastroenterology, 2004. 127(1): p. 9-16. 

395. McVeigh, T.P., Duff, M., Carroll, C., O'Shea, R., Bradley, L., Farrell, M., et al., MUTYH-
Associated Polyposis: The Irish Experience>. Ir Med J, 2016. 109(10): p. 485. 

396. Tan, C. and Du, X., KRAS mutation testing in metastatic colorectal cancer. World 
Journal of Gastroenterology : WJG, 2012. 18(37): p. 5171-5180. 

https://www.nice.org.uk/guidance/GID-DG10001/documents/final-scope
https://www.nice.org.uk/guidance/GID-DG10001/documents/final-scope


References 

318 
 

397. van Puijenbroek, M., Nielsen, M., Tops, C.M., Halfwerk, H., Vasen, H.F., Weiss, M.M., et 
al., Identification of patients with (atypical) MUTYH-associated polyposis by KRAS2 
c.34G > T prescreening followed by MUTYH hotspot analysis in formalin-fixed paraffin-
embedded tissue. Clin Cancer Res, 2008. 14(1): p. 139-42. 

398. Oakman, C., Bessi, S., Zafarana, E., Galardi, F., Biganzoli, L., and Di Leo, A., Recent 
advances in systemic therapy. New diagnostics and biological predictors of outcome in 
early breast cancer. Breast Cancer Research, 2009. 11(2). 

399. Cronin, M., Pho, M., Dutta, D., Stephans, J.C., Shak, S., Kiefer, M.C., et al., 
Measurement of Gene Expression in Archival Paraffin-Embedded Tissues: Development 
and Performance of a 92-Gene Reverse Transcriptase-Polymerase Chain Reaction 
Assay. American Journal of Pathology, 2004. 164(1): p. 35-42. 

400. Carlson, J.J. and Roth, J.A., The impact of the Oncotype Dx breast cancer assay in 
clinical practice: A systematic review and meta-analysis. Breast Cancer Research and 
Treatment, 2013. 141(1): p. 13-22. 

401. Shah, P.D., Patil, S., Dickler, M.N., Offit, K., Hudis, C.A., and Robson, M.E., Twenty-one-
gene recurrence score assay in BRCA-associated versus sporadic breast cancers: 
Differences based on germline mutation status. Cancer, 2016. 122(8): p. 1178-84. 

402. Lewin, R., Sulkes, A., Shochat, T., Tsoref, D., Rizel, S., Liebermann, N., et al., Oncotype-
DX recurrence score distribution in breast cancer patients with BRCA1/2 mutations. 
Breast Cancer Res Treat, 2016. 157(3): p. 511-6. 

403. Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al., Standards and 
guidelines for the interpretation of sequence variants: a joint consensus 
recommendation of the American College of Medical Genetics and Genomics and the 
Association for Molecular Pathology. Genet Med, 2015. 17(5): p. 405-24. 

404. Wallis, Y., Payne, S., McAnulty, C., Bodmer, D., Sistermans, E., Robertson, K., et al. 
Practice Guidelines for the Evaluation of Pathogenicity and the Reporting of Sequence 
Variants in Clinical Molecular Genetics. Association for Clinical Genetic Science 
Guideline. 2013; Available from: 
http://www.acgs.uk.com/media/774853/evaluation_and_reporting_of_sequence_vari
ants_bpgs_june_2013_-_finalpdf.pdf. 

405. Melloni, G.E.M., Ogier, A.G.E., de Pretis, S., Mazzarella, L., Pelizzola, M., Pelicci, P.G., et 
al., DOTS-Finder: a comprehensive tool for assessing driver genes in cancer genomes. 
Genome Medicine, 2014. 6(6): p. 44-44. 

406. Kinzler, K.W. and Vogelstein, B., Lessons from hereditary colorectal cancer. Cell, 1996. 
87(2): p. 159-70. 

407. Novembre, J., Johnson, T., Bryc, K., Kutalik, Z., Boyko, A.R., Auton, A., et al., Genes 
mirror geography within Europe. Nature, 2008. 456(7218): p. 98-101. 

408. Farrell, P.M., Joffe, S., Foley, L., Canny, G.J., Mayne, P., and Rosenberg, M., Diagnosis of 
cystic fibrosis in the Republic of Ireland: Epidemiology and costs. Irish Medical Journal, 
2007. 100(8). 

409. O'Donnell, K.A., O'Neill, C., Tighe, O., Bertorelle, G., Naughten, E., Mayne, P.D., et al., 
The mutation spectrum of hyperphenylalaninaemia in the Republic of Ireland: The 
population history of the Irish revisited. European Journal of Human Genetics, 2002. 
10(9): p. 530-538. 

410. Coss, K.P., Doran, P.P., Owoeye, C., Codd, M.B., Hamid, N., Mayne, P.D., et al., Classical 
galactosaemia in Ireland: Incidence, complications and outcomes of treatment. Journal 
of Inherited Metabolic Disease, 2013. 36(1): p. 21-27. 

411. Radian, S., Diekmann, Y., Gabrovska, P., Holland, B., Bradley, L., Wallace, H., et al., 
Increased Population Risk of AIP-Related Acromegaly and Gigantism in Ireland. Human 
Mutation, 2017. 38(1): p. 78-85. 

http://www.acgs.uk.com/media/774853/evaluation_and_reporting_of_sequence_variants_bpgs_june_2013_-_finalpdf.pdf
http://www.acgs.uk.com/media/774853/evaluation_and_reporting_of_sequence_variants_bpgs_june_2013_-_finalpdf.pdf


References 

319 
 

412. Olsson, K.S., Konar, J., Dufva, I.H., Ricksten, A., and Raha-Chowdhury, R., Was the 
C282Y mutation an Irish Gaelic mutation that the Vikings helped disseminate?: HLA 
haplotype observations of hemochromatosis from the west coast of Sweden. European 
Journal of Haematology, 2011. 86(1): p. 75-82. 

413. Steel, C.M., BRCA1 and BRCA2 mutations in Scotland and Northern Ireland. British 
Journal of Cancer, 2003. 88(8): p. 1256-1262. 

414. McVeigh, T.P., Cody, N., Carroll, C., Duff, M., Farrell, M., Bradley, L., et al., Recurrent 
large genomic rearrangements in BRCA1 and BRCA2 in an Irish case series. Cancer 
Genetics, 2017. 214-215: p. 1-8. 

415. Cassidy, L.M., Martiniano, R., Murphy, E.M., Teasdale, M.D., Mallory, J., Hartwell, B., et 
al., Neolithic and Bronze Age migration to Ireland and establishment of the insular 
Atlantic genome. Proceedings of the National Academy of Sciences, 2016. 113(2): p. 
368-373. 

416. Evangelou, E., Trikalinos, T.A., Salanti, G., and Ioannidis, J.P.A., Family-Based versus 
Unrelated Case-Control Designs for Genetic Associations. PLoS Genetics, 2006. 2(8): p. 
e123. 

417. Redmond, P., Breatnach, F., Carney, D., Codd, M., Coffey, G., Comber, H., et al., A 
Strategy for Cancer Control in Ireland D.o. Health, Editor. 2006. 

418. Taylor, C., Shewbridge, A., Harris, J., and Green, J.S., Benefits of multidisciplinary 
teamwork in the management of breast cancer. Breast Cancer : Targets and Therapy, 
2013. 5: p. 79-85. 

419. McLucas, J. Symptomatic Breast Service, Saolta University Health Care Group, Annual 
Report 2015. 2016; Available from: 
https://www.saolta.ie/sites/default/files/publications/Symptomatic%20%20Breast%2
0Service%20Annual%20Report%202015.pdf. 

420. Lynch, S.A. and Borg, I., Wide disparity of clinical genetics services and EU rare disease 
research funding across Europe. Journal of Community Genetics, 2016. 7(2): p. 119-
126. 

421. DNAGenotek. Product Description, Oragene DNA (OG-575). 2017; Available from: 
http://www.dnagenotek.com/ROW/products/OG575R.html. 

422. McVeigh, T.P., Irwin, R., Cody, N., Miller, N., McDevitt, T., Sweeney, K.J., et al., Familial 
breast cancer genetic testing in the West of Ireland. Ir J Med Sci, 2014. 183(2): p. 199-
206. 

423. Chen, X., Paranjape, T., Stahlhut, C., McVeigh, T., Keane, F., Nallur, S., et al., Targeted 
resequencing of the microRNAome and 3′UTRome reveals functional germline DNA 
variants with altered prevalence in epithelial ovarian cancer. Oncogene, 2014. 34(16): 
p. 2125-2137. 

424. McVeigh, T.P., McVeigh, U.M., Sweeney, K.J., Kerin, M.J., and Miller, N., A genetic 
variant at 12p11 significantly modifies breast cancer risk in a genetically homogenous 
island population. Breast Cancer Research and Treatment, 2015. 149(1): p. 41-47. 

425. Qiagen. Gentra Puregene Handbook. 2014; Available from: 
https://www.qiagen.com/us/resources/resourcedetail?id=a9e6a609-4600-4b03-afbd-
974318590ce5&lang=en. 

426. DNAGenotek. Laboratory protocol for manual purification of DNA from 0.5 mL 
of sample. 2015; Available from: http://www.dnagenotek.com/ROW/pdf/PD-PR-
006.pdf. 

427. Gaj, T., Gersbach, C.A., and Barbas, C.F., ZFN, TALEN and CRISPR/Cas-based methods 
for genome engineering. Trends in biotechnology, 2013. 31(7): p. 397-405. 

428. Foulkes, W.D., Stefansson, I.M., Chappuis, P.O., Bégin, L.R., Goffin, J.R., Wong, N., et 
al., Germline BRCA1 mutations and a basal epithelial phenotype in breast cancer. 
Journal of the National Cancer Institute, 2003. 95(19): p. 1482-1485. 

https://www.saolta.ie/sites/default/files/publications/Symptomatic%20%20Breast%20Service%20Annual%20Report%202015.pdf
https://www.saolta.ie/sites/default/files/publications/Symptomatic%20%20Breast%20Service%20Annual%20Report%202015.pdf
http://www.dnagenotek.com/ROW/products/OG575R.html
https://www.qiagen.com/us/resources/resourcedetail?id=a9e6a609-4600-4b03-afbd-974318590ce5&lang=en
https://www.qiagen.com/us/resources/resourcedetail?id=a9e6a609-4600-4b03-afbd-974318590ce5&lang=en
http://www.dnagenotek.com/ROW/pdf/PD-PR-006.pdf
http://www.dnagenotek.com/ROW/pdf/PD-PR-006.pdf


References 

320 
 

429. Bertucci, F., Finetti, P., and Birnbaum, D., Basal Breast Cancer: A Complex and Deadly 
Molecular Subtype. Current Molecular Medicine, 2012. 12(1): p. 96-110. 

430. Badve, S., Dabbs, D.J., Schnitt, S.J., Baehner, F.L., Decker, T., Eusebi, V., et al., Basal-like 
and triple-negative breast cancers: a critical review with an emphasis on the 
implications for pathologists and oncologists. Mod Pathol, 2011. 24(2): p. 157-167. 

431. ATCC. MCF7 (ATCC® HTB-22™) Characteristics 2016; Available from: 
https://www.atcc.org/Products/All/HTB-22.aspx#characteristics. 

432. ATCC. MDA-MB-361 (ATCC® HTB-27™) Characteristics. 2016; Available from: 
https://www.atcc.org/Products/All/HTB-27.aspx#characteristics. 

433. Chavez, K.J., Garimella, S.V., and Lipkowitz, S., Triple Negative Breast Cancer Cell Lines: 
One Tool in the Search for Better Treatment of Triple Negative Breast Cancer. Breast 
disease, 2010. 32(1-2): p. 35-48. 

434. ATCC. MCF 10A (ATCC® CRL-10317™) Characteristics. 2016; Available from: 
https://www.atcc.org/Products/All/CRL-10317.aspx#characteristics. 

435. Livak, K.J. and Schmittgen, T.D., Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 2001. 25(4): p. 
402-8. 

436. Rodriguez, S., Gaunt, T.R., and Day, I.N.M., Hardy-Weinberg equilibrium testing of 
biological ascertainment for Mendelian randomization studies. American Journal of 
Epidemiology, 2009. 169(4): p. 505-514. 

437. OEGE - Online Encyclopedia for Genetic Epidemiology studies - Case-control genetic 
association analysis. 2008; Available from: http://www.oege.org/software/orcalc.html. 

438. Clarke, G.M., Anderson, C.A., Pettersson, F.H., Cardon, L.R., Morris, A.P., and 
Zondervan, K.T., Basic statistical analysis in genetic case-control studies. Nat Protoc, 
2011. 6(2): p. 121-33. 

439. Shapiro, S. and Wilk, M., An Analysis of Variance Test for Normality (Complete 
Samples). Biometrika, 1965. 52: p. 591-611. 

440. Moore, G.E., Cramming more components onto integrated circuits. Electronics, 1965. 
38(8): p. 114-117. 

441. Rabbani, B., Mahdieh, N., Hosomichi, K., Nakaoka, H., and Inoue, I., Next-generation 
sequencing: Impact of exome sequencing in characterizing Mendelian disorders. 
Journal of Human Genetics, 2012. 57(10): p. 621-632. 

442. Fogh, I., Ratti, A., Gellera, C., Lin, K., Tiloca, C., Moskvina, V., et al., A genome-wide 
association meta-analysis identifies a novel locus at 17q11.2 associated with sporadic 
amyotrophic lateral sclerosis. Human Molecular Genetics, 2014. 23(8): p. 2220-2231. 

443. Gao, H., Li, N., Rao, S., Shen, G., Xi, Q., Chen, S., et al., Genome-wide linkage scan 
identifies two novel genetic loci for coronary artery disease: In GeneQuest families. 
PLoS ONE, 2014. 9(12). 

444. Litchfield, K., Sultana, R., Renwick, A., Dudakia, D., Seal, S., Ramsay, E., et al., Multi-
stage genome-wide association study identifies new susceptibility locus for testicular 
germ cell tumour on chromosome 3q25. Human Molecular Genetics, 2015. 24(4): p. 
1169-1176. 

445. Medway, C.W., Abdul-Hay, S., Mims, T., Ma, L., Bisceglio, G., Zou, F., et al., ApoE 
variant p.V236E is associated with markedly reduced risk of Alzheimer's disease. 
Molecular Neurodegeneration, 2014. 9(1). 

446. Sánchez-Mora, C., Ramos-Quiroga, J.A., Bosch, R., Corrales, M., Garcia-Martínez, I., 
Nogueira, M., et al., Case-control genome-wide association study of persistent 
attention-deficit hyperactivity disorder identifies FBXO33 as a novel susceptibility gene 
for the disorder. Neuropsychopharmacology, 2015. 40(4): p. 915-926. 

447. Hong, E.P. and Park, J.W., Sample size and statistical power calculation in genetic 
association studies. Genomics Inform, 2012. 10(2): p. 117-122. 

https://www.atcc.org/Products/All/HTB-22.aspx#characteristics
https://www.atcc.org/Products/All/HTB-27.aspx#characteristics
https://www.atcc.org/Products/All/CRL-10317.aspx#characteristics
http://www.oege.org/software/orcalc.html


References 

321 
 

448. Royal, C., Baffoe-Bonnie, A., Kittles, R., Powell, I., Bennett, J., Hoke, G., et al., 
Recruitment experience in the first phase of the African American Hereditary Prostate 
Cancer (AAHPC) study. Annals of epidemiology, 2000. 10(8 Suppl): p. S68-77. 

449. Audrain, J., Tercyak, K.P., Goldman, P., and Bush, A., Recruiting adolescents into 
genetic studies of smoking behavior. Cancer Epidemiology Biomarkers and Prevention, 
2002. 11(3): p. 249-252. 

450. Lewis, C., Clotworthy, M., Hilton, S., Magee, C., Robertson, M.J., Stubbins, L.J., et al., 
Public views on the donation and use of human biological samples in biomedical 
research: A mixed methods study. BMJ Open, 2013. 3(8). 

451. Bui, E.T., Anderson, N.K., Kassem, L., and McMahon, F.J., Do participants in genome 
sequencing studies of psychiatric disorders wish to be informed of their results? A 
survey study. PLoS ONE, 2014. 9(7). 

452. Yu, J.H., Harrell, T.M., Jamal, S.M., Tabor, H.K., and Bamshad, M.J., Attitudes of 
genetics professionals toward the return of incidental results from Exome and whole-
genome sequencing. American Journal of Human Genetics, 2014. 95(1): p. 77-84. 

453. Caulfield, T., McGuire, A.L., Cho, M., Buchanan, J.A., Burgess, M.M., Danilczyk, U., et 
al., Research ethics recommendations for whole-genome research: Consensus 
statement. PLoS Biology, 2008. 6(3): p. 0430-0435. 

454. McGuire, A.L., Robinson, J.O., Ramoni, R.B., Morley, D.S., Joffe, S., and Plon, S.E., 
Returning genetic research results: Study type matters. Personalized Medicine, 2013. 
10(1): p. 27-34. 

455. Westbrook, M.J., Wright, M.F., Van Driest, S.L., McGregor, T.L., Denny, J.C., Zuvich, 
R.L., et al., Mapping the incidentalome: Estimating incidental findings generated 
through clinical pharmacogenomics testing. Genetics in Medicine, 2013. 15(5): p. 325-
331. 

456. Bombard, Y., Robson, M., and Offit, K., Revealing the incidentalome when targeting the 
tumor genome. JAMA - Journal of the American Medical Association, 2013. 310(8): p. 
795-796. 

457. Green, R.C., Berg, J.S., Grody, W.W., Kalia, S.S., Korf, B.R., Martin, C.L., et al., ACMG 
recommendations for reporting of incidental findings in clinical exome and genome 
sequencing. Genetics in Medicine, 2013. 15(7): p. 565-574. 

458. Fabsitz, R.R., McGuire, A., Sharp, R.R., Puggal, M., Beskow, L.M., Biesecker, L.G., et al., 
Ethical and practical guidelines for reporting genetic research results to study 
participants: Updated guidelines from a national heart, lung, and blood institute 
working group. Circulation: Cardiovascular Genetics, 2010. 3(6): p. 574-580. 

459. Regier, D.A., Peacock, S.J., Pataky, R., Van Der Hoek, K., Jarvik, G.P., Hoch, J., et al., 
Societal preferences for the return of incidental findings from clinical genomic 
sequencing: A discrete-choice experiment. CMAJ, 2015. 187(6): p. E190-E197. 

460. Shkedi-Rafid, S., Dheensa, S., Crawford, G., Fenwick, A., and Lucassen, A., Defining and 
managing incidental findings in genetic and genomic practice. Journal of Medical 
Genetics, 2014. 51(11): p. 715-723. 

461. Netzer, C., Klein, C., Kohlhase, J., and Kubisch, C., New challenges for informed consent 
through whole genome array testing. Journal of Medical Genetics, 2009. 46(7): p. 495-
496. 

462. HSE. Information on Stored Newborn Screening Cards. 2014; Available from: 
http://www.hse.ie/eng/health/child/newbornscreening/newbornbloodspotscreening/
disposal/. 

463. Easton, D.F., How many more breast cancer predisposition genes are there? Breast 
Cancer Research, 1999. 1(1): p. 14-17. 

http://www.hse.ie/eng/health/child/newbornscreening/newbornbloodspotscreening/disposal/
http://www.hse.ie/eng/health/child/newbornscreening/newbornbloodspotscreening/disposal/


References 

322 
 

464. Ponder, B., Pharoah, P.D.P., Ponder, B.A.J., Lipscombe, J.M., Basham, V., Gregory, J., et 
al., Prevalence and penetrance of BRCA1 and BRCA2 mutations in a population-based 
series of breast cancer cases. British Journal of Cancer, 2000. 83(10): p. 1301-1308. 

465. Antoniou, A.C., Pharoah, P.D.P., McMullan, G., Day, N.E., Stratton, M.R., Peto, J., et al., 
A comprehensive model for familial breast cancer incorporating BRCA1, BRCA2 and 
other genes. British Journal of Cancer, 2002. 86(1): p. 76-83. 

466. O'Donovan, P.J. and Livingston, D.M., BRCA1 and BRCA2: Breast/ovarian cancer 
susceptibility gene products and participants in DNA double-strand break repair. 
Carcinogenesis, 2010. 31(6): p. 961-967. 

467. Mann, G.J., Thorne, H., Balleine, R.L., Butow, P.N., Clarke, C.L., Edkins, E., et al., 
Analysis of cancer risk and BRCA1 and BRCA2 mutation prevalence in the kConFab 
familial breast cancer resource. Breast Cancer Research, 2006. 8(1). 

468. Risch, H.A., McLaughlin, J.R., Cole, D.E.C., Rosen, B., Bradley, L., Fan, I., et al., 
Population BRCA1 and BRCA2 mutation frequencies and cancer penetrances: A kin-
cohort study in Ontario, Canada. Journal of the National Cancer Institute, 2006. 98(23): 
p. 1694-1706. 

469. Ford, D., Easton, D.F., Bishop, D.T., Narod, S.A., and Goldgar, D.E., Risks of cancer in 
BRCA1-mutation carriers. The Lancet, 1994. 343(8899): p. 692-695. 

470. Ford, D., Easton, D.F., Stratton, M., Narod, S., Goldgar, D., Devilee, P., et al., Genetic 
heterogeneity and penetrance analysis of the BRCA1 and BRCA2 genes in breast cancer 
families. American Journal of Human Genetics, 1998. 62(3): p. 676-689. 

471. Antoniou, A., Pharoah, P.D.P., Narod, S., Risch, H.A., Eyfjord, J.E., Hopper, J.L., et al., 
Average risks of breast and ovarian cancer associated with BRCA1 or BRCA2 mutations 
detected in case series unselected for family history: A combined analysis of 22 studies. 
American Journal of Human Genetics, 2003. 72(5): p. 1117-1130. 

472. Easton, D.F., Matthews, F.E., Ford, D., Swerdlow, A.J., and Peto, J., Cancer mortality in 
relatives of women with ovarian cancer: The OPCS study. International Journal of 
Cancer, 1996. 65(3): p. 284-294. 

473. Peto, J., Easton, D.F., Matthews, F.E., Ford, D., and Swerdlow, A.J., Cancer mortality in 
relatives of women with breast cancer: The OPCS study. International Journal of 
Cancer, 1996. 65(3): p. 275-283. 

474. Friedenson, B., BRCA1 and BRCA2 pathways and the risk of cancers other than breast 
or ovarian. MedGenMed Medscape General Medicine, 2005. 7(2). 

475. McEvoy, B., Richards, M., Forster, P., and Bradley, D.G., The longue dureé of genetic 
ancestry: Multiple genetic marker systems and celtic origins on the atlantic facade of 
Europe. American Journal of Human Genetics, 2004. 75(4): p. 693-702. 

476. Wilson, J.F., Weiss, D.A., Richards, M., Thomas, M.G., Bradman, N., and Goldstein, D.B., 
Genetic evidence for different male and female roles during cultural transitions in the 
British Isles. Proceedings of the National Academy of Sciences of the United States of 
America, 2001. 98(9): p. 5078-5083. 

477. Hill, E.W., Jobling, M.A., and Bradley, D.G., Y-chromosome variation and Irish origins. 
Nature, 2000. 404(6776): p. 351-352. 

478. O'Dushlaine, C.T., Dolan, C., Weale, M.E., Stanton, A., Croke, D.T., Kalviainen, R., et al., 
An assessment of the Irish population for large-scale genetic mapping studies involving 
epilepsy and other complex diseases. European Journal of Human Genetics, 2008. 
16(2): p. 176-183. 

479. Oddoux, C., Struewing, J.P., Clayton, C.M., Neuhausen, S., Brody, L.C., Kaback, M., et 
al., The carrier frequency of the BRCA2 6174delT mutation among Ashkenazi Jewish 
individuals is approximately 1%. Nature Genetics, 1996. 14(2): p. 188-190. 



References 

323 
 

480. Struewing, J.P., Hartge, P., Wacholder, S., Baker, S.M., Berlin, M., McAdams, M., et al., 
The risk of cancer associated with specific mutations of BRCA1 and BRCA2 among 
Ashkenazi Jews. New England Journal of Medicine, 1997. 336(20): p. 1401-1408. 

481. The molecular genetic epidemiology of cystic fibrosis - Report of a joint meeting of 
WHO/ECFTN/ICF(M)A/ECFS. The Molecular Genetic Epidemiology of Cystic Fibrosis, 
2004. 

482. Brédart, A., Autier, P., Audisio, R.A., and Geragthy, J., Psycho-social aspects of breast 
cancer susceptibility testing: A literature review. European Journal of Cancer Care, 
1998. 7(3): p. 174-180. 

483. Lynch, H.T., Snyder, C., Lynch, J.F., Karatoprakli, P., Trowonou, A., Metcalfe, K., et al., 
Patient responses to the disclosure of BRCA mutation tests in hereditary breast-ovarian 
cancer families. Cancer Genetics and Cytogenetics, 2006. 165(2): p. 91-97. 

484. Douglas, H.A., Hamilton, R.J., and Grubs, R.E., The effect of BRCA gene testing on family 
relationships: A Thematic Analysis of Qualitative Interviews. Journal of Genetic 
Counseling, 2009. 18(5): p. 418-435. 

485. Robson, M.E., Storm, C.D., Weitzel, J., Wollins, D.S., and Offit, K., American Society of 
Clinical Oncology Policy Statement update: Genetic and genomic testing for cancer 
susceptibility. Journal of Clinical Oncology, 2010. 28(5): p. 893-901. 

486. Evans, D.G.R., Eccles, D.M., Rahman, N., Young, K., Bulman, M., Amir, E., et al., A new 
scoring system for the chances of identifying a BRCA1/2 mutation outperforms existing 
models including BRCAPRO. Journal of Medical Genetics, 2004. 41(6): p. 474-480. 

487. NICE. NICE guideline CG041: Familial breast cancer. The classification and care of 
women at risk of familial breast cancer in primary, secondary and tertiary care. . 2006. 

488. McDevitt, T., Higgins, M., and Crowley, A., Spectrum and incidence of BRCA 1 and BRCA 
2 mutations in the Republic of Ireland-an audit. Ulster Med J, 2010. 79(1): p. 33-42. 

489. Altshuler, D.M., Gibbs, R.A., Peltonen, L., Schaffner, S.F., Yu, F., Dermitzakis, E., et al., 
Integrating common and rare genetic variation in diverse human populations. Nature, 
2010. 467(7311): p. 52-58. 

490. National Human Genome Research Institute, BRCA1 Mutation Database 2011; 
Available from: http://research.nhgri.nih.gov/projects/bic/index.shtml  

491. Ticha, I., Kleibl, Z., Stribrna, J., Kotlas, J., Zimovjanova, M., Mateju, M., et al., Screening 
for genomic rearrangements in BRCA1 and BRCA2 genes in Czech high-risk 
breast/ovarian cancer patients: High proportion of population specific alterations in 
BRCA1 gene. Breast Cancer Research and Treatment, 2010. 124(2): p. 337-347. 

492. Palma, M.D., Domchek, S.M., Stopfer, J., Erlichman, J., Siegfried, J.D., Tigges-Cardwell, 
J., et al., The relative contribution of point mutations and genomic rearrangements in 
BRCA1 and BRCA2 in high-risk breast cancer families. Cancer Research, 2008. 68(17): p. 
7006-7014. 

493. Devilee, P. and Hogervorst, F., Summary of Published and Unpublished BRCA1 
Mutations in the Netherlands and Belgium, 2002. 

494. Foster, C., Evans, D.G.R., Eeles, R., Eccles, D., Ashley, S., Brooks, L., et al., Non-Uptake 
of Predictive Genetic Testing for BRCA1/2 among Relatives of Known Carriers: 
Attributes, Cancer Worry, and Barriers to Testing in a Multicenter Clinical Cohort. 
Genetic Testing, 2004. 8(1): p. 23-29. 

495. Meiser, B., Psychological impact of genetic testing for cancer susceptibility: An update 
of the literature. Psycho-Oncology, 2005. 14(12): p. 1060-1074. 

496. Carroll, J.C., Heisey, R.E., Warner, E., Goel, V., and McCready, D.R., Hereditary breast 
cancer: Psychosocial issues and family physicians' role. Canadian Family Physician, 
1999. 45(JAN.): p. 126-132. 

497. Thompson, H.S., Valdimarsdottir, H.B., Duteau-Buck, C., Guevarra, J., Bovbjerg, D.H., 
Richmond-Avellaneda, C., et al., Psychosocial predictors of BRCA counseling and testing 

http://research.nhgri.nih.gov/projects/bic/index.shtml


References 

324 
 

decisions among urban African-American women. Cancer Epidemiology Biomarkers 
and Prevention, 2002. 11(12): p. 1579-1585. 

498. van Oostrom, I., Meijers-Heijboer, H., Duivenvoorden, H.J., Bröcker-Vriends, A.H.J.T., 
van Asperen, C.J., Sijmons, R.H., et al., A prospective study of the impact of genetic 
susceptibility testing for BRCA1/2 or HNPCC on family relationships. Psycho-Oncology, 
2007. 16(4): p. 320-328. 

499. Antoniou, A.C. and Easton, D.F., Models of genetic susceptibility to breast cancer. 
Oncogene, 2006. 25(43): p. 5898-5905. 

500. Smith, P., McGuffog, L., Easton, D.F., Mann, G.J., Pupo, G.M., Newman, B., et al., A 
genome wide linkage search for breast cancer susceptibility genes. Genes 
Chromosomes and Cancer, 2006. 45(7): p. 646-655. 

501. Pharoah, P.D.P., Antoniou, A., Bobrow, M., Zimmern, R.L., Easton, D.F., and Ponder, 
B.A.J., Polygenic susceptibility to breast cancer and implications for prevention. Nature 
Genetics, 2002. 31(1): p. 33-36. 

502. Chen, S. and Parmigiani, G., Meta-analysis of BRCA1 and BRCA2 penetrance. Journal of 
Clinical Oncology, 2007. 25(11): p. 1329-1333. 

503. Iqbal, J., Ragone, A., Lubinski, J., Lynch, H.T., Moller, P., Ghadirian, P., et al., The 
incidence of pancreatic cancer in BRCA1 and BRCA2 mutation carriers. British Journal 
of Cancer, 2012. 107(12): p. 2005-2009. 

504. Liede, A., Karlan, B.Y., and Narod, S.A., Cancer risks for male carriers of germline 
mutations in BRCA1 or BRCA2: A review of the literature. Journal of Clinical Oncology, 
2004. 22(4): p. 735-742. 

505. Woodward, A.M., Davis, T.A., Silva, A.G., Kirk, J.A., and Leary, J.A., Large genomic 
rearrangements of both BRCA2 and BRCA1 are a feature of the inherited 
breast/ovarian cancer phenotype in selected families. Journal of medical genetics., 
2005. 42(5). 

506. James, P.A., Sawyer, S., Boyle, S., Young, M.A., Kovalenko, S., Doherty, R., et al., Large 
genomic rearrangements in the familial breast and ovarian cancer gene BRCA1 are 
associated with an increased frequency of high risk features. Familial Cancer, 2015. 
14(2): p. 287-295. 

507. Judkins, T., Rosenthal, E., Arnell, C., Burbidge, L.A., Geary, W., Barrus, T., et al., Clinical 
significance of large rearrangements in BRCA1 and BRCA2. Cancer, 2012. 118(21): p. 
5210-5216. 

508. Castéra, L., Krieger, S., Rousselin, A., Legros, A., Baumann, J.J., Bruet, O., et al., Next-
generation sequencing for the diagnosis of hereditary breast and ovarian cancer using 
genomic capture targeting multiple candidate genes. European Journal of Human 
Genetics, 2014. 22(11): p. 1305-1313. 

509. Zhang, J., Fackenthal, J.D., Huo, D., Zheng, Y., and Olopade, O.I., Searching for large 
genomic rearrangements of the BRCA1 gene in a Nigerian population. Breast Cancer 
Research and Treatment, 2010. 124(2): p. 573-577. 

510. Gad, S., Caux-Moncoutier, V., Pagès-Berhouet, S., Gauthier-Villars, M., Coupier, I., 
Pujol, P., et al., Significant contribution of large BRCA1 gene rearrangements in 120 
French breast and ovarian cancer families. Oncogene, 2002. 21(44): p. 6841-6847. 

511. Seong, M.W., Cho, S.I., Kim, K.H., Chung, I.Y., Kang, E., Lee, J.W., et al., A multi-
institutional study of the prevalence of BRCA1 and BRCA2 large genomic 
rearrangements in familial breast cancer patients. BMC Cancer, 2014. 14(1). 

512. Smith, M.J., Urquhart, J.E., Harkness, E.F., Miles, E.K., Bowers, N.L., Byers, H.J., et al., 
The Contribution of Whole Gene Deletions and Large Rearrangements to the Mutation 
Spectrum in Inherited Tumor Predisposing Syndromes. Human Mutation, 2016. 37(3): 
p. 250-256. 



References 

325 
 

513. Lupski, J.R. and Stankiewicz, P., Genomic Disorders: The Genomic Basis of Disease, 
2006. 

514. Casilli, F., Tournier, I., Sinilnikova, O.M., Coulet, F., Soubrier, F., Houdayer, C., et al., The 
contribution of germline rearrangements to the spectrum of BRCA2 mutations. Journal 
of medical genetics, 2006. 43(9). 

515. O'Dushlaine, C.T., Morris, D., Moskvina, V., Kirov, G., Gill, M., Corvin, A., et al., 
Population structure and genome-wide patterns of variation in Ireland and Britain. 
European Journal of Human Genetics, 2010. 18(11): p. 1248-1254. 

516. Evans, D.G.R., Lalloo, F., Cramer, A., Jones, E.A., Knox, F., Amir, E., et al., Addition of 
pathology and biomarker information significantly improves the performance of the 
Manchester scoring system for BRCA1 and BRCA2 testing. Journal of Medical Genetics, 
2009. 46(12): p. 811-817. 

517. MRC-Holland, General MLPA protocol for the detection and quantification of nucleic 
acid sequences. 2014. 

518. Weitzel, J.N., Lagos, V.I., Herzog, J.S., Judkins, T., Hendrickson, B., Ho, J.S., et al., 
Evidence for common ancestral origin of a recurring BRCA1 genomic rearrangement 
identified in high-risk hispanic families. Cancer Epidemiology Biomarkers and 
Prevention, 2007. 16(8): p. 1615-1620. 

519. Weitzel, J.N., Clague, J., Martir-Negron, A., Ogaz, R., Herzog, J., Ricker, C., et al., 
Prevalence and type of BRCA mutations in Hispanics undergoing genetic cancer risk 
assessment in the southwestern United States: A report from the clinical cancer 
genetics community research network. Journal of Clinical Oncology, 2013. 31(2): p. 
210-216. 

520. Villarreal-Garza, C., Alvarez-Gómez, R.M., Pérez-Plasencia, C., Herrera, L.A., Herzog, J., 
Castillo, D., et al., Significant clinical impact of recurrent BRCA1 and BRCA2 mutations 
in Mexico. Cancer, 2015. 121(3): p. 372-378. 

521. Ewald, I.P., Cossio, S.L., Palmero, E.I., Pinheiro, M., Nascimento, I.L.O., Machado, 
T.M.B., et al., BRCA1 and BRCA2 rearrangements in Brazilian individuals with 
hereditary breast and ovarian cancer syndrome. Genetics and Molecular Biology, 2016. 
39(2): p. 223-231. 

522. Holland, M.R.C., Product Description SALSA® MLPA® probemix P002-D1 BRCA1. 2015. 
523. Holland, M.R.C., Product Description SALSA® MLPA® probemix P090-B1 BRCA2. 2016. 
524. Lim, Y.K., Iau, P.T.C., Ali, A.B., Lee, S.C., Wong, J.E., Putti, T.C., et al., Identification of 

novel BRCA large genomic rearrangements in Singapore Asian breast and ovarian 
patients with cancer. Clinical Genetics, 2007. 71(4): p. 331-342. 

525. Hendrickson, B.C., Judkins, T., Ward, B.D., Eliason, K., Deffenbaugh, A.E., Burbidge, 
L.A., et al., Prevalence of five previously reported and recurrent BRCA1 genetic 
rearrangement mutations in 20,000 patients from hereditary breast/ovarian cancer 
families. Genes Chromosomes and Cancer, 2005. 43(3): p. 309-313. 

526. Mazoyer, S., Leary, J., Kirk, J., Fleischmann, E., Wagner, T., Claes, K., et al., The exon 13 
duplication in the BRCA1 gene is a founder mutation present in geographicaly diverse 
populations. American Journal of Human Genetics, 2000. 67(1): p. 207-212. 

527. Hogervorst, F.B.L., Nederlof, P.M., Gille, J.J.P., McElgunn, C.J., Grippeling, M., Pruntel, 
R., et al., Large genomic deletions and duplications in the BRCA1 gene identified by a 
novel quantitative method. Cancer Research, 2003. 63(7): p. 1449-1453. 

528. Hofmann, W., Görgens, H., John, A., Horn, D., Hüttner, C., Arnold, N., et al., Screening 
for large rearrangements of the BRCA1 gene in German breast or ovarian cancer 
families using semi-quantitative multiplex PCR method. Human mutation, 2003. 22(1): 
p. 103-104. 



References 

326 
 

529. Yap, K.P.L., Ang, P., Lim, I.H.K., Ho, G.H., and Lee, A.S.G., Detection of a novel Alu-
mediated BRCA1 exon 13 duplication in Chinese breast cancer patients and 
implications for genetic testing [5]. Clinical Genetics, 2006. 70(1): p. 80-82. 

530. Al-Moundhri, M.S., Al-Ansari, A., Al-Mawali, K., and Al-Bahrani, B., BRCA1 gene 
Molecular Alterations in Omani Breast Cancer Patients. The Gulf journal of oncology, 
2013. 1(14): p. 45-51. 

531. Casilli, F., Di Rocco, Z.C., Gad, S., Tournier, I., Stoppa-Lyonnet, D., Frebourg, T., et al., 
Rapid detection of novel BRCA1 rearrangements in high-risk breast-ovarian cancer 
families using multiplex PCR of short fluorescent fragments. Human Mutation, 2002. 
20(3): p. 218-226. 

532. Walsh, T., Casadei, S., Coats, K.H., Swisher, E., Stray, S.M., Higgins, J., et al., Spectrum 
of mutations in BRCA1, BRCA2, CHEK2, and TP53 in families at high risk of breast 
cancer. Journal of the American Medical Association, 2006. 295(12): p. 1379-1388. 

533. Ellis, D., Patel, Y., Yau, S.C., Hodgson, S.V., and Abbs, S.J., Low prevalence of BRCA1 
exon rearrangements in familial and young sporadic breast cancer patients. Familial 
Cancer, 2006. 5(4): p. 323-326. 

534. Riahi, A., Chabouni-Bouhamed, H., and Kharrat, M., Prevalence of BRCA1 and BRCA2 
large genomic rearrangements in Tunisian high risk breast/ovarian cancer families: 
Implications for genetic testing. Cancer Genetics, 2017. 210: p. 22-27. 

535. De La Hoya, M., Gutiérrez-Enríquez, S., Velasco, E., Osorio, A., Sanchez De Abajo, A., 
Vega, A., et al., Genomic rearrangements at the BRCA1 locus in Spanish families with 
breast/ovarian cancer. Clinical Chemistry, 2006. 52(8): p. 1480-1485. 

536. Agata, S., Viel, A., Della Puppa, L., Cortesi, L., Fersini, G., Callegaro, M., et al., 
Prevalence of BRCA1 genomic rearrangements in a large cohort of Italian breast and 
breast/ovarian cancer families without detectable BRCA1 and BRCA2 point mutations. 
Genes Chromosomes and Cancer, 2006. 45(9): p. 791-797. 

537. Machado, P.M., Brandão, R.D., Cavaco, B.M., Eugénio, J., Bento, S., Nave, M., et al., 
Screening for a BRCA2 rearrangement in high-risk breast/ovarian cancer families: 
Evidence for a founder effect and analysis of the associated phenotypes. Journal of 
Clinical Oncology, 2007. 25(15): p. 2027-2034. 

538. Tournier, I., Brigitte, B.D.P., Sobol, H., Stoppa-Lyonnet, D., Lidereau, R., Barrois, M., et 
al., Significant contribution of germline BRCA2 rearrangements in male breast cancer 
families. Cancer Research, 2004. 64(22): p. 8143-8147. 

539. Petrucelli, N., Daly, M.B., and Feldman, G.L., Hereditary breast and ovarian cancer due 
to mutations in BRCA1 and BRCA2. Genetics in Medicine, 2010. 12(5): p. 245-259. 

540. Dick, M.G., Versmold, B., Engel, C., Meindl, A., Arnold, N., Varon-Mateeva, R., et al., 
Association of death receptor 4 variant (683A>C) with ovarian cancer risk in BRCA1 
mutation carriers. International Journal of Cancer, 2012. 130(6): p. 1314-1318. 

541. Cox, D.G., Simard, J., Sinnett, D., Hamdi, Y., Soucy, P., Ouimet, M., et al., Common 
variants of the BRCA1 wild-type allele modify the risk of breast cancer in BRCA1 
mutation carriers. Human Molecular Genetics, 2011. 20(23): p. 4732-4747. 

542. McVeigh, T.P. and Bradley, L., Pedigree drawing in the department of clinical genetics: 
an audit of adherence to international recommendations (abstract). Ulster Med J, 
2015. 84: p. 200-214. 

543. Screening for breast cancer in England: Past and future. Journal of Medical Screening, 
2006. 13(2): p. 59-61. 

544. Wilson, J. and Junger, G., Principles and practice of screening for disease. The Journal 
of the Royal College of General Practitioners, 1968. 16(4): p. 318-318. 

545. Sardanelli, F., Aase, H.S., Álvarez, M., Azavedo, E., Baarslag, H.J., Balleyguier, C., et al., 
Position paper on screening for breast cancer by the European Society of Breast 
Imaging (EUSOBI) and 30 national breast radiology bodies from Austria, Belgium, 



References 

327 
 

Bosnia and Herzegovina, Bulgaria, Croatia, Czech Republic, Denmark, Estonia, Finland, 
France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Israel, Lithuania, Moldova, 
The Netherlands, Norway, Poland, Portugal, Romania, Serbia, Slovakia, Spain, Sweden, 
Switzerland and Turkey. European Radiology, 2017. 27(7): p. 2737-2743. 

546. Freer, P.E., Mammographic breast density: impact on breast cancer risk and 
implications for screening. Radiographics, 2015. 35(2): p. 302-15. 

547. Tonelli, M., Connor Gorber, S., Joffres, M., Dickinson, J., Singh, H., Lewin, G., et al., 
Recommendations on screening for breast cancer in average-risk women aged 40-74 
years. CMAJ, 2011. 183(17): p. 1991-2001. 

548. NCCN guidelines - BRCA-related Breast and/or Ovarian Cancer Syndrome. 2016 
7/12/16; Available from: 
https://www.nccn.org/professionals/physician_gls/pdf/genetics_screening.pdf. 

549. Jenkins, J., Sellars, S., and Wheaton, M., NHSBSP73 - Guidelines on organising the 
surveillance of women at higher risk of developing breast cancer in an NHS Breast 
Screening Programme 2013. 

550. Kamihara, J., Rana, H.Q., and Garber, J.E., Germline TP53 mutations and the changing 
landscape of Li-Fraumeni syndrome. Human Mutation, 2014. 35(6): p. 654-662. 

551. Nutting, C., Camplejohn, R.S., Gilchrist, R., Tait, D., Blake, P., Knee, G., et al., A patient 
with 17 primary tumours and a germ line mutation in TP53: Tumour induction by 
adjuvant therapy? Clinical Oncology, 2000. 12(5): p. 300-304. 

552. Kratz, C.P., Achatz, M.I., Brugieres, L., Frebourg, T., Garber, J.E., Greer, M.L.C., et al., 
Cancer screening recommendations for individuals with Li-Fraumeni syndrome. Clinical 
Cancer Research, 2017. 23(11): p. e38-e45. 

553. BRCA mutation carrier guidelines. 2015 09/02/2015 01/07/2017]; Available from: 
http://d1ijoxngr27nfi.cloudfront.net/research-divisions/protocol-3-brca-mutation-
carrier-20150209-v4.pdf?sfvrsn=2. 

554. Department of Health Cancer Reform Strategy. 2007 Available from: 
http://www.nhs.uk/NHSEngland/NSF/Documents/Cancer%20Reform%20Strategy.pdf. 

555. Department of Health - Improving Outcomes: A Strategy for Cancer. 2011  
30/06/2017]; Available from: https://www.gov.uk/government/publications/the-
national-cancer-strategy. 

556. Clayton, D., Davison, C., Bailey, C., Dall, B.J., Gilbert, F., Jenkins, J., et al. NHSBSP68 - 
Technical guidelines for magnetic resonance imaging (MRI) for the surveillance of 
women at higher risk of developing breast cancer 2012; Available from: 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/439
601/nhsbsp68.pdf. 

557. Rhiem, K. and Schmutzler, R., Impact of prophylactic mastectomy in BRCA1/2 mutation 
carriers. Breast Care, 2014. 9(6): p. 385-389. 

558. Kurian, A.W., Sigal, B.M., and Plevritis, S.K., Survival Analysis of Cancer Risk Reduction 
Strategies for BRCA1/2 Mutation Carriers. Journal of Clinical Oncology, 2010. 28(2): p. 
222-231. 

559. Metcalfe, K., Gershman, S., Ghadirian, P., Lynch, H.T., Snyder, C., Tung, N., et al., 
Contralateral mastectomy and survival after breast cancer in carriers of BRCA1 and 
BRCA2 mutations: retrospective analysis. The BMJ, 2014. 348: p. g226. 

560. Evans, D.G.R., Ingham, S.L., Baildam, A., Ross, G.L., Lalloo, F., Buchan, I., et al., 
Contralateral mastectomy improves survival in women with BRCA1/2-associated breast 
cancer. Breast Cancer Research and Treatment, 2013. 140(1): p. 135-142. 

561. Howard, A.F., Balneaves, L.G., and Bottorff, J.L., Women's decision making about risk-
reducing strategies in the context of hereditary breast and ovarian cancer: A 
systematic review. Journal of Genetic Counseling, 2009. 18(6): p. 578-597. 

https://www.nccn.org/professionals/physician_gls/pdf/genetics_screening.pdf
http://d1ijoxngr27nfi.cloudfront.net/research-divisions/protocol-3-brca-mutation-carrier-20150209-v4.pdf?sfvrsn=2
http://d1ijoxngr27nfi.cloudfront.net/research-divisions/protocol-3-brca-mutation-carrier-20150209-v4.pdf?sfvrsn=2
http://www.nhs.uk/NHSEngland/NSF/Documents/Cancer%20Reform%20Strategy.pdf
https://www.gov.uk/government/publications/the-national-cancer-strategy
https://www.gov.uk/government/publications/the-national-cancer-strategy
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/439601/nhsbsp68.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/439601/nhsbsp68.pdf


References 

328 
 

562. Van Driel, C.M., Eltahir, Y., De Vries, J., Jaspers, J.P., Oosterwijk, J.C., Mourits, M.J., et 
al., Risk-reducing mastectomy in BRCA1/2 mutation carriers: Factors influencing uptake 
and timing. Maturitas, 2014. 77(2): p. 180-184. 

563. Evans, D.G.R., Lalloo, F., Ashcroft, L., Shenton, A., Clancy, T., Baildam, A.D., et al., 
Uptake of risk-reducing surgery in unaffected women at high risk of breast and ovarian 
cancer is risk, age, and time dependent. Cancer Epidemiology Biomarkers and 
Prevention, 2009. 18(8): p. 2318-2324. 

564. Garcia, C., Wendt, J., Lyon, L., Jones, J., Littell, R.D., Armstrong, M.A., et al., Risk 
management options elected by women after testing positive for a BRCA mutation. 
Gynecologic Oncology, 2014. 132(2): p. 428-433. 

565. Skytte, A.B., Gerdes, A.M., Andersen, M.K., Sunde, L., Brøndum-Nielsen, K., 
Waldstrøm, M., et al., Risk-reducing mastectomy and salpingo-oophorectomy in 
unaffected BRCA mutation carriers: Uptake and timing. Clinical Genetics, 2010. 77(4): 
p. 342-349. 

566. Beattie, M.S., Crawford, B., Lin, F., Vittinghoff, E., and Ziegler, J., Uptake, time course, 
and predictors of risk-reducing surgeries in BRCA carriers. Genetic testing and 
molecular biomarkers, 2009. 13(1): p. 51-56. 

567. Slade, I., Hanson, H., George, A., Kohut, K., Strydom, A., Wordsworth, S., et al., A cost 
analysis of a cancer genetic service model in the UK. Journal of Community Genetics, 
2016. 7(3): p. 185-194. 

568. NHS Breast Screening Programme Annual Review. 2012; Available from: 
http://webarchive.nationalarchives.gov.uk/20150506050653/http://www.cancerscree
ning.nhs.uk//breastscreen/publications/2012review.html. 

569. Millet, I., Pages, E., Hoa, D., Merigeaud, S., Curros Doyon, F., Prat, X., et al., Pearls and 
pitfalls in breast MRI. The British Journal of Radiology, 2012. 85(1011): p. 197-207. 

570. Othman, E., Wang, J., Sprague, B.L., Rounds, T., Ji, Y., Herschorn, S.D., et al., 
Comparison of false positive rates for screening breast magnetic resonance imaging 
(MRI) in high risk women performed on stacked versus alternating schedules. 
Springerplus, 2015. 4: p. 77. 

571. Kriege, M., Brekelmans, C.T., Obdeijn, I.M., Boetes, C., Zonderland, H.M., Muller, S.H., 
et al., Factors affecting sensitivity and specificity of screening mammography and MRI 
in women with an inherited risk for breast cancer. Breast Cancer Res Treat, 2006. 
100(1): p. 109-19. 

572. Carney, P.A., Miglioretti, D.L., Yankaskas, B.C., Kerlikowske, K., Rosenberg, R., Rutter, 
C.M., et al., Individual and combined effects of age, breast density, and hormone 
replacement therapy use on the accuracy of screening mammography. Ann Intern 
Med, 2003. 138(3): p. 168-75. 

573. De Gelder, R., Draisma, G., Heijnsdijk, E.A.M., and De Koning, H.J., Population-based 
mammography screening below age 50: Balancing radiation-induced vs prevented 
breast cancer deaths. British Journal of Cancer, 2011. 104(7): p. 1214-1220. 

574. Mann, R.M., Balleyguier, C., Baltzer, P.A., Bick, U., Colin, C., Cornford, E., et al., Breast 
MRI: EUSOBI recommendations for women’s information. European Radiology, 2015. 
25(12): p. 3669-3678. 

575. Delille, J.P., Slanetz, P.J., Yeh, E.D., Kopans, D.B., and Garrido, L., Physiologic changes in 
breast magnetic resonance imaging during the menstrual cycle: perfusion imaging, 
signal enhancement, and influence of the T1 relaxation time of breast tissue. Breast J, 
2005. 11(4): p. 236-41. 

576. NHSBSP Occasional Report 12/02 - Screening for Breast Cancer in High Risk Women 
during Pregnancy & Lactation. 2012 May 2012. 

http://webarchive.nationalarchives.gov.uk/20150506050653/http:/www.cancerscreening.nhs.uk/breastscreen/publications/2012review.html
http://webarchive.nationalarchives.gov.uk/20150506050653/http:/www.cancerscreening.nhs.uk/breastscreen/publications/2012review.html


References 

329 
 

577. Carmichael, H., Matsen, C., Freer, P., Kohlmann, W., Stein, M., Buys, S.S., et al., Breast 
cancer screening of pregnant and breastfeeding women with BRCA mutations. Breast 
Cancer Res Treat, 2017. 162(2): p. 225-230. 

578. Walsh, E., Farrell, M.P., Gallagher, F., Clarke, R., Nolan, C., Kennedy, M.J., et al., Breast 
cancer detection among Irish BRCA1 and BRCA2 mutation carriers. Journal of Clinical 
Oncology, 2012. 30(15_suppl): p. e12038-e12038. 

579. Bick, U., Intensified Surveillance for Early Detection of Breast Cancer in High-Risk 
Patients. Breast Care, 2015. 10(1): p. 13-20. 

580. Parkin, D.M., Bray, F., Ferlay, J., and Pisani, P., Global cancer statistics, 2002. Ca-A 
Cancer Journal for Clinicians, 2005. 55(2): p. 74-108. 

581. Parkin, D.M. and Fernández, L.M.G., Use of statistics to assess the global burden of 
breast cancer. Breast Journal, 2006. 12(SUPPL. 1): p. S70-S80. 

582. Kriege, M., Brekelmans, C.T.M., Boetes, C., Besnard, P.E., Zonderland, H.M., Obdeijn, 
I.M., et al., Efficacy of MRI and mammography for breast-cancer screening in women 
with a familial or genetic predisposition. New England Journal of Medicine, 2004. 
351(5): p. 427-437+519. 

583. El Saghir, N.S., Seoud, M., Khalil, M.K., Charafeddine, M., Salem, Z.K., Geara, F.B., et al., 
Effects of young age at presentation on survival in breast cancer. BMC Cancer, 2006. 6. 

584. Remák, E. and Brazil, L., Cost of managing women presenting with stage IV breast 
cancer in the United Kingdom. British Journal of Cancer, 2004. 91(1): p. 77-83. 

585. Braun, S., Pantel, K., Müller, P., Janni, W., Hepp, F., Kentenich, C.R.M., et al., 
Cytokeratin-positive cells in the bone marrow and survival of patients with stage I, II, or 
III breast cancer. New England Journal of Medicine, 2000. 342(8): p. 525-533. 

586. Gayther, S.A., Warren, W., Mazoyer, S., Russell, P.A., Harrington, P.A., Chiano, M., et 
al., Germline mutations of the BRCA1 gene in breast and ovarian cancer families 
provide evidence for a genotype–phenotype correlation. Nature Genetics, 1995. 11(4): 
p. 428-433. 

587. Huen, M.S.Y., Sy, S.M.H., and Chen, J., BRCA1 and its toolbox for the maintenance of 
genome integrity. Nature Reviews Molecular Cell Biology, 2010. 11(2): p. 138-148. 

588. Venkitaraman, A.R., Functions of BRCA1 and BRCA2 in the biological response to DNA 
damage. Journal of Cell Science, 2001. 114(20): p. 3591-3598. 

589. Easton, D.F., Ford, D., Bishop, D.T., Haites, N., Milner, B., Allan, L., et al., Breast and 
ovarian cancer incidence in BRCA1-mutation carriers. American Journal of Human 
Genetics, 1995. 56(1): p. 265-271. 

590. King, M.C., Marks, J.H., and Mandell, J.B., Breast and Ovarian Cancer Risks Due to 
Inherited Mutations in BRCA1 and BRCA2. Science, 2003. 302(5645): p. 643-646. 

591. Pongsavee, M., Yamkamon, V., Dakeng, S., O-charoenrat, P., Smith, D.R., Saunders, 
G.F., et al., The BRCA1 3'-UTR: 5711+421T/T_5711+1286T/T genotype is a possible 
breast and ovarian cancer risk factor. Genetic testing and molecular biomarkers, 2009. 
13(3): p. 307-317. 

592. Pelletier, C., Speed, W.C., Paranjape, T., Keane, K., Blitzblau, R., Hollestelle, A., et al., 
Rare BRCA1 haplotypes including 3′UTR SNPs associated with breast cancer risk. Cell 
Cycle, 2011. 10(1): p. 90-99. 

593. Olopade, O.I., Grushko, T., Sudbø, J., Reith, A., Lingjærde, O.C., Hedenfalk, I., et al., 
Gene-expression profiles in hereditary breast cancer [2]. New England Journal of 
Medicine, 2001. 344(26): p. 2028-2029. 

594. Sørlie, T., Tibshirani, R., Parker, J., Hastie, T., Marron, J.S., Nobel, A., et al., Repeated 
observation of breast tumor subtypes in independent gene expression data sets. 
Proceedings of the National Academy of Sciences of the United States of America, 
2003. 100(14): p. 8418-8423. 



References 

330 
 

595. Fong, P.C., Boss, D.S., Yap, T.A., Tutt, A., Wu, P., Mergui-Roelvink, M., et al., Inhibition 
of poly(ADP-ribose) polymerase in tumors from BRCA mutation carriers. New England 
Journal of Medicine, 2009. 361(2): p. 123-134. 

596. Salzman, D.W. and Weidhaas, J.B., SNPing cancer in the bud: MicroRNA and microRNA-
target site polymorphisms as diagnostic and prognostic biomarkers in cancer. 
Pharmacology and Therapeutics, 2013. 137(1): p. 55-63. 

597. Babar, I.A., Slack, F.J., and Weidhaas, J.B., miRNA modulation of the cellular stress 
response. Future Oncology, 2008. 4(2): p. 289-298. 

598. Castellano, L., Giamas, G., Jacob, J., Coombes, R.C., Lucchesi, W., Thiruchelvam, P., et 
al., The estrogen receptor-α-induced microRNA signature regulates itself and its 
transcriptional response. Proceedings of the National Academy of Sciences of the 
United States of America, 2009. 106(37): p. 15732-15737. 

599. Wilson, C.A., Ramos, L., Villaseñor, M.R., Anders, K.H., Press, M.F., Clarke, K., et al., 
Localization of human BRCA1 and its loss in high-grade, non-inherited breast 
carcinomas. Nature Genetics, 1999. 21(2): p. 236-240. 

600. Pérez-Vallés, A., Martorell-Cebollada, M., Nogueira-Vázquez, E., García-García, J.A., 
and Fuster-Diana, E., The usefulness of antibodies to the BRCA1 protein in detecting the 
mutated BRCA1 gene. An immunohistochemical study. Journal of Clinical Pathology, 
2001. 54(6): p. 476-480. 

601. Alamshah, A., Springall, R., Gillett, C.E., Solomon, E., and Morris, J.R., Use of a BRCA1 
peptide validates MS110 as a BRCA1-specific antibody in immunohistochemistry. 
Histopathology, 2008. 53(1): p. 117-120. 

602. Camp, R.L., Chung, G.G., and Rimm, D.L., Automated subcellular localization and 
quantification of protein expression in tissue microarrays. Nature Medicine, 2002. 
8(11): p. 1323-1327. 

603. McCabe, A., Dolled-Filhart, M., Camp, R.L., and Rimm, D.L., Automated quantitative 
analysis (AQUA) of in situ protein expression, antibody concentration, and prognosis. 
Journal of the National Cancer Institute, 2005. 97(24): p. 1808-1815. 

604. Rio, D.C., Ares Jr, M., Hannon, G.J., and Nilsen, T.W., Purification of RNA using TRIzol 
(TRI Reagent). Cold Spring Harbor Protocols, 2010. 5(6). 

605. Livak, K.J. and Schmittgen, T.D., Analysis of relative gene expression data using real-
time quantitative PCR and the 2-ΔΔCT method. Methods, 2001. 25(4): p. 402-408. 

606. Paranjape, T., Heneghan, H., Lindner, R., Keane, F.K., Hoffman, A., Hollestelle, A., et al., 
A 3'-untranslated region KRAS variant and triple-negative breast cancer: A case-control 
and genetic analysis. The Lancet Oncology, 2011. 12(4): p. 377-386. 

607. Ghosh, M.G., Thompson, D.A., and Weigel, R.J., PDZK1 and GREB1 are estrogen-
regulated genes expressed in hormone-responsive breast cancer. Cancer Research, 
2000. 60(22): p. 6367-6375. 

608. Roberts, M., Wallace, J., Jeltsch, J.M., and Berry, M., The 5′ flanking region of the 
human pS2 gene mediates its transcriptional activation by estrogen in MCF-7 cells. 
Biochemical and Biophysical Research Communications, 1988. 151(1): p. 306-313. 

609. Day, N. and Warren, R., Mammographic screening and mammographic patterns. 
Breast Cancer Research, 2000. 2(4): p. 247-251. 

610. Mandelson, M.T., Oestreicher, N., Porter, P.L., White, D., Finder, C.A., Taplin, S.H., et 
al., Breast density as a predictor of mammographic detection: Comparison of interval- 
and screen-detected cancers. Journal of the National Cancer Institute, 2000. 92(13): p. 
1081-1087. 

611. Nothacker, M., Duda, V., Hahn, M., Warm, M., Degenhardt, F., Madjar, H., et al., Early 
detection of breast cancer: Benefits and risks of supplemental breast ultrasound in 
asymptomatic women with mammographically dense breast tissue. A systematic 
review. BMC Cancer, 2009. 9: p. 335. 



References 

331 
 

612. Thompson, M.E., Jensen, R.A., Obermiller, P.S., Page, D.L., and Holt, J.T., Decreased 
expression of BRCA1 accelerates growth and is often present during sporadic breast 
cancer progression. Nature Genetics, 1995. 9(4): p. 444-450. 

613. Lee, W.Y., Jin, Y.T., Chang, T.W., Lin, P.W., and Su, I.J., Immunolocalization of BRCA1 
protein in normal breast tissue and sporadic invasive ductal carcinomas: A correlation 
with other biological parameters. Histopathology, 1999. 34(2): p. 106-112. 

614. Seery, L.T., Knowlden, J.M., Gee, J.M.W., Robertson, J.F.R., Kenny, F.S., Ellis, I.O., et al., 
BRCA1 expression levels predict distant metastasis of sporadic breast cancers. 
International Journal of Cancer, 1999. 84(3): p. 258-262. 

615. Yang, Q., Sakurai, T., Mori, I., Yoshimura, G., Nakamura, M., Nakamura, Y., et al., 
Prognostic significance of BRCA1 expression in Japanese sporadic breast carcinomas. 
Cancer, 2001. 92(1): p. 54-60. 

616. Fishman, A., Dekel, E., Chetrit, A., Lerner-Geva, L., Bar-Am, A., Beck, D., et al., Patients 
with double primary tumors in the breast and ovary - Clinical characteristics and 
BRCA1-2 mutations status. Gynecologic Oncology, 2000. 79(1): p. 74-78. 

617. Evans, D.G., Ahmed, M., Bayliss, S., Howard, E., Lalloo, F., and Wallace, A., BRCA1, 
BRCA2 and CHEK2 c.1100 delC mutations in patients with double primaries of the 
breasts and/or ovaries. Journal of Medical Genetics, 2010. 47(8): p. 561-566. 

618. Cvelbar, M., Hocevar, M., Vidmar, G., and Teugels, E., BRCA1/2 status and 
clinicopathologic characteristics of patients with double primary breast and ovarian 
cancer. Neoplasma, 2011. 58(3): p. 198-204. 

619. Armstrong, K., Calzone, K., Stopfer, J., Fitzgerald, G., Coyne, J., and Weber, B., Factors 
associated with decisions about clinical BRCA1/2 testing. Cancer Epidemiology 
Biomarkers and Prevention, 2000. 9(11): p. 1251-1254. 

620. Stadler, Z.K. and Kauff, N.D., Weighing options for cancer risk reduction in carriers of 
BRCA1 and BRCA2 mutations. Journal of Clinical Oncology, 2010. 28(2): p. 189-191. 

621. Metcalfe, K.A., Finch, A., Poll, A., Horsman, D., Kim-Sing, C., Scott, J., et al., Breast 
cancer risks in women with a family history of breast or ovarian cancer who have 
tested negative for a BRCA1 or BRCA2 mutation. British Journal of Cancer, 2009. 
100(2): p. 421-425. 

622. Ratner, E., Lu, L., Boeke, M., Barnett, R., Nallur, S., Chin, L.J., et al., A KRAS-variant in 
ovarian cancer acts as a genetic marker of cancer risk. Cancer Research, 2010. 70(16): 
p. 6509-6515. 

623. Chin, L.J., Ratner, E., Leng, S., Zhai, R., Nallur, S., Babar, I., et al., A SNP in a let-7 
microRNA complementary site in the KRAS 3′ untranslated region increases non-small 
cell lung cancer risk. Cancer Research, 2008. 68(20): p. 8535-8540. 

624. Christensen, B.C., Moyer, B.J., Avissar, M., Ouellet, L.G., Plaza, S.L., McClean, M.D., et 
al., A let-7 microRNA-binding site polymorphism in the KRAS 3′ UTR is associated with 
reduced survival in oral cancers. Carcinogenesis, 2009. 30(6): p. 1003-1007. 

625. Pharoah, P., Palmieri, R., Ramus, S., Gayther, S., and Andrulis, I., The role of KRAS 
rs61764370 in invasive epithelial ovarian cancer: implications for clinical testing. Clin 
Cancer Res Online March, 2011. 8. 

626. Ratner, E., Keane, F., Lindner, R., Tassi, R., Paranjape, T., Glasgow, M., et al., A KRAS-
variant is a Biomarker of Poor Outcome, Platinum Chemotherapy Resistance and a 
Potential Target for Therapy in Ovarian Cancer. Oncogene Dec, 2011. 5. 

627. Chan, E., Patel, R., Nallur, S., Ratner, E., Bacchiocchi, A., Hoyt, K., et al., MicroRNA 
signatures differentiate melanoma subtypes. Cell Cycle, 2011. 10(11): p. 1845-1852. 

628. Cipollini, M., Landi, S., and Gemignani, F., MicroRNA binding site polymorphisms as 
biomarkers in cancer management and research. Pharmacogenomics and Personalized 
Medicine, 2014. 7(1): p. 173-191. 



References 

332 
 

629. Chung, C.H., Lee, J.W., Slebos, R.J., Howard, J.D., Perez, J., Kang, H., et al., A 30-UTR 
KRAS-variant is associated with cisplatin resistance in patients with recurrent and/or 
metastatic head and neck squamous cell carcinoma. Annals of Oncology, 2014. 25(11): 
p. 2230-2236. 

630. Saridaki, Z., Weidhaas, J.B., Lenz, H.J., Laurent-Puig, P., Jacobs, B., De Schutter, J., et al., 
A let-7 microRNA-binding site polymorphism in KRAS predicts improved outcome in 
patients with metastatic colorectal cancer treated with salvage 
cetuximab/panitumumab monotherapy. Clinical cancer research : an official journal of 
the American Association for Cancer Research, 2014. 20(17): p. 4499-4510. 

631. Weidhaas, J., Kim, E.S., Herbst, R.S., Yu, J., Slack, F., Blumenschein, G.R., et al., The 
KRAS-variant and treatment response in BATTLE-1. J Clin Oncol, 2014. 32(9 S). 

632. Levi, F., Randimbison, L., Rafael, B.M., Manuela, M.C., and La Vecchia, C., Second 
primary cancers in the Vaud and Neuchâtel cancer Registries. European Journal of 
Cancer Prevention, 2015. 24(2): p. 150-154. 

633. Bhatia, S., Genetic variation as a modifier of association between therapeutic exposure 
and subsequent malignant neoplasms in cancer survivors. Cancer, 2015. 121(5): p. 648-
663. 

634. Howe, H.L., Weinstein, R., Alvi, R., Kohler, B., and Ellison, J.H., Women with multiple 
primary breast cancers diagnosed within a five year period, 1994-1998. Breast Cancer 
Research and Treatment, 2005. 90(3): p. 223-232. 

635. Raymond, J.S. and Hogue, C.J.R., Multiple primary tumours in women following breast 
cancer, 1973-2000. British Journal of Cancer, 2006. 94(11): p. 1745-1750. 

636. Marcu, L.G., Santos, A., and Bezak, E., Risk of second primary cancer after breast 
cancer treatment. European Journal of Cancer Care, 2014. 23(1): p. 51-64. 

637. Kurian, A.W., McClure, L.A., John, E.M., Horn-Ross, P.L., Ford, J.M., and Clarke, C.A., 
Second primary breast cancer occurrence according to hormone receptor status. 
Journal of the National Cancer Institute, 2009. 101(15): p. 1058-1065. 

638. Chen, Y., Thompson, W., Semenciw, R., and Mao, Y., Epidemiology of contralateral 
breast cancer. Cancer Epidemiology Biomarkers and Prevention, 1999. 8(10): p. 855-
861. 

639. Narod, S.A., Bilateral breast cancers. Nature Reviews Clinical Oncology, 2014. 11(3): p. 
157-166. 

640. Brooks, J.D., John, E.M., Mellemkjær, L., Reiner, A.S., Malone, K.E., Lynch, C.F., et al., 
Body mass index and risk of second primary breast cancer: The WECARE Study. Breast 
Cancer Research and Treatment, 2012. 131(2): p. 571-580. 

641. Reiner, A.S., John, E.M., Brooks, J.D., Lynch, C.F., Bernstein, L., Mellemkjær, L., et al., 
Risk of asynchronous contralateral breast cancer in noncarriers of BRCA1 and BRCA2 
mutations with a family history of breast cancer: A report from the women's 
environmental cancer and radiation epidemiology study. Journal of Clinical Oncology, 
2013. 31(4): p. 433-439. 

642. Malone, K.E., Begg, C.B., Haile, R.W., Borg, A., Concannon, P., Tellhed, L., et al., 
Population-based study of the risk of second primary contralateral breast cancer 
associated with carrying a mutation in BRCA1 or BRCA2. Journal of Clinical Oncology, 
2010. 28(14): p. 2404-2410. 

643. Broeks, A., De Witte, L., Nooijen, A., Huseinovic, A., Klijn, J.G.M., Van Leeuwen, F.E., et 
al., Excess risk for contralateral breast cancer in CHEK2*1100delC germline mutation 
carriers. Breast Cancer Research and Treatment, 2004. 83(1): p. 91-93. 

644. Alkner, S., Bendahl, P.O., Fernö, M., Nordenskjöld, B., and Rydén, L., Tamoxifen 
reduces the risk of contralateral breast cancer in premenopausal women: Results from 
a controlled randomised trial. European Journal of Cancer, 2009. 45(14): p. 2496-2502. 



References 

333 
 

645. Lostumbo, L., Carbine, N., Wallace, J., and Ezzo, J., Prophylactic mastectomy for the 
prevention of breast cancer. Cochrane database of systematic reviews (Online), 
2004(4). 

646. Anderson, K.N., Schwab, R.B., and Martinez, M.E., Reproductive risk factors and breast 
cancer subtypes: A review of the literature. Breast Cancer Research and Treatment, 
2014. 144(1): p. 1-10. 

647. Liu, S. and Lin, Y.C., Transformation of MCF-10A human breast epithelial cells by 
zeranol and estradiol-17β. Breast Journal, 2004. 10(6): p. 514-521. 

648. Wang, J., Gildea, J.J., and Yue, W., Aromatase overexpression induces malignant 
changes in estrogen receptor α negative MCF-10A cells. Oncogene, 2013. 32(44): p. 
5233-5240. 

649. Beral, V., Breast cancer and hormone-replacement therapy in the Million Women 
Study. Lancet, 2003. 362(9382): p. 419-427. 

650. Chlebowski, R.T., Manson, J.E., Anderson, G.L., Cauley, J.A., Aragaki, A.K., Stefanick, 
M.L., et al., Estrogen plus progestin and breast cancer incidence and mortality in the 
women's health initiative observational study. Journal of the National Cancer Institute, 
2013. 105(8): p. 526-535. 

651. Calle, E.E., Feigelson, H.S., Hildebrand, J.S., Teras, L.R., Thun, M.J., and Rodriguez, C., 
Postmenopausal hormone use and breast cancer associations differ by hormone 
regimen and histologic subtype. Cancer, 2009. 115(5): p. 936-945. 

652. Anderson, G.L. and Limacher, M., Effects of Conjugated Equine Estrogen in 
Postmenopausal Women with Hysterectomy: The Women's Health Initiative 
Randomized Controlled Trial. Journal of the American Medical Association, 2004. 
291(14): p. 1701-1712. 

653. Lee, L.J., Ratner, E., Uduman, M., Winter, K., Boeke, M., Greven, K.M., et al., The KRAS-
variant and miRNA expression in RTOG endometrial cancer clinical trials 9708 and 
9905. PLoS ONE, 2014. 9(4). 

654. Cerne, J.Z., Stegel, V., Gersak, K., and Novakovic, S., KRAS rs61764370 is associated 
with HER2-overexpressed and poorly-differentiated breast cancer in hormone 
replacement therapy users: A case control study. BMC Cancer, 2012. 12. 

655. Salzman, D.W. and Weidhaas, J.B., MiRNAs in the spotlight: Making 'silent' mutations 
speak up. Nature Medicine, 2011. 17(8): p. 934-935. 

656. Urnov, F.D., Miller, J.C., Lee, Y.L., Beausejour, C.M., Rock, J.M., Augustus, S., et al., 
Highly efficient endogenous human gene correction using designed zinc-finger 
nucleases. Nature, 2005. 435(7042): p. 646-651. 

657. Soule, H.D., Maloney, T.M., Wolman, S.R., Brenz, R., Russo, J., Pauley, R.J., et al., 
Isolation and Characterization of a Spontaneously Immortalized Human Breast 
Epithelial Cell Line, MCF-10. Cancer Research, 1990. 50(18): p. 6075-6086. 

658. Debnath, J., Muthuswamy, S.K., and Brugge, J.S., Morphogenesis and oncogenesis of 
MCF-10A mammary epithelial acini grown in three-dimensional basement membrane 
cultures. Methods, 2003. 30(3): p. 256-268. 

659. Sweasy, J.B., Lang, T., Starcevic, D., Sun, K.W., Lai, C.C., DiMaio, D., et al., Expression of 
DNA polymerase β cancer-associated variants in mouse cells results in cellular 
transformation. Proceedings of the National Academy of Sciences of the United States 
of America, 2005. 102(40): p. 14350-14355. 

660. Grechukhina, O., Petracco, R., Popkhadze, S., Massasa, E., Paranjape, T., Chan, E., et 
al., A polymorphism in a let-7 microRNA binding site of KRAS in women with 
endometriosis. EMBO Molecular Medicine, 2012. 4(3): p. 206-217. 

661. Agarwal, R. and Kaye, S.B., Ovarian cancer: Strategies for overcoming resistance to 
chemotherapy. Nature Reviews Cancer, 2003. 3(7): p. 502-516. 



References 

334 
 

662. Despierre, E., Lambrechts, D., Neven, P., Amant, F., Lambrechts, S., and Vergote, I., The 
molecular genetic basis of ovarian cancer and its roadmap towards a better treatment. 
Gynecologic Oncology, 2010. 117(2): p. 358-365. 

663. Manolio, T.A., Collins, F.S., Cox, N.J., Goldstein, D.B., Hindorff, L.A., Hunter, D.J., et al., 
Finding the missing heritability of complex diseases. Nature, 2009. 461(7265): p. 747-
753. 

664. Hindorff, L.A., Sethupathy, P., Junkins, H.A., Ramos, E.M., Mehta, J.P., Collins, F.S., et 
al., Potential etiologic and functional implications of genome-wide association loci for 
human diseases and traits. Proceedings of the National Academy of Sciences of the 
United States of America, 2009. 106(23): p. 9362-9367. 

665. Mardis, E.R., Ding, L., Dooling, D.J., Larson, D.E., McLellan, M.D., Chen, K., et al., 
Recurring mutations found by sequencing an acute myeloid leukemia genome. New 
England Journal of Medicine, 2009. 361(11): p. 1058-1066. 

666. Jones, S., Hruban, R.H., Kamiyama, M., Borges, M., Zhang, X., Parsons, D.W., et al., 
Exomic sequencing identifies PALB2 as a pancreatic cancer susceptibility gene. Science, 
2009. 324(5924): p. 217. 

667. Yan, H., Parsons, D.W., Jin, G., McLendon, R., Rasheed, B.A., Yuan, W., et al., IDH1 and 
IDH2 mutations in gliomas. New England Journal of Medicine, 2009. 360(8): p. 765-
773. 

668. Collins, F.S. and Barker, A.D., Mapping the cancer genome. Scientific American, 2007. 
296(3): p. 50-57. 

669. Iorio, M.V., Visone, R., Di Leva, G., Donati, V., Petrocca, F., Casalini, P., et al., MicroRNA 
signatures in human ovarian cancer. Cancer Research, 2007. 67(18): p. 8699-8707. 

670. Volinia, S., Calin, G.A., Liu, C.G., Ambs, S., Cimmino, A., Petrocca, F., et al., A microRNA 
expression signature of human solid tumors defines cancer gene targets. Proceedings 
of the National Academy of Sciences of the United States of America, 2006. 103(7): p. 
2257-2261. 

671. Saunders, M.A., Liang, H., and Li, W.H., Human polymorphism at microRNAs and 
microRNA target sites. Proceedings of the National Academy of Sciences of the United 
States of America, 2007. 104(9): p. 3300-3305. 

672. Blitzblau, R.C. and Weidhaas, J.B., MicroRNA binding-site polymorphisms as potential 
biomarkers of cancer risk. Molecular Diagnosis and Therapy, 2010. 14(6): p. 335-342. 

673. Ryan, B.M., Robles, A.I., and Harris, C.C., Genetic variation in microRNA networks: The 
implications for cancer research. Nature Reviews Cancer, 2010. 10(6): p. 389-402. 

674. Calin, G.A., Ferracin, M., Cimmino, A., Di Leva, G., Shimizu, M., Wojcik, S.E., et al., A 
microRNA signature associated with prognosis and progression in chronic lymphocytic 
leukemia. New England Journal of Medicine, 2005. 353(17): p. 1793-1801. 

675. Shen, J., DiCioccio, R., Odunsi, K., Lele, S.B., and Zhao, H., Novel genetic variants in miR-
191 gene and familial ovarian cancer. BMC Cancer, 2010. 10. 

676. Shen, J., Ambrosone, C.B., Dicioccio, R.A., Odunsi, K., Lele, S.B., and Zhao, H., A 
functional polymorphism in the miR-146a gene and age of familial breast/ovarian 
cancer diagnosis. Carcinogenesis, 2008. 29(10): p. 1963-1966. 

677. Hoffman, A.E., Zheng, T., Yi, C., Leaderer, D., Weidhaas, J., Slack, F., et al., microRNA 
miR-196a-2 and breast cancer: A genetic and epigenetic association study and 
functional analysis. Cancer Research, 2009. 69(14): p. 5970-5977. 

678. Hodges, E., Xuan, Z., Balija, V., Kramer, M., Molla, M.N., Smith, S.W., et al., Genome-
wide in situ exon capture for selective resequencing. Nature Genetics, 2007. 39(12): p. 
1522-1527. 

679. Okou, D.T., Steinberg, K.M., Middle, C., Cutler, D.J., Albert, T.J., and Zwick, M.E., 
Microarray-based genomic selection for high-throughput resequencing. Nature 
Methods, 2007. 4(11): p. 907-909. 



References 

335 
 

680. Albert, T.J., Molla, M.N., Muzny, D.M., Nazareth, L., Wheeler, D., Song, X., et al., Direct 
selection of human genomic loci by microarray hybridization. Nature Methods, 2007. 
4(11): p. 903-905. 

681. Kato, M., de Lencastre, A., Pincus, Z., and Slack, F.J., Dynamic expression of small non-
coding RNAs, including novel microRNAs and piRNAs/21U-RNAs, during Caenorhabditis 
elegans development. Genome Biology, 2009. 10(5). 

682. Li, H. and Durbin, R., Fast and accurate short read alignment with Burrows-Wheeler 
transform. Bioinformatics, 2009. 25(14): p. 1754-1760. 

683. Li, H., Ruan, J., and Durbin, R., Mapping short DNA sequencing reads and calling 
variants using mapping quality scores. Genome Research, 2008. 18(11): p. 1851-1858. 

684. Liang, D., Meyer, L., Chang, D.W., Lin, J., Pu, X., Ye, Y., et al., Genetic variants in 
microRNA biosynthesis pathways and binding sites modify ovarian cancer risk, survival, 
and treatment response. Cancer Research, 2010. 70(23): p. 9765-9776. 

685. Terry, K.L., Vitonis, A.F., Hernandez, D., Lurie, G., Song, H., Ramus, S.J., et al., A 
polymorphism in the GALNT2 gene and ovarian cancer risk in four population based 
case-control studies. International Journal of Molecular Epidemiology and Genetics, 
2010. 1(4): p. 272-277. 

686. Doherty, J.A., Rossing, M.A., Cushing-Haugen, K.L., Chen, C., Van Den Berg, D.J., Wu, 
A.H., et al., ESR1/SYNE1 Polymorphism and Invasive Epithelial Ovarian Cancer Risk: An 
Ovarian Cancer Association Consortium Study. Cancer Epidemiology Biomarkers and 
Prevention, 2010. 19(1): p. 245-250. 

687. Pastrello, C., Polesel, J., Puppa, L.D., Viel, A., and Maestro, R., Association between hsa-
mir-146a genotype and tumor age-of-onset in BRCA1/BRCA2-negative familial breast 
and ovarian cancer patients. Carcinogenesis, 2010. 31(12): p. 2124-2126. 

688. Wynendaele, J., Böhnke, A., Leucci, E., Nielsen, S.J., Lambertz, I., Hammer, S., et al., An 
illegitimate microRNA target site within the 3′ UTR of MDM4 affects ovarian cancer 
progression and chemosensitivity. Cancer Research, 2010. 70(23): p. 9641-9649. 

689. Pearce, C.L., Doherty, J.A., Van Den Berg, D.J., Moysich, K., Hsu, C., Cushing-Haugen, 
K.L., et al., Genetic variation in insulin-like growth factor 2 may play a role in ovarian 
cancer risk. Human Molecular Genetics, 2011. 20(11): p. 2263-2272. 

690. Batra, J., Nagle, C.M., O'Mara, T., Higgins, M., Dong, Y., Tan, O.L., et al., A Kallikrein 15 
(KLK15) single nucleotide polymorphism located close to a novel exon shows evidence 
of association with poor ovarian cancer survival. BMC Cancer, 2011. 11. 

691. Permuth-Wey, J., Kim, D., Tsai, Y.Y., Lin, H.Y., Chen, Y.A., Barnholtz-Sloan, J., et al., 
LIN28B polymorphisms influence susceptibility to epithelial ovarian cancer. Cancer 
Research, 2011. 71(11): p. 3896-3903. 

692. Lurie, G., Wilkens, L.R., Thompson, P.J., Shvetsov, Y.B., Matsuno, R.K., Carney, M.E., et 
al., Estrogen receptor beta rs1271572 polymorphism and invasive ovarian carcinoma 
risk: Pooled analysis within the ovarian cancer association consortium. PLoS ONE, 
2011. 6(6). 

693. Peethambaram, P., Fridley, B.L., Vierkant, R.A., Larson, M.C., Kalli, K.R., Elliott, E.A., et 
al., Polymorphisms in ABCB1 and ERCC2 associated with ovarian cancer outcome. 
International Journal of Molecular Epidemiology and Genetics, 2011. 2(2): p. 185-195. 

694. Kontorovich, T., Levy, A., Korostishevsky, M., Nir, U., and Friedman, E., Single 
nucleotide polymorphisms in miRNA binding sites and miRNA genes as breast/ovarian 
cancer risk modifiers in jewish high-risk women. International Journal of Cancer, 2010. 
127(3): p. 589-597. 

695. Smigielski, E.M., Sirotkin, K., Ward, M., and Sherry, S.T., dbSNP: A database of single 
nucleotide polymorphisms. Nucleic Acids Research, 2000. 28(1): p. 352-355. 

696. A map of human genome variation from population-scale sequencing. Nature, 2010. 
467(7319): p. 1061-1073. 



References 

336 
 

697. Choi, M., Scholl, U.I., Ji, W., Liu, T., Tikhonova, I.R., Zumbo, P., et al., Genetic diagnosis 
by whole exome capture and massively parallel DNA sequencing. Proceedings of the 
National Academy of Sciences of the United States of America, 2009. 106(45): p. 
19096-19101. 

698. Masciullo, V., Baldassarre, G., Pentimalli, F., Berlingieri, M.T., Boccia, A., Chiappetta, G., 
et al., HMGA1 protein over-expression is a frequent feature of epithelial ovarian 
carcinomas. Carcinogenesis, 2003. 24(7): p. 1191-1198. 

699. Bamford, S., Dawson, E., Forbes, S., Clements, J., Pettett, R., Dogan, A., et al., The 
COSMIC (Catalogue of Somatic Mutations in Cancer) database and website. British 
Journal of Cancer, 2004. 91(2): p. 355-358. 

700. McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., et al., 
The genome analysis toolkit: A MapReduce framework for analyzing next-generation 
DNA sequencing data. Genome Research, 2010. 20(9): p. 1297-1303. 

701. Ramakrishna, M., Williams, L.H., Boyle, S.E., Bearfoot, J.L., Sridhar, A., Speed, T.P., et 
al., Identification of candidate growth promoting genes in ovarian cancer through 
integrated copy number and expression analysis. PLoS ONE, 2010. 5(4). 

702. Bowen, N.J., Walker, L.D., Matyunina, L.V., Logani, S., Totten, K.A., Benigno, B.B., et al., 
Gene expression profiling supports the hypothesis that human ovarian surface epithelia 
are multipotent and capable of serving as ovarian cancer initiating cells. BMC Medical 
Genomics, 2009. 2. 

703. Chien, J., Fan, J.B., Bell, D.A., April, C., Klotzle, B., Ota, T., et al., Analysis of gene 
expression in stage I serous tumors identifies critical pathways altered in ovarian 
cancer. Gynecologic Oncology, 2009. 114(1): p. 3-11. 

704. Corvi, R., Berger, N., Balczon, R., and Romeo, G., RET/PCM-1: A novel fusion gene in 
papillary thyroid carcinoma. Oncogene, 2000. 19(37): p. 4236-4242. 

705. Balczon, R., Bao, L., and Zimmer, W.E., PCM-1, a 228-kD centrosome autoantigen with 
a distinct cell cycle distribution. Journal of Cell Biology, 1994. 124(5): p. 783-793. 

706. Adélaïde, J., Pérot, C., Gelsi-Boyer, V., Pautas, C., Murati, A., Copie-Bergman, C., et al., 
A t(8;9) translocation with PCM1-JAK2 fusion in a patient with T-cell lymphoma [11]. 
Leukemia, 2006. 20(3): p. 536-537. 

707. Bousquet, M., Quelen, C., De Mas, V., Duchayne, E., Roquefeuil, B., Delsol, G., et al., 
The t(8;9)(p22;p24) translocation in atypical chronic myeloid leukaemia yields a new 
PCM1-JAK2 fusion gene. Oncogene, 2005. 24(48): p. 7248-7252. 

708. Armes, J.E., Hammet, F., De Silva, M., Ciciulla, J., Ramus, S.J., Soo, W.K., et al., 
Candidate tumor-suppressor genes on chromosome arm 8p in early-onset and high-
grade breast cancers. Oncogene, 2004. 23(33): p. 5697-5702. 

709. Pils, D., Horak, P., Gleiss, A., Sax, C., Fabjani, G., Moebus, V.J., et al., Five genes from 
chromosomal band 8p22 are significantly down-regulated in ovarian carcinoma: N33 
and EFA6R have a potential impact on overall survival. Cancer, 2005. 104(11): p. 2417-
2429. 

710. Ramsingh, G., Koboldt, D.C., Trissal, M., Chiappinelli, K.B., Wylie, T., Koul, S., et al., 
Complete characterization of the microRNAome in a patient with acute myeloid 
leukemia. Blood, 2010. 116(24): p. 5316-5326. 

711. Parsons, D.W., Li, M., Zhang, X., Jones, S., Leary, R.J., Lin, J.C.H., et al., The genetic 
landscape of the childhood cancer medulloblastoma. Science, 2011. 331(6016): p. 435-
439. 

712. Markman, M., Antiangiogenic drugs in ovarian cancer. Expert Opinion on 
Pharmacotherapy, 2009. 10(14): p. 2269-2277. 

713. Kumaran, G.C., Jayson, G.C., and Clamp, A.R., Antiangiogenic drugs in ovarian cancer. 
British Journal of Cancer, 2009. 100(1): p. 1-7. 



References 

337 
 

714. Wang, L., Tsutsumi, S., Kawaguchi, T., Nagasaki, K., Tatsuno, K., Yamamoto, S., et al., 
Whole-exome sequencing of human pancreatic cancers and characterization of 
genomic instability caused by MLH1 haploinsufficiency and complete deficiency. 
Genome Research, 2012. 22(2): p. 208-219. 

715. Cromer, M.K., Starker, L.F., Choi, M., Udelsman, R., Nelson-Williams, C., Lifton, R.P., et 
al., Identification of somatic mutations in parathyroid tumors using whole-exome 
sequencing. Journal of Clinical Endocrinology and Metabolism, 2012. 97(9): p. E1774-
E1781. 

716. Liu, P., Morrison, C., Wang, L., Xiong, D., Vedell, P., Cui, P., et al., Identification of 
somatic mutations in non-small cell lung carcinomas using whole-exome sequencing. 
Carcinogenesis, 2012. 33(7): p. 1270-1276. 

717. Griffiths-Jones, S., Grocock, R.J., van Dongen, S., Bateman, A., and Enright, A.J., 
miRBase: microRNA sequences, targets and gene nomenclature. Nucleic acids 
research., 2006. 34(Database issue): p. D140-144. 

718. John, B., Enright, A.J., Aravin, A., Tuschl, T., Sander, C., and Marks, D.S., Human 
microRNA targets. PLoS Biology, 2004. 2(11). 

719. Lewis, B.P., Shih, I.H., Jones-Rhoades, M.W., Bartel, D.P., and Burge, C.B., Prediction of 
Mammalian MicroRNA Targets. Cell, 2003. 115(7): p. 787-798. 

720. Huang, D.W., Sherman, B.T., and Lempicki, R.A., Systematic and integrative analysis of 
large gene lists using DAVID bioinformatics resources. Nature Protocols, 2009. 4(1): p. 
44-57. 

721. Huang, D.W., Sherman, B.T., and Lempicki, R.A., Bioinformatics enrichment tools: Paths 
toward the comprehensive functional analysis of large gene lists. Nucleic Acids 
Research, 2009. 37(1): p. 1-13. 

722. Ghoussaini, M., Pharoah, P.D.P., and Easton, D.F., Inherited genetic susceptibility to 
breast cancer: The beginning of the end or the end of the beginning? American Journal 
of Pathology, 2013. 183(4): p. 1038-1051. 

723. Ghoussaini, M., Fletcher, O., Michailidou, K., Turnbull, C., Schmidt, M.K., Dicks, E., et 
al., Genome-wide association analysis identifies three new breast cancer susceptibility 
loci. Nature Genetics, 2012. 44(3): p. 312-318. 

724. Horwitz, M.J. and Stewart, A.F., Hypercalcemia associated with malignancy. Primer on 
the Metabolic Bone Diseases and Disorders of Mineral Metabolism, 2006: p. 195-199. 

725. Sloan, E.K. and Anderson, R.L., Genes involved in breast cancer metastasis to bone. 
Cellular and Molecular Life Sciences, 2002. 59(9): p. 1491-1502. 

726. Mula, R.V., Bhatia, V., and Falzon, M., PTHrP promotes colon cancer cell migration and 
invasion in an integrin α6β4-dependent manner through activation of Rac1. Cancer 
Letters, 2010. 298(1): p. 119-127. 

727. Qin, Z., Wang, Y., Cao, S., He, Y., Ma, H., Jin, G., et al., Genetic Variants at 12p11 and 
12q24 Are Associated with Breast Cancer Risk in a Chinese Population. PLoS ONE, 2013. 
8(6). 

728. Antoniou, A.C., Kuchenbaecker, K.B., Soucy, P., Beesley, J., Chen, X., McGuffog, L., et 
al., Common variants at 12p11, 12q24, 9p21, 9q31.2 and in ZNF365 are associated 
with breast cancer risk for BRCA1 and/or BRCA2 mutation carriers. Breast Cancer 
Research, 2012. 14(1). 

729. Lin, J., Ding, L., Jin, R., Zhang, H., Cheng, L., Qin, X., et al., Four and a half LIM domains 
1 (FHL1) and receptor interacting protein of 140 kDa (RIP140) interact and cooperate in 
estrogen signaling. International Journal of Biochemistry and Cell Biology, 2009. 41(7): 
p. 1613-1618. 

730. Bland, J.M. and Altman, D.G., Statistics notes. The odds ratio. British Medical Journal, 
2000. 320(7247): p. 1468. 



References 

338 
 

731.  ; Available from: http://www.cogseu.org/index.php/consortia/the-breast-cancer-
association-consortium-bcac. 

732. Chen, Y.C. and Hunter, D.J., Molecular epidemiology of cancer. Ca-A Cancer Journal for 
Clinicians, 2005. 55(1): p. 45-54. 

733. Narod, S.A., Modifiers of risk of hereditary breast cancer. Oncogene, 2006. 25(43): p. 
5832-5836. 

734. Moore, L.T., McEvoy, B., Cape, E., Simms, K., and Bradley, D.G., A Y-chromosome 
signature of hegemony in Gaelic Ireland. American Journal of Human Genetics, 2006. 
78(2): p. 334-338. 

735. Saugstad, L.F., AnthropologicaI significance of phenylketonuria. Clinical Genetics, 1975. 
7(1): p. 52-61. 

736. Ryan, E., O'Keane, C., and Crowe, J., Hemochromatosis in Ireland and HFE. Blood Cells, 
Molecules, and Diseases, 1998. 24(4): p. 428-432. 

737. Eisensmith, R.C., Goltsov, A.A., O'Neill, C., Tyfield, L.A., Schwartz, E.I., Kuzmin, A.I., et 
al., Recurrence of the R408W mutation in the phenylalanine hydroxylase locus in 
Europeans. American Journal of Human Genetics, 1995. 56(1): p. 278-286. 

738. Ramus, S.J., Treacy, E.P., and Cotton, R.G.H., Characterization of phenylalanine 
hydroxylase alleles in untreated phenylketonuria patients from Victoria, Australia: 
Origin of alleles and haplotypes. American Journal of Human Genetics, 1995. 56(5): p. 
1034-1041. 

739. American Community Survey, 2012, 1-year estimates. . 2012; Available from: 
http://www.census.gov/  

740. Vallone, P.M. and Butler, J.M., Y-SNP typing of U.S. African American and Caucasian 
samples using allele-specific hybridization and primer extension. Journal of Forensic 
Sciences, 2004. 49(4): p. 723-732. 

741. McVeigh, T.P., Mulligan, R.J., McVeigh, U.M., Owens, P.W., Miller, N., Bell, M., et al., 
Investigating the association of rs2910164 with cancer in Irish patients. Endocrine 
Connections, 2017. 6(8): p. 614-624. 

742. Nielsen, S.M., White, M.G., Hong, S., Aschebrook-Kilfoy, B., Kaplan, E.L., Angelos, P., et 
al., The Breast-Thyroid Cancer Link: A Systematic Review and Meta-analysis. Cancer 
Epidemiol Biomarkers Prev, 2016. 25(2): p. 231-8. 

743. Ron, E., Curtis, R., Hoffman, D.A., and Flannery, J.T., Multiple primary breast and 
thyroid cancer. British Journal of Cancer, 1984. 49(1): p. 87-92. 

744. An, J.H., Hwangbo, Y., Ahn, H.Y., Keam, B., Lee, K.E., Han, W., et al., A Possible 
Association Between Thyroid Cancer and Breast Cancer. Thyroid, 2015. 25(12): p. 1330-
8. 

745. Li, C.I., Rossing, M.A., Voigt, L.F., and Daling, J.R., Multiple primary breast and thyroid 
cancers: role of age at diagnosis and cancer treatments (United States). Cancer Causes 
Control, 2000. 11(9): p. 805-11. 

746. Chen, A.Y., Levy, L., Goepfert, H., Brown, B.W., Spitz, M.R., and Vassilopoulou-Sellin, R., 
The development of breast carcinoma in women with thyroid carcinoma. Cancer, 2001. 
92(2): p. 225-31. 

747. Liaw, D., Marsh, D.J., Li, J., Dahia, P.L., Wang, S.I., Zheng, Z., et al., Germline mutations 
of the PTEN gene in Cowden disease, an inherited breast and thyroid cancer syndrome. 
Nat Genet, 1997. 16(1): p. 64-7. 

748. Chaker, L. and Visser, T.J., Thyroid function: Thyroid dysfunction and breast cancer risk 
[mdash] an unfinished story. Nat Rev Endocrinol, 2016. 12(6): p. 313-314. 

749. Portulano, C., Paroder-Belenitsky, M., and Carrasco, N., The Na+/I- symporter (NIS): 
mechanism and medical impact. Endocr Rev, 2014. 35(1): p. 106-49. 

http://www.cogseu.org/index.php/consortia/the-breast-cancer-association-consortium-bcac
http://www.cogseu.org/index.php/consortia/the-breast-cancer-association-consortium-bcac
http://www.census.gov/


References 

339 
 

750. Ryan, J., Curran, C.E., Hennessy, E., Newell, J., Morris, J.C., Kerin, M.J., et al., The 
Sodium Iodide Symporter (NIS) and Potential Regulators in Normal, Benign and 
Malignant Human Breast Tissue. PLoS ONE, 2011. 6(1): p. e16023. 

751. Giani, C., Fierabracci, P., Bonacci, R., Gigliotti, A., Campani, D., De Negri, F., et al., 
Relationship between breast cancer and thyroid disease: relevance of autoimmune 
thyroid disorders in breast malignancy. J Clin Endocrinol Metab, 1996. 81(3): p. 990-4. 

752. Gogas, J., Kouskos, E., Tseleni-Balafouta, S., Markopoulos, C., Revenas, K., Gogas, G., et 
al., Autoimmune thyroid disease in women with breast carcinoma. Eur J Surg Oncol, 
2001. 27(7): p. 626-30. 

753. Smyth, P.P., Shering, S.G., Kilbane, M.T., Murray, M.J., McDermott, E.W., Smith, D.F., 
et al., Serum thyroid peroxidase autoantibodies, thyroid volume, and outcome in breast 
carcinoma. J Clin Endocrinol Metab, 1998. 83(8): p. 2711-6. 

754. Ling, Y., Li, Q., Yang, H., Wang, Y., Tang, F., Kang, H., et al., Loss of heterozygosity in 
thyroid hormone receptor beta in invasive breast cancer. Tumori, 2015. 101(5): p. 572-
7. 

755. Pal, T., Hamel, N., Vesprini, D., Sanders, K., Mitchell, M., Quercia, N., et al., Double 
primary cancers of the breast and thyroid in women: molecular analysis and genetic 
implications. Fam Cancer, 2001. 1(1): p. 17-24. 

756. Siolek, M., Cybulski, C., Gasior-Perczak, D., Kowalik, A., Kozak-Klonowska, B., Kowalska, 
A., et al., CHEK2 mutations and the risk of papillary thyroid cancer. Int J Cancer, 2015. 
137(3): p. 548-52. 

757. Pasquinelli, A.E., MicroRNAs and their targets: recognition, regulation and an emerging 
reciprocal relationship. Nat Rev Genet, 2012. 13(4): p. 271-282. 

758. Taganov, K.D., Boldin, M.P., Chang, K.-J., and Baltimore, D., NF-κB-dependent induction 
of microRNA miR-146, an inhibitor targeted to signaling proteins of innate immune 
responses. Proceedings of the National Academy of Sciences of the United States of 
America, 2006. 103(33): p. 12481-12486. 

759. Hou, J., Wang, P., Lin, L., Liu, X., Ma, F., An, H., et al., MicroRNA-146a feedback inhibits 
RIG-I-dependent Type I IFN production in macrophages by targeting TRAF6, IRAK1, and 
IRAK2. J Immunol, 2009. 183(3): p. 2150-8. 

760. Kumaraswamy, E., Wendt, K.L., Augustine, L.A., Stecklein, S.R., Sibala, E.C., Li, D., et al., 
BRCA1 regulation of epidermal growth factor receptor (EGFR) expression in human 
breast cancer cells involves microRNA-146a and is critical for its tumor suppressor 
function. Oncogene, 2015. 34(33): p. 4333-46. 

761. Garraway, L.A., A Notch for Noncoding RNA in Melanoma. New England Journal of 
Medicine, 2014. 370(20): p. 1950-1951. 

762. Xu, B., Huang, Y., Niu, X., Tao, T., Jiang, L., Tong, N., et al., Hsa-miR-146a-5p modulates 
androgen-independent prostate cancer cells apoptosis by targeting ROCK1. Prostate, 
2015. 75(16): p. 1896-903. 

763. Auton, A., Brooks, L.D., Durbin, R.M., Garrison, E.P., Kang, H.M., Korbel, J.O., et al., A 
global reference for human genetic variation. Nature, 2015. 526(7571): p. 68-74. 

764. Savas, S. and Liu, G., Studying genetic variations in cancer prognosis (and risk): a primer 
for clinicians. Oncologist, 2009. 14(7): p. 657-66. 

765. Jazdzewski, K., Murray, E.L., Franssila, K., Jarzab, B., Schoenberg, D.R., and de la 
Chapelle, A., Common SNP in pre-miR-146a decreases mature miR expression and 
predisposes to papillary thyroid carcinoma. Proc Natl Acad Sci U S A, 2008. 105(20): p. 
7269-74. 

766. Chen, J., Cao, X., and Zhang, H., MiR-146a rs2910164 polymorphism is associated with 
hepatocellular carcinoma: a meta-analysis. Int J Clin Exp Med, 2015. 8(9): p. 15852-6. 



References 

340 
 

767. Xu, Z., Zhang, L., Cao, H., and Bai, B., MiR-146a rs2910164 G/C polymorphism and 
gastric cancer susceptibility: a meta-analysis. BMC Medical Genetics, 2014. 15(1): p. 1-
8. 

768. Bao, M.H., Xiao, Y., Zhang, Q.S., Luo, H.Q., Luo, J., Zhao, J., et al., Meta-Analysis of miR-
146a Polymorphisms Association with Coronary Artery Diseases and Ischemic Stroke. 
Int J Mol Sci, 2015. 16(7): p. 14305-17. 

769. Zhu, M., Li, D., Jin, M., and Li, M., Association between microRNA polymorphisms and 
the risk of inflammatory bowel disease. Mol Med Rep, 2016. 13(6): p. 5297-308. 

770. Li, Y., Du, C., Wang, W., Ma, G., Cui, L., Zhou, H., et al., Genetic association of MiR-146a 
with multiple sclerosis susceptibility in the Chinese population. Cell Physiol Biochem, 
2015. 35(1): p. 281-91. 

771. Park, R., Lee, W.J., and Ji, J.D., Association between the three functional miR-146a 
single-nucleotide polymorphisms, rs2910164, rs57095329, and rs2431697, and 
autoimmune disease susceptibility: A meta-analysis. Autoimmunity, 2016: p. 1-8. 

772. Dong, G., Zhang, R., Xu, J., and Guo, Y., Association between microRNA polymorphisms 
and papillary thyroid cancer susceptibility. International Journal of Clinical and 
Experimental Pathology, 2015. 8(10): p. 13450-13457. 

773. Jones, A.M., Howarth, K.M., Martin, L., Gorman, M., Mihai, R., Moss, L., et al., Thyroid 
cancer susceptibility polymorphisms: confirmation of loci on chromosomes 9q22 and 
14q13, validation of a recessive 8q24 locus and failure to replicate a locus on 5q24. J 
Med Genet, 2012. 49(3): p. 158-63. 

774. Zhang, X., Gu, Y., Liu, X., Yu, Y., Shi, J., Yu, Q., et al., Association of Pre-miR-146a 
rs2910164 Polymorphism with Papillary Thyroid Cancer. Int J Endocrinol, 2015. 2015: p. 
802562. 

775. Pastrello, C., Polesel, J., Della Puppa, L., Viel, A., and Maestro, R., Association between 
hsa-mir-146a genotype and tumor age-of-onset in BRCA1/BRCA2-negative familial 
breast and ovarian cancer patients. Carcinogenesis, 2010. 31(12): p. 2124-6. 

776. Garcia, A.I., Cox, D.G., Barjhoux, L., Verny-Pierre, C., Barnes, D., Antoniou, A.C., et al., 
The rs2910164:G>C SNP in the MIR146A gene is not associated with breast cancer risk 
in BRCA1 and BRCA2 mutation carriers. Hum Mutat, 2011. 32(9): p. 1004-7. 

777. Hu, Z., Liang, J., Wang, Z., Tian, T., Zhou, X., Chen, J., et al., Common genetic variants in 
pre-microRNAs were associated with increased risk of breast cancer in Chinese women. 
Hum Mutat, 2009. 30(1): p. 79-84. 

778. Chen, Q.-H., Wang, Q.-B., and Zhang, B., Ethnicity modifies the association between 
functional microRNA polymorphisms and breast cancer risk: a HuGE meta-analysis. 
Tumor Biology, 2014. 35(1): p. 529-543. 

779. Catucci, I., Yang, R., Verderio, P., Pizzamiglio, S., Heesen, L., Hemminki, K., et al., 
Evaluation of SNPs in miR-146a, miR196a2 and miR-499 as low-penetrance alleles in 
German and Italian familial breast cancer cases. Hum Mutat, 2010. 31(1): p. E1052-7. 

780. Esteban Cardeñosa, E., de Juan Jiménez, I., Palanca Suela, S., Chirivella González, I., 
Segura Huerta, Á., Santaballa Beltran, A., et al., Low penetrance alleles as risk modifiers 
in familial and sporadic breast cancer. Familial Cancer, 2012. 11(4): p. 629-636. 

781. Upadhyaya, A., Smith, R.A., Chacon-Cortes, D., Revechon, G., Bellis, C., Lea, R.A., et al., 
Association of the microRNA-Single Nucleotide Polymorphism rs2910164 in miR146a 
with sporadic breast cancer susceptibility: A case control study. Gene, 2016. 576(1 Pt 
2): p. 256-60. 

782. Alshatwi, A.A., Shafi, G., Hasan, T.N., Syed, N.A., Al-Hazzani, A.A., Alsaif, M.A., et al., 
Differential expression profile and genetic variants of microRNAs sequences in breast 
cancer patients. PLoS One, 2012. 7(2): p. e30049. 



References 

341 
 

783. Bansal, C., Sharma, K.L., Misra, S., Srivastava, A.N., Mittal, B., and Singh, U.S., Common 
genetic variants in pre-microRNAs and risk of breast cancer in the North Indian 
population. ecancermedicalscience, 2014. 8. 

784. Afsharzadeh, S.M., Mohaddes Ardebili, S.M., Seyedi, S.M., Karimian Fathi, N., and 
Mojarrad, M., Association between rs11614913, rs3746444, rs2910164 and occurrence 
of breast cancer in Iranian population. Meta Gene, 2017. 11: p. 20-25. 

785. Omrani, M., Hashemi, M., Eskandari-Nasab, E., Hasani, S.S., Mashhadi, M.A., Arbabi, F., 
et al., Hsa-mir-499 rs3746444 gene polymorphism is associated with susceptibility to 
breast cancer in an Iranian population. Biomarkers in Medicine, 2014. 8(2): p. 259-267. 

786. Meshkat, M., Tanha, H.M., Naeini, M.M., Ghaedi, K., Sanati, M.H., Meshkat, M., et al., 
Functional SNP in stem of mir-146a affects Her2 status and breast cancer survival. 
Cancer Biomarkers, 2016. 17(2): p. 213-222. 

787. Lian, H., Wang, L., and Zhang, J., Increased risk of breast cancer associated with CC 
genotype of has-miR-146a Rs2910164 polymorphism in Europeans. PLoS ONE, 2012. 
7(2). 

788. Gao, L.B., Bai, P., Pan, X.M., Jia, J., Li, L.J., Liang, W.B., et al., The association between 
two polymorphisms in pre-miRNAs and breast cancer risk: a meta-analysis. Breast 
Cancer Res Treat, 2011. 125(2): p. 571-4. 

789. Zhang, H., Zhang, Y., Yan, W., Wang, W., Zhao, X., Ma, X., et al., Association between 
three functional microRNA polymorphisms (miR-499 rs3746444, miR-196a rs11614913 
and miR-146a rs2910164) and breast cancer risk: A meta-analysis. Oncotarget, 2017. 
8(1): p. 393-407. 

790. Thermo Scientific technical bulletin: Interpretation of Nucleic Acid 260/280 Ratios 2012. 
791. Evans, D.G., Brentnall, A., Byers, H., Harkness, E., Stavrinos, P., Howell, A., et al., The 

impact of a panel of 18 SNPs on breast cancer risk in women attending a UK familial 
screening clinic: a case-control study. J Med Genet, 2017. 54(2): p. 111-113. 

792. Boufraqech, M., Klubo-Gwiezdzinska, J., and Kebebew, E., MicroRNAs in the thyroid. 
Best Practice & Research Clinical Endocrinology & Metabolism, 2016. 30(5): p. 603-
619. 

793. Sandhu, R., Rein, J., D'Arcy, M., Herschkowitz, J.I., Hoadley, K.A., and Troester, M.A., 
Overexpression of miR-146a in basal-like breast cancer cells confers enhanced 
tumorigenic potential in association with altered p53 status. Carcinogenesis, 2014. 
35(11): p. 2567-2575. 

794. Garcia, A.I., Buisson, M., Bertrand, P., Rimokh, R., Rouleau, E., Lopez, B.S., et al., Down-
regulation of BRCA1 expression by miR-146a and miR-146b-5p in triple negative 
sporadic breast cancers. EMBO Mol Med, 2011. 3(5): p. 279-90. 

795. Bockmeyer, C.L., Christgen, M., Müller, M., Fischer, S., Ahrens, P., Länger, F., et al., 
MicroRNA profiles of healthy basal and luminal mammary epithelial cells are distinct 
and reflected in different breast cancer subtypes. Breast Cancer Research and 
Treatment, 2011. 130(3): p. 735-745. 

796. Hurst, D.R., Edmonds, M.D., Scott, G.K., Benz, C.C., Vaidya, K.S., and Welch, D.R., 
Breast Cancer Metastasis Suppressor 1 Up-regulates miR-146, Which Suppresses Breast 
Cancer Metastasis. Cancer Research, 2009. 69(4): p. 1279-1283. 

797. Bhaumik, D., Scott, G.K., Schokrpur, S., Patil, C.K., Campisi, J., and Benz, C.C., 
Expression of microRNA-146 suppresses NF-kappaB activity with reduction of 
metastatic potential in breast cancer cells. Oncogene, 2008. 27(42): p. 5643-7. 

798. Jazdzewski, K. and De La Chapelle, A., Genomic sequence matters: A SNP in microRNA-
146a can turn anti-apoptotic. Cell Cycle, 2009. 8(11): p. 1642-1643. 

799. Qi, P., Wang, L., Zhou, B., Yao, W.J., Xu, S., Zhou, Y., et al., Associations of miRNA 
polymorphisms and expression levels with breast cancer risk in the Chinese population. 
Genet Mol Res, 2015. 14(2): p. 6289-96. 



References 

342 
 

800. Waldron, R., McVeigh, T., McVeigh, U., Miller, N., and Kerin, M., The consequences of a 
single nucleotide polymorphismin pre-mir-146a and its effect on mature circulating 
mir-146a levels 

(abstract) British Journal of Surgery, 2017. 104 (Suppl 3 SARS 2017 Meeting Abstracts): p. 5-65. 
801. Sun, M., Fang, S., Li, W., Li, C., Wang, L., Wang, F., et al., Associations of miR-146a and 

miR-146b expression and clinical characteristics in papillary thyroid carcinoma. Cancer 
Biomark, 2015. 15(1): p. 33-40. 

802. Ma, W., Zhao, X., Liang, L., Wang, G., Li, Y., Miao, X., et al., miR-146a and miR-146b 
promote proliferation, migration and invasion of follicular thyroid carcinoma via 
inhibition of ST8SIA4. Oncotarget, 2017. 8(17): p. 28028-28041. 

803. Pacifico, F., Crescenzi, E., Mellone, S., Iannetti, A., Porrino, N., Liguoro, D., et al., 
Nuclear factor-κb contributes to anaplastic thyroid carcinomas through up-regulation 
of miR-146a. Journal of Clinical Endocrinology and Metabolism, 2010. 95(3): p. 1421-
1430. 

804. Czajka, A.A., Wójcicka, A., Kubiak, A., Kotlarek, M., Bakuła-Zalewska, E., Koperski, Ł., et 
al., Family of microRNA-146 regulates RARβ in papillary thyroid carcinoma. PLoS ONE, 
2016. 11(3). 

805. Jazdzewski, K., Boguslawska, J., Jendrzejewski, J., Liyanarachchi, S., Pachucki, J., 
Wardyn, K.A., et al., Thyroid hormone receptor β (THRB) is a major target gene for 
microRNAs deregulated in papillary thyroid carcinoma (PTC). Journal of Clinical 
Endocrinology and Metabolism, 2011. 96(3): p. E546-E553. 

806. Jazdzewski, K., Liyanarachchi, S., Swierniak, M., Pachucki, J., Ringel, M.D., Jarzab, B., et 
al., Polymorphic mature microRNAs from passenger strand of pre-miR-146a contribute 
to thyroid cancer. Proceedings of the National Academy of Sciences, 2009. 106(5): p. 
1502-1505. 

807. Office for National Statistics: Overview of the UK population: July 2017. 2017; Available 
from: 
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/p
opulationestimates/articles/overviewoftheukpopulation/july2017. 

808. Central Statistics Office: Census of Population 2016 - Preliminary Results. 2016; 
Available from: http://www.cso.ie/en/releasesandpublications/ep/p-
cpr/censusofpopulation2016-preliminaryresults/. 

809. Wei, W.-J., Wang, Y.-L., Li, D.-S., Wang, Y., Wang, X.-F., Zhu, Y.-X., et al., Association 
between the rs2910164 Polymorphism in Pre-Mir-146a Sequence and Thyroid 
Carcinogenesis. PLoS ONE, 2013. 8(2): p. e56638. 

810. Marino, M., Cirello, V., Gnarini, V., Colombo, C., Pignatti, E., Casarini, L., et al., Are pre-
miR-146a and PTTG1 associated with papillary thyroid cancer? Endocrine Connections, 
2013. 2(4): p. 178-185. 

811. Zhou, X., Zhu, J., Zhang, H., Zhou, G., Huang, Y., and Liu, R., Is the microRNA-146a 
(rs2910164) polymorphism associated with rheumatoid arthritis? Association of 
microRNA-146a (rs2910164) polymorphism and rheumatoid arthritis could depend on 
gender. Joint Bone Spine, 2015. 82(3): p. 166-171. 

812. Dai, R., Phillips, R.A., Zhang, Y., Khan, D., Crasta, O., and Ahmed, S.A., Suppression of 
LPS-induced Interferon-gamma and nitric oxide in splenic lymphocytes by select 
estrogen-regulated microRNAs: a novel mechanism of immune modulation. Blood, 
2008. 112(12): p. 4591-7. 

813. Wang, A.X., Xu, B., Tong, N., Chen, S.Q., Yang, Y., Zhang, X.W., et al., Meta-analysis 
confirms that a common G/C variant in the pre-miR-146a gene contributes to cancer 
susceptibility and that ethnicity, gender and smoking status are risk factors. Genet Mol 
Res, 2012. 11(3): p. 3051-62. 

https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017
http://www.cso.ie/en/releasesandpublications/ep/p-cpr/censusofpopulation2016-preliminaryresults/
http://www.cso.ie/en/releasesandpublications/ep/p-cpr/censusofpopulation2016-preliminaryresults/


References 

343 
 

814. Sand, P.G., A lesson not learned: allele misassignment. Behav Brain Funct, 2007. 3: p. 
65. 

815. ExAC.  16/05/2017]; Available from: http://exac.broadinstitute.org/variant/5-
159912418-C-G. 

816. Lennon, P., Deedy, S., Healy, M., Kinsella, J., Timon, C., and O’Neill, J., Thyroid cancer in 
Ireland: a 10-year review of the National Cancer Registry. Endocrine Abstracts 2015. 
37(EP910). 

817. Graffeo, R., Livraghi, L., Pagani, O., Goldhirsch, A., Partridge, A.H., and Garber, J.E., 
Time to incorporate germline multigene panel testing into breast and ovarian cancer 
patient care. Breast Cancer Research and Treatment, 2016. 160(3): p. 393-410. 

818. Condon, D., 1,400+ waiting to see a genetic consultant, in Irishhealth.com. 2017. 
819. Mainstreaming Cancer Genetics. 2017; Available from: 

http://www.mcgprogramme.com/. 
820. Turnbull, A., George, A., and Rahman , N., P12.025A - MCG-International: Increasing 

global availability of BRCA testing for cancer patients, in Abstract Programme, 
European Society of Human Genetics 2017. 2017: Copenhagen. 

821. Kentwell, M., Dow, E., Antill, Y., Wrede, C.D., McNally, O., Higgs, E., et al., 
Mainstreaming cancer genetics: A model integrating germline BRCA testing into 
routine ovarian cancer clinics. Gynecol Oncol, 2017. 145(1): p. 130-136. 

822. Arie, S., Routine testing for women with ovarian cancer. Bmj, 2014. 348: p. g1200. 
823. Rahman, N., Mainstreaming Genetic Testing of Cancer Predisposition Genes. Clinical 

medicine (London, England), 2014. 14(4): p. 436-439. 
824. George, A., Kaye, S., and Banerjee, S., Delivering widespread BRCA testing and PARP 

inhibition to patients with ovarian cancer. Nature Reviews Clinical Oncology, 2017. 
14(5): p. 284-296. 

825. Percival, N., George, A., Gyertson, J., Hamill, M., Fernandes, A., Davies, E., et al., The 
integration of BRCA testing into oncology clinics. British Journal of Nursing, 2016. 
25(12): p. 690-694. 

826. George, A., Riddell, D., Seal, S., Talukdar, S., Mahamdallie, S., Ruark, E., et al., 
Implementing rapid, robust, cost-effective, patient-centred, routine genetic testing in 
ovarian cancer patients. Scientific Reports, 2016. 6. 

827. HIQA, A Guide to Health Technology Assessment at HIQA. 2016. 
828. McVeigh, T.P., Direct Ordering of Genetic Testing in Programme, Gathering Around 

Cancer meeting 2017. 2017: Dublin. 
829. HSE. BRCA testing (Olaparib). 2017; Available from: 

https://www.hse.ie/eng/services/list/5/cancer/profinfo/medonc/sactguidance/BRCA%
20testing%20for%20olaparib.html. 

830. Robson, M., Im, S.-A., Senkus, E., Xu, B., Domchek, S.M., Masuda, N., et al., Olaparib 
for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation. New England 
Journal of Medicine, 2017. 377(6): p. 523-533. 

831. Ramakrishnan Geethakumari, P., Schiewer, M.J., Knudsen, K.E., and Kelly, W.K., PARP 
Inhibitors in Prostate Cancer. Curr Treat Options Oncol, 2017. 18(6): p. 37. 

832. NCBI. Pubmed. 2017  [cited 2017 10/10/2017]; Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/?term=brca1+OR+brca2. 

833. Walrond, J., Gene test 'narrows down breast cancer risk', in BBC News. 2017. 
834. Li, H., Feng, B., Miron, A., Chen, X., Beesley, J., Bimeh, E., et al., Breast cancer risk 

prediction using a polygenic risk score in the familial setting: a prospective study from 
the Breast Cancer Family Registry and kConFab. Genetics in Medicine, 2017. 19(1): p. 
30-35. 

http://exac.broadinstitute.org/variant/5-159912418-C-G
http://exac.broadinstitute.org/variant/5-159912418-C-G
http://www.mcgprogramme.com/
https://www.hse.ie/eng/services/list/5/cancer/profinfo/medonc/sactguidance/BRCA%20testing%20for%20olaparib.html
https://www.hse.ie/eng/services/list/5/cancer/profinfo/medonc/sactguidance/BRCA%20testing%20for%20olaparib.html
https://www.ncbi.nlm.nih.gov/pubmed/?term=brca1+OR+brca2


References 

344 
 

835. Yurgelun, M.B., Allen, B., Kaldate, R.R., Bowles, K.R., Judkins, T., Kaushik, P., et al., 
Identification of a Variety of Mutations in Cancer Predisposition Genes in Patients With 
Suspected Lynch Syndrome. Gastroenterology, 2015. 149(3): p. 604-13.e20. 

836. Tung, N., Lin, N.U., Kidd, J., Allen, B.A., Singh, N., Wenstrup, R.J., et al., Frequency of 
Germline Mutations in 25 Cancer Susceptibility Genes in a Sequential Series of Patients 
With Breast Cancer. J Clin Oncol, 2016. 34(13): p. 1460-8. 

837. Tung, N., Battelli, C., Allen, B., Kaldate, R., Bhatnagar, S., Bowles, K., et al., Frequency of 
mutations in individuals with breast cancer referred for BRCA1 and BRCA2 testing using 
next-generation sequencing with a 25-gene panel. Cancer, 2015. 121(1): p. 25-33. 

838. Desmond, A., Kurian, A.W., Gabree, M., Mills, M.A., Anderson, M.J., Kobayashi, Y., et 
al., Clinical Actionability of Multigene Panel Testing for Hereditary Breast and Ovarian 
Cancer Risk Assessment. JAMA Oncol, 2015. 1(7): p. 943-51. 

839. Walsh, T., Casadei, S., Lee, M.K., Pennil, C.C., Nord, A.S., Thornton, A.M., et al., 
Mutations in 12 genes for inherited ovarian, fallopian tube, and peritoneal carcinoma 
identified by massively parallel sequencing. Proc Natl Acad Sci U S A, 2011. 108(44): p. 
18032-7. 

840. Hollestelle, A., Van Der Baan, F.H., Berchuck, A., Johnatty, S.E., Aben, K.K., Agnarsson, 
B.A., et al., No clinical utility of KRAS variant rs61764370 for ovarian or breast cancer. 
Gynecologic Oncology, 2016. 141(2): p. 386-401. 

 
  



a 
 

Appendices 
  



Appendices 

b 
 

17 Appendices 

17.1 Appendix 2-1 – Surveys used in Paper 7 
 

 

The Royal Marsden NHS Foundation Trust 

 
NHS Breast Screening Programme (NHSBSP)Questionnaire 

 
Your answers will be treated in confidence.  The information that you provide will not 
affect your treatment in any way.  For each question, unless otherwise advised, please 
tick one box only. 

 
 
 
1.  What is your age? (Please tick one answer) 

 

a) Under 30                                  

b) 30-39                               

c) 40-49          

d) 50-70                                

e) Over 70                               

 

2. Genetic Diagnosis: (Please tick one answer) 

 

a) BRCA1 mutation carrierBRCA2 mutation carrier                                           

b) 50% risk of BRCA1 mutation                                                     

c) 50% risk of BRCA2 mutation                                            

d) tp53 mutation carrier                                                                     

e) 50% risk of tp53 mutation                                                      

f) Not sure                                                                                 

g) None of the above                                            

 

 

3. Have you had a diagnosis of breast cancer in the past 5 years? 

 

a) No                                                                                        

b) Yes          
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4. Have you ever been diagnosed with ovarian cancer? 
 

a) No                                                                                        

b) Yes          

 

5. Have you had a mastectomy? 

 

a) No                                                                                                                                                                                                       

b) Yes – one breast                         

c) Yes – both breasts                                                      

 

(If your answer is C, you do not need to complete the rest of this questionnaire, please return it in the 

envelope provided and thank you for your help)                                       

 

6. Which NHS Breast Screening Programme unit have you been referred to? 

__________________________________________________________ 

 

7. Have you had any breast screening in the last 12 months? 

a) No→ Go to Question 16        

b) Yes          

 

8. Where did you have your screening? 

    (Please tick all that apply) 

 

a) The Royal Marsden                                                                 

b) NHS Breast Screening Programme Unit                    

c) Private Care         

 

9.. What screening did you have? (Please tick all that apply) 

 

a) Mammography           

b) Breast MRI         

c) Breast Ultrasound        

d) Other (Please state)__________________________________ 
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10. How long did you wait to receive the results of your breast screening? 

 

a) Less than two weeks         

b) More than two weeks                                                                        

c) I had to request results from NHSBSP Unit        

d) I had to request results from GP                                               

e) I don’t remember receiving my results        

f) I don’t remember how long I waited for my results      

 

11. If you had both mammography and MRI what was the interval between these scans? 

 

a) Same day                                                                                        

b) Within two weeks                                                                         

c) More than two weeks                                                                     

d) I don’t remember          

 

12. If you had breast MRI was it timed with your menstrual cycle? 

 

a) No                         

b) Yes, it was done between Day 6-16 of my cycle           

c) I don’t remember                                                                

 

13. Were you recalled for further tests after your breast screening? 

 

a) No→ Go to Question 15         

b) Yes           

c) I don’t remember          

 

14. If you were recalled for further tests what other tests did you have?  (Please tick all that apply) 

 

a) Mammography                                                                                                                                   

b) MRI                                                                                                                                                     

c) Ultrasound                                                                                                                                       

d) Clinical Examination                                                                                                             

e) Biopsy                                                                               

f) Other (Please state)____________________________ 
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15. What was the outcome of your screening? 

 

a) Normal, to go back for screening in 1 year      

b) Normal, but not sure when next screening will take place    

c) Breast cancer diagnosis, undergoing treatment     

d) Not sure          

 

16. If you have not had breast screening in the last 12 months please give a 

reason: 

a) I have not been offered an appointment from the NHSBSP yet  

b) My screening appointment is scheduled on (insert date)   

c) I declined screening at the NHSBSP service                                                             

d) Other reason: Please state:  _______________________________ 

 

17. ANY OTHER COMMENTS. 

 

If there is anything else you would like to tell us about your experience, please do so here. 

 

 

Is there anything that could be improved? 
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17.2 Appendix 2-2 – Surveys used in Paper 10 

Questionnaire for Army of Women Participant    Subject code:  

 Today’s date? ________________ 

1. What is your age today? ________________ 
2. How old were you when you were diagnosed with breast cancer? _______ 
3. What was your height and weight when you were diagnosed with breast 

cancer?  Height: ______ ft. _____ in.             Weight: ______ lbs. 
4. Did you have any significant weigh loss before your breast cancer diagnosis, and if 

yes, how much? ________________ 
5. How old were you when you went through menopause (stopped having your 

monthly periods), either naturally, surgically or because of cancer treatment? 
________________ 

6. Have you had your ovaries removed, and if yes, at what age? ________________ 
7. Have you had your uterus removed, and if yes, at what age?  ________________ 
8. Had you gone through menopause before you were diagnosed with breast cancer? 

(If answer is no, skip to question 11) ________________ 
a. If yes, did you ever take hormone replacement therapy after menopause?__ 
b. If yes, what type of hormone replacement therapy (name or kind, estrogen 

alone, estrogen plus progesterone)? ________________ 
c. If yes, how many months or years were you on hormone replacement 

therapy after menopause?  ________________ 
d. If yes, were you on hormone replacement therapy when you were 

diagnosed with breast cancer? ________________ 
e. Are you still on hormone replacement therapy? ________________ 

9. Have you ever been pregnant? ________________ 
a. If yes, how many times have you been pregnant? ________________ 
b. Have you had any live births? ________________ 

i. If yes, how many have you had? ________________ 
ii. If yes, how old were you when you had your first one?_________ 

c. Did you ever have assistance using medication (in vitro fertilization) getting 
pregnant? ________________ 

i. How many times if yes? ________________ 
10. Were you ever on birth control pills? ________________ 

a. If yes, how old were you when you went on them? ________________ 
b. If yes, for how many total years? ________________ 

11. Have you had and other cancers besides breast cancer? ________________ 
a. If yes, which kinds? ________________ 

12. Do you have a family history of cancer? ________________ 
a. If yes, which kinds? ________________ 

13. Have you been tested for a BRCA mutation or any other genetic mutations? 
________ 

a. If you were tested, were you positive? ________________ 



Appendices 

g 
 

 

17.3 Appendix 2-3 – Biobank informed Consent form used in NUIG 
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17.4 Appendix 2-4 – Reagents used in DNA extraction 

17.4.1 Red Blood Cell Lysis Solution (10x Stock) 

Materials 

Method: 

1x RBC lysis solution was used to lyse red blood cells during DNA extraction from whole 

blood. 1x concentration was obtained by dilution of 10x stock, with 1:9 ratio of 10X RBC 

lysis solution with autoclaved ddH2O water. To create 10x stock, 82.9g of Ammonium 

Chloride was added to 10g of Potassium Hydrogen Carbonate. 20ml of 0.5M EDTA at pH 

was added to 800ml double distilled water (ddH2O) and placed on a stirrer until clear. 

pH of the solution was adjusted to 8.0 by addition of 4M NaOH. The Ammonium 

Chloride and Potassium Hydrogen Carbonate mixture was added to the solution, and 

entire volume brought to 1L by adding ddH2O. The entire solution was transferred to a 

1L Schott Duran bottle, autoclaved and stored at room temperature after labelling. 

17.4.2 White Blood Cell Lysis Solution 

Materials:  

Reagent  Molarity (M) Mol. Wt. (g/mol) 

Sodium Dodecyl Sulphate (SDS) 2% C4H4NO3 0.17 121.1 

Ethylene Diamine Tetraacetic Acid EDTA 0.5 372.24 

Method: 

20g of SDS was carefully transferred into a 1L graduated cylinder, to which was added 

50mL of 0.5M EDTA pH 8.0. 800mL of sterile ddH2O was then added to the solution, 

and place on stirrer until the solution becomes clear. Further sterile ddH2O was added 

to achieve a volume of 1L. The total solution was stored in a previously autoclaved, 

carefully labelled Schott Duran bottle, at room temperature. 

Reagent  Molarity (M) Mol. Wt. 

(g/mol) 

Ammonium Chloride NH4Cl 1.55 53.49  

Potassium Hydrogen Carbonate KHC03 0.1 100.12 

Ethylene Diamine Tetraacetic Acid EDTA 0.5 372.24 
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17.4.3 Protein Precipitation Solution 

Materials:  

Reagent  Molarity (M) Mol. Wt. (g/mol) 

Ammonium Acetate C2H7NO2 10 77.08 

 

Method: 

385.4g of Ammonium Acetate was carefully weighed out and transferred into a 1L 

graduated cylinder, to which 50mL of ddH2O was added, and placed on a stirrer with a 

low heat until a clear solution was obtained. Volume of the solution was brought to 

500ml by addition of ddH2O water. The solution was then transferred to a 500mL 

Schott Duran bottle, and autoclaved. Thereafter, the solution was carefully labelled and 

stored at room temperature.  

17.4.4 TE DNA Rehydration Buffer 

Materials:  

Reagent  Molarity (M) Mol. Wt. (g/mol) 

2-Amino-2-(hydroxymethyl)-1,3-

propanediol hydrochloride  

TRIS HCl 0.01  

Ethylene Diamine Tetraacetic Acid EDTA 0.5 372.24 

Concentrated Hydrochloric Acid  HCl 0.01 36.46 

 

Method: 

9.98ml of 1M TRIS HCl and 2ml of 0.5M EDTA were added to 900ml ddH2O in a 1L 

beaker, and placed on stirrer. pH was adjusted to 8.0 by slowly adding HCl using 

dropwise. The solution was transferred to a 1L graduated cylinder, and made up to total 

volume of 1L by adding ddH2O. The entire volume was transferred to a 1L Schott Duran 

bottle, autoclaved, carefully labelled, and stored at room temperature.  

 

 



Appendices 

k 
 

 

17.4.5 0.5M EDTA (pH 8.0) 

Materials:  

Reagent  Molarity (M) Mol. Wt. (g/mol) 

Ethylene Diamine Tetraacetic Acid EDTA 0.5 372.24 

Sodium Hydroxide Pearls NaOH  0.5M  40.0 

Concentrated Hydrochloric Acid  HCl 0.01 36.46 

 

Method: 

800ml of ddH2O was added to 186.0g of EDTA and 20.0g Sodium Hydroxide in a 1L 

beaker. pH was adjusted to 8.0 by slowly adding HCl using dropwise. The solution was 

transferred to a 1L graduated cylinder, and made up to total volume of 1L by adding 

ddH2O. The entire volume was transferred to a 1L Schott Duran bottle, autoclaved, 

carefully labelled, and stored at room temperature.  
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17.5 Appendix 10-1 - Details of the reads from Illumina sequencing for the 31 

patients in Paper 11 

Sample ID Total Mapped % mapped Mapped in 
Targets 

% in 
Target 

Read 
Depth 

1 91,504,140 87,568,275 95.7 60,944,014 69.6 465.8 

2 60,901,798 59,303,337 97.38 51,050,967 86.08 390.19 

3 213,514,344 199,811,354 93.58 151,871,818 76.01 1160.77 

4 93,566,772 89,483,758 95.64 64,828,828 72.45 495.49 

5 91,694,972 84,405,484 92.05 65,113,971 77.14 497.67 

6 93,576,708 89,669,050 95.82 61,044,053 68.08 466.57 

7 84,263,756 80,894,982 96 68,159,974 84.26 520.95 

8 86,072,426 82,850,321 96.26 72,911,486 88 557.27 

9 165,003,248 160,539,813 97.29 117,357,899 73.1 896.98 

10 93,235,102 89,004,900 95.46 69,248,711 77.8 529.27 

11 63,753,864 62,992,428 98.81 55,714,528 88.45 425.83 

12 64,961,220 63,535,141 97.8 55,240,545 86.94 422.21 

13 91,316,130 89,513,150 98.03 78,141,287 87.3 597.24 

14 89,042,338 85,955,201 96.53 74,173,396 86.29 566.91 

15 83,281,488 80,531,917 96.7 66,676,901 82.8 509.62 

16 92,575,984 86,662,987 93.61 54,026,029 62.34 412.93 

17 93,891,322 88,222,618 93.96 58,818,823 66.67 449.56 

18 89,879,158 88,606,974 98.58 77,800,856 87.8 594.64 

19 65,178,048 63,953,601 98.12 57,456,760 89.84 439.15 

20 87,631,614 84,022,588 95.88 71,548,283 85.15 546.85 

21 71,115,892 70,099,002 98.57 62,086,720 88.57 474.53 

22 69,882,102 67,889,446 97.15 49,265,091 72.57 376.54 

23 90,108,008 86,670,350 96.18 63,210,370 72.93 483.12 

24 95,228,326 89,890,556 94.39 55,372,589 61.6 423.22 

25 93,115,102 91,615,093 98.39 79,860,658 87.17 610.38 

26 68,063,498 67,168,567 98.69 58,243,787 86.71 445.16 

27 74,260,478 73,089,665 98.42 63,260,272 86.55 483.5 

28 65,742,166 64,807,457 98.58 56,741,843 87.55 433.68 

29 77,642,630 74,807,904 96.35 63,859,739 85.36 488.09 

30 71,547,948 68,871,837 96.26 55,915,119 81.19 427.36 

31 78,001,712 72,515,552 92.97 60,668,614 83.66 463.7 
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17.6 Appendix 10-2 - Details of SNP calling for the 31 patients in Paper 11 (UTR 

and miRNA separately). 

Sample ID 3’UTR MiRNA Total 

Known SNP Novel SNP Known SNP Novel SNP 

1 9807 977 325 56 11165 

2 7904 998 266 23 9191 

3 8607 626 284 27 9544 

4 8292 899 262 43 9496 

5 8008 939 295 56 9298 

6 8223 876 265 33 9397 

7 8315 948 275 42 9580 

8 8309 856 250 37 9452 

9 8587 695 263 33 9578 

10 7942 821 245 41 9049 

11 8366 911 289 27 9593 

12 8039 1097 256 38 9430 

13 8115 878 248 54 9295 

14 8542 843 266 31 9682 

15 8071 907 235 53 9266 

16 8009 1039 261 49 9358 

17 8100 946 258 51 9355 

18 8515 1127 274 38 9954 

19 7915 954 274 42 9185 

20 8285 873 283 35 9476 

21 8458 881 305 30 9674 

22 8309 632 316 24 9281 

23 8413 920 269 35 9637 

24 7969 1048 275 47 9339 

25 8123 796 283 40 9242 

26 10071 1116 360 37 11584 

27 8352 904 293 47 9596 

28 8182 976 247 43 9448 

29 8227 839 260 23 9349 

30 7522 872 244 45 8683 

31 8180 1071 287 48 9586 
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17.7 Appendix 10-3 - SNPs reported in ovarian cancer 

SNP ID SNP ID SNP ID 

rs12334183 rs7924316 rs17749202 

rs2235023 rs4245739 rs12889916 

rs238417 rs2910164 rs9606248 

rs238715 rs2295190 rs8139591 

rs1271572 rs2271077 rs7719666 

rs11996715 rs6505162 rs563002 

rs2176397 rs11169571 rs17147016 

rs3864659 rs895819 rs10035440 

rs10505725 rs2740351 rs10719 

rs2240610 rs7813 rs197412 

rs6489338 rs5973822 rs3136642 

rs1110386 rs17147016 rs12010722 

rs11621737 rs7499 rs2741 

rs2353726 rs2740349 rs12190214 

rs10067066 rs9920 rs1425486 

rs13186629 rs3917328 rs7869402 

rs17404622 rs2257082 rs2248718 

rs2161006 rs197383 rs12226697 

rs6450839 rs4867329 rs17408716 

rs25704 rs2075993 rs713065 

rs11247946 rs1425486 rs16869269 

rs11581746 rs1047920 rs7695605 

rs12728900 rs7869402 rs10900596 

rs6598964 rs12245 rs12245 

rs12194974 rs3757 rs12900401 

rs17065417 rs3792830 rs8065843 

rs2059691 rs1633445 rs7957 

rs948588 rs720014 rs1048691 

rs266851 rs3087833 rs3733336 

rs4320932 rs2287584 rs1126772 

rs680 rs9333555 rs12245 

rs1003483     
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17.8 Appendix 10-4: SNPs selected for Sequenom validation 

Type SNP ID Alleles Chromosome Gene Source 

Known  rs10256288 A/G 7 GLI3 Literature 

Known  rs17753324 G/T 7 GLI3 Literature 

Known  rs846393 C/T 7 GLI3 Literature 

Known  rs3801174 G/T 7 GLI3 Literature 

Known  rs2228225 A/C/G 12 GLI1 Literature 

Known  rs10512249 C/T 9 PTCH1 Literature 

Known  rs3801218 C/T 7 GLI3 Literature 

Known  rs846399 C/A 7 GLI3 Literature 

Known  rs7869402 C/T 9 TLR4 Literature 

Known  rs12245 A/T 12 KRAS Our study 

Known  rs3136797 C/G 8 POLB P242R Literature 

Known  rs4135113 A/G 12 TDG Literature 

Known  rs12678588 A/G  8 POLB R137Q Literature 

Known  rs1051443 C/G 17 FAM6A4 Our study 

Known  rs3730830 C/T 18 POLI Our study 

Known  rs712 G/T 12 KRAS Our study 

Known  rs8176318 G/T 17 BRCA1 Control 

Novel rs100000861 G/A 3 DCBLD2  Novel 

Novel rs12700255 T/A 9 TYRP1 Novel 

Novel rs154316124 C/A 7 DPP6 Novel 

Novel rs4916217 G/A 4 MSX1 Novel 

Novel rs6004044 T/A 20 FERMT1 Novel 

Novel rs136875060 A/G 9 COL5A1 Novel 

Novel rs13816887 T/C 1 PDPN Novel 

Novel rs161016847 T/A 1 DDR2 Novel 

Novel rs163912751 G/A 6 QK1 Novel 

Novel rs17931372 A/G 8 PCM1 Novel 

Novel rs198254166 C/T 3 DLG1 Novel 

Novel rs198254756 G/[A/T] 3 DLG1 Novel 

Novel rs25310149 C/A 2 DNMT3A Novel 

Novel rs30007798 G/C 22 PIK3IP1  Novel 

Novel rs5227786 T/C 17 RABEP Novel 

Novel rs56841219 G/A 17 TBX2 Novel 

Novel rs70238089 A/T 16 PHLPP2 Novel 

Novel rs7750490 C/A 1 CAMTA1 Novel 

Novel rs81530413 T/G 9 TLE4 Novel 
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17.9 Appendix 10-5: Breast Cancer cohort, Paper 11 
 

Age at diagnosis (mean+/- SD)  55 +/- 12 years  

Mean tumour size  29+/-17mm 

  N (%) 

Invasion 
  

Invasive 362 (94) 

In Situ  22 (6) 

Histological Subtype 
  

Ductal  300 (78) 

Lobular 57 (15) 

Other 27 (7) 

Molecular Subtype 
  
  
  

Luminal A  259 (67) 

Luminal B  46 (12) 

Her 2- 
overexpressing  

21 (6) 

Triple Negative 
Disease 

36 (9) 

In situ disease  22 (6) 

Receptor Status 
  

ER Positive 305 (79) 

ER Negative 79 (21) 

PR Positive 290 (76) 

PR Negative 94 (24) 

HER2 Positive  66 (17) 

HER2 Negative  296 (77) 

HER2 Not 
tested  

22 (6) 

Nodal Status  
  
  

  
  

N0 183 (48) 

N1 105 (27) 

N2 48 (13) 

N3 24 (6) 

Unknown 24 (6) 

PCM1 variant Case, N(%) Control, N(%) 

Insertion ATTT 54 (14%) 66 (18%) 

Heterozygous 242 (63%) 227 (60%) 

Deletion ATTT 86 (23%) 84 (22%) 

  382 377 

P=0.434 
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17.10 Appendix 10-6: Factors affecting platinum resistance 
 

a) Univariate analysis 

rs17931372 Platinum Sensitive  Platinum Resistant Total 

A/A 33 (24.44%)  9 (27.27%) 42 

A/G + G/G 102 (75.56%) 24 (72.73%)  126  

Total  135 33 168 

   P= 0.74 

b) Multivariate analysis adjusted for histology, grade and stage 

Effect Degree of freedom Wald Chi-Square Pr > ChiSq 

rs17931372 1 0.0447 0.8326 

Histology  1 0.5509 0.458 

Grade 2 0.1806 0.9137 

Stage 3 5.4601 0.141 

 

17.11 Appendix 10-7: Frequency of PCM1 ATTT variant in different tumour types 

rs17931372 Histology, n(%) P-
value  Serous Endometriod Clear 

cell 
Mucinous Malignant 

mix 
Total 

Homozygous 
insATTT 

39 (23) 7 (47) 
2 
(14) 

0 3 (75) 51 

0.02 
Homozygous 
delATTT + 
Heterozgotes 

132(77) 8 (53) 
12 
(86) 

5 (100) 1 (25) 158 

Total 171 15 14 5 4 209 

Frequency Missing = 64   
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17.12 Appendix 10-8: Patients with ovarian cancer, Paper 11  

Sample ID Age Ethinicity 

1 42 African American 

2 77 Caucasian 

3 66 Caucasian 

4 43 Caucasian 

5 75 Caucasian 

6 59 Missing  

7 76 Caucasian 

8 56 Caucasian 

9 46 Caucasian 

10 57 Caucasian 

11 71 Caucasian 

12 62 Caucasian 

13 48 Caucasian 

14 64 Caucasian 

15 59 Caucasian 

16 67 Caucasian 

17 60 Caucasian 

18 65 Caucasian 

19 66 Caucasian 

20 56 Caucasian 

21 72 Caucasian 

22 61 Caucasian 

23 60 Caucasian 

24 60 Caucasian 

25 59 Caucasian 

26 56 African American 

27 57 Caucasian 

28 70 Caucasian 

29 61 Caucasian 

30 82 Caucasian 

31 58 Caucasian 
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17.13 Appendix 10-9: MiRNA genes that could not be covered on the NimbleGen 

array, paper 11 
 

Chromosome  Starting position  Finishing Position Gene  

1 20197 20398  hsa-mir-1302-2 

555989 556189  hsa-mir-1977 

2 114056974 114057175  hsa-mir-1302-3 

3 126991911 126992111  hsa-mir-548i-1 

50185709 50185910  hsa-mir-566 

75762551 75762752  hsa-mir-1324 

5 118338122 118338322  hsa-mir-1244 

7 32739066 32739266  hsa-mir-550-2 

91671206 91671407  hsa-mir-1285-1 

8 7983847 7984047  hsa-mir-548i-3 

9 20112 20313  hsa-mir-1302-2 

10 17927056 17927256  hsa-mir-511-1 

18173985 18174185  hsa-mir-511-2 

70189029 70189229  hsa-mir-1254 

11 93106433 93106633  hsa-mir-1304 

12 12156095 12156295  hsa-mir-1244 

 
15 

9283272 9283472  hsa-mir-1244 

100318153 100318354  hsa-mir-1302-2 

20014518 20014719  hsa-mir-1268 

32461502 32461703  hsa-mir-1233 

 
16 

32607723 32607924  hsa-mir-1233 

68621688 68621888  hsa-mir-1972 

19 22941 23142  hsa-mir-1302-2 

58861686 58861887  hsa-mir-512-1 

58864171 58864372  hsa-mir-512-2 

58902462 58902662  hsa-mir-520c 

58907277 58907477  hsa-mir-517a 

 
20 

58937521 58937722  hsa-mir-520h 

58949026 58949226  hsa-mir-527 

58951751 58951952  hsa-mir-516a-1 

58957353 58957553  hsa-mir-519a-2 

62021182 62021382  hsa-mir-941-1 

62021489 62021801  hsa-mir-941-2 

Mt 14609 14810  hsa-mir-1974 

5577 5777  hsa-mir-1977 

X 146078855 146079056  hsa-mir-513c 

146114999 146115199  hsa-mir-513a-2 

146147915 146148115  hsa-mir-509-2 
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Chromosome  Starting position  Finishing Position Gene  

146148799 146148999  hsa-mir-509-3 

146149688 146149889  hsa-mir-509-1 

146171096 146171297  hsa-mir-514-2 

146173794 146173995  hsa-mir-514-3 

153768778 153768978  hsa-mir-1184 

154265892 154266092  hsa-mir-1184 

154340321 154340521  hsa-mir-1184 

 


