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Abstract 

 

Histones are responsible for the packaging of DNA into a eukaryotic cell nucleus, and 

the H2A variant H2AX plays an important role in the DNA damage response (DDR). 

The phosphorylated form of H2AX, known as γH2AX, has been suggested as a 

prognostic cancer biomarker although it is unclear how variations in H2AFX copy 

number, mRNA and protein abundance contribute to genome instability. Analysis of 

copy number alterations (CNAs) in large human cancer datasets has revealed that 

H2AFX seldom undergoes amplification or homozygous deletions and is rarely 

mutated. In contrast, loss of one copy of H2AFX is very common and 41% of samples 

in the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) 

dataset exhibit loss of one H2AFX allele. This loss is most frequent in the hormone 

receptor positive luminal B subtype (LumB, 63%), which is characterised by rapid cell 

proliferation, genome instability and overall poor prognosis. No homozygous 

deletions or mutations of H2AFX are observed in LumB tumours and only 2% of 

samples show H2AFX amplifications, suggesting that H2AFX could be essential. Four 

cell lines which represent H2AFX copy number status and luminal subtypes were 

selected from the Cancer Cell Line Encyclopaedia (CCLE) to investigate the effects 

of loss of one H2AFX allele. This revealed that H2AFX CNAs have little impact on 

transcript or protein abundance. Measurement of γH2AX foci formation and 

disappearance after ionising irradiation show that H2AX is rapidly phosphorylated 

after damage and repair is facilitated without correlation to the molecular subtype or 

H2AFX gene dosage. In summary, we propose that H2AFX is essential in breast cancer 

but that loss of one H2AFX allele is well tolerated and leaves near-normal abundance 

of mRNA and protein. This suggests a regulatory mechanism to maintain H2AX 

abundance and a robust DDR irrespective of H2AFX copy number or breast cancer 

subtype. 
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Chapter 1:  
Introduction 
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1.1. The DNA damage response 

Each cell in the human body receives tens of thousands of DNA lesions per day, either 

as a result of normal physiological processes or via the environment (reviewed by 

Ciccia and Elledge 2010). Eukaryote cells have developed a mechanism known as the 

DNA damage response (DDR) to detect and repair the various forms of DNA damage 

and to prevent genome instability (GI). The DDR enables cells to sense DNA damage, 

disseminate damage signals, and activate repair cascades that subsequently evoke a 

multitude of cellular responses (reviewed by Hoeijmakers 2009, Ciccia and Elledge 

2010). This includes slowing down or activating cell‐cycle checkpoints in damaged 

cells until efficient repair is completed. Once a DNA break is repaired, the DDR is 

completed and the cell cycle resumes. If the DNA break persists, cells undergo 

apoptosis or senescence, withdrawing the cell permanently from the cell cycle to 

prevent the duplication and segregation of damaged DNA into daughter cells (Harper 

and Elledge 2007, Hoeijmakers 2009, Ciccia and Elledge 2010). 

There are a large number of different types of DNA lesions, but a limited number of 

repair pathways. Therefore, damage recognition events are channelled into highly 

conserved repair pathways (Barnum and O'Connell 2015). The DDR is composed of 

at least five major canonical pathways: Mismatch repair (MMR), nucleotide excision 

repair (NER), base excision repair (BER), non-homologous end joining (NHEJ) and 

homologous recombination (HR) (de Boer and Hoeijmakers 2000, Rothkamm et al. 

2003, West 2003, Iyer et al. 2006, Lieber 2010, Wallace et al. 2012). The first three 

pathways are specialized for repair of single strand breaks (ssDNA), while double 

strand breaks (DSBs) are repaired by the NHEJ and HR mechanisms. 
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1.1.1. Double Strand Breaks (DSBs) 

One of the most deleterious forms of DNA damage is DSBs. DSBs can arise during 

normal physiological processes such as V(D)J recombination, class‐switch 

recombination, meiosis and telomere shortening. DSBs can also be induced by 

ionizing radiation, treatment with radiomimetic drugs, exposure to ultraviolet 

radiation, and reactive oxygen species (ROS) (Hoeijmakers 2009). DSBs are 

intrinsically more difficult to repair than other forms of DNA damage, and the repair 

mechanisms are more error prone. The inefficient or inaccurate repair of DSBs can 

create mutations and chromosomal translocations that can threaten genomic stability 

and ultimately lead to cancer development (Ciccia and Elledge 2010).  

Two major repair pathways are responsible for the repair of DSBs: NHEJ and 

homologous recombination (Rothkamm et al. 2003). In the NHEJ pathway, free ends 

of broken DNA strands are simply ligated together without requiring a homologous 

template to guide DSB repair. This usually results in the correction of the break in an 

error-prone manner. NHEJ occurs rapidly and is used throughout the cell cycle. The 

HR mechanism uses homologous sequences of DNA, such as sister chromatids as a 

template from which DNA can be synthesized to seal the break without loss of any 

genetic information. Since this pathway requires undamaged sister chromatid 

homologs as a repair template, HR takes place during S and G2 phases of the cell cycle. 

  



 

4 
 

1.1.1.1. H2AX and DSBs 

The histone variant H2AX (Section 1.3) undergoes various post-translational 

modifications (PTMs) in response to DSBs (Bonner et al. 1993, Srivastava et al. 2009). 

H2AX phosphorylation on serine 139, is also known as γH2AX. This PTM promotes 

the recruitment of numerous DNA repair proteins and chromatin remodelling 

complexes to the damaged site. This leads to their accumulation and retention as 

nuclear foci, in addition to arrest of the cell cycle until DNA is repaired efficiently 

(Figure 1.1) (Bonner et al. 2008, Huen and Chen 2008, Dickey et al. 2009). 

H2AX is phosphorylated on serine 139 by the phosphoinositide 3-kinase related 

protein kinases (PIKKs), such as ataxia telangiectasia mutated (ATM), ataxia 

telangiectasia and Rad3-related protein (ATR) and DNA dependent protein kinase 

(DNA-PK) (Bonner et al. 2008). H2AX is rapidly phosphorylated after DNA damage 

and creates a signal amplification loop in combination with Nijmegen breakage 

syndrome 1 (nibrin/NBS1) and the mediator of DNA damage checkpoint protein 1 

(MDC1). This results in the rapid spreading of γH2AX containing chromatin up to two 

Mbps either side of the DSB site (Rogakou et al. 1998, Meier et al. 2007, Savic et al. 

2009). This γH2AX region serves as a landing site for the accumulation of other DNA 

damage proteins. The tri-protein MRN complex composed of MRE11-Rad50-NBS1 

also recognizes the damaged site, recruits ATM and targets it to phosphorylate other 

substrates such as BRCA1, 53BP1, and MDC1 as well as the checkpoint mediated cell 

cycle arrest proteins, Chk1 and Chk2 (Fernandez-Capetillo et al. 2004). γH2AX focus 

formation also results in the recruitment of proteins of the ubiquitin ligase cascade 

including RNF8, RNF168 and UBC13, which in turn results in the accumulation of 

the BRCA1 complex and 53BP1 to the damaged site (Dickey et al. 2009). γH2AX also 

recruits the chromatin remodelling complex TIP60-UBC13, which allows γH2AX 

acetylation and ubiquitylation prior to its dephosphorylation surrounding the break site 

(Dickey et al. 2009). Cohesins, which are proteins that maintain chromatin cohesion, 

are also seen at the damaged site in both G1 and G2 phases of the cell cycle (Xie et al. 

2004, Meisenberg et al. 2019). 

In summary, H2AX phosphorylation can be separated into two phases: An initiation 

phase when a small number of phosphorylation events occur at nucleosomes adjacent 



 

5 
 

to the break, and a spreading phase in which a larger region of phosphorylation extends 

one-dimensionally from either side of the break (Iacovoni et al. 2010). 

 

 

 

Figure 1.1: γH2AX foci formation and origins of double strand breaks (DSBs). H2AX phosphorylation (also known 
as γH2AX) is a central component of numerous signalling pathways in response to DSBs (A). H2AX 
phosphorylation can occur after treatment with agents including ionizing radiation (IR), radiomimetic drugs, 
reactive oxygen species (ROS), ultraviolet radiation, or drugs and chemicals which can induce replication stress. 
Mutations in the DNA damage repair (DDR) pathway result in genomic instability, leading to DSBs. DSBs can 
also result from eroded telomeres, V(D)J recombination, class switch recombination (CSR) and meiosis. Retroviral 
integration also induces DSBs. H2AX is phosphorylated on serine 139 by phosphoinositide 3-kinase related protein 
kinases (PIKKs), such as ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related protein 
(ATR) and DNA dependent protein kinase (DNA-PK) (B). A signal amplification loop involving H2AX, NBS1 and 
MDC1 stimulates ATM and increases H2AX phosphorylation. After H2AX phosphorylation, downstream signalling 
pathways which allow the accumulation of DDR proteins for an efficient repair (such as MRN complex, RNF8, 
BRCA1 and 53BP1) are shown, as well as chromatin condensation and cell-cycle arrest proteins (C). Figure 
obtained from (Bonner et al. 2008). 

 

A 

B 
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Once the DSB repair is complete, γH2AX phosphorylation is no longer required and 

must be removed so that the chromatin may return to a pre-stressed state. This is 

accomplished by serine/threonine phosphatases that target γH2AX, namely PP2A, 

PP4, PP6, PP2Cγ and Wild-type p53-Induced Phosphatase 1 (WIP1) (Chowdhury et 

al. 2005, Moon et al. 2010). The effect of PP2A on γ-H2AX levels appears to be 

independent of ATM, ATR, or DNA-PK activity (Chowdhury et al. 2005). On the 

other hand, WIP1 has been proposed to deactivate the DDR by dephosphorylating 

multiple ATM/ATR-activated proteins, including Chk1, Chk2, p53, ATM, and Mdm2 

(Moon et al. 2010).  

Phosphorylation of tyrosine 142 in the PIKK recognition motif of H2AX has been 

reported during DDR and referred to as a determinant of cell fate after DNA damage 

(reviewed by Monteiro et al. 2014). In unstressed cells, this phosphorylation is 

constitutive. In damaged cells, the dephosphorylation of Tyr142 by EYA1 or EYA3 

is a prerequisite to γH2AX formation and consequently further development of the 

DDR. Therefore, dephosphorylation of Tyr142 regulates γH2AX formation. If cells 

undergo Tyr142 phosphorylation prior to DNA repair, the cellular response switches 

to apoptosis. This is accomplished by inhibiting the recruitment of repair factors to 

γH2AX such as MDC1, MRE11 and Rad50, while promoting the recruitment of pro-

apoptotic factors such as c-Jun NH2-terminal kinase (JNK1) (Dickey et al. 2009). 
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1.2. Genome instability 

Cells with unrepaired DNA damage events can accumulate genetic alterations which 

can cause genome instability (GI). These genetic alterations include mutations in 

specific genes, amplifications, insertions, deletions, or rearrangements of chromosome 

segments, as well as losses and gains of whole chromosomes and other changes that 

impact genomic architecture of cells. GI is a hallmark of cancer and it can arise from 

several mechanisms, including defects in DNA damage repair, replication stress, 

transcription, mitotic chromosome segregation and telomere maintenance (reviewed 

by Duijf et al. 2019).  

Among the most studied mechanisms of GI in cancer are chromosomal instability 

(CIN) and nucleotide level genomic instability, known as microsatellite instability 

(MIN) (Figure 1.2). CIN tumours exhibit abnormal karyotypes which result from 

chromosomal aberrations in numbers such as gain or loss of whole chromosomes, 

known as aneuploidy. Structural aberrations such as translocations, deletions, 

inversions, or duplications are also seen in CIN tumours. MIN tumours exhibit a 

normal karyotype but are characterized by hypermutations in microsatellite sequences 

caused by mutations in mismatch repair genes, such as MSH2 and MLH1.  

GI occurs at early stages of cancer (Cahill et al. 1999). This promotes molecular 

variation within and between tumours. It also enhances their plasticity and survival 

capability by inhibiting cell death pathways and by overcoming the host immunological 

response and the tumour microenvironment where host cells, secreted factors and 

extracellular matrix proteins reside. GI increases with the progression of the disease and 

has been associated with tumours with aggressive clinical behaviour and resistance to 

cancer therapies (reviewed by Kalimutho et al. 2019). Therefore, GI has prognostic 

and therapeutic implications, impacting tumour progression, prognosis and treatment 

of this disease.  
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Figure 1.2: Main mechanisms of genome instability in cancer. There are two main mechanisms of genome 
instability in cancer: chromosomal instability (also known as CIN, left) and nucleotide level-genomic instability 
(or microsatellite instability, MIN, right). Replication stress can generate double-strand breaks which can result 
in various types of genomic alterations. CIN tumours exhibit abnormal karyotypes which result from chromosomal 
aberrations in numbers (gain or loss of whole chromosomes, also known as aneuploidy), structure (such as 
translocations, deletions, inversions, or duplications), or both. MIN tumours exhibit a normal karyotype, but are 
characterized by hypermutations in microsatellite sequences caused by mutations in mismatch repair genes, such 
as MSH2 and MLH1. A high mutational load on cancer-related genes can drive tumorigenesis, while near diploid 
karyotypes are kept. Adapted from (Lee et al. 2019). 

 

 

 

  



 

9 
 

1.3. H2AX 

1.3.1. Chromatin structure 

In eukaryotes, DNA is wrapped around histone octamers to form chromatin. Histones 

are basic proteins responsible for the packaging of 3 x 109 base pairs of human DNA 

inside a nucleus of 5-10 µm in diameter (Figure 1.3). Therefore, chromatin has an 

important role in the spatial organization and hierarchical compaction of DNA, as well 

as functional remodelling and proper coordination of the biochemical activities of 

DNA. The dynamic changes in nucleosome composition and in their biochemical 

properties allow regulation of transcription, gene silencing, DNA replication, 

recombination and repair (Ausió 2006, Groth et al. 2007).  

Under the electron microscope and in its extended form, chromatin looks like beads 

on a string, where the beads are called nucleosomes. Nucleosomes are flexible and 

dynamic structures that contain 147 bp of DNA wrapped around a histone octamer 

consisting of two of each of the canonical histones H2A, H2B, H3 and H4 (Luger et 

al. 1997). Nucleosomes are then wrapped into a 30 nm spiral called a solenoid 

involving additional H1 histone proteins that stabilize the chromatin structure. During 

cell division, high-order chromatin can be seen under a light microscope as condensed 

mitotic chromosomes. 

Histones are among the most highly conserved proteins in sequence and structure. In 

order to increase chromatin complexity and functionality, specialized nucleosomes 

have evolved to replace canonical histones with histone variants (Luger et al. 1997). 

With the exception of H4, each of the canonical histones have minor variant forms 

that are present in lesser amounts but carry out specific metabolic functions (reviewed 

by Monteiro et al. 2014). The H2A family contains the largest number of histone 

variants, including H2AX, H2AZ, macroH2A1, macroH2A2, H2A.F/Z and H2ABbd. 

The diversification among histone H2A variants often involves their C-terminal, both 

in length and in amino acid sequence (reviewed by Turinetto and Giachino 2015). 

Unlike core histones, the majority of histone variants are replication-independent and 

are inserted into preassembled chromatin (Ausió 2006).  
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Figure 1.3: Schematic illustrating chromatin structure and compaction in a eukaryotic cell. Double-stranded 
DNA wraps around histone proteins to form nucleosomes that have the appearance of ‘beads on a string’. 
The nucleosomes are subsequently condensed into higher order structures until eventually compacting into 
chromosomes which reside in the nucleus of a eukaryotic cell (Tonna et al. 2010). 
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1.3.2. H2AX gene, function and regulation 

In the human genome, canonical histone genes are spread over three clusters called 

HIST1, HIST2 and HIST3, located at 6p21–p22, 1q21 and 1q42, respectively. H2A 

variant genes are located outside these histone clusters, with the H2AFX gene encoding 

H2AX being located at 11q23.3 (Ivanova et al. 1994).  

The H2AFX gene is unique among histone variants as it has characteristics of both 

replication-independent and replication-dependent histone species (Bonner et al. 

2008). The H2AFX gene produces two distinct transcripts that encode the same 

protein: A 0.6 kb short non-polyadenylated transcript, and a 1.6 kb long 

polyadenylated transcript (Mannironi et al. 1989). Canonical histones are synthesized 

from non-polyadenylated mRNA, possibly to circumvent the need for primary 

transcript processing when histones must be rapidly produced at S phase (Pinto and 

Flaus 2010). Therefore, the incorporation of canonical histones into nucleosomes is 

replication-dependent (Marzluff 2005). Variant histones are typically synthesized 

from polyadenylated mRNA that is expressed at very low levels throughout the cell 

cycle when compared to the canonical histones. The underlying mechanism of this 

dual H2AFX translational regulation has yet to be elucidated, but it has the capacity to 

ensure that sufficient quantities of H2AX molecules are made both in the replicating 

and non-replicating stages of the cell-cycle (Bonner et al. 2008, Monteiro et al. 2014). 

The protein H2AX is one of the most abundant variants of H2A in mammals, with 

levels estimated to vary between 2-25% depending on the cell line or tissue analysed 

(Rogakou et al. 1998, Bonner et al. 2008). H2AX is distinctive from other H2A 

variants due to its unique and highly conserved C-terminus SQ-motif 

SQ(D/E)(I/L/F/Y) (Figure 1.4). In response to damage, the SQ-motif serine 139 is 

phosphorylated and the DDR is initiated to preserve genome integrity (Rogakou et al. 

1998). 
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Figure 1.4: Sequence motif showing the differences in the C-terminal region between the canonical histone H2A 
and the variant histone H2AX. It is in the SQ-motif, more specifically on serine 139 (S139) that H2AX is 
phosphorylated and the DNA damage response initiated. Adapted from (Pinto and Flaus 2010).  

 

1.3.2.1. H2AX and cancer 

The H2AFX gene maps to chromosome 11 position 11q23.3 which is commonly 

deleted in cancers (Carter et al. 1994, Tomlinson et al. 1996, Dahiya et al. 1997, Jin et 

al. 1998, Bassing et al. 2003, Srivastava et al. 2008, Ambatipudi et al. 2011, Curtis et 

al. 2012) (Figure 1.5). In addition to the H2AFX gene, the distal portion of the 11q arm 

contains genes encoding proteins which are critical to the DDR including MRE11 at 

11q21, ATM at 11q22.3, and CHEK1 at 11q24.2 Studies in head and neck squamous 

cell carcinoma showed that cell lines with loss of the distal 11q arm tend to have 

overall lower protein expression of MRE11, ATM, H2AX and γH2AX in comparison 

to cell lines with two copies (Parikh et al. 2007). A correlation between loss of the 

distal 11q arm, an increase in chromosomal instability, and defects in the DDR was 

also seen in the same study.  

Two independent laboratories generated H2AFX null mice to investigate the 

physiological role of H2AFX in mammalian cells (Celeste et al. 2002, Bassing et al. 

2003). Similar phenotypes were obtained in both studies, including increased 

sensitivity to radiation, growth retardation, immunodeficiency, chromosome 

instability and repair defects (Celeste et al. 2002, Bassing et al. 2003). Mice which 

were either homozygous or heterozygous null for H2AFX in combination with p53 

deficiency showed enhanced susceptibility to cancer (Bassing et al. 2003). Mice which 

Figure 1.5: Location of DNA Damage Response genes in the long arm of chromosome 11. MRE11 is located at 
11q21, ATM at 11q22, H2AFX at 11q23 and CHEK1 at 11q24. These region is commonly deleted in cancers. 
(Srivastava et al. 2009). 

 



 

13 
 

are double null for H2AFX and TP53 exhibited predisposition to T and B cell 

lymphomas as well as to solid tumours (Bassing et al. 2003, Celeste et al. 2003). 

Restoration of the H2AFX null allele with a wild-type H2AFX allele in a p53 null 

background restored genomic stability and radiation resistance (Celeste et al. 2003). 

Mice which are double null for H2AFX and ATM showed embryonic lethality and their 

corresponding embryonic stem (ES) cells showed severe genomic instability when 

compared to either ATM or H2AFX homozygous null or heterozygous mice alone 

(Zha et al. 2008). In addition, H2AFX null mouse ES cells exhibited defects in DSB 

repair and had an impaired G2/M checkpoint after exposure to low doses of irradiation 

(Bassing et al. 2002, Celeste et al. 2002, Fernandez-Capetillo et al. 2002). Taken 

together, the aforementioned findings support the idea that H2AFX gene is a tumour 

suppressor gene.  

In contrast to the evidence that H2AX acts as a tumour suppressor gene, H2AX 

overexpression was reported in several human cancers (Seo et al. 2012, Rezaeian et 

al. 2017). Analysis of the Oncomine database in combination with The Cancer 

Genome Atlas (TCGA) showed H2AFX to be amplified with three and four or more 

H2AFX copies in approximately 6% and 0.7% of tumours analysed, respectively 

(Rezaeian et al. 2017). Analysis of the Gene Expression across Normal and Tumour 

tissues (GENT) database showed H2AFX to be highly expressed in tumour tissues 

compared to normal samples (Seo et al. 2012). Another study showed that 29% of 65 

breast cancer samples have a deletion of the H2AFX gene when compared to adjacent 

normal tissue, while 9% of these samples have an amplification of the H2AFX gene 

(Srivastava et al. 2008). 

A recent study has also shown that silencing or removing the H2AFX gene induces the 

development of mesenchymal-like characteristics through the activation of 

transcription factors such as Slug (SNAI2) and ZEB1 in HCT116 human colon cancer 

cells (Weyemi et al. 2016). This process is known as the epithelial-mesenchymal 

transition (EMT) and it is thought to be essential for cancer metastasis. EMT involves 

the loss of cell-to-cell adhesion from cells with epithelial origins, the loss of apico-

basal polarity, and a transition to a spindle-like morphology (Yang and Weinberg 

2008). This process enables cells to spread to distant organs creating a long-lasting 

obstacle to successful cancer treatment.  
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High levels of γH2AX have been seen in premalignant lesions from various tumours 

and this was linked with a tumour suppressing role, cell cycle arrest and senescence 

(Bartkova et al. 2005, Gorgoulis et al. 2005). Elevated basal levels of γH2AX have 

also been found in various human cancer cell lines and tumour samples such as 

cervical, ovarian, breast, leukaemia, melanoma, osteosarcoma, glioma, 

neuroblastoma, colon, renal, and prostate cancer cell lines (reviewed by Monteiro et 

al. 2014, Palla et al. 2017). In breast cancer, γH2AX has also been found to be 

correlated with poor prognostic factors, such as tumour stage, grading, hormone 

receptor negativity and Ki67 positivity (Varvara et al. 2019). These results suggest 

that an increased level of DNA damage, as defined by the presence of γH2AX, is a 

general characteristic of cancer development (Bartkova et al. 2005, Gorgoulis et al. 

2005, Dickey et al. 2009). 

Since H2AX is phosphorylated in response to DNA damage and γH2AX foci have 

been widely studied in cancer, this has become a very useful tool for studying genome 

instability in both cell lines and tumour samples. The detection and measurement of 

γH2AX has been shown to be more sensitive, efficient and reproducible compared 

with other more traditional techniques such as pulsed field gel electrophoresis and 

comet assays used to detect activity of the DDR. In the clinic, quantification of γH2AX 

foci can potentially be used for early cancer screening of human biopsies and aspirates. 

Besides, the induction of γH2AX foci by DNA damaging agents can also be used to 

promote cancer cell death, to study drug development and to monitor the response to 

treatment and cancer progression (Varvara et al. 2019).  

Despite the diversity of studies involving γH2AX, additional studies should be carried 

out to further investigate the prognostic role of γH2AX as an important marker in 

cancer. Understanding the impact of changes in H2AFX copy number and mRNA 

expression on the abundance of H2AX and γH2AX proteins is not only important to 

dissect the role of H2AX in cancer, but it also has the potential to assess tumour 

aggressiveness and to monitor the response to targeted therapies.   
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1.4. Breast cancer overview 

1.4.1. Epidemiology 

Breast cancer is the most common invasive cancer amongst women and it is the 

leading cause of cancer related deaths, with over 2 million new cases worldwide in 

2018 (Bray et al. 2018). Breast cancer can also occur in men, but it is at least 100 times 

less common than in women (Serdy et al. 2017). The prognosis in men is usually poor 

due to the delayed diagnosis of this disease. 

1.4.2. Breast cancer tumour classification 

Breast cancer is a genetically and clinically heterogeneous disease. In order to stratify 

this heterogeneity, different breast cancer classification systems have been developed. 

These are based on morphological features and histopathological subtypes and can be 

further defined by using immunohistochemistry for protein markers and microarray 

for gene expression.  

1.4.2.1. Histopathological classification of breast cancer 

Breast cancers derive from epithelial cells of the mammary gland. The mammary 

gland is a branching epithelial structure composed of ducts, lobules and alveoli (Figure 

1.6). The mammary gland is formed by two differentiated cell types organized into 

A B C 

Figure 1.6: Schematic showing the microscopic anatomy of the breast (A). Magnification of the mammary 
gland, showing the branching epithelial structure composed of ducts, lobules (B) and alveoli (C). The mammary 
gland is formed by two differentiated cell types organized into two cell layers, an inner layer of luminal 
epithelial cells (cuboidal cells in blue) and an outer layer of myoepithelial cells (elongated cells in pink) in 
direct contact with the basement membrane (in grey) (C). Adapted from: http://www.pathophys.org/breast-
cancer/.  

http://www.pathophys.org/breast-
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two cell layers: An inner layer of luminal epithelial cells, and an outer layer of 

myoepithelial cells in direct contact with the basement membrane. 

Breast cancers have traditionally been classified based on their invasiveness, as in situ 

or invasive, and based on their site of origin within the mammary gland, as ductal or 

lobular (Makki, 2015). Microscopically, ductal carcinomas tend to form glandular 

structures, whereas lobular tumours invade in a single file of cells. The terminology 

of ‘ductal’ and ‘lobular’ is still being used for historical reasons, although both tumour 

types derive from the breast terminal duct lobular units (TDLUs) (Simpson et al. 2005) 

(Figure 1.6 B). To differentiate between ductal and lobular carcinomas, expression of 

the cell adhesion molecule E-cadherin has been used. Most lobular carcinomas have 

complete loss of the E-cadherin expression, while invasive ductal carcinomas retain 

E-cadherin expression (Pai et al. 2013).  

Focusing on ductal carcinomas, ductal carcinoma in situ (DCIS) is a non-invasive 

potentially malignant intraductal cancer of epithelial cells which is confined to the 

ducts and lobules (Figure 1.7). In contrast, invasive ductal carcinoma (IDC) is the most 

common form of invasive breast cancer, and accounts for approximately 75% of all 

invasive lesions (Li et al. 2005, Sandhu et al. 2010). IDC is a malignant proliferation 

of neoplastic cells in the breast tissue, which has infiltrated through the duct wall into 

stroma and it has the potential to metastasize (Figure 1.7). 

IDC can be further sub-classified based on the grade, to define how well-differentiated 

a tumour is, and the stage to define how far a tumour has spread in the body. Knowing 

how far the tumour has spread and how fast it has grown helps clinicians to predict the 

Figure 1.7: Schematic of a cross-section of a breast duct showing the progression from ductal carcinoma in situ 
(DCIS) to invasive breast cancer (IDC). Adapted from: https://www.rnceus.com/Breast_in_situ/histology.html.  

https://www.rnceus.com/Breast_in_situ/histology.html.
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likely outcome and to plan the appropriate treatment for each tumour. In general, a 

lower tumour stage and grade gives a better prognosis. 

The stage of a solid tumour refers to its size and whether the tumour has metastasized 

to other organs or tissues. The most commonly used method for defining the stage of 

a cancer is the Tumour-Nodes-Metastasis (TNM) system (Giuliano et al. 2017). The 

TNM system is often used to categorise cancers into five stages, from 0 to 4, with 

higher numbers implying more advanced disease. Stage 1 tumours are known as ‘early 

stage cancer’ and they correspond to small tumours which are located in a single area. 

Stage 2 are larger cancers which may have grown into nearby tissues or lymph nodes.  

Stage 3 are even larger tumours which have spread to the surrounding tissues and to 

the nearby lymph nodes. Finally, stage 4 tumours are also identified as secondary 

breast cancers since they have spread to distant sites of the body, such as distant lymph 

nodes, bone or brain.  

The cancer grade, which reflects how abnormal, or undifferentiated, the tumour cells 

are compared to normal tissue under a microscope. Grade 1 are known as ‘low-grade’ 

tumours and resemble normal differentiated cells which are slowly growing. Grade 2 

tumours have slightly bigger cells with varied morphologies and faster growth 

compared to normal cells. Finally, grade 3 are known as ‘high-grade’ tumours and 

have a poorly differentiated, abnormal phenotype and a faster growth than normal 

cells. 
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1.4.2.2. Hormone receptor classification of breast cancer based on the 
cellular markers ER, PR and HER2 

The most commonly used breast cancer classification in the clinic is based on the 

expression of the cellular markers estrogen receptor (ER), progesterone receptor (PR), 

and human epidermal growth factor receptor 2 (HER2), measured by 

immunohistochemistry. ER, PR and HER2 are prognostic indicators as well as 

therapeutic targets in breast cancer (reviewed by Malhotra et al. 2010).  Estrogen-

receptor positive (ER+) tumours, HER2 tumours and triple-negative breast cancers 

(TNBCs) account for 60-70%, 10-15% and 15–20% of all reported breast cancer cases, 

respectively (Tang and Tse 2016). TNBCs are defined based on their lack of ER, PR 

and HER2, and they pose a significant clinical challenge due to the lack of targeted 

therapeutics (Kalimutho et al. 2019). Although this classification has been a valuable 

tool for several decades, it relies solely on the analysis of only three cellular markers. 

For this reason, new methods with an extended panel of markers and based on gene 

expression have been developed. 

1.4.2.3. Molecular classification of breast cancer 

The lack of a more comprehensive molecular classification potentially limits the 

ability of a clinician to further stratify breast cancer subtypes and to predict a response 

to newer targeted therapies. Recent molecular biology approaches have identified 

several intrinsic molecular subtypes of breast cancer. One of the most widely known 

multi-gene predictors of outcome for breast cancer is the PAM50 classification, which 

is based on a 50 gene expression profile obtained from microarray data (Perou et al. 

2000, Sørlie et al. 2001, Parker et al. 2009, Prat et al. 2010). The PAM50 classification 

defines the subtypes normal-like, luminal A (LumA), luminal B (LumB), HER2-

enriched (HER2+), and basal-like. Each of these subtypes are associated with distinct 

histological features, increasing disease progression, increasing grade and stage, and 

decreasing therapeutic response and clinical outcomes (Table 1.1). 
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Table 1.1: Main subtypes in the PAM50 classification of breast cancer. (+) positive, (-) negative, (?) targeted 
therapies unknown. 

 
Breast cancer subtype 

Luminal 
HER2 Basal-

like LumA LumB 

Incidence (%) 50 20 15 15 

Expression 
markers 

Estrogen receptor 
(ER) + + - - 

Progesterone 
receptor (PR) + + - - 

HER2 amplification 
(HER2) - +/- + - 

Growth + ++ +++ ++++ 

Grade low low intermediate high 

Prognosis +++ ++ + - 

Treatment hormonal anti-HER2 ? 

 

 

Normal-like subtype is characterized by low tumour content and high normal breast 

tissue. Therefore, these tumours express genes which are characteristic of adipose 

tissue and are ER and PR positive. In fact, this subtype remains enigmatic whether it 

is a real subtype or a technical artefact (Carey 2010, Tang and Tse 2016) and for this 

reason it is not included in Table 1.1. 

Luminal subtypes are characterized by a gene expression pattern similar to normal 

breast cells that surround the lumen of the mammary ducts and glands (Parker et al. 

2009, Chia et al. 2012). The PAM50 classification is able to stratify ER positive 

tumours into LumA and LumB subtypes with very different clinical outcomes. LumA 

tumours are PR positive, tend to grow slowly and are of low histological grade. LumA 

tumours are treatable with hormonal therapies such as tamoxifen and aromatase 

inhibitors, and generally exhibit a good prognosis (Eroles et al. 2012).  

LumB tumours are ER and PR positive, and can also be HER2 positive. LumB 

tumours have a faster growth than LumA tumours, which is linked to high levels of 

the proliferation marker Ki67. LumB tumours have a higher histological grade and a 

poorer prognosis compared to normal-like and LumA tumours. Although treatable by 
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hormonal therapy, LumB tumours frequently relapse and exhibit poor clinical 

outcomes (Osborne and Schiff 2011, Ades et al. 2014, Gatza et al. 2014). 

HER2 tumours are mostly ER and PR negative and show HER2 overexpression, which 

is mainly due to the genomic amplification of the gene encoding HER2 also annotated 

as Erb-B2 receptor tyrosine kinase 2 (ERBB2). Expression of the proliferation marker 

Ki67 is usually high and TP53 mutation is common (Makki 2015). HER2 tumours 

tend to grow quickly and have a worse prognosis than the luminal subtypes. The 

majority of HER2-overexpressing patients are treated using anti-HER2 therapies, 

although many patients with metastasis do not respond to therapy (Pernas and Tolaney 

2019).  

Finally, basal-like tumours are generally ER negative, PR negative and HER2 

negative. Basal-like tumours are mostly of high grade, highly replicative, and they 

have the worst prognosis of all subtypes. TP53 and EGFR mutations are common in 

these tumours (Makki 2015). The term ‘basal’ was first introduced to refer to basal 

epithelial cells and normal myoepithelial cells which are juxtaposed next to the stroma 

and the basement membrane (Gusterson and Eaves 2018). Therefore, basal-like 

tumours have gene expression patterns similar to cells which are located in this region, 

such as expression of cytokeratins CK5/6, CK14 or CK17 (Sandhu et al. 2010). In 

addition, basal-like breast cancer occurs more frequently among hereditary breast 

cancer patients harbouring a BRCA1 mutation (Sandhu et al. 2010). Hormone therapy 

and anti-HER2 therapies like trastuzumab and lapatinib are not effective against these 

cancers, although chemotherapy can be helpful. Basal-like and TNBC classifications 

are used interchangeably in the literature, but they are not synonymous (Rakha et al. 

2008). For example, in one study, only 71% of TNBC had a basal-like gene profile 

(Bertucci et al. 2008). For this reason, several biomarkers, such as EGFR, CK5/6, 

CK14 or CK17, have been proposed to identify basal-like tumours in combination 

with hormone receptor negativity (Toft and Cryns 2011). 

The utility of the PAM50 classification to provide insights into the biology of breast 

cancer, to predict outcomes, and to provide invaluable guidance for clinicians raised 

hopes of its adoption into clinical practice (Parker et al. 2009, Eliyatkin et al. 2015).  

However, routine use of microarray analysis or genome sequencing is still not practical 

in a day-to-day clinical setting and the cost is prohibitive (Malhotra et al. 2010, Tang 
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and Tse 2016). For these reasons, PAM50 classification of breast cancer is still mainly 

used as a cancer research tool. 

1.4.3. Genomic instability in breast cancer 

Breast cancer is a highly heterogeneous disease in terms of gene and protein 

expression, gene copy numbers and morphology. This heterogeneity exists between 

and within tumours and it is believed to be driven by GI (Turashvili and Brogi 2017). 

Breast cancer genomes exhibit specific numerical and complex structural 

chromosomal aberrations, as well as copy number alterations (CNAs).  

Based on CNA analysis, three distinct patterns of genomic alterations have been 

reported in breast cancer (Kwei et al. 2010). The first CNA-associated pattern is 

identified as ‘simple’ or ‘simplex’, since it has few CNAs and a characteristic gain of 

chromosome 1q and loss of 16q. This pattern is associated with LumA tumours which 

form the majority of breast cancer cases. The second pattern is identified as ‘amplifier’ 

or ‘firestorm’ due to the presence of focal high-level DNA amplifications clustered on 

one or more chromosome arms. This pattern is characteristic of LumB and HER2 

tumours and the commonly amplified genes are FGFR1, MYC, CCND1, MDM2, 

ERBB2, and ZNF217. Finally, the third pattern, referred as ‘complex’ or ‘sawtooth’, 

is characterized by complex CNA patterns of low-level gains and losses. This pattern 

is predominately seen in the basal-like subtype and it is associated with mutations of 

TP53.  

A multitude of genetic defects have been associated with an increase in breast cancer 

susceptibility, such as mutations or loss of key DNA damage repair genes, including 

BRCA1, BRCA2 and RAD51C, and genome caretaker genes, such as ATM, CHEK2, 

and TP53. Genetic defects in these genes provide a substantial increase in repair errors 

at DSBs, which leads to CIN and ultimately to a higher overall risk of developing 

breast cancer (reviewed by Duijf et al. 2019). 

Exploring the role of H2AX as a key DNA damage component in breast cancer will 

add to our knowledge in this highly complex disease. 
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1.5. Aims of this study 

Currently, it is unclear how changes in H2AFX copy number, mRNA and protein 

abundance contribute to the genome instability associated with breast cancer. 

Experimentation and analysis of publically available data will address these questions 

and is presented in this thesis in four results chapters as detailed below and in Table 

1.2. 

 Chapter 3: Analysis of H2AFX transcript abundance 

Since very little is known about the regulation of H2AFX transcripts in breast 

cancer, this chapter explores H2AFX mRNA expression in breast cell lines and 

clinical breast samples. Two of the most commonly used chemistries for real time 

PCR (SybrGreen and TaqMan) were used to establish a sensitive and precise 

assay for measuring H2AFX transcript abundance. 

 

 Chapter 4: Analysis of H2AFX copy number, gene expression and mutational 
signature in large cancer genomic and transcriptomic datasets 

Since contradictory data on H2AFX copy number and expression in cancer 

samples has been reported, this chapter focuses on the analysis of H2AFX CNAs, 

mRNA expression and mutations in large cancer genomic/transcriptomic 

databases. We aimed to understand whether the H2AFX gene is commonly 

mutated, lost or amplified in human cancer.  Focusing on breast cancer, H2AFX 

copy number status and mRNA levels were correlated with the molecular 

characteristics of the disease, genomic instability, and overall patient survival. We 

aimed to understand which breast cancer subtype has more H2AFX CNAs, and 

whether these alterations have an impact on mRNA expression. Then, we 

analysed whether H2AFX copy number, and mRNA expression contribute to 

genome instability and overall survival. 

H2AFX copy number and mRNA distribution was also analysed in different 

cancer cell lines by using the CCLE database. This information contributed to the 

selection of a subset of cancer cell lines as useful models to address aspects of 

H2AX biology in luminal breast cancer.  
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 Chapter 5: Characterization of cell lines derived from luminal breast cancer  

Having identified luminal breast cancer as an interesting subtype, cell lines were 

carefully selected to model this disease. Since little literature was available on 

these cell lines, initial characterization focused on the determination of their 

doubling time, cell cycle profile, phenotypic characterization, and evaluation of 

the presence of markers of the epithelial to mesenchymal transition (EMT). Then, 

H2AFX copy number, mRNA and protein abundance was also determined in each 

cell line and the relationship between these investigated. 

 

 Chapter 6: Analysis of γH2AX as a marker of the DNA Damage Response in 
luminal breast cancer cell lines 

Finally, after analysis of H2AFX copy number, mRNA and protein abundance in 

the luminal breast cell lines selected, we aimed to determine the efficiency and 

the kinetics of the DDR by measuring γH2AX focus formation and disappearance 

after 2 Gy irradiation. Correlation between basal γH2AX (before treatment with 

IR) and γH2AX focus formation and disappearance after 2 Gy irradiation was also 

evaluated relative to H2AFX gene dosage, the molecular subtype and total H2AX 

protein abundance in each cell line. 
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Table 1.2: Brief summary of the main questions and which samples were used in each chapter of this thesis. 

Title 
Cancer 

cell 
lines 

Clinical 
samples 

Analysis Questions 

Chapter 3: Analysis 
of H2AFX transcript 

abundance 
YES YES 

H2AFX 
mRNA 

abundance 

• Which H2AFX transcript is 
more abundant, short or 
long? 

• Is there a correlation 
between the abundance of 
the short and long H2AFX 
transcripts? 

• Is there a correlation 
between the abundance of 
each H2AFX transcript and 
the molecular subtype? 

Chapter 4: Analysis 
of H2AFX copy 
number, gene 

expression and 
mutational signature 

in large cancer 
genomic and 

transcriptomic 
datasets 

NO YES 

H2AFX copy 
number and 

mRNA 
abundance 

• Is the H2AFX gene 
commonly mutated, lost or 
amplified in human cancer? 

• Does H2AFX copy number, 
and mRNA expression 
abundance contribute to 
genome instability in breast 
cancer? 

• What is the impact of 
H2AFX copy number loss on 
mRNA expression? 

Chapter 5: 
Characterization of 

cell lines derived 
from luminal breast 

cancer 

YES NO 

H2AFX copy 
number, 

mRNA and 
protein 

abundance 

In MDA-MB-134-VI, BT483, 
CAMA-1 and BT483 cells: 

• What is the doubling time, 
cell cycle profile, 
morphology, EMT 
characteristics, H2AFX copy 
number, mRNA and protein 
abundance? 

• Does decreased H2AFX gene 
dosage lead to changes in 
H2AX protein abundance? 

Chapter 6: Analysis 
of γH2AX as a 

marker of the DNA 
damage response in 

luminal breast 
cancer cell lines 

YES NO 

Total H2AX 
and ƔH2AX 

protein  
abundance 

• Is γH2AX correlated with 
H2AFX gene dosage, the 
molecular subtype and total 
H2AX protein abundance 

• in non-radiated cells? 
• in irradiated cells? 

• Does loss of the distal 
portion of chr11 lead to a 
deficiency of the DDR after 
IR? 
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Chapter 2:  
Materials and Methods 
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2.1. Materials 
Chemicals used in these experiments were purchased from Sigma-Aldrich or 

ThermoFisher, unless otherwise stated. Solutions were prepared with either double 

distilled H2O (ddH2O) or MilliQ H2O, unless otherwise specified, and were autoclaved 

or filtered before use as appropriate. 

2.1.1. Common reagents and buffers 

A list of the common reagents prepared for use in this thesis is outlined below (Table 

2.1).  

Table 2.1:  List of reagents used in this thesis. 

Name Composition Use 

px330 annealing 
buffer 

0.2 M Tris-HCl (pH = 7.9) + 40 
mM MgCl2 + 1 M NaCl + 20 mM 
EDTA  

Molecular cloning 

Blocking buffer 1% Bovine Serum Albumin (BSA) 
in 1x PBS 

Immunofluorescence 
(IF) 

Blocking solution 5% skimmed milk in 1x PBS Western-blot (WB) 

Coomassie stain 
50% methanol +10% acetic acid + 
1 g/L Brilliant Blue R + 1 g/L 
Brilliant Blue G 

Staining of 
acrylamide gels 
to visualise 
proteins 

Coomassie destain 30% methanol + 10% acetic acid 
Destaining of 
coomassie 
stained gels 

0.4 N H2SO4 0.5 mL H2SO4 (95-98%)  Histone extractions  

Hypotonic lysis 
buffer 

10 mM Tris-Cl pH 8.0 + 1 mM 
KCl + 1.5 mM MgCl2 + 1 mM 
DTT + 1 tablet cOmplete™ 
protease inhibitor cocktail 

Histone extractions  

LB  
(Luria-Bertani ) 
medium 

2% LB Broth. 
Autoclave to dissolve LB and 
sterilise 

Molecular 
cloning 

 LB agar 
3.5% LB agar powder. 
Autoclave to dissolve LB and 
sterilize 

Molecular 
cloning 

8% PFA 
(paraformaldehyde) 

8% PFA (heated at 60 °C to 
dissolve in the hood). Filter and 
adjust pH to 7.4 

Fixation for IF 

4% PFA  50%  8% PFA + 10% 10x PBS  Fixation for IF 
Permeabilisation 
buffer 0.15% Triton X-100 in 1x PBS IF 
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Name Composition Use 
10x phosphate 
buffered saline 
(PBS) 

137 mM NaCl, 2 mM KCl, 10 mM 
Phosphate buffer 
Filtered or sterilized by autoclaving 

Washes 
in IF, WB, TC 

PBS-Tween 
(PBS-T) 10% 10x PBS + 0.05% Tween20 WB 

Ponceau S solution 5% acetic acid + 0.5% Ponceau S  WB 

3x Loading sample 
buffer, stock (LSB) 

150 mM Tris:HCl pH 6.8 + 45% 
sucrose + 6 mM K-EDTA pH 7.4 + 
9% SDS + 0.03% bromophenol 
blue. Add ß-mercaptoethanol to 
10% final before use 

SDS-PAGE 

SDS-PAGE 
running buffer 1x TG buffer + 0.01% 10x SDS SDS-PAGE 

15% Separating gel 
15% acrylamide: 0.8% Bis + 0.35 
M Tris pH 8.8 + 0.1% SDS + 0.1% 
APS + 0.01% TEMED 

SDS-PAGE 

10% Sodium 
dodecyl sulphate 
(SDS) 

10% SDS (heated to dissolve) WB 

5% Stacking gel 
5% acrylamide: 0.8% Bis + 0.08 M 
Tris pH 6.8 + 0.1% SDS + 0.1% 
APS + 0.01% TEMED 

SDS-PAGE 

50x Tris-acetic 
acid-EDTA (TAE) 
buffer 

2 M Tris base + 0.95 M glacial 
acetic acid 
+ 0.05 M EDTA (pH = 8.0) 

DNA gel 
electrophoresis 

10x Tris-Glycine 
(TG) buffer 0.25 M Tris base + 1.92 M glycine  WB 

Tris-Glycine 
transfer buffer 
(wet transfer) 

1.5x TG buffer + 20% Methanol + 
0.0375% SDS WB 

 

2.1.2. Molecular biology reagents 

A list of kits used in this thesis is detailed below (Table 2.2). 

Table 2.2: List of the molecular biology kits used in this thesis. 

Kit Name Part No. Supplier 

cDNA synthesis nanoScript 2 Reverse 
Transcription kit RT-nanoScript2 PrimerDesign 

DNA extraction Wizard Genomic DNA 
Purification kit A1120 Promega 

 



 

28 
 

Kit Name Part No. Supplier 

DNA 
quantification Qubit dsDNA BR Assay Kit Q32850 ThermoFisher 

DNase digestion RNase free DNase kit 79254 Qiagen 

Midiprep NucleoBond Xtra Midi EF 740422 Machery-
Nagel 

PCR cleanup QIAquick PCR purification 
kit 28106 Qiagen 

RNA extraction Nucleospin RNA II 11922402 Fisher 
Scientific 

RNA extraction RNA easy midi kit 74104 Qiagen 

RNA 
quantification Qubit RNA BR Assay kit  Q10210 ThermoFisher 

SybrGreen 
Master Mix 

Fast SybrGreen Master 
Mix 4385616 ThermoFisher 

TaqMan Master 
Mix 

TaqMan Fast Advanced 
Master Mix 4444963 Applied 

Biosystems 

 

2.1.3. Tissue culture reagents 

A list of reagents used in this study is detailed below (Table 2.3). 

Table 2.3: List of tissue culture reagents used in this thesis. 

Name Part No. Supplier 
Cholera toxin C8052 Sigma 

DMEM high glucose D6429 Sigma 

DMEM low glucose D6046 Sigma 

DMEM/Ham’s F12 D8437 Sigma 

Epidermal growth factor AF-100-15 Peprotech 

Fetal bovine serum (FBS) F7524 Sigma 

Glucose 45% (2.5M) G8769 Sigma 

HEPES H3375 Sigma 

Horse serum H1270 Sigma 

Human insulin I9278 Sigma 

Hydrocortisone H0396 Sigma 
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Name Part No. Supplier 
L15 Medium L5520 Sigma 

L-glutamine G7513 Sigma 

Lipofectamine 2000 11168027 Invitrogen 

opti-MEM 31985 Gibco 

Penicillin-Streptomycin P4333 Sigma 

RPMI-1640 R8758 Sigma 

Sodium pyruvate S8636 Sigma 

 

2.1.4. Antibodies 

2.1.4.1. Primary Antibodies 

Primary antibodies used in this thesis, as well as their source and dilution used, are 

detailed below (Table 2.4). 

 

Table 2.4: List of primary antibodies used in this thesis. 

Antibody Source Product no. Host species Dilution 
WB IF 

H2A Abcam ab18255 Rabbit 
polyclonal 1:600 - 

H2AX Abcam ab11175 Rabbit 
polyclonal 1:1000 1:2500 

γH2AX Merck 
Millipore JBW301 Mouse 

monoclonal - 1:1000 

E-cadherin 
(24E10) 

Cell Signaling 
Technology 3195 Rabbit 

monoclonal - 1:200 

pFAK 
(Y397) Abcam ab4803 Mouse 

polyclonal - 1:100 

ZO-1 Invitrogen 339100 Mouse 
monoclonal - 1:100 

Vimentin Sigma V6630 Mouse 
monoclonal - 1:100  
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2.1.4.2. Secondary antibodies 

A list of fluorescent secondary antibodies can be found below (Table 2.5). 

Table 2.5: List of secondary antibodies used in this thesis. 

Antibody Source Product 
no. 

Host 
species 

Dilution 

WB IF 
Alexa Fluor 488 
anti-mouse  ThermoFisher A-11029 Goat - 1:1000 

Alexa Fluor 488 
anti-rabbit  ThermoFisher A-11034 Goat - 1:1000 

Alexa Fluor 594 
anti-mouse ThermoFisher A-11032 Goat - 1:1000 

Alexa Fluor 594 
anti-rabbit ThermoFisher A-11037 Goat - 1:1000 

IRDye® 800CW 
anti-rabbit IgG LI-COR (UK) 925-

32211 Goat 1:20,000 - 

2.1.5. Primer sequences 

The following is a list of primers used throughout the course of these experiments 

(Table 2.6). 

Table 2.6: List of the primers used in this thesis. 

Target Primer Forward (5’ – 3’) Primer Reverse (5’ – 3’) 

GAPDH GAAGGTGAAGGTCGGAGTCA GAAGATGGTGATGGGATTTC 

H2AFX 
CRISPR WT ATGTCGGGCCGCGGCAAGAC TTAGTACTCCTGGGAGGCCT 

Short + long 
H2AFX CTGCTGCCCAAGAAGACCAGC CGGCCCTCTTAGTACTCCT 

Long only 
H2AFX TCCCTTCCAGCAAACTCAAC ACCTTAGGCATTGGGGAGTT 

MRPL19 ACGAGATGCCCTTCCTGAAT GGCTGATTCCACTTCTGAGC 

  



 

31 
 

Target Primer Forward (5’ – 3’) Primer Reverse (5’ – 3’) 

Mycoplasma GGAGCAAACAGGATTAGATACC
CTGG 

TGCACCATCTGTCATTCTGTTAA
CCTC 

PPIA AGGGTTCCTGCTTTCACAGA CTTGCCACCAGTGCCATTAT 

2.1.6. Biological materials 

2.1.6.1. Cell lines 

A list of the human commercial cell lines used throughout this study are detailed below 

(Table 2.7). 

Table 2.7: List of human cell lines used in this thesis. 

Cell type Source Origin Derived from 

BT20 Dwyer lab, Surgery, 
NUI Galway 

Breast ductal 
carcinoma Breast tissue 

BT474 ATCC Breast ductal 
carcinoma Breast tissue 

BT483 ATCC Breast ductal 
carcinoma Breast tissue 

BT549 Rea lab, CCB, 
NUI Galway 

Breast ductal 
carcinoma Breast tissue 

CAMA-1 ATCC Breast ductal 
carcinoma 

Pleural metastatic 
effusion 

HeLa S3 Sullivan Lab, CCB, 
NUI Galway 

Breast ductal 
carcinoma 

Cervical 
epithelium 

MCF10A 
Dwyer lab, Surgery  
Santocanale Lab, 
CCB, NUI Galway 

Epithelial breast Fibrocystic disease 

MCF7 

Rea lab, CCB, 
Santocanale Lab, 
CCB, 
NUI Galway 

Breast 
adenocarcinoma 

Pleural metastatic 
effusion 

MDA-MB-134-
VI ATCC Breast ductal 

carcinoma 
Pleural metastatic 
effusion 

MDA-MB-231 Dwyer lab, Surgery, 
NUI Galway 

Breast 
adenocarcinoma 

Pleural metastatic 
effusion 

MDA-MB-436 Rea lab, CCB, 
NUI Galway 

Breast 
adenocarcinoma 

Pleural metastatic 
effusion 

T47D Dwyer lab, Surgery, 
NUI Galway 

Breast ductal 
carcinoma 

Pleural metastatic 
effusion 
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Cell type Source Origin Derived from 

SF268 Küster Lab, Technical 
University of Munich Glioblastoma Brain 

U2OS Morrison Lab, CCB, 
NUI Galway Osteosarcoma Bone 

epithelium 
 

2.1.6.2. Drugs 

The following drugs were used to treat cells at the indicated concentration (Table 2.8). 

Table 2.8: List of the drugs used in tissue culture. 

Drug Stock 
concentration 

Working 
concentration Source Product 

code 
Doxorubicin 
hydrochloride 50 mg/mL 2 mg/mL Sigma D1515 

Etoposide 25 mg/mL  
(42.43 mM) 10 µM Sigma E1383 

Puromycin 10 mg/mL 0.4 – 1.25 µg/mL InvivoGen Ant-pr-1 
Thymidine 100 mM 5 mM Sigma T1895 

2.2. Standard nucleic acid methods 

2.2.1.  Resuspending primers 

Primers were received as dry pellets from Sigma. Before resuspension, tubes were 

centrifuged for 30 seconds at 10000 rpm. ddH2O was added to the lyophilized primers 

to a final concentration of 100 μM, as recommended in the datasheet for each primer. 

Tubes were vortexed and shaken on benchtop mixer at 1400 rpm for 10 minutes at 

room temperature. Resuspended oligos were stored at -20oC and used as a working 

stock at a final concentration of 10 μM for experiments. 

2.2.2.  Genomic DNA extraction  

Genomic DNA extraction from tissue culture cells was performed using the Wizard 

Genomic DNA Purification Kit (Promega) as per the manufacturer’s instructions. 

Briefly, cell pellets containing 300 x 104 cells were resuspended in 600 µL of Nuclei 

Lysis Solution to lyse the cells. Then, 3 µL of RNase Solution was added to the nuclear 

lysate and incubated for 30 min at 37°C. 200 µL of Protein Precipitation Solution was 

added to the lysate at room temperature, vortexed vigorously and centrifuged at 14000 
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rpm to pellet all the protein. The supernatant containing the DNA was transferred to a 

clean tube containing 600 µL of isopropanol. The solution was then mixed by 

inversion until the DNA formed a visible mass. The solution was then centrifuged to 

pellet the DNA, the supernatant decanted and 600 µL of 70% ethanol was added to 

wash the DNA. Then, the solution was centrifuged and the ethanol was carefully 

aspirated while maintaining the DNA pellet intact. The DNA was air-dried for 10-15 

min at room temperature and then 50 µL of DNA Rehydration Solution was added and 

either incubated for 1 hour at 65°C or left overnight at 4°C. DNA was stored either at 

4°C (short term) or at -20°C (long term). 

2.2.3.  RNA extraction  

Total RNA was extracted from 300 x 104 cells using the NucleoSpin RNA II kit as per 

the manufacturer’s instructions. Briefly, the cell pellet was resuspended in 350 μl of 

the supplied lysis buffer RA with 3.5 μL of ß-mercaptoethanol added. The lysate was 

then filtered by using a NucleoSpin Filter and 70% ethanol was added to the lysate to 

adjust RNA binding conditions. Then, a NucleoSpin RNA column was placed in a 

collection tube and the lysate was mixed 2-3 times before loading it into the column. 

The lysate was then centrifuged for 30 s at 11000 rpm and the column placed in a new 

collection tube. 350 μL of Membrane Desalting Buffer was added to the NucleoSpin 

RNA column and centrifuged twice to dry the membrane (11000 rpm for 1 min, 

followed by 30 sec to remove all the flow-through). Then, a DNase reaction mixture 

containing 10 µL of rDNase and 90 µL of Reaction Buffer for rDNase was made per 

sample. This mixture was added directly onto the centre of the silica membrane of the 

NucleoSpin RNA column and incubated at room temperature for 15 minutes. The 

silica membrane was then washed with 200 µL of Buffer RAW2 to inactivate the 

rDNase, followed by two washes with Buffer RA3 (with 600 μL and 200 μL of Buffer 

RA3, respectively). The NucleoSpin RNA column was later centrifuged for 2 minutes 

at 11000 rpm to dry the membrane completely. Finally, the column was place in a 

nuclease-free collection tube and the RNA was eluted in 30 µL of RNase-free H2O by 

centrifugation of the column at 11000 rpm for 1 minute.  

The RNA was then stored at -80oC until required, or used immediately for RNA 

quantification and cDNA synthesis. RNA quantification was determined using the 
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Qubit RNA BR Assay Kit. RNA integrity was analysed by loading 200 ng of total 

RNA in a 1.5% agarose gel. 

2.2.4.  Estimating nucleic acid concentration 

To accurately quantify DNA and RNA samples, a Qubit Fluorometer (Fisher 

Scientific) was used with the appropriate kits for DNA (Qubit dsDNA BR Assay Kit) 

and RNA (Qubit RNA BR Assay Kit), respectively.  

Nanodrop 2000c (Thermo Scientific) was also used to measure DNA concentration at 

260 nm. To estimate purity of the DNA, samples with a 260/280 ratio between 1.8 and 

2.0, and a 260/230 ratio greater than 1.8 were considered suitable to use in future 

experiments.  

2.2.5.  cDNA synthesis 

cDNA synthesis was performed using the nanoScript 2 Reverse Transcription 

(PrimerDesign) kit. The composition of a standard reaction is detailed below (Table 

2.9).  

Table 2.9: Reagents and volumes required for primer annealing using the nanoScript 2 Reverse Transcription 
(PrimerDesign) kit. 

Reagent Volume (µL) 
RNA template ( 1 or 2 µg) x (depending on RNA concentration) 
Random nonamer RT Primers 1 
RNAse/DNAse free water x (depending on RNA concentration) 
Final Volume 10 

 

1 µg and 2 µg of total RNA were used for cDNA synthesis of clinical samples and cell 

lines, respectively. Initially, a mixture of 1 or 2 µg of total RNA, random nonamer 

primers and water (as seen in Table 2.9) was heated to 65°C for 5 minutes and 

immediately cooled in ice. For optimal results, a PCR program was created with this 

set-up. Then, a mixture for the reverse transcription reaction was created (Table 2.10). 
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Table 2.10: Reagents and volumes required for the last step of cDNA synthesis using the nanoScript 2 Reverse 
Transcription (PrimerDesign) kit. 

Reagent Volume (µL) 
nanoScript2 4x Buffer 5 
dNTP mix 10 mM 1 
RNAse/DNAse free water 3 
nanoScript2 enzyme 1 
Final Volume 10 

 

10 µL of this reaction mix was added per sample, vortexed followed by a short spin. 

Then, tubes with this mixture were transferred to a PCR machine with the following 

program: 25°C for 5 min, 42°C for 20 min, and then 75°C for 10 min. A ‘–RT control’ 

was also performed per sample to evaluate the presence of genomic DNA before 

cDNA synthesis. In this case, the nanoScript2 enzyme was substituted by H2O.  

cDNA from cell lines was then diluted 1:3 (to a final volume of 60 µL). cDNA from 

clinical samples was diluted 1:2, to a final volume of 40 µL. cDNA was stored at -

20°C for future use in qPCR experiments. 

2.2.6. Endpoint polymerase chain reaction (PCR) 

KOD polymerase (Merck) was used to amplify target DNA sequences as per the 

reaction set-up below (Table 2.11). Generally, a 20 µL reaction was used. 

Table 2.11: PCR set-up. 

 Stock 
concentration 

Final 
concentration 

Volume  
(20 µL) 

H2O   13.1 
KOD Buffer 10x 1x 2 
Mg2SO4 25 mM 1.5 mM 1.2 
dNTPs 2 mM 0.2 mM 2 
Primer F 100 µM 2 µM 0.4 
Primer R 100 µM 2 µM 0.4 
KOD 
Polymerase 1 U/µL 0.02 U/µL 0.4 

Template DNA  10-100 ng 0.5 
Total Volume   20 
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2.2.7.  DNA gel electrophoresis 

To visualize DNA products after PCR amplification or enzymatic digestion, samples 

were run on an agarose gel. Most DNA products were run on a 1.5% (w/v) gel. Gels 

were prepared by dissolving the appropriate amount of agarose in 50 mL of 1x TAE 

buffer by microwaving. Following cooling, SYBR Safe Stain (Invitrogen) was added 

to the agarose solution at a 1:10000 dilution, and the gel was poured into the 

appropriate casting block.  

Before loading onto the gel, DNA samples were mixed with 4 µL of 6x DNA loading 

dye (New England Bio Labs). 5 µL of GeneRuler 100 bp DNA ladder (Fisher 

Scientific) was also run on each agarose gel to enable size estimation of the observed 

DNA products. Electrophoresis was performed in 1x TAE buffer at 100 V for 40 

minutes using a Bio-Rad PowerPac Basic. Gel Doc XR+ System (BioRad) was used 

to visualize the DNA fragments obtained.  

2.2.8. Quantitative real-time PCR (qRT-PCR) 

The abundance of the H2AFX transcript was analysed in this thesis using an absolute 

qPCR approach. This methodology required a standard in order to determine absolute 

transcript copy number. Known quantities of DNA in the form of a recombinant 

plasmid containing H2AFX was used to generate a standard curve. This plasmid was 

generated by cloning the H2AFX gene into the plasmid pGEM-T Easy Vector Systems 

(Promega), followed by sequencing verification by previous researchers working on 

this project (Eykelenboom unpublished) (Appendix I). 

2.2.8.1. Calculation of H2AFX copy number in the recombinant 
H2AFX pGEM-T Easy plasmid (standard curve) 

To determine the exact number of H2AFX copies in the recombinant plasmid, the 

plasmid was measured using the Qubit dsDNA BR Assay Kit (ThermoFisher) and the 

number of copies was calculated as follows: 
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Where: X = amount of amplicon (ng) 

N = length of dsDNA amplicon  

660 g/mole = average mass of 1 bp dsDNA  

The average mass for a sequence (shown here as ‘660 g/mole’) can also be substituted 

by the actual measure of each oligonucleotide in the insert sequence. To do that, all 

nucleotides of the cloned H2AFX sequence were inserted into 

http://endmemo.com/bio/dnacopynum.php for quantification (chr11:118964626-

118966158), as well as the size of the cloned sequence (1533 bp).  

After H2AFX copy number determination, stocks of 20 µL of 108 H2AFX copies/µL 

were made and frozen in the -80°C freezer. Standards were only thawn once before 

use. A 10 fold dilution series of the stock plasmid DNA was made for use in the qPCR 

reaction: from 107 H2AFX copies/µL to 101 H2AFX copies/µL. The same stock was 

used to make standard curves required to quantify both the H2AFX short and long 

transcripts. 

2.2.8.2. PCR amplification efficiency 

Amplification efficiency was calculated based on the slope of the standard curve, using 

the equation: 

푃퐶푅	푒푓푓푖푐푖푒푛푐푦 = 	10( / ) − 1 

2.2.8.3. SybrGreen based quantitative PCR 

qPCR reactions based on SybrGreen technologies were set up as follows (Table 2.12).  

Table 2.12: SybrGreen qPCR set-up. 

Solution Volume (µL) 
Fast SybrGreen master mix 5 
Forward primer (10 µM) x (depending on primer concentration required) 
Reverse primer (10 µM) x (depending on primer concentration required) 
Diluted cDNA/plasmid template 2 
H2O x 
Total Volume 10 
 

http://endmemo.com/bio/dnacopynum.php
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The ratio of forward and reverse primer concentration as well as qPCR conditions 

were optimized as follows (Table 2.13). 

Table 2.13: Primer concentrations and program conditions required according to the transcript of interest. 

Transcript Forward 
primer (µM) 

Reverse 
primer 
(µM) 

qPCR program conditions 

H2AFX 
‘Long only’ 0.9 0.3 Standard: Holding Stage: 95°C  

– 20 sec; Cycling Stage: 95°C – 
3 sec, 60°C – 30 sec (40 cycles); 
Melt Curve Stage: 95°C – 15 
sec, 60°C – 1 min, 95°C – 15 
sec 

MRPL19 0.3 0.3 

GAPDH 0.4 0.4 

PPIA 0.9 0.3 

H2AFX 
‘Short+long’ 0.9 0.4 Holding Stage: 95°C – 1 min; 

Cycling Stage: 95°C – 6 sec, 
62°C – 30 sec (40 cycles); Melt 
Curve Stage: 95°C – 15 sec, 
62°C – 1 min, 95°C – 15 sec. MRPL19 0.3 0.3 

 

Samples were loaded in triplicate into a MicroAmp Optical 96-well plate and run on 

the StepOne™ Real-Time PCR system (Applied Biosystems).  

2.2.8.3.1. Calculation of H2AFX transcript abundance, normalized to 

MRPL19  

The number of H2AFX transcripts per sample was calculated based on the standard 

curve generated from the dilutions of the recombinant H2AFX pGEM-T Easy plasmid 

(as shown in Section 2.2.9.1).  

The number of H2AFX transcripts was then normalized to 100% efficiency (see 

Section 2.2.9.2. PCR amplification efficiency) and then to MRPL19 by using the 

following equation: 

 

푛	(퐻2퐴퐹푋) = 	
푛	(퐻2퐴퐹푋	푡푟푎푛푠푐푟푖푝푡	(	100%	푒푓푓푖푐푖푒푛푐푦))

log(	푎푣푒푟푎푔푒	퐶푡	푣푎푙푢푒푠	표푓	푀푅푃퐿19)  

Where 픫 = 푛푢푚푏푒푟	표푓	푡푟푎푛푠푐푟푖푝푡푠 
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The amplification efficiency had to be between 85% and 115% and the R2 > 0.9; 

otherwise, the experiment was excluded. 

Since the H2AFX ‘short + long’ primer pair binds to both H2AFX short and H2AFX 

long transcripts, the number of H2AFX short transcripts per sample was calculated as:  

 

픫	(푠ℎ표푟푡	퐻2퐴퐹푋) = 픫	(퐻2퐴퐹푋	′short	+	long') − 픫	(퐻2퐴퐹푋		′푙표푛푔	표푛푙푦′) 

Where 픫 = 푛푢푚푏푒푟	표푓	푡푟푎푛푠푐푟푖푝푡푠 

As mentioned previously, 1 µg and 2 µg of total RNA were used for cDNA synthesis 

of clinical samples and cell lines, respectively. This discrepancy is due to the limited 

amount of total RNA obtained from clinical samples. To allow comparisons between 

clinical samples and cell lines, the amount of H2AFX transcripts per clinical sample 

was estimated as if 2 µg of total RNA was used. This means that, after calculation of 

H2AFX transcripts in 1 µg of total RNA used, the amount of each transcript was 

multiplied by two (which corresponds to 2 µg of total RNA). 

2.2.8.4. TaqMan based quantitative PCR 

Two TaqMan probes were obtained to analyse H2AFX transcripts: one for the long 

H2AFX transcript, available commercially (Hs01573336_s1, #4351372, 

ThermoFisher), and a probe and primers to detect the short H2AFX transcript, which 

was not off-the-shelf in ThermoFisher. To analyse the H2AFX short transcript, a probe 

and primers were designed based on GenScript Real-time PCR (TaqMan) Primer 

Design. These probes have different reporter dyes since the ultimate goal was to use 

them simultaneously in a multiplex assay. Therefore, the long transcript (‘LO’) was 

detected with a FAM-MGB TaqMan probe, while the short transcript was detected 

with a VIC-MGB TaqMan probe (‘SL’) (Table 2.14).  

Samples were loaded in triplicate into a MicroAmp Optical 96-well plate and run on 

the StepOne™ Real-Time PCR system (Applied Biosystems). Both singleplex and 

multiplex assays were optimized for a standard StepOne qPCR program (Holding 

stage:  50⁰C – 2 min, 95⁰C – 10 min; Cycling stage: 95⁰C – 15 sec; 60⁰C – 1 min; 40 

cycles).  



 

40 
 

Table 2.14: H2AFX TaqMan probes. 

Transcript Reporter 
dye Probe sequence (5’-3’) Primer sequence (5’-3’) Size 

(bp) 

LO FAM AGCCAGGCCTGTCGG
GCCCCCCGAC Unknown 89 

SL VIC ACTCCAGCACTGCCG
CCAGG 

Forward:  
GCTGCGGAAGGGCCACTA 

Reverse: 
GGATGATTCGCGTCTTCTTG 

140 

 

 

2.2.8.4.1. Singleplex TaqMan based Quantitative PCR 

Singleplex TaqMan qPCR reactions were set up as follows (Table 2.15 and Table 

2.16).  

Table 2.15: qPCR setup for detection of both short and long (‘SL’) H2AFX transcripts. 

Reagent Volume (µL) 
‘SL’ TaqMan H2AX Probe 10 µM 0.5 
Primer F 10 µM 0.6 
Primer R 10 µM 0.6 
Fast Advanced Master Mix 5 
cDNA/plasmid template 2 
RNAse free H2O 1.3 
Total Volume 10 

. 

 

Table 2.16: qPCR setup for detection of the ‘long only’ H2AFX transcript. 

Reagent Volume (µL) 
1.8x ‘LO’ TaqMan H2AX Probe 0.9 
2x TaqMan Genotyping Master Mix 5 
cDNA/plasmid template 2 
RNAse free H2O 2.1 
Total Volume 10 

 

2.2.8.4.2. Multiplex TaqMan based Quantitative PCR 

Multiplex TaqMan qPCR reactions were set up as follows (Table 2.17).  
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Table 2.17: qPCR setup for the multiplex PCR. 

Reagent Volume (µL) 
‘SL’ TaqMan H2AX Probe 10 µM 0.4 
‘SL’ primer F 10 µM 0.3 
‘SL’ primer R 10 µM 0.3 
1.8x ‘LO’ TaqMan H2AX Probe 0.9 
2x TaqMan Genotying Master Mix 5 
cDNA/plasmid template 2 
Rnase free H2O 1.1 
Total Volume 10 

 

2.2.8.4.3. Calculation of H2AFX transcript abundance 

The number of H2AFX transcripts per sample was calculated based on the standard 

curve generated from the dilutions of the recombinant H2AFX pGEM-T Easy plasmid 

(Section 2.2.9.1). Each H2AFX transcript was then normalized to 100% efficiency 

(Section 2.2.9.2). The amplification efficiency had to be between 85% and 115% and 

the R2 > 0.9; otherwise, the experiment was excluded.  

Since the H2AFX ‘short + long’ primer pair binds to both H2AFX short and H2AFX 

long transcripts, the number of H2AFX short transcripts per sample was calculated as:  

 

픫	(푠ℎ표푟푡	퐻2퐴퐹푋) = 픫	(퐻2퐴퐹푋	′short	+	long') − 픫	(퐻2퐴퐹푋		′푙표푛푔	표푛푙푦′) 

Where 픫 = 푛푢푚푏푒푟	표푓	푡푟푎푛푠푐푟푖푝푡푠 

2.2.9. TaqMan Genomic Copy Number Assay 

Genomic DNA was extracted as described in Section 2.2.2. To determine the number 

of copies of the H2AFX gene in each cell line, a H2AFX TaqMan Copy Number Assay 

(Hs00415469_cn, ThermoFisher) was used as per the manufacturer’s instructions. 

Human RNase P was used as a reference gene in a duplex qPCR reaction (TaqMan™ 

Copy Number Reference Assay, RNase P, ThermoFisher) to normalize potential copy 

number variations across cell lines. The TaqMan Copy Number Assay was set up as 

follows (Table 2.18). 
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Table 2.18: TaqMan Genomic Copy Number Assay setup. 

Reagent Volume (µL) 
DNA sample 5 ng/μL 4 
2x TaqMan Genotyping Master  10 
TaqMan Copy Number Assay 20x 1 
TaqMan Copy Number Reference Assay 20x 1 
RNAse free H2O 4 
Total volume 20 

 

The MRPL19 copy number assay (Hs00366916_cn, ThermoFisher) was also used as 

it has been shown to be a more stable gene across the breast cell lines analysed when 

compared to RnaseP. When MRPL19 was used as a reference gene, each TaqMan 

Copy number probe was set up in a singleplex reaction, in the same MicroAmp Optical 

96-well qPCR plate.  

Both singleplex and multiplex assays were optimized for a standard StepOne qPCR 

program (Holding stage:  50⁰C – 2 min, 95⁰C – 10 min; Cycling stage: 95⁰C – 15 sec; 

60⁰C – 1 min; 40 cycles). 

2.3. Molecular cloning methods 

2.3.1. CRISPR/Cas9 protocols 

2.3.1.1. H2AFX guide selection and following procedure 

Two guide RNAs (gRNAs) for human H2AFX were designed to target the H2AFX 

gene in BT483 (LumA), BT474 (LumB) and MCF10A (non-tumorigenic) cell lines 

(Table 2.19). Guides were chosen using the CHOPCHOP website 

(http://chopchop.cbu.uib.no/) and the corresponding oligos purchased from Sigma 

with overhanging ends. Selection of gRNAs was based on ranking, likelihood that a 

particular gRNA binds off-target sites and likelihood of a particular gRNA to guide 

efficiently. 

 

  

http://chopchop.cbu.uib.no/)
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Table 2.19: Guide RNAs designed to reduce H2AFX copy number in normal and luminal breast cell lines. 

 

Oligos were annealed, phosphorylated and cloned into px330-PURO (kindly provided 

by Lowndes Lab, Centre for Chromosome Biology, NUIG, by a previous Msc student 

working in the laboratory, Niamh Mullins. All methods are described in her thesis 

(Mullins 2018). Following screening and sequencing of these plasmids, midi-prep 

DNA was prepared and transfected into cell lines as described in Section 2.4.5.1.1.  

2.4. Mammalian cell culture 

2.4.1. Cell maintenance 

2.4.1.1. Culture method and conditions 

Cells were incubated in a sterile humidified 37oC incubator with 5% CO2 and 

maintained in the appropriate media (detailed in Table 2.20). The reagents required to 

make complete media are described in Table 2.3 and in Section 2.1.3.  

All cell culture work was performed in sterile conditions in a laminar flow hood. All 

cells were grown in ventilated flasks, excepting MDA-MB-134-VI, which was grown 

in non-ventilated flasks.  

Reagents were stored at 4oC; media and PBS were warmed to 37oC prior to use while 

trypsin was brought at room temperature.  

Cells were visualised using an Olympus (Japan) CKX41 inverted light microscope. 

  

H2AFX 
gRNA Strand Primer Forward (5’ – 3’) Primer Reverse(5’ – 3’) 

1 - GCCGTGTACACCGGCTGCTG CAGCAGCCGGTGTACACGGC 
2 + GTGGCCTTCTTGCCGCCCGA TCGGGCGGCAAGAAGGCCAC 
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Table 2.20: Media recipes for each cell line used in this study. 

Cell line Complete growth medium 

BT20 DMEM high glucose + 10% fetal bovine serum (FBS) + 1% 
penicillin-streptomycin solution (P/S) 

BT474 DMEM/F12 + 10% FBS + 10 µL/mL L-glutamine + 1% P/S 

BT483 RPMI (R8758) + 20% FBS + 0.01 mg/mL human insulin + 
1 mM sodium pyruvate + 2.5 g/L glucose + 1% P/S 

BT549 RPMI + 10% FBS + 1% P/S 

CAMA-1 DMEM low glucose + 10% FBS + 1% P/S 

HeLa S3 DMEM high glucose + 10% FBS + 1% P/S 

MCF10A 
DMEM high glucose + 5% horse serum + 10 µg/mL human 
insulin solution + 0.5 µg/mL hydrocortisone + 100 ng/µL 
cholera toxin + 20 ng/mL epidermal growth factor + 1% P/S 

MCF7 DMEM high glucose + 10% FBS + 1% P/S 

MDA-MB-134-VI L-15 medium + 20% FBS + 10 µL/mL L-glutamine + 1% 
P/S 

MDA-MB-231 L-15 medium + 10% FBS + 1% P/S 

MDA-MB-436 DMEM high glucose + 10% FBS + 1% L-glutamine + 1% 
P/S 

T47D DMEM high glucose + 10% FBS + 1% P/S 

SF268 RPMI + 10% FBS + 1% P/S 

U2OS DMEM high glucose + 10% FBS + 1% P/S 

 

2.4.1.2. Subculturing  

Every 2-3 days confluency was checked, and media was renewed in the flasks. When 

cells reached near 70-90% confluency, cells were passaged by removing media and 

washing cells with sterile, autoclaved 1x PBS twice. Cells with 20% FBS in the media 

(namely BT483 and MDA-MB-134-VI) required an extra 1x trypsin-EDTA wash to 

neutralize serum before trypsinization. Cells were detached from the bottom of the 

flask by incubation in trypsin-EDTA solution for 5 to 10 minutes at 37oC or until > 

95% of cells were detached. The conditions for trypsinization of each cell line is 

described in the following table (Table 2.21).  
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Table 2.21: Concentration of trypsin and time required to trypsinize the cells used in this study. 

Cell line Trypsin concentration Incubation time at 37oC (min) 
BT20 1x 5 
BT474 1x < 5 
BT483 10x ≤ 10 
BT549 1x 5 
CAMA-1 1x 5 
HeLa S3 1x 5 
MCF10A 10x < 10 
MCF7 1x 5 
MDA-MB-134-VI 5x < 5 
MDA-MB-231 1x 5 
MDA-MB-436 1x 5 
T47D 5x 10 
U2OS 1x 5 
SF268 1x < 5 

 

Once cells were detached, trypsin was inactivated with media. Cells were then seeded 

at a 1:2, 1:5 or 1:10 dilution in fresh medium in a new dish or flask. Alternatively cells 

were counted and plated at a required density. 

2.4.1.3. Cell counting 

Cells were counted using a glass hemocytometer (Marienfeld-Superior, Germany) and 

a coverslip. Cell number was estimated by counting four sets of 16 squares in each 

corner (as seen in Figure 2.1.). A counting system was used whereby cells are only 

counted when they are set within a square on the top boundary line or on the right-

hand boundary line (as shown in Figure 2.1 in green). After counting the four sets of 

16 squares, an average of the cell count was taken and multiplied by 104 cells/mL. 

This value was the number of cells per mL in the original cell suspension.  
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This number was then multiplied by the number of mL in the original cell suspension 

and total cell number and dilutions were made as appropriate. 

2.4.1.4. Harvesting cells 

Following trypsinisation of cells and inactivation of trypsin with medium, the cell 

suspension was transferred to the appropriate tube and centrifuged at 1000 rpm for 5 

minutes. Supernatant was aspirated and cells were washed twice with 1x PBS. Cells 

were again spun down at 1000 rpm for 5 minutes and the supernatant removed. Cell 

pellets were then stored at -80oC for future use such as RNA, DNA or protein 

extraction. 

2.4.1.5. Cryopreservation of cell lines 

After cell trypsinization and inactivation of trypsin with medium, cells were counted 

using a hemocytometer. Then, the corresponding volume of cells required to 

cryopreserve the cell line (Table 2.22) was centrifuged. The supernatant was removed 

and the cell pellet was resuspended in corresponding freezing media (Table 2.22). 

Then, these cells were transferred to a cryovial (Nalgene) and placed into a Mr 

Frosty™ freezing container containing 2-propanol to allow gradually cooling of these 

Figure 2.1: Cell counting using a glass haematocytometer. 10 µl of cell suspension covers the entire surface of 
the hematocytometer. Counting the four squares highlighted is first performed. Green bars show regions where 
cells were counted when present. Red bars show regions where cells were not counted when present. The total 
number of cells in the four squares highlighted can then be averaged and multiplied by 104 to obtain the 
concentration (cells/mL) of the original cell suspension. 
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cells at -80oC. The following day, frozen cells were transferred to a liquid nitrogen 

tank for long term storage. 

 Table 2.22: Number of cells and freezing media required to freeze each cell line used in this study. 

Cell line Total cells per 
cryovial Freezing media 

CAMA-1 4.8 x 106 95% complete growth medium  
+ 5% DMSO 

BT20 1.5 x 106 95% complete growth medium  
+ 5% DMSO 

BT474 2.8 x 106 95% complete growth medium  
+ 5% DMSO 

BT483 9.7 x 106 95% complete growth medium  
+ 5% DMSO 

BT549 1.5 x 106 85% complete growth medium  
+ 10% FBS + 5% DMSO 

HeLa S3 1.0 x 106 90% FBS + 10% DMSO 

MCF10A 1.0 x 106 95% complete growth medium  
+ 7.5% DMSO 

MCF7 1.0 x 106 95% complete growth medium  
+ 5% DMSO 

MDA-MB-134-VI 4.8 x 106 95% complete growth medium  
+ 5% DMSO 

MDA-MB-231 1.0 x 106 85% complete growth medium  
+ 10% FBS + 5% DMSO 

MDA-MB-436 1.5 x 106 85% complete growth medium  
+ 10% FBS + 5% DMSO 

T47D 1.5 x 106 85% complete growth medium  
+ 10% FBS + 5% DMSO 

U2OS 1.5 x 106 90% FBS + 10% DMSO 

SF268 1.0 x 106 90% FBS + 10% DMSO 
 

2.4.1.6. Thawing cells 

Cryovials containing cells stored in the liquid nitrogen tank were thawed rapidly in a 

water bath at 37oC. Cells were then transferred to a 15 mL tube with 9 mL of complete 

growth media. The 15 mL tube was then centrifuged at 1000 rpm for 5 min to remove 

the media containing dimethyl sulphoxide (DMSO). The cell pellet was then 
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resuspended in 5 mL or 10 mL of pre-warmed fresh media and transferred to a T25 or 

a T75 flask, respectively. The flask was placed in a sterile humidified 37oC incubator 

with 5% CO2. 

2.4.1.7. Mycoplasma testing 

Potential mycoplasma contamination was tested monthly by PCR. The primers (shown 

in Table 2.6) and the PCR program used were kindly provided by the Lowndes Lab 

(CCB, NUIG). The PCR reaction set-up is shown in Table 2.23.  

Table 2.23: PCR reaction set-up used to screen for mycoplasma. 

 Stock 
concentration 

Final 
concentration Volume (µL) 

Taq Buffer 10 x 1.33 x 2.64 
dNTPs 2 mM 0.2 mM 0.16 
Template   1 
Primer F 100 µM 2 µM 0.4 
Primer R 100 µM 2 µM 0.4 
Taq  
Polymerase - 20 µL/mL 0.4 

H20   15 
Total Volume   20 

 

2.4.2. Proliferation studies 

To calculate the proliferation rate of cell lines, growth curves were used. The number 

of cells plated per well is described in Table 2.24. Cell counts were performed every 

third day, for a total period of 12 days.  

Table 2.24: Seeding density used for proliferation studies in 6 well plates. 

Cell line Seeding density (x 104 cells/well) 

MCF10A 32 

BT483 82 

MDA-MB-134-VI 82 

BT474 32 

CAMA-1 32 

SF268 6 
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2.4.3. Transfection  

2.4.3.1. Plasmid DNA transfection 

2.4.3.1.1. H2AX gRNA transfection with Lipofectamine2000 

Cells were transfected with the pX330 PURO plasmid containing the two guide RNAs 

designed to target the H2AFX gene. The plasmids were transfected separately using 

Lipofectamine2000, as per manufacturer’s instructions. 

Cells were seeded in 6 well plates and transfected when they reached approximately 

~70% confluency. 2.5 µg of plasmid DNA was added to 150 µL Optimem (per well) 

in a microfuge tube. In a separate tube, Lipofectamine was added to 150 µL Optimem 

at a 3:1 v/w ratio with DNA, i.e. 3 µL Lipofectamine per 1 µg DNA (therefore we 

used 2.5 µg DNA and 7.5 µL Lipofectamine per well). These mixtures were incubated 

at room temperature for 15 minutes, and were then mixed gently by pipetting, with the 

Lipofectamine mixture being added to the DNA mixture. The DNA-Lipofectamine 

mix was then incubated at room temperature for 30 minutes.  

Before transfection, whole media was removed from cells, cells were washed in 1x 

PBS, and the 1 mL of Optimem was added to each well. DNA-Lipofectamine 

complexes were added to the cells dropwise and were incubated at 37ºC, 5% CO2, for 

6 hours. After this time the media was removed, cells were washed with 1x PBS, and 

complete media was added to the cells. Cells were placed in a sterile humidified 37oC 

incubator with 5% CO2 for 24 hours. 

24 hours after transfection, media was replaced with regular medium containing 

puromycin (for antibiotic selection) for 3 days. The appropriate concentration of 

antibiotic for each cell line was determined by treating cells with increasing doses of 

antibiotic and choosing the dose which killed all cells within the 2-5 day timeframe 

(Table 2.25). 
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Table 2.25: Antibiotic concentration used for the generation of stable cell lines. 

Antibiotic Cell line Working concentration (µg/mL) 

Puromycin 
MCF10A 0.4 
BT483 1.25 
BT474 1 

 

Following three days in antibiotic selection, cells were trypsinized, resuspended in 10 

mL of media and serial dilutions were made (Figure 2.2). Cells were allowed to grow 

in culture until individual colonies were formed. Then, each colony was picked, 

transferred to a 24 well plate and expanded for screening, freezing and downstream 

applications.  

2.5. Fixing and staining cell lines  
Prior to cell plating, uncoated glass coverslips (22 mm x 22 mm or 15 mm x 15 mm) 

were placed in 6 or 12 well plates and UV sterilized for 30 minutes. Cells were then 

plated on top of the coverslip into each well and incubated at 37ºC until the desired 

confluency or timepoint was reached. Cells were then washed twice with 1x PBS, 

fixed with 4% PFA at room temperature for 10 minutes, and washed three times with 

1x PBS for 5 minutes. 

Figure 2.2: Method used for the generation of stable cell lines. Plate (i) has a cell suspension which was transfected 
2 days beforehand and was selected with puromycin for 3 days. These cells were trypsinised for 1:5 dilutions: 2
mL of the cell suspension in plate (i) was transferred to plate (ii) which had 8 mL of complete media. Cells were 
homogeneized in plate (ii) and a 1:5 dilution was made in plate (iii) as described. These dilutions ensured a low 
enough number of cells to allow individual cells to form colonies. 
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2.5.1. Haematoxylin and Eosin (H&E) stain 

After cell fixation, individual coverslips were placed in a Wheaton Columbia jar and 

hydrated for 30 seconds. The water was then removed from the jar and replaced by 

Mayer’s haematoxylin stain for 5 minutes. Cells were then rinsed in tap water for 3 

minutes. The water was replaced with 1% eosin solution for 1 minute, and then rinsed 

in water. Cells were dehydrated with 70% alcohol, 95% alcohol and 100% alcohol for 

10 seconds each. Alcohol was extracted with two changes in xylene for 1 minute each. 

Coverslips were mounted onto glass slides with DPX and left at 37ºC overnight to 

polymerize. 

2.5.2. Immunofluorescence microscopy 

Before cell fixation, cells were seeded on top of the coverslip into each well. For cells 

to be approximately 80% confluent 24 - 48 h after plating, the number of cells seeded 

in each 6 well is described in the following table (Table 2.26). 

Table 2.26: Number of cells seeded in a 6 well plate for future immunofluorescence experiments. 

Cell line Seeding density (x 105 cells/mL) 
MCF10A 6 
BT483 50 
BT474 13 
CAMA-1 13 

 

After cell fixation and following washes, cells were permeabilised by incubation with 

0.15% (v/v) Triton-X100 in 1x PBS for 2 minutes. Cells were then washed three times 

with 1x PBS and blocked with 1% BSA (in PBS 1x) overnight at 4oC, or for 1 hour at 

room temperature. After blocking, primary antibodies diluted in blocking buffer (1% 

BSA in 1x PBS) were incubated for 1 hour at 37oC according to the Table 2.4.  

Cells were then washed three times in 1x PBS for 5 minutes, and then incubated with 

fluorescent secondary antibody for 45 min at 37oC according to Table 2.5. Secondary 

antibodies were also diluted in blocking buffer. Cells were washed three times, stained 

with 1:1000 dilution Hoescht 33342 (Sigma, B2261) for 10 minutes at room 

temperature, and washed three times with 1x PBS for 5 minutes. Then, cells were 

mounted onto microscopy slides with Fluoromount (Sigma, F4680). Excess mounting 
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media was removed and coverslips were sealed using nail varnish. Stained and 

mounted slips were stored in the dark at 4oC until imaging.  

2.5.3. Cell irradiation 

To induce DNA double-strand breaks, cells were seeded on coverslips in 10 cm2 

plates. On the following day when cells were at approximately 80% confluency, the 

cells were exposed to ionizing γ-irradiation using a 137Cs source at a dose rate of 9.5 

Gy/min (Mainance Engineering, UK).  

Coverslips were washed twice in PBS and fixed with 4% PFA (as described in Section 

2.5) at different time points after 2 Gy of irradiation (0, 10 min, 30 min, 1 h, 2 h, 6 h 

and 24 h). The cells were immunostained for γH2AX as described in section 2.5.2.  

2.6. Protein methods 

2.6.1. Histone extraction 

To extract histones, 107 cells were harvested and extraction performed according to  

Shechter et al. (Shechter et al. 2007). 1 mL of hypotonic lysis buffer was used to 

resuspend the cell pellet. All the following steps were performed at 4C. The cell 

suspension was incubated for 30 min on a rotor to promote hypotonic swelling and 

lysis by mechanical shearing during rotation. The intact nuclei were then pellet by 

centrifugation at 10000 g for 10 mins. The supernatant was completely removed and 

the nuclei resuspended in 400 µL of 0.4 N H2SO4. Samples were incubated on a rotator 

for at least 30 min and then centrifuged to remove nuclei at 16000 g for 10 min. Then, 

the supernatant containing the histones was transferred to a new 1.5 mL tube. Histones 

were precipitated by adding 132 µL of TCA to the sample, drop by drop, followed by 

incubation on ice for a minimum of 30 min. Histones were pellet by centrifugation at 

16000 g for 10 min, and the supernatant was carefully removed and washed twice with 

acetone. The histone pellet was air dried at room temperature for 20 min and then 

dissolved with 50 - 100 µL of ddH2O.  
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2.6.2. Estimation of protein concentration 

2.6.2.1. Recombinant protein  

H2A and H2AX recombinant proteins were kindly provided by Flaus Lab (Centre for 

Chromosome Biology, NUIG), thawed from -80C and spun down at 14000 rpm for 

5 mins at 4C to clear any precipitate. The supernatant was carefully transferred to a 

new tube.  

Absorbance at 276 nm was measured by using the Nanodrop 2000c UV 

spectrophotometer against a water-only ‘blank’. Protein concentrations were 

calculated using the following formulae based on Beer-Lamberts law:   

 

퐶표푛푐푒푛푡푟푎푡푖표푛	(mg/mL) 	=
ɛ
푥	푀푊 

 

H2A and H2AX extinction coefficients and molecular weights required for accurate 

absorbance readings at 276 nm are described in the following table (Table 2.27).  

 

Table 2.27: Extinction coefficients and molecular weights of the recombinant proteins H2A and H2AX at 246nm. 

 Extinction co-efficient (ɛ) MW (kDa) 
H2A 4470 14.1  
H2AX 5960 15.1  

 

Based on the determination of protein concentration of the recombinant histone 

preparations, stocks at 1 mg/mL were made and absorbance readings were then 

checked three times to make sure that they only vary at the 3rd decimal place. A stock 

concentration of 100 ng/µL of each protein was made and used to create a standard 

curve for each recombinant protein.  

2.6.2.2. Histone extracts 

1, 3 and 5 µL of each histone extract was run on a 15% SDS-PAGE gel and then stained 

with Coomassie Brilliant Blue to estimate the amount of sample needed for western 

blot experiments. 5 µL of 3x Loading sample buffer stock was added to each histone 
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extract, boiled for 5 mins at 95C and spun down prior to loading on a SDS-PAGE 

gel. 

2.6.3. SDS-PAGE 

To separate proteins for downstream applications such as western blotting, sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used. A 15% 

separating gel and a 5% stacking gel were prepared (see Table 2.1).    

2.6.3.1. Preparation of H2A and H2AX recombinant standards  

Based on optimisation experiments it was determined that a different range of protein 

concentrations was required for recombinant H2A and H2AX for use in quantitative 

western blot experiments. For H2A, standards containing 0, 100, 200, 400, 600 and 

800 ng of H2A were prepared. For H2AX, standard containing 0, 6.25, 12.5, 25, 50 

and 100 ng were prepared.  

Standards and unknowns were prepared in 1x Loading sample buffer (LSB) and water, 

and run alongside Runblue Tri-colour Marker (Expedeon). A total of six H2A and 

H2A protein standards were used for analysis. Prior to loading, proteins were 

denatured by boiling at 95oC for 5 minutes and spun down prior to loading in a 15% 

gel. 

For each experiment, two15% gels were prepared: one for H2AX and another for H2A. 

Both gels were run in parallel.  

2.6.3.2. Electrophoresis 

Following loading of denatured histone samples, recombinant standards and Runblue 

Tri-colour Marker (Expedeon), gels were run by electrophoresis in a Mini-Protean 

tetra cell (BioRad) and the Bio-Rad PowerPac HC at 180 V constant voltage for 

approximately 60 minutes.  

2.6.3.3. Coomassie Staining 

For characterization of histone extracts on an SDS-PAGE gel, Coomassie staining was 

used. After electrophoresis, the gel was washed 3 times for 4 minutes each in ddH2O 
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to remove any residual SDS. Coomassie stain was added to cover the gel and this was 

incubated for 30 min at room temperature on a benchtop rocker. Coomassie stain was 

then removed and the gel destained using increasing length incubations in Coomassie 

destain solution (1 minute, 5 minutes, 20 minutes, etc.) until background staining was 

removed. The stained gel was then imaged by scanning or photography. 

2.6.3.4. Western blotting 

To detect specific proteins of interest, western blotting was used. For this, proteins 

were immobilised on a PVDF membrane (Immobilion-FL, Amersham, USA) using a 

wet transfer method. Gel and membrane were sandwiched between Grade 3MM 

Whatman blotting paper and sponge pads. All components were equilibrated in 1x TG 

transfer buffer before transfer assembly. The PVDF membrane was activated by 

soaking in 100% methanol for 3 minutes, followed by washing with water for 3 

minutes and was then equilibrated with 1x transfer buffer that was pre-cooled to 4oC. 

Following electrophoresis, the lower area of each gel that contains H2A and H2AX 

were cut and transferred to one membrane for H2A and to another membrane for 

H2AX, respectively. Transfer was performed at 300 mA for 2 hours at 4oC using the 

Bio-Rad Mini Trans-Blot Electrophoretic Transfer Cell and the Bio-Rad PowerPac 

HC.  

Following transfer, membranes were blocked at 4oC overnight with 5% w/v non-fat 

milk in 1x PBS-Tween20. Membranes were then incubated in primary antibody 

diluted in blocking buffer (0.5% milk in 1x PBS-Tween20) at room temperature for 1 

hour on a roller (Table 2.4). Following incubation in primary antibody, membranes 

were washed twice for 5 minutes each in PBS-T, and once for 5 minutes in 1x PBS. 

Then, membranes were incubated at room temperature for 45 minutes with secondary 

antibody Goat anti-rabbit IRdye 800CW (LI-COR, UK), diluted in PBS-T. The 

membranes were washed again twice for 5 minutes in PBS-T, and once for 5 minutes 

in 1x PBS. Membranes were kept in a dark box in 1x PBS until they were scanned and 

analysed. 

Proteins were visualized using the Odyssey Fc Imaging System (LI-COR, UK). 

Images were acquired from membranes blotted with the H2A antibody for 2 min, and 

from membranes blotted with the H2AX antibody for 30 seconds.  
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2.7. Flow cytometry methods 

2.7.1. Fixing cells for flow cytometry experiments 

For flow cytometry experiments, 1 x 106 cells were trypsinized and resuspended in the 

appropriate media, followed by centrifugation at 1000 rpm for 5 minutes in a swing 

out rotor. Supernatant was aspirated and cells were washed twice in 10 mL 1x PBS. 

During PBS washes, cells were briefly vortexed to ensure a homogeneous cell 

suspension. PBS was then aspirated and cells were fixed by slowly adding 1 mL of 

ice-cold 70% ethanol to the suspension while continuously vortexing. Cells were then 

fixed in ethanol for 24 hours at 4oC to ensure cell fixation. Cells were stored at -20oC 

until cell cycle analysis.  

2.7.2. Cell cycle analysis using propidium iodide 

To analyse the cell cycle profile, cells were fixed as described above. Cells were then 

pelleted by centrifugation at 1000 rpm for 5 minutes in a swing out rotor. Supernatant 

was carefully removed, leaving a small amount behind to resuspend the cell pellet by 

gentle vortexing. Cells were washed with 2 mL of 1x PBS and centrifuged again at 

1000rpm for 5 minutes. After carefully decanting the supernatant, cells were 

resuspended in 5 mL of PI/RNase staining buffer (BD Pharmingen) and incubated for 

15 min in the dark. Finally, cells were transferred to FACS round-bottom tubes 

through CellTrics® 30 µm filters (Sysmex Partec).  

Cells were analysed in the BD Accuri C6 Flow Cytometer (BD Biosciences, USA) 

within 2 hours of staining. All cell cycle analysis was performed in the Flow 

Cytometry Core Facility at NUI Galway. 

2.8. Microscopy and Analysis 
H&E slides were observed under a Leica DM500 upright brightfield microscope 

operated by the Leica Application Suite software (version 4.1) and equipped with a 

Leica ICC50HD camera. The images were captured using 10X and 40X objective 

lenses NA 0.22 and 0.65 respectively.  
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Slides stained for vimentin, pFAK, γH2AX and E-cadherin and Z0-1 were imaged 

using the Andor spinning disk confocal microscope. The Andor system is based on an 

Olympus IX81 motorised inverted microscope with spinning disk confocal until 

(Yokagawa CSU22) and high resolution EMCCD camera (Andor iXONEM+). Cells 

were observed and imaged under the 40x and 60x oil immersion objective lens NA 

0.75 and 1.42, respectively. 

To screen H2AX clones, immunofluorescence slides were observed under a Nikon 

Eclipse 400 upright fluorescent microscope or under an Olympus widefield 

fluorescent microscope. In the Nikon Eclipse, the 20X objective lens NA 0.4 was used 

and images were taken with the software CellSens Entry. With the Olympus BX51 

microscope with a Hamamatsu C10600 camera, the Velocity software (version 6.3) 

was used and images were captured using a 100x oil immersion Olympus objective, 

NA 1.30.  

All microscopy equipment was located in the Centre for Microscopy and Imaging at 

NUIG.  
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2.8.1. Find foci image analysis 

2.8.1.1. Image processing 

Tiff image files were imported into ImageJ using Bio-Formats plugin (Bio-Formats > 

Bio-Formats Importer). The split channels option was selected, creating two windows: 

one for Hoechst stained stacks and another for the ƔH2AX antibody stained stacks. A 

maximum intensity projection of each channel was also made to create a 2D image for 

analysis. 

Nuclei were highlighted by thresholding the image (Image > Adjust > Threshold) and 

choosing the optimal conditions per image. Then, each nuclei was counted as shown 

in Figure 2.3 (Analyse > Analyse particles > e.g.: Size: 50-Infinity).  

Clustered nuclei were manually deleted from the regions of interest (ROI) Manager 

(ROI Manager > delete), and drawn with a freehand tool. Each new nuclei was then 

added to the ROI Manager (ROI Manager > Add [t]), and saved as a .zip file. 

After identification of all ROI in the picture, a mask with all the nuclei was created 

(ROI Manager > Deselect > More > OR (Combine), Edit > Selection > Create Mask, 

Figure 2.4). The mask was saved as a .tiff file and had the same name as the original 

picture (e.g.: ‘Name of the original picture ROI Mask.tiff’).  

  

Figure 2.3: Criteria used to identify 
nuclei automatically before foci 
quantification. 
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Figure 2.4: Instructions to make a mask after selection of the region of interest (ROI) with ImageJ. Mask obtained 
after identification of all nuclei for foci quantification. 
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2.8.1.2. FindFoci plugin 

After image processing as shown in the previous section, both images were analysed 

by using the FindFoci GUI plugin (Herbert et al. 2014) in ImageJ. FindFoci plugin 

requires two pictures for analysis: a mask which only shows the nuclei as the ROI, and 

the maximum intensity projection of the ƔH2AX staining.  

After opening the FindFoci plugin (Plugins > GDSC > FindFoci > FindFoci GUI), 

specific parameters were selected as shown in the following figure (Figure 2.5). 

When FindFoci was run, a FindFoci mask was created. This mask showed the foci 

which were calculated by using the FindFoci plugin (Figure 2.6). The ROI Manager 

(with all the previously listed nuclei) was also opened following this step to distinguish 

nuclei without any foci, and to visualize which foci correspond to which nuclei.  

Figure 2.5: Interface and parameters used for foci quantification by using the FINDFOCI GUI plugin in ImageJ.
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To assign foci to nuclei, the ‘Assign Foci to Clusters’ plugin was opened while the 

FindFoci mask was selected. This plugin performs 2D clustering of the FindFoci 

results according to the parameters chosen (Figure 2.6). A preview option was also 

used to assess which were the parameters that fitted best with the ROI analysed. The 

results were then reported as two tables: one with the parameters chosen to assign foci 

to clusters and one with the details of each cluster. Each cluster showed information 

like size (number of foci per nuclei), coordinates in the image and weight (total 

intensity of all foci per nuclei). 

2.9. Software and online tools 

2.9.1. Primer design 

Gene and protein sequences were obtained from the NCBI, ENSEMBL and UniProt 

databases (www.ncbi.nlm.nih.gov, www.ensembl.org and www.uniprot.org).  

Figure 2.6: FindFoci mask (left) and Assign Foci to Clusters Plugin (right). The preview checkbox shows a live 
preview of the results, according to the parameters selected. 

http://www.ensembl.org
http://www.uniprot.org).
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Primer design was performed using Primer3web (bioinfo.ut.ee/primer3/) and 

specificity was checked using Primer-BLAST (www.ncbi.nlm.nih.gov/tools/primer-

blast/).  

Different algorithms were used to identify which was the most stable housekeeping 

gene for H2FAX transcript quantification by absolute qPCR. Some of the algorithms 

used were: RefFinder (https://www.heartcure.com.au/reffinder/), BestKeeper (gene-

quantification.de/bestkeeper.html), geNorm (https://genorm.cmgg.be/) and 

NormFinder (https://moma.dk/normfinder-software).  

GenScript Real-time PCR (TaqMan) Primer Design tool 

(https://www.genscript.com/tools/real-time-pcr-tagman-primer-design-tool) was also 

used to design a TaqMan probe for a multiplex qPCR.  

CRISPR/Cas9 guide RNA oligos were designed using CHOPCHOP Version I 

(chopchop.rc.fas.harvard.edu/).  

DNA sequences and plasmid maps were visualised using Snapgene Viewer (GSL 

Biotech) and sequencing results were aligned to DNA sequences using CLC Sequence 

Viewer (QIAGEN Bioinformatics).  

2.9.2. Bioinformatic analysis 

2.9.2.1. Cancer Cell Line Encyclopedia Database (CCLE) 

H2AFX copy number and mRNA levels were analysed in cell lines by using the Cancer 

Cell Line Encyclopedia Database (CCLE), (https://portals.broadinstitute.org/ccle). 

Gene copy numbers were obtained as an estimated copy number for a specific region 

(segment mean value). To convert this segment mean value to copy numbers, the 

following formula was used:  

퐻2퐴퐹푋	푐표푝푦	푛푢푚푏푒푟 = 	2	푥	2( 	 ) 

Copy number alterations (CNAs) for genes on chromosome 11 in breast cancer cell 

lines were plotted by their location using gene transcription start site coordinates from 

GRCh38.p10. The location of the centromere and H2AFX were indicated. 

 

http://www.ncbi.nlm.nih.gov/tools/primer-
https://www.heartcure.com.au/reffinder/),
https://genorm.cmgg.be/)
https://moma.dk/normfinder-software).
https://www.genscript.com/tools/real-time-pcr-tagman-primer-design-tool)
https://portals.broadinstitute.org/ccle).
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2.9.2.2. cBioPortal 

H2AFX copy number and mRNA levels were analysed in clinical samples by using 

cBioPortal (http://www.cbioportal.org/) (Cerami et al. 2012, Gao et al. 2013). H2AFX 

was queried in studies with a minimum of 500 samples using the keywords ‘H2AFX: 

DEL HETLOSS AMP GAIN MUT’ and the following genomic profiles were selected: 

mutations, putative copy-number alterations from GISTIC (Genomic Identification of 

Significant Targets in Cancer) algorithm, mRNA expression z-scores (RNA Seq V2 

RSEM).  

The METABRIC dataset was selected for further study because it is the largest human 

breast cancer study in cBioPortal, with both copy number and mRNA data (Curtis et 

al. 2012, Pereira et al. 2016). H2AFX CNAs, mRNA levels and clinical data were 

downloaded via cBioPortal.  

2.9.2.3. METABRIC dataset 

Expression data for luminal samples in the METABRIC dataset was assembled for 

295 genes in the chromosome 11q arm with transcription start site downstream of 

coordinate 80 Mbp in GRCh38.p10. The samples were grouped according to the 

number of H2AFX copies. For each H2AFX CNA group, for each individual gene the 

mean expression of LumA samples was subtracted from the mean for LumB. These 

LumB-LumA expression differences were sorted by value and the percentile rank of 

H2AFX expression was identified. The distribution of gene expression differences was 

plotted separately for each H2AFX CNA group. 

2.9.3. qPCR analysis 

For qPCR analysis two softwares were used: StepOne Software (ThermoFisher) to 

analyse transcripts, and CopyCaller (Applied Biosystems) to analyse gene copy 

numbers.  

2.9.4. Imaging softwares 

Bright field images were obtained using Olympus inverted light microscope using a 

motic camera with the Motic Images Plus 3.0(x64) software.  

http://www.cbioportal.org/)
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H&E slides were observed under a Leica DM500 brightfield microscope operated by 

the Leica Application Suite software (version 4.1).  

Immunofluorescence slides were observed under a Nikon Eclipse 400 upright 

fluorescent microscope, an Olympus BX51 widefield fluorescent microscope or an 

andor spinning disk confocal microscope. In the Nikon Eclipse, images were taken 

with the software CellSens Entry. With the Olympus, images were taken with the 

Velocity software (version 6.3). With the Andor, images were taken with the Andor 

iQ3 software. 

Image analysis was carried out with ImageJ (version 2.0). 

2.9.5. Protein and flow cytometry analysis 

Histone extracts were analysed after fluorescent quantitative western blot with Image 

Studio Version 5.2.   

Flow cytometry data was analysed by using the BD Accuri and FlowJo software. 

2.9.6. Statistical analysis 

Data was analysed using GraphPad Prism 8.0.1. and Minitab (Windows) software. 

Data is expressed as means ± standard error of the mean. Significance was assumed 

when p < 0.05. 
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Chapter 3:  
Analysis of H2AFX transcript 

abundance 
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3.1. Introduction 

3.1.1. H2AFX transcripts  

H2AX is one of the most abundant variants of the canonical histone H2A in mammals, 

with levels estimated to vary between 2-25% depending on the cell line or tissue 

(Rogakou et al. 1998). Most histone variants are synthesized from polyadenylated 

mRNAs and their incorporation into nucleosomes is not dependent on DNA synthesis. 

Most histone variants are also expressed at very low levels when compared to the 

canonical histones and throughout the cell cycle. In contrast, canonical histones are 

synthesized from non-polyadenylated mRNA, and their incorporation into 

nucleosomes is replication-dependent (Marzluff 2005). The transcripts of canonical 

histones are characterized by a 3′ end stem-loop structure which contributes to their 

stability (Pandey and Marzluff 1987, Dominski and Marzluff 1999).  

H2AFX is an interesting gene since it encodes two transcripts: A 0.6 kb short non-

polyadenylated transcript, and a 1.6 kb long polyadenylated transcript (Figure 3.1). 

Both transcripts encode a 142 amino acid protein which has a unique and highly 

conserved SQ-motif (SQ(D/E)(I/L/F/Y) in the C-terminal sequence (Mannironi et al. 

1989). It is in this region, more specifically on serine 139, that H2AX is 

phosphorylated by kinases of the PIKK family, initiating the DNA damage response 

(Rogakou et al. 1998).  

Figure 3.1: H2AFX transcripts and location of the primers used for RT-qPCR. The H2AFX gene has two 
transcripts: A 0.6 kb short transcript with no poly-A tail, and a 1.6 kb long transcript with a poly-A tail. Both 
transcripts encode the same 142 amino acid protein (Adapted from Pinto and Flaus 2010). 
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There are several reports that describe H2AFX expression in cancer. H2AFX 

overexpression has been shown in many human cancers (Rezaeian et al. 2017) 

including in over 20% of all breast cancers (Seo et al. 2012). In contrast, H2AFX has 

also been described as a tumour suppressor gene. For example, H2AFX null mice are 

radiation sensitive and show chromosome instability and repair defects (Celeste et al. 

2002). Mice which are either heterozygous or homozygous null for H2AFX, in 

combination with p53 deficiency, show enhanced susceptibility to cancer (Bassing et 

al. 2003).  

3.1.2. qPCR methodology 

Two of the most commonly used assays for real time qPCR are SybrGreen and 

TaqMan. The TaqMan assay requires a dual-labelled oligonucleotide (known as a 

TaqMan probe) and a primer set, each of which is sequence-specific. The TaqMan 

probe is characterized by a fluorescent reporter at the 5′ end and a quencher at the 3′ 

end. This means that when the probe is intact the fluorescence of the reporter is 

inhibited due to its proximity to the quencher. However, during the qPCR 

amplification as the Taq polymerase extends the primer and it synthesizes the nascent 

strand, the 5′ to 3′ exonuclease activity of the Taq polymerase degrades the probe that 

is annealed to the template. As a result, the reporter is separated from the quencher 

and the fluorescent signal is proportional to the amount of amplified product in the 

template. Different fluorophores (e.g: 6-carboxyfluorescein [FAM], 

tetrachlorofluorescein [TET], 2′-chloro-7′phenyl-1,4-dichloro-6-carboxy-fluorescein 

[VIC] and quenchers (eg. non fluorescent quencher [NFQ], tetramethylrhodamine 

[TAMRA]) are available commercially for the TaqMan qPCR. TaqMan assays are 

known to have high specificity, high signal-to-noise ratio, and can be used in multiplex 

reactions. The main disadvantages are the cost of the probes and also the design of a 

multiplex assay can be challenging.  

The SybrGreen assay is the most commonly used method due to its relatively low cost, 

and basic setup requirements. It is based on the binding of a fluorescent dye to the 

double stranded DNA (dsDNA) formed during PCR. This means that any dsDNA 

including non-specific reaction products like primer dimers will contribute to the 

overall fluorescence in the qPCR reaction. Another drawback of the SybrGreen 
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technologies is that it cannot be used in a multiplex reaction, since the fluorescent 

signal from different targets cannot be distinguished.  

qPCR expression data can be expressed as either ‘absolute’ or ‘relative’ values. With 

absolute qPCR, the actual number of copies of the target sequence is determined by 

comparison to a standard curve of samples which are also measured, such as the 

number of copies per cell or number of copies per µg of total RNA input. With relative 

qPCR, the expression level or fold difference of the target is described relative to the 

expression observed in control or reference sample. 

3.1.2.1.  Normalization methods 

In order to measure accurately the quantities of the transcripts of interest, it is crucial 

to consider the biological differences between the samples and the variability 

introduced by the techniques used.  Some of this variability can be introduced by errors 

in RNA quantification, RNA quality, and the efficiency of cDNA synthesis. To reduce 

experimental errors, a normalizer gene or a reference gene should be used. The 

reference gene is typically a housekeeping gene whose expression should be relatively 

constant under the experimental conditions of the assay. The most commonly used 

housekeeping genes are glyceraldehyde-3-phosphatedehydrogenase (GAPDH), ß-

Actin (ACTB) and 18S ribosomal RNA.  

To ensure that there is consistent expression of the reference gene, the expression level 

of that gene must be validated, as the expression of reference genes can vary under 

certain experimental conditions. RefFinder is a web-based tool that evaluates and 

screens reference genes from experimental datasets (De Spiegelaere et al. 2015). These 

experimental datasets are usually obtained from multiple qPCR reactions and they are 

introduced in RefFinder by the researcher as raw Cq values of the reference genes 

across the biological samples and experimental conditions to be tested. Cq values are 

known as ‘cycle quantifications’, which are the number of qPCR cycles required to 

detect a meaningful signal above background levels from the sample.  

RefFinder comprises four major computational algorithms: geNorm (Vandesompele 

et al. 2002), NormFinder (Andersen et al. 2004), BestKeeper (Pfaffl et al. 2004) and 

comparative delta Ct (Silver et al. 2006)). Based on the rankings from each program, 
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RefFinder assigns a weight to an individual gene, calculates the geometric mean of 

these weights and it generates a final overall ranking according to the raw Cq values 

introduced as the input. The outcome from the various algorithms is often divergent 

due to the different approaches used to evaluate the gene expression stability.  

3.1.3. Aims of this study 

Considering that very little is known about H2AFX transcript regulation in breast 

cancer, this chapter focuses on exploring the mRNA expression of H2AFX short and 

long transcripts in a panel of breast cell lines available in our laboratory and in clinical 

samples. To establish a sensitive and precise assay for H2AFX transcript abundance, 

the commonly used real time PCR chemistries SybrGreen and TaqMan were 

compared. Reference genes were also analysed across different cell lines. The most 

stable reference gene was then used for normalization of H2AFX transcripts by 

absolute qPCR.  
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3.2. Analysis of H2AFX transcript abundance in breast cell 
lines 

H2AFX transcript abundance was studied using an absolute qPCR approach, which 

allows an accurate quantification of both H2AFX transcripts in each cell line when the 

same amount of total RNA is used. This approach requires an external standard to 

allow determination of the absolute amount of the transcripts in each experiment. A 

recombinant H2AFX plasmid was used as this standard. This plasmid had been 

generated by cloning the H2AFX gene into the plasmid pGEM-T Easy (Promega) by 

previous researchers working on this project (Eykelenboom unpublished). 

The concentration of the plasmid preparation was measured using the Qubit dsDNA 

BR Assay Kit (Thermo Fisher Scientific). To determine the exact number of copies of 

H2AFX in the recombinant plasmid stock, the equation shown in Section 2.2.8.1 was 

used and stock was prepared containing 107 H2AFX copies/µL. From this stock a 1:10 

dilution series was prepared before each qPCR reaction, which allowed a standard 

curve to be generated. The number of H2AFX transcripts per sample was then 

calculated based on the standard curve and each H2AFX transcript was normalized to 

100% efficiency.  

3.2.1. Optimization of TaqMan qPCR assay to detect H2AFX 
transcripts 

A commercially available probe (Hs01573336_s1, #4351372, ThermoFisher 

Scientific) was tested to analyse the H2AFX long transcript (LO). A probe and primers 

were designed to analyse H2AFX short transcript since this was not available 

commercially (Figure 3.1). The design was based on GenScript Real-time PCR 

(TaqMan) Primer Design. Primer BLAST was also performed to ensure that these 

primers were specific to the H2AFX sequence. The primer and probe details for both 

transcripts are described in Table 2.14. 

Since one of the main advantages of the TaqMan qPCR is multiplexing, the long 

transcript was detected with a FAM-MGB Taqman probe, while the short transcript 

was detected with a VIC-MGB Taqman probe. Ratios of forward and reverse primer 

concentrations and probes were also tested in a dilution series of the H2AFX plasmid 

to optimize the conditions of the TaqMan assay. Amplification efficiency was 
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calculated based on the slope of the standard curve, by using the equation described in 

Section 2.2.8.2. Since different PCR efficiencies were seen in different qPCR runs 

(Figure 3.2), only qPCR reactions with efficiencies between 85-115% were used for 

the analysis of H2AFX transcript abundance.  

In a simplex reaction the ‘long only’ (LO) primer set was tested at 1 and 1.8 times the 

manufacturer’s supplied concentration and it was found that the LO primer set had 

similar efficiencies when used at a concentration of 1.8 . The probe/primer set which 

can detect both short and long transcripts (SL) had similar efficiencies with 300 nM 

and 600 nM of forward and reverse primers and 400 nM or 500 nM of probe. In a 

multiplex reaction, the best LO primer set condition of 1.8 times the manufacturer’s 

supplied concentration was combined with both primers and probe conditions tested 

previously. 1.8 times LO combined with 300 nM of forward and reverse primers and 

400 nM SL achieved the best results in a multiplex reaction based on primer efficiency 

Figure 3.2: qPCR efficiency with TaqMan qPCR. qPCR efficiency was evaluated with different primer and probe 
sets, used in a singleplex and a multiplex approach. Amplification efficiency was calculated based on the slope a 
10 fold dilution series of the standard curve. PCR efficiency was calculated as 10 ^ (-1/slope) – 1. SL= short + 
long primer pair; LO = long only primer pair. SL 600:600:500 refers to 600 nM of primer forward and reverse 
and 500 nM of probe. Each symbol corresponds to one experiment. Mean ± SEM, n ≥ 3.  
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and reproducibility. However, probe competition was seen in the duplex reactions 

analysed, favouring the LO transcript even though the reaction efficiencies did not 

change significantly (data not shown).  

PCR efficiency varied in the range 80-130% between transcript runs, giving intra and 

inter-variability across plates even after several months of optimization. To enable 

more accurate comparisons between samples and cell lines in different plates, 

quantifications were normalized to 100% efficiency in each qPCR reaction. 

In summary, both H2AFX transcripts were analysed by using a singleplex and a 

multiplex TaqMan qPCR. In a singleplex reaction, the LO probe and primer set had 

better efficiencies when used at 1.8 times the manufacturer’s recommendations, while 

the SL probe/primer set had similar efficiencies with 300 nM and 600 nM of forward 

and reverse primers and 400 nM or 500 nM of probe. In a multiplex reaction, 1.8 times 

LO combined with 300 nM forward and reverse primers and 400 nM SL probe 

achieved the best results. Due to the probe competition seen in the Cq values in a 

duplex reaction, a singleplex TaqMan qPCR was used to further analyse normal breast 

and cancer derived cell lines. For this analysis, 1.8 times LO probe combined with 600 

nM forward and reverse primers and 500 nM SL probe was used. These concentrations 

were used to provide excess of primers and probes in a reaction with unknown amount 

of transcripts.  

3.2.1.1. Analysis of H2AFX transcripts using TaqMan qPCR  

After extensive qPCR optimization, the number of H2AFX transcripts was analysed in 

the panel of seven breast cell lines available in our laboratory using a singleplex 

TaqMan approach. Total RNA was extracted, quantified with Qubit and 2 µg total 

RNA was reverse transcribed and diluted 1:3 before qPCR reaction. 

The number of H2AFX transcripts per sample was calculated based on the standard 

curve and each H2AFX transcript measurement was normalized to 100% efficiency. 

Since the H2AFX SL primer pair binds to both H2AFX short and long transcripts, the 

number of H2AFX short transcripts per sample was calculated by subtracting H2AFX 

LO measurements from H2AFX SL measurements (Section 2.2.8.4.3).  
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The short H2AFX transcript was significantly more abundant than the long H2AFX 

transcript in all cell lines tested (Two-way ANOVA, p < 0.0001, Figure 3.3). There 

were no statistically significant differences in the amount of either the short of long 

H2AFX transcripts across the cell lines tested (Tukey's multiple comparisons test, p > 

0.1).  

 

Number of short H2AFX transcripts  

per 66.6 ng of total RNA 

Cell line n1 n2 n3 average SEM 

MCF10A 44537 159695 43895 82709 38493 

MCF7 149128 371269 259360 259919 64127 

T47D 173403 483247 282231 312960 90754 

MDA-MB-436 713201 217460 136441 355700 180274 

BT20 58263 296916 126734 160638 70948 

BT549 34 133310 34420 55922 39947 

MDA-MB-231 105927 332124 759253 399101 191549 

 

  

A 

B 
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Number of long H2AFX transcripts  

per 66.6 ng of total RNA 

Cell line n1 n2 n3 average SEM 

MCF10A  2658 7327 3157 4380 1480 

MCF7 11328 37966 69155 39483 16710 

T47D 17469 34188 15682 22446 5893 

MDA-MB-436  36414 6102 6595 16371 10023 

BT20 2334 29959 18570 16954 8016 

BT549  264 10720 7038 6007 3062 

MDA-MB-231 5672 23186 33834 20897 8210 

The relationship between the abundance of the short and long H2AFX transcripts was 

investigated and there was a positive correlation between the abundance of the short 

and long H2AFX transcript in these cell lines (p < 0.0001, R2 = 0.75, Figure 3.4). 

 

 

Figure 3.4: Scatter plot showing the correlation between the number of short and long H2AFX transcripts in 
samples from breast cell lines after analysis using TaqMan qPCR. Same data as shown in Figure 3.3. The solid 
black line represents the linear regression line (p < 0.0001, R2 = 0.75, n = 20). 

Figure 3.3: Number of H2AFX mRNA transcripts in a panel of normal and breast cancer derived cell lines 
measured by TaqMan qPCR (A). Raw values of short (B) and long (C) H2AFX transcript abundance per biological 
replicate (n1, n2, n3) in each cell line. 2 µg of total RNA from each cell line was reversed-transcribed to cDNA, 
cDNA was diluted 1:3 and used as template for TaqMan qPCR reaction. 66.6 ng of total RNA was used per qPCR 
reaction. Samples were divided by their PAM50 subtype classification. MCF10A – non tumorigenic breast cell 
line; MCF7, T47D, MDA-MB436, BT20, BT549, MDA-MB-231 – tumorigenic breast cell lines. “Short” refers to 
the 0.6 kb short transcript with no poly-A tail. “Long” refers to the 1.6 kb long transcript with a poly-A tail. Mean 
± SEM, n = 3. 

C 
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3.2.2. Optimization of SybrGreen qPCR to detect H2AFX 
transcripts  

Two primer pairs were designed to detect H2AFX transcripts by SybrGreen qPCR. A 

primer set identified as ‘Short + Long’ (SL) since it is common to both H2AFX 

transcripts as it is located within the coding region, and a primer set identified as ‘Long 

Only’ (LO) since it is specific to the long transcript as it is located downstream of the 

stem loop (Figure 3.1). 

Multiple primer sets were tested combination with SybrGreen qPCR assay (data not 

shown). The ratio of forward and reverse primer concentration, as well as different 

denaturation and annealing temperatures were optimised. This optimization was 

initially focused on the recombinant H2AFX plasmid as a template and then cDNA 

from cell lines. The number of H2AFX copies in the H2AFX pGEM-T Easy plasmid 

was calculated. Then, a 1:10 dilution series of the standard curve was made before 

each qPCR reaction. The H2AFX SL primer pair required a higher annealing 

temperature in comparison to the LO primer pair to increase primer specificity (data 

not shown). 

Figure 3.5 and 3.6 show the melting curves (A) and the standard curves (B) of H2AFX 

plasmid when the best qPCR conditions for SL and LO primer pairs were used, 

respectively. Melting curves confirmed the specificity of the primers studied and 

identified potential genomic contamination or the presence of primer dimers. This 

contamination can affect the Cq values and impair the sensitivity of the technique. As 

an example, primer dimers are shown as non-specific peaks on the melting curve (in 

Figure 3.5 in purple). The conditions were considered optimised when a PCR 

efficiency of between 90-110% ± 5% was reproducibly obtained.  
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 Figure 3.5: Optimal qPCR conditions for H2AFX ‘short+long’ transcript quantification using SybrGreen. 900 nM 
of forward primer and 400 nM of reverse primers were used to achieve the best results to detect the transcript 
which is common to both short and long H2AFX transcript in a SybrGreen qPCR reaction A – melting curve; B –
standard curve (with efficiency of 104%).   

 

Figure 3.6: Optimal qPCR conditions for the H2AFX ‘long only’ transcript quantification using SybrGreen. 900 
nM of forward primer and 300 nM of reverse primers were used to achieve the best results to detect H2AFX long 
only transcript in a SybrGreen qPCR reaction. A – melting curve; B – standard curve (with efficiency of 111%).   
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3.2.2.1. Selection of MRPL19 as a suitable reference gene for 
SybrGreen qPCR analysis of H2AFX transcripts 

Three reference genes commonly used in breast cancer research were analysed to test 

for the best reference gene among the cohort of cell lines tested, glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), Mitochondrial Ribosomal Protein L19 

(MRPL19) and Peptidylprolyl Isomerase A (PPIA). GAPDH is one of the most 

common housekeeping genes used in qPCR (de Jonge et al. 2007). MRPL19 and PPIA 

are suggested to be amongst two of the most reliable housekeeping genes in primary 

breast tissues (McNeill et al. 2007) and in cell lines (Szabo et al. 2004, Liu et al. 2015). 

Primer sets for all three genes were used to measure gene expression stability in three 

independent experiments across seven cell lines (Table 2.6). The raw Cq values 

obtained from these independent experiments using these three housekeeping genes 

were introduced in RefFinder (data not shown). RefFinder is an online tool that 

includes four major computational algorithms (geNorm, NormFinder, BestKeeper and 

the Delta Ct method), that compares the Cq values of each gene to identify which is 

the best and more stable reference gene.   

MRPL19 was the most stable gene across the cell lines tested followed by PPIA and 

then GAPDH, regardless of the algorithm used in RefFinder (Figure 3.7). Since 

MRPL19 was the most stable gene across the cell lines tested, it was used in all the 

subsequent qPCR experiments for normalization. 
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3.2.2.2. Analysis of H2AFX transcripts using SybrGreen qPCR  

After extensive qPCR optimization using SybrGreen, H2AFX transcript abundance 

was analysed in the same panel of breast cell lines as described when using the 

TaqMan chemistry (Figure 3.3). Total RNA was extracted from 3 x 106 cells and 

quantified with Qubit. 2 µg total RNA was reverse transcribed and diluted 1:3. Each 

H2AFX transcript was normalized to MRPL19 (Section 2.2.8.3.1).  

The short H2AFX transcript was significantly more abundant than the long H2AFX 

transcript in all the cell lines tested (Two-way ANOVA, p < 0.0001, Figure 3.8). There 

were no statistically significant differences in the amount of H2AFX long transcript 

measured across the cell lines tested (Tukey's multiple comparisons test, p > 0.9). 

However, MDA-MB-231 had higher abundance of the short H2AFX transcript in 

comparison to all the other cell lines tested (Tukey's multiple comparisons test, p < 

0.04). Also, the short H2AFX transcript abundance was lower in the non-tumorigenic 

cell line MCF10A compared to MCF7 (Tukey's multiple comparisons test, p < 0.007) 

and to MDA-MB-231 (Tukey's multiple comparisons test, p < 0.0001).  

A 

B 

Figure 3.7: Ranking order (A) and relative score (B) of the candidate genes obtained with the RefFinder web-
tool. RefFinder is based on the rankings from Delta Ct, BestKeeper, NormFinder and geNorm algorithms, which 
assign an appropriate weight to an individual gene and calculate the geometric mean of their weights for the 
overall final ranking. 
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Number of short H2AFX transcripts  

per 66.6 ng of total RNA 

Cell line n1 n2 n3 average SEM 

MCF10A 44537 159695 43895 82709 38493 

MCF7 149128 371269 259360 259919 64127 

T47D 173403 483247 282231 312960 90754 

MDA-MB-436 713201 217460 136441 355700 180274 

BT20 58263 296916 126734 160638 70948 

BT549 34 133310 34420 55922 39947 

MDA-MB-231 105927 332124 759253 399101 191549 

  
 

Number of long H2AFX transcripts  

per 66.6 ng of total RNA 

Cell line n1 n2 n3 average SEM 

MCF10A  2658 7327 3157 4380 1480 

MCF7 11328 37966 69155 39483 16710 

T47D 17469 34188 15682 22446 5893 

MDA-MB-436  36414 6102 6595 16371 10023 

BT20 2334 29959 18570 16954 8016 

BT549  264 10720 7038 6007 3062 

MDA-MB-231 5672 23186 33834 20897 8210 

A 

B 

C 
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The relationship between the abundance of the short and long H2AFX transcript 

abundance was investigated by placing the measurements obtained in Figure 3.8 on a 

scatter plot. There is a correlation between the short and the long H2AFX transcripts 

in the cell lines studied (p < 0.0001, R2 = 0.6, Figure 3.9). 

 

 

Figure 3.9: Correlation between the number of short and long H2AFX transcripts in breast cell lines measured by 
SybrGreen qPCR. Same data as shown in Figure 3.8. The solid black line represents the linear regression line (p < 
0.0001, R2 = 0.6, n = 19). 

Figure 3.8: Number of H2AFX mRNA transcripts in a panel of normal and breast cancer derived cell lines 
measured by SybrGreen qPCR (A). Raw values of short (B) and long (C) H2AFX transcripts are shown per 
biological replicate (n1, n2, n3) and cell line. 2 µg of total RNA from each cell line was reversed-transcribed to 
cDNA, cDNA was diluted 1:3 and used as template for qPCR reaction. 66.6 ng of total RNA was used per qPCR 
reaction. Samples were normalized to MRPL19. Samples are divided by their PAM50 subtype classification. 
MCF10A – non tumorigenic breast cell line; MCF7, T47D, MDA-MB436, BT20, BT549, MDA-MB-231 – 
tumorigenic breast cell lines. ‘Short’ refers to the 0.6 kb short transcript with no poly-A tail. ‘Long’ refers to the 
1.6 kb long transcript with a poly-A tail. Tukey’s multiple comparison test after one-way ANOVA of the mean 
distribution of H2AFX mRNA abundance across cell lines (** p < 0.07, *** p < 0.04) Mean ± SEM, n = 3. 
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3.2.3. Comparison between SybrGreen and TaqMan qPCR 

H2AFX transcript abundance was analysed in a panel of breast cell lines after extensive 

qPCR optimization by using TaqMan (Figure 3.3) and SybrGreen (Figure 3.8) 

technologies.  

Higher levels of short H2AFX transcript were seen in comparison to the long transcript 

in all cell lines tested with both qPCR technologies (Two-way ANOVA, p < 0.0001). 

With TaqMan qPCR, no statistically significant differences were detected between the 

amounts of H2AFX short or long transcript across the cell lines tested. Similar results 

were obtained with the SybrGreen qPCR for the long H2AFX transcript with no 

differences detected between cell lines. However, differences were detected in the 

abundance of short H2AFX transcript. The MDA-MB-231 cells expressed higher 

levels than all others tested, and the MCF10A cells expressed lower levels than MCF7. 

One explanation for this discrepancy is the higher standard deviation observed with 

the TaqMan qPCR measurements, which can be attributed to the lack of a 

normalization step. Therefore, MRPL19 should also have been used is this assay to 

reduce potential variability introduced via the sample input and by the techniques used. 

However, this normalization step would require the design and the purchase of primers 

and probe for the MRPL19 gene, the optimisation of this technique as a singleplex and 

a multiplex reaction, plus the analysis of the potential probe inhibition during 

multiplexing. For these reasons, TaqMan experiments were discontinued.  

Another important observation is that similar quantities of each H2AFX transcript 

were seen with both qPCR techniques, despite initial concerns related to the sensitivity 

of SybrGreen. For these reasons, SybrGreen chemistry was used for the remaining 

qPCR studies. 
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3.3. Analysis of H2AFX transcript abundance in clinical 
samples  

To analyse H2AFX transcript abundance in primary human breast cancers, total RNA 

from post-menopausal women with invasive breast cancer was requested from the 

National Breast Cancer Rese7arch Institute Biobank held within the Department of 

Surgery at NUIG. The selected cohort of samples were from women who did not 

receive any neoadjuvant chemotherapy in order to reduce variability in the cohort. The 

age of the patient, tumour grade, tumour stage, therapy regime, PAM50 classification, 

and ER/PR/HER2 status were made available for this sample cohort. 

cDNA was synthesized from 1 µg total RNA and diluted 1:2 before qPCR. The 

optimised SybrGreen qPCR methodology enabled the abundance of the short and long 

H2AFX transcripts to be measured in all samples. The data is presented based on the 

classification of the tumours as either Luminal A (LumA) or Luminal B (LumB) 

(Figure 3.10). No significant differences were seen either between the abundance of 

H2AFX transcripts and the clinical data obtained, such as age of the patient at the 

diagnosis, grade, stage and Nottingham Prognostic Index (NPI) group (data not 

shown). 

As shown in Figure 3.10, higher levels of short H2AFX transcript were seen in LumB 

samples compared to LumA samples (Tukey's multiple comparisons test, p < 0.0001), 

with 17649 ± 3360 (mean ± SEM) and 6181 ± 1404 (mean ± SEM) of short transcripts, 

respectively. The abundance of the long H2AFX transcript did not vary significantly 

between the LumA and LumB groups (Tukey's multiple comparisons test, p = 0.8), 

with an average of 2268 ± 337 (mean ± SEM). Interestingly, no differences were seen 

between the levels of short and long H2AFX transcript in LumA tumours (Mann 

Whitney test, p > 0.4). 

 

The relationship between short and long H2AFX transcript abundance was also 

investigated. A correlation between short and long H2AFX transcripts was seen in the 

clinical samples studied (p < 0.0001, R2 = 0.5, Figure 3.11). 
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 Number of H2AFX transcripts per 66.6 ng of total RNA 
 Short Long 

Cancer 
subtype LumA LumB LumA LumB 

 2149 12417 724 3339 
 825 19395 1082 2215 
 2234 12355 1910 3259 
 5537 26427 1670 4024 
 14046 - 4583 - 
 5977 - 3099 - 
 6145 - 727 - 
 217 - 115 - 
 11585 - 2282 - 
 11276 - 3252 - 
 8000 - 1732 - 

n (total) 11 4 11 4 
average 6181 17649 1925 3209 

SEM 1404 3360 397 373 
 

 

 

  

Figure 3.10: Number of short and long H2AFX transcripts in clinical samples measured by SybrGreen qPCR (A). 
Number of transcripts was estimated as if 66.6 ng of total RNA was used per qPCR reaction. Raw values of short 
and long H2AFX transcripts in the clinical samples analysed (B). Samples were divided by their PAM50 subtype 
classification. ‘Short’ refers to the 0.6 kb short transcript with no poly-A tail. ‘Long’ refers to the 1.6 kb long 
transcript with a poly-A tail. Tukey’s multiple comparison test after one-way ANOVA of the mean distribution of 
H2AFX mRNA abundance in luminal A and B clinical samples (**** p < 0.0001). Mean ± SEM, n = 15. Each 
symbol corresponds to one breast sample. 

 

A 
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3.4. Discussion 

Contradictory data on H2AFX expression has been described in several cancer studies. 

H2AFX overexpression has been described in human cancers (Seo et al. 2012, 

Rezaeian et al. 2017), but H2AFX has also been characterized as a tumour suppressor 

gene in mice (Celeste et al. 2002, Bassing et al. 2003).  

To establish a clearer understanding of H2AFX gene expression in cell lines and in 

clinical samples, a robust qPCR method was established. H2AFX encodes two 

transcripts: A 0.6 kb short non-polyadenylated transcript, and a 1.6 kb long 

polyadenylated transcript.  

Since the ultimate goal of this chapter was to establish a robust technique to evaluate 

transcript abundance in clinical samples, TaqMan and Sybr Green qPCR techniques 

were compared. TaqMan is a more specific and sensitive technique; but the cost of 

probes and the challenges of optimization made it difficult to implement. Initially, the 

TaqMan qPCR seemed the most attractive technique to analyse clinical samples 

because it offered the possibility of multiplexing to reduce errors in the readout of both 

Figure 3.11: Correlation between the number of short and long H2AFX transcripts in clinical samples measured 
by SybrGreen qPCR. The solid black line represents the linear regression line (p < 0.0001, R2 = 0.5, n = 15). 
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H2AFX transcripts from the same sample. However, multiplexing was complicated by 

probe competition. This effect was seen in a duplex reaction, which favour the LO 

transcript, even though the reaction efficiencies did not change significantly (data not 

shown). The duplex reaction is commonly used for two different transcripts in different 

locations whereas in this case two TaqMan probes were annealed in the same H2AFX 

transcript. Very little is known about the potential interactions of two TaqMan probes 

in the same transcript, which might affect the amplification of the target due to 

unwanted interactions between primers and probes. For these reasons, a singleplex 

qPCR is more suitable for the analysis of H2AFX transcripts. A normalization step 

with MRPL19 was also considered for the TaqMan qPCR to reduce potential 

variability introduced by errors in RNA quantification, RNA quality, and the 

efficiency of cDNA synthesis. However, due to the challenges associated with the 

design of a multiplex assay, and the potential competition observed in a multiplex 

reaction, the TaqMan experiments were discontinued. Another important observation 

is that similar quantities of each H2AFX transcript were seen with both qPCR 

techniques, despite initial concerns related to SybrGreen’s sensitivity. For these 

reasons the SybrGreen qPCR was used as the method of election in the following 

qPCR experiments.  

To improve the accuracy of the results between qPCR reactions, the PCR efficiency 

was calculated (Figure 3.2). Theoretically, the PCR efficiency should not change 

significantly in each qPCR reaction. However, even after extensive optimization 

variation of PCR efficiency is observed from 80-130% between qPCR reactions. To 

facilitate comparison and to maximize the accuracy of the results obtained, 

quantifications were normalized to 100% efficiency in all qPCR reactions. However, 

to our knowledge, this is not a commonly used approach and many researchers assume 

100% efficiency between experiments (Taylor et al. 2019).  

The three potential reference genes MRPL19, GAPDH and PPIA were investigated to 

improve the accuracy of the results obtained. GAPDH is as one of the most commonly 

used housekeeping genes for qPCR (de Jonge et al. 2007), whereas MRPL19 and PPIA 

are suggested to be amongst the most reliable housekeeping genes in normal and in 

breast cancer tissues (McNeill et al. 2007, Gur-Dedeoglu et al. 2009) and in cell lines 

(Szabo et al. 2004, Liu et al. 2015). Classical housekeeping genes including GAPDH 
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and ACTB have been shown to be unsuitable as reference genes since their expression 

varies between different experimental conditions and tissues (Revillion et al. 2000, 

Radonic et al. 2004, Tilli et al. 2016). This means that it is important to validate the 

reference genes prior to the qPCR experiments in the experimental samples which will 

be measured. 

The RefFinder web-based tool was used to compare and rank the above mentioned 

genes from experimental datasets (Xie et al. 2012, De Spiegelaere et al. 2015). In this 

study, MRPL19 had the highest ranking for all samples analysed as the most stable 

gene in all the algorithms used (Figure 3.7). 

After intensive qPCR optimization, H2AFX transcript abundance was analysed in the 

non-tumorigenic MCF10A and in six breast cancer cell lines (Figure 3.3 and Figure 

3.8). The panel of breast cancer cell lines included LumA and basal-like subtypes. We 

hypothesized that differences in H2AFX transcript abundance would be seen in cell 

lines with different subtypes. The short H2AFX transcript was significantly more 

abundant than the long H2AFX transcript in all cell lines tested, whereas the abundance 

of the long H2AFX transcript did not vary across the cell lines tested. Differences in 

the abundance of the short H2AFX transcript were seen with the SybrGreen qPCR 

(Figure 3.8). The basal-like MDA-MB-231 cell line had higher short H2AFX transcript 

abundance than the other cell lines tested but no other basal-like cell line had increased 

levels of short H2AFX transcript when compared to MCF10A or the LumA cell lines. 

Short H2AFX transcript abundance was also lower in MCF10A compared to MCF7, 

but no changes were seen in T47D, which is also a LumA cell line. Therefore, in 

overall conclusion, with the exception of MCF10A which had statistically lower 

transcript levels compared to MCF7 and MDA-MB-231, no variation in H2AFX 

transcript abundance was observed between the non-tumorigenic and the other tumour 

derived breast cell lines. 

To measure H2AFX transcripts in clinical samples, total RNA from women with 

invasive breast cancer was obtained from the National Breast Cancer Research 

Institute Biobank (Figure 3.10). The majority of samples were luminal samples since 

LumA and LumB are the most frequent breast cancer subtypes. Unfortunately, no 

normal breast samples were available, due to the limited number of these samples in 

the biobank. In the cohort tested, LumB samples had a higher abundance of the H2AFX 
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short transcript compared to LumA samples, which suggests that this transcript is 

differently regulated according to the breast cancer subtype. The abundance of the 

long H2AFX transcript did not vary in the samples tested. A correlation between the 

abundance of the short and long H2AFX transcripts was seen in cell lines with both 

qPCR methodologies analysed and in human cancer samples (Figure 3.4, Figure 3.9 

and Figure 3.11). To our knowledge, this is the first study which has measured the 

abundance of both H2AFX transcripts in breast-derived cell lines and in clinical 

samples. Understanding the availability of each H2AFX transcript might correlate with 

the H2AX protein levels and its capacity to be phosphorylated during the DNA 

damage response. Therefore, further experiments should be made to explore H2AFX 

transcript regulation characteristics such as mRNA half-life, transcription rate, and 

kinetics of each H2AFX transcript.  

In conclusion, a robust absolute quantitative PCR method was developed to 

characterize H2AFX transcript abundance in breast cell lines and in human breast 

cancer samples. SybrGreen qPCR was chosen as the method of choice for the analysis 

of H2AFX transcripts due to its simplicity, cost, and due to consistent results with 

TaqMan qPCR.  

After extensive qPCR optimization, H2AFX transcript abundance was analysed in a 

panel of breast non-tumorigenic MCF10A and cancer derived cell lines. Short H2AFX 

transcript was significantly more abundant than the long H2AFX transcript in all cell 

lines tested, while the long H2AFX transcript did not vary. No changes were seen in 

H2AFX transcript abundance between breast cancer subtypes. Total RNA from 

women with invasive breast cancer was obtained and showed that LumB samples had 

higher levels of H2AFX short transcript than LumA samples, whereas long H2AFX 

transcript did not vary in the samples tested.  

A correlation between the abundance of the short and long H2AFX transcripts was 

seen in both cell lines and in clinical samples. Validation of the relationship between 

the abundance of these transcripts is important since it supports the use of H2AFX 

expression data which only reports the long, polyadenylated transcript in large 

publically-available breast cancer patient datasets. The use of large publically-

available datasets to evaluate H2AFX transcripts will be further explored in the 

following chapter.  
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Chapter 4:  
Analysis of H2AFX copy number, 

gene expression and mutational 
signature in large cancer genomic 

and transcriptomic datasets 
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4.1. Introduction 

With the development of high-throughput technologies such as DNA/RNA 

sequencing and microarrays in the last decade, large cancer genomic initiatives have 

accelerated our understanding of the molecular basis of cancer. Some of these 

initiatives are described below. 

One of the historical landmarks of cancer genomics is The Cancer Genome Atlas 

(TCGA), created as a collaboration between the National Cancer Institute (NCI) and 

the National Human Genome Research Institute (NHGRI) in 2006. TCGA has 

generated gene expression, micro RNA (miRNA), protein expression, copy number, 

DNA methylation and mutational data from over 10000 human cancers, bringing 

together researchers from various disciplines and institutions (Cancer Genome Atlas 

Research et al. 2013).  

More recently, cBioPortal for Cancer Genomics has provided a web application 

platform for exploring, visualizing, and analyzing cancer genomics data (Cerami et al. 

2012, Gao et al. 2013). cBioPortal was developed by the Memorial Sloan Kettering 

Cancer Center Computational Biology Center (cBio) to allow researchers to 

interrogate datasets across genes, samples and data types. Users can analyse a 

particular gene or a set of genes, gene alterations in a particular cancer study or in a 

group of studies, explore biological pathways, perform survival analysis, and analyse 

mutual exclusivity between genomic alterations. Currently cBioPortal contains data 

from over 256 data sets and more than 50000 tumour samples. The information 

includes somatic mutations, DNA copy number alterations (CNAs), mRNA and 

miRNA expression data, DNA methylation status, protein abundance as well as 

clinical parameters, such as pathological and clinical annotations. The data from 

cBioPortal includes data from TCGA, the Cancer Cell Line Encyclopaedia (CCLE) 

and the NCI-60 cell line panel, which can be downloaded for further exploration. 

There are several breast cancer datasets within cBioPortal, of which the Molecular 

Taxonomy of Breast Cancer International Consortium (METABRIC) dataset is the 

largest (Curtis et al. 2012, Pereira et al. 2016). The METABRIC dataset is a joint 

Canada-UK project which aims to classify breast tumours into subcategories known 

as intrinsic subtypes (Dawson et al. 2013). These subcategories are based on specific 
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molecular signatures that should help clinicians to predict whether a patient will 

respond to a particular treatment. The METABRIC dataset currently contains copy 

number, gene expression data and long-term clinical follow-up of 2509 primary breast 

tumours with 548 matched normal samples (Curtis et al. 2012). 

The CCLE database was generated as a collaboration between Broad and Novartis and 

it has chromosomal copy number, mutation data, and gene expression of 947 human 

cancer cell lines (Barretina et al. 2012). This database enables researchers to select cell 

lines which are potentially representative as in vitro models of a specific tumour by 

comparing the genomic and transcriptomic profile of tumours and cell lines. CCLE 

has also allowed the identification of genetic and gene expression based predictors of 

drug sensitivity when coupled with pharmacologic profiles for anticancer drugs.  

Contradictory data on H2AFX copy number and expression in cancer has been 

presented. There are reports that describe H2AX overexpression in cancers (Seo et al. 

2012, Rezaeian et al. 2017), but there are also studies that describe H2AX as a tumour 

suppressor gene (Celeste et al. 2002, Bassing et al. 2003). To understand these 

conflicting observations we characterized H2AFX copy number, mRNA abundance 

and mutational data in large publically-available datasets. The positive correlation 

between short and long H2AFX transcripts (Chapter 3) allowed us to use H2AFX 

expression data derived from polyA-selected libraries from large publically-available 

breast cancer patient datasets. 

Breast cancer can be classified into five subtypes: Normal-like, luminal A (LumA), 

luminal B (LumB), HER-2, and basal-like, with decreasing survival rates and clinical 

outcomes respectively. This classification, known as ‘PAM 50’, is based on a 50 gene 

expression profile obtained from qPCR and microarray data (Perou et al. 2000, Sørlie 

et al. 2001, Parker et al. 2009, Prat et al. 2010).  
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4.1.1. Aims of this study 

Since there is contradictory data on H2AFX copy number and expression in cancer, 

this chapter focuses on the analysis of H2AFX CNAs, mRNA expression and 

mutations in large cancer genomic/transcriptomic databases. We aimed to understand 

whether the H2AFX gene is commonly mutated, lost or amplified in human cancer.   

H2AFX copy number status and mRNA levels were correlated with the molecular 

characteristics of breast cancer including genomic instability, and overall patient 

survival. The aim was to discover whether breast cancer subtypes have different 

H2AFX CNAs, and whether these alterations have an impact on mRNA expression. 

We then analysed whether H2AFX copy number, and mRNA expression contribute to 

genome instability and overall survival. 
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4.2. Analysis of H2AFX copy number, mRNA abundance 
and mutational data in cancer samples using cBioPortal 

Initially, H2AFX copy number status was analysed in all cancer studies with a 

minimum of 500 samples in cBioPortal, totalling 56166 primary tumours. cBioPortal 

was queried using the keywords ‘H2AFX: DEL HETLOSS AMP GAIN MUT’ which 

searches the H2AFX gene data for homozygous/full deletions (‘DEL’), heterozygous 

deletions (one copy, ‘HETLOSS’), low-level (three copies, ‘GAIN’) and high-level 

amplifications (four or more copies, ‘AMP’) and all non-synonymous mutations 

(‘MUT’). 

This analysis showed that loss of one copy of the H2AFX gene and low level gains, 

three H2AFX copies, are common in cancer (Table 4.1). Cancers with the highest 

numbers of CNAs were breast, head and neck, and ovarian, with 57%, 57% and 56% 

alteration frequency, respectively (Hoadley et al. 2018). Homozygous deletions 

representing loss of both copies of H2AFX and mutations of the H2AFX gene were 

found in less than 1% and 0.5% of the tumours, respectively. Samples with four or 

more copies of H2AFX were also rare, with the exception of prostate adenocarcinoma 

(Wedge et al. 2018) and lower grade glioma (Hoadley et al. 2018), occurring in 4% 

and 2% of the tumours, respectively. 

Three breast cancer studies were included in this analysis and are indicated by ** in 

Table 4.1. The TCGA PanCancer project (Berger et al. 2018) and the METABRIC 

cohort (Curtis et al. 2012) showed 48% and 34% of samples with loss of one H2AFX 

copy, respectively. Copy number gains were also seen at 8% in the TCGA PanCancer 

study and 2% in METABRIC. Less than 1% of the tumours had loss of both copies of 

the gene, or more than four H2AFX copies and there were also no mutations observed 

in any of the three breast cancer studies described. The third breast cancer study, from 

the Memorial Sloan Kettering Cancer Centre and with 1918 samples including nearly 

80% estrogen receptor positive (ER+) tumours, did not have any H2AFX CNAs 

(Razavi et al. 2018).   

Since this project focuses on breast cancer, we decided to further study the 

METABRIC dataset as the largest dataset described in cBioPortal. 
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Table 4.1: Frequency of H2AFX copy numbers status and mutations in cancer studies in cBioPortal. Only cancer 
studies with a minimum of 500 samples in cBioPortal were queried. 56166 primary tumours were analysed using 
cBioPortal web-based data sets. Breast cancers are indicated by **. (-) indicates 0. Abbreviations: P - TCGA 
PanCan; T – TCGA 2016; B – METABRIC; S - MSKCC/DFCI 2018; T – TCGA; R – TARGET, 2018; I - IUOPA 
2015; D - DFCI 2016; K - Duke, Cell 2017; Z - DKFZ-2017; M - MSK, Cancer Cell 2018, C - MSK-IMPACT 
2015. 

   Frequency of H2AFX copy number status and mutations 
(%) 

   Copy number status 
Mutation Total 

alterations Cancer Type Study Total 
samples 0 1 2 3 ≥ 4 

Head and neck P 523 0.8 45.3 42.8 10.9 - 0.2 57.2 
** Breast P 1084 0.7 48.2 43.0 8.1 0.1 - 57.0 
Ovarian P 585 0.3 28.9 44.3 25.5 0.9 0.2 55.7 

Non-small cell lung T 1144 0.5 26.9 50.1 21.7 0.5 0.3 49.9 
Lung adenocarcinoma P 566 0.4 19.3 58.8 20.3 0.7 0.5 41.2 

** Breast B 2509 - 34.2 63.7 1.9 0.2 - 36.3 
Colorectal P 594 - 17.0 70.4 12.0 0.2 0.5 29.6 
Prostate 

Adenocarcinoma S 1013 1.0 14.1 70.8 10.4 3.7 0.1 29.2 

Stomach/Esophageal T 559 0.4 16.3 71.4 11.6 0.4 - 28.6 
Uterine P 529 0.4 14.7 78.3 5.3 1.0 0.4 21.7 

Lower Grade Glioma P 514 - 4.3 79.6 14.0 2.1 - 20.4 
Diffuse Glioma T 1122 - 9.7 80.8 8.3 1.2 - 19.2 
Glioblastoma 
Multiforme P 592 - 14.9 81.3 3.4 0.5 - 18.8 

Clear cell renal cell 
carcinoma P 512 0.2 4.3 88.9 6.5 0.2 - 11.2 

Pediatric Wilms' 
Tumor R 657 0.5 5.6 93.3 0.6 - - 6.7 

Pediatric Acute 
Lymphoid Leukemia R 1978 0.2 1.6 96.7 1.4 0.1 - 3.3 

Pediatric 
Neuroblastoma R 1089 - 3.0 96.8 0.2 - - 3.2 

Thyroid T 507 - 1.8 97.0 1.0 0.2 - 3.0 
Pediatric Acute 

Myeloid Leukemia R 1025 0.5 - 99.1 0.2 0.2 - 0.9 

** Breast M 1918 - - 100 - - - - 
Chronic Lymphocytic 

Leukemia I 506 - - 100 - - - - 

Colorectal D 619 - - 100 - - - - 
Colorectal M 1134 - - 100 - - - - 

Diffuse Large B-Cell 
Lymphoma K 1001 - - 100 - - - - 

Lung adenocarcinoma M 915 - - 100 - - - - 
Pan-Cancer study C 10945 - - 100 - - - - 

Pediatric Pan-Cancer Z 961 - - 100 - - - - 
Prostate 

adenocarcinoma C 504 - - 100 - - - - 

Various M 1661 - - 100 - - - - 
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4.2.1. Analysis of H2AFX copy number, mRNA abundance and 
mutational signature in clinical breast cancer using the 
METABRIC dataset  

The METABRIC dataset contains copy number, gene expression, mutational data and 

long-term clinical follow-up of 2509 primary breast tumours with 548 matched normal 

tissues (Curtis et al. 2012). A subset of 1905 samples with both copy number and 

mRNA data for the H2AFX gene were analysed. From this analysis, 41% showed loss 

of one H2AFX copy, whereas only 2% had three H2AFX copies (Figure 4.1). Only 

0.2% of samples had four or more H2AFX copies, and no diploid deletions were 

observed. There were also no mutations in the H2AFX coding region of the 1905 

samples. 

 

 

  

Figure 4.1: Frequency of H2AFX copy number status in the METABRIC dataset. 
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4.2.1.1. Analysis of H2AFX copy number in different subtypes of 
breast cancer  

Since such a high percentage of samples in the METABRIC dataset showed loss of 

one copy of the H2AFX gene, we asked how these samples were distributed amongst 

the PAM50 subtypes. The samples which are designated as LumB had 63% with one 

H2AFX copy, whereas those assigned to the other PAM50 subtypes varied from 24% 

in normal-like to 39% in HER2 (Figure 4.2).   

An increase in tumour samples with three H2AFX copies was seen with worsening 

prognosis of the disease: 1% for normal-like to 6% for basal-like. Samples with four 

or more H2AFX copies were only seen at very low percentages of 0.4% in the LumB 

and 0.8% of HER2 subtypes.  

To investigate whether loss of one H2AFX copy correlates with genome instability, 

the METABRIC dataset had been sub-divided into 10 different molecular, genomic 

and transcriptomic clusters, each associated with distinct clinical outcomes. These 

clusters were identified in the METABRIC cohort and they were designated as 

Integrative Clusters (IntClust) (Curtis et al. 2012). These clusters are based on 

genome-wide frequencies of CNAs, molecular features such as copy number 

amplifications and/or loss of specific chromosomal regions, frequency of gene 

expression of ER+, PR+, HER+, frequency of each PAM50 subtype within each 

cluster, clinical features such as grade, age, lymph node positivity, size, prognosis and 

Figure 4.2: H2AFX copy number status by PAM50 subtype (METABRIC dataset).n (Normal-like) = 185; (LumA) 
= 696; n (LumB) = 474; n (HER2) = 236; n (Basal-like) = 308. 
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genomic instability (Dawson et al. 2013). The levels of genomic instability were based 

on the mutational landscape and chromosomal alterations of each cluster. IntCluster 4 

was subsequently subdivided into sub-clusters, 4ER+ and 4ER-, based on the presence 

of absence of ER. IntClust4 is characterized by a flat copy number landscape and low 

levels of genomic instability.  

To analyse whether H2AFX copy number loss correlates with genome instability, the 

IntClusters were ordered by level of genomic instability. A correlation was seen 

between the loss of one H2AFX copy and increasing levels of genome instability 

(Figure 4.3). Interestingly, IntClust2 had the highest percentage of one H2AFX copy 

and high genome instability as well as the worst prognosis of all IntClust, with a 10 

year disease-specific survival rate of only 50%. IntClust2 comprises ER positive 

tumors characterized by amplification at 11q13/14. This region has several known and 

putative driver genes including CCND1, EMSY and PAK1 (Dawson et al. 2013). 

IntClust2 also shows an enrichment of genes involved in cell-cycle regulation in the 

G1/S transition, such as CCND1 gene (Dawson et al. 2013). CCND1 encodes the 

Cyclin D1 protein, which is required for progression through the G1 phase and entry 

into S phase of the cell cycle (Baldin et al. 1993). 

Tumour samples with three or more H2AFX copies were distributed in all clusters, 

regardless of the level of genome instability. However, IntClust10 had the highest 

level of three H2AFX copies. IntClust10 incorporates mostly basal-like tumors, has 

Figure 4.3: Integrative clusters (from 1 to 10) divide breast cancer in 10 different molecular, genomic and 
transcriptomic classes, each associated with distinct clinical outcomes. IntCluster 4 was subsequently subdivided 
into two sub-clusters based on the presence of absence of ER: 4ER+ and 4ER-. The percentage of H2AFX copy 
number status was sorted by integrative cluster classes with increasing levels of genome instability. Data from 1905 
total METABRIC cases from cBioPortal. 
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the highest rates of TP53 mutations and is also characterized by poorly differentiated 

high-grade tumours in women diagnosed at a younger age.  

4.2.1.2. Analysis of H2AFX expression in different subtypes of breast 
cancer  

H2AFX mRNA expression was then evaluated for the METABRIC dataset. The 

H2AFX mRNA expression was obtained as a z-score. A z-score is a statistical value 

which measures the number of standard deviations a sample is from the mean mRNA 

expression in the diploid non-tumorigenic reference sample.  

H2AFX z-scores were plotted for each breast cancer subtype (Figure 4.4). The mean 

of H2AFX mRNA z-scores in each subtype increased with a decreasing prognosis of 

the disease: -0.6 for LumA, 0 for LumB, to 0.5 for HER2 and basal-like. A Tukey’s 

multiple comparison test after one-way ANOVA showed that there were no 

statistically significant differences between normal-like and LumA subtypes, and 

between HER2 and basal-like subtypes. However, statistical differences were seen 

between the LumA, LumB and HER2/Basal-like subtypes (Table 4.2). 

In summary, LumB tumours showed the highest percentage of samples with loss of 

one H2AFX copy, but had higher H2AFX mRNA when compared to LumA tumours.  

 Figure 4.4: H2AFX z-scores distribution divided by PAM50 subtype on a Tukey’s box and whisker plot 
(METABRIC dataset). The box represents the 25th and 75th percentiles and the line between boxes indicates the 
mean value. The whiskers represent values that lie within 1.5 times the interquartile range and values that exceed 
this are depicted as outliers with a dot. The dashed horizontal line is the normalized z-score to adjacent normal 
breast tissue. n (Normal-like) = 185; (LumA) = 696; n (LumB) = 474; n (HER2) = 236; n (Basal-like) = 308. 
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Table 4.2: Results obtained from statistical analysis of the mean distribution of H2AFX mRNA z-scores. Statistical 
analysis was performed by using Tukey’s multiple comparison test after one-way ANOVA (ns = non-significant for 
p ≥ 0.05, **** p ≤ 0.0001). 

Tukey's multiple 

comparisons test 

Normal-

like 
LumA LumB HER2 Basal-like 

Normal-like - ns **** **** **** 

LumA ns - **** **** **** 

LumB **** **** - **** **** 

HER2 **** **** **** - ns 

Basal-like **** **** **** ns - 

 

4.2.1.3. Analysis of the clinical data from the METABRIC dataset  

We decided to further analyse LumA and LumB subtypes since they comprise nearly 

70% of all breast cancer cases. The clinical data of patients from the METABRIC 

cohort was further analyzed to characterize the luminal subtypes. More than 50% of 

the luminal sample cohort was obtained from mastectomies of post-menopausal 

woman (Table 4.3). The stage of a solid tumour refers to its size and whether the 

tumour has metastasized to other organs or tissues. Stage is classified from 0 to 4 and 

the higher the number, the more advanced the disease is. Stage 1 tumours are known 

as ‘early stage cancer’ and correspond to small tumours which are located in a single 

area. Stage 2 tumours are larger cancers which have grown into nearby tissues or 

lymph nodes. These METABRIC tumours were predominantly in stage 1 (31% 

LumA, 22% LumB) and stage 2 (42% LumA, 44% LumB). 

The tumour grade reflects the organization and differentiation of the tumour from 

grade 1 to grade 3. Grade 1 tumours resemble normal cells which are slowly growing. 

Grade 2 tumours have slightly bigger cells with varied morphologies and faster growth 

compared to normal cells. Finally, grade 3 tumours have a more differentiated 

phenotype and are faster growing than normal cells. The luminal samples in the 

METABRIC dataset were predominantly grade 2 (54% LumA, 39% LumB) and grade 

3 (39% LumA, 54% LumB). 
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More than 90% of the patients with luminal tumours in the METABRIC dataset had 

HER2 negative tumours and did not receive hormone therapy. However, 68% of the 

LumA subtype and 80% of the LumB subtype samples were from patients who had 

undergone radiotherapy treatment.  

The METABRIC dataset also subdivided tumour samples based on a ‘three gene 

classification’ which stratifies samples accordingly to their expression of estrogen 

receptor (ER), HER2, and Aurora A Kinase (AURKA) (Haibe-Kains et al. 2010). 

AURKA was used as a proliferation associated marker since its expression has shown 

to be strongly associated to clinical outcome in the luminal subtypes (Desmedt et al. 

2008). In this cohort, 67% of the LumA subtype was ER+/HER2- showing low 

proliferation, while 76% of the LumB subtype was ER+/HER2- showing high 

proliferation. All luminal breast cancers in this cohort were classified as invasive 

ductal carcinomas based on the histopathological diagnosis. 

In summary, this information has allowed us to focus on luminal invasive ductal 

carcinomas with the above characteristics. This information has also been essential to 

maintain alignment with the RNA samples obtained from the National Breast Cancer 

Research Institute Biobank (described in Chapter 2). 
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Table 4.3:  Clinical characteristics of the luminal breast cancers in the METABRIC dataset. 

  LumA LumB 

n with clinical data (total = 1119) 670 449 

age at diagnosis (mean ± SD) 63 ± 13 65 ± 12 

Inferred menopausal state 
pre-menopausal 124 (19%) 49 (11%) 

post-menopausal 546 (82%) 400 (89%) 

Breast surgery 

mastectomy 399 (60%) 252 (56%) 

breast conserving 266 (40%) 196 (44%) 

Not determined 5 (0.7%) 1 (0.2%) 

Tumour stage 
 
 
 
 

0 - 1 (0.2%) 

1 206 (31%) 99 (22%) 

2 279 (42%) 197 (44%) 

3 26 (4%) 29 (7%) 

4 2 (0.3%) 5 (1%) 

Not determined 157 (23%) 118 (26%) 

Tumour size (mm) 24 ± 12 28 ± 15 

Grade 

1 116 (17%) 18 (4%) 

2 360 (54%) 174 (39%) 

3 164 (25%) 242 (54%) 

Not determined 30 (5%) 15 (3%) 

HER2 status 
+ 21 (3%) 42 (9%) 

- 649 (97%) 407 (91%) 

Hormone therapy 
no 616 (92%) 406 (90%) 

yes 54 (8%) 43 (10%) 

Radio therapy 
no 215 (32%) 91 (20%) 

yes 455 (68%) 358 (80%) 

Three gene classification 

ER-/HER2- - 1 (0.2%) 

ER+/HER2- High proliferation 156 (23%) 339 (76%) 

ER+/HER2- Low proliferation 450 (67%) 30 (7%) 

HER2+ 16 (2%) 32 (7%) 

Not determined 48 (7%) 47 (11%) 

Cancer type detailed Breast invasive ductal carcinoma (100%) 
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4.2.1.4. Analysis of luminal subtypes as a continuum of breast cancer  

Despite the high incidence of luminal tumours, the nature of the distinction between 

LumA and LumB subtypes remains unclear. Some reports classify these subtypes as 

independent intrinsic categories based on the PAM50 signature (Sørlie et al. 2001, 

Parker et al. 2009, Prat et al. 2010), whereas other reports describe luminal cancers as 

a continuum within which the PAM50 classification makes an arbitrary distinction 

(Mackay et al. 2011, Tishchenko et al. 2016). The continuum interpretation is based 

on weighting the genomic and transcriptomic data associated with tumour initiation 

and progression (Tishchenko et al. 2016). Data for 551 luminal tumours in the 

METABRIC dataset was split into quantiles, from Q1 to Q4, characterized by changes 

in gene expression, tumour grade and decreased survival (Tishchenko et al. 2016). The 

quantiles show a decreasing proportion of LumA and an increasing proportion of 

LumB, from Q1 to Q4.  

From Q1 to Q4 there was an increase in the percentage of samples with one copy of 

the H2AFX gene (Figure 4.5A), and also an increase in the expression of H2AFX 

mRNA from Q1 to Q4 (Figure 4.5B). 

 

  

A B 

Figure 4.5: H2AFX copy number status and mRNA distribution in the luminal continuum as described by 
Tishchenko (METABRIC dataset). The percentage of tumour samples with different H2AFX copy numbers (A) 
and H2AFX mRNA z-scores distribution (B) was split into luminal quantiles with decreasing proportion of LumA 
and an increasing proportion of LumB, from Q1 to Q4. The box represents the 25th and 75th percentiles and the 
line between boxes indicates the mean value. The whiskers represent values that lie within 1.5 times the 
interquartile range and values that exceed this are depicted as outliers with a dot. The dashed horizontal line is 
the normalized z-score to adjacent normal breast tissues. 
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One of the most powerful prognostic features of luminal cancers is an increase in 

proliferation (Perreard et al. 2006, Wirapati et al. 2008, Gatza et al. 2014) and MKI67 

is a commonly used biomarker for cell proliferation (Dowsett et al. 2011). MKI67 

expression increased from Q1 to Q4 following the same trend as H2AFX (Figure 

4.6A), with no statistically significant differences between the mean z-scores of 

H2AFX and MKI67. A linear regression in the luminal samples was calculated to 

identify whether a correlation between H2AFX and MKI67 mRNA expression exists. 

A moderate positive correlation was observed between H2AFX and MKI67 in the 

luminal samples analysed (p < 0.0001, R2 = 0.3, n = 551, Figure 4.6B).  

 

Luminal tumours are the most heterogeneous breast subtype in terms of gene 

expression, CNAs, mutation spectrum, and patient outcomes (The Cancer Genome 

Atlas 2012, Ciriello et al. 2013). H2AFX maps to a cytogenetic locus, 11q23, which is 

commonly deleted or translocated in several haematological malignancies and solid 

tumours, including breast cancer (Bassing et al. 2003, Parikh et al. 2007, Srivastava et 

al. 2008). Besides, the H2AFX gene is located in the same chromosome arm as other 

key DNA damage response genes, such as ATM, MRE11 and CHK1.  

  

A B 

Figure 4.6: H2AFX and MKI67 mRNA z-scores distribution in the luminal continuum as described by Tishchenko 
(METABRIC dataset). Tukey’s multiple comparison test after one-way ANOVA of the mean distribution of H2AFX
and MKI67 mRNA z-scores (ns = non-significant for p ≥ 0.05) (A). Correlation between H2AFX and MKI67 mRNA 
z-scores in the luminal samples (B). The solid black line represents the linear regression line (p < 0.0001, R2 = 
0.3, n = 551). METABRIC dataset. 
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To address whether the H2AFX mRNA increase in tumours with one H2AFX copy 

correlates with the mRNA increase of other genes located in the long arm of 

chromosome 11, the difference in the z-score between LumB and LumA samples for 

each gene downstream of 11q breakpoint at 80 Mbps was calculated and ranked by 

percentile. These populations were further subdivided based on whether the sample of 

origin had one and two H2AFX copies. Interestingly, H2AFX expression is at the 

99.6% percentile for the differences of z-scores of all genes. This large increase in 

H2AFX expression for LumB compared to LumA samples is independent of H2AFX 

copy number (Figure 4.7). 

 

 

  

 

A B 

Figure 4.7: Differences of mRNA z-scores between LumA and LumB samples after 11q breakpoint at 80 Mbp. Table 
shows genes with the highest percentiles when the difference of mRNA z-scores of any gene between LumB and 
LumA (LumB – LumA) samples was calculated (A) Tukey’s box and whisker plot with the distribution of the 
differences of all mRNA z-scores between LumB and LumA samples and by H2AFX copy number (one and two 
H2AFX copies) (B). This difference was only calculated for genes after the 11q breakpoint at 80 Mbp. Blue dot 
shows where H2AFX is located in the Tukey’s box and whisker plot. METABRIC dataset. Abbreviations: HGNC -
HUGO Gene Nomenclature Committee. n (LumA, one H2AFX copy) = 231, (LumA, two H2AFX copies) = 439, 
(LumB, one H2AFX copy) = 293, (LumB, two H2AFX copies) = 157. Data generated by Dr. Andrew Flaus. 
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4.2.1.5. Correlation between H2AFX copy number and mRNA levels 
with breast cancer prognosis  

Using the data available in the METABRIC dataset, the overall patient survival was 

plotted for luminal samples with one, two or three copies of the H2AFX gene (Figure 

4.8A). This revealed that patients with one or three H2AFX copies have reduced 

overall survival (Log-rank (Mantel–Cox) test, p < 0.0005, n = 991). Overall survival 

of patients with luminal disease was also plotted based on H2AFX expression levels 

and patients with high H2AFX expression have decreased overall survival (Log-rank 

(Mantel–Cox) test, p < 0.0001, n = 571, Figure 4.8B). High H2AFX mRNA z-scores 

refer to samples with z-scores higher than 0.003 while low mRNA z-scores refer to 

samples with H2AFX mRNA z-scores lower than -0.7. Since luminal subtypes have 

statistically different mRNA z-scores, the median used was according to the ‘low’ 

mRNA z-score in LumA, -0.7, and the ‘high’ z-score in LumB samples, 0.003. When 

the H2AFX mRNA z-scores were analysed a whole, being ‘high’ and ‘low’ based on 

the median of -0.4 for all luminal subtypes, this analysis has led to no differences in 

overall survival (data not shown). 

  
A B 

Figure 4.8: Overall survival associated with H2AFX copy number and mRNA expression in luminal breast 
cancer. Kaplan-Meier plots showing the impact on overall survival associated with H2AFX copy number (A) 
and mRNA expression (B) in luminal breast cancer (METABRIC dataset). A: Log-rank (Mantel–Cox) test, p 
< 0.0005, n = 991; B: Log-rank (Mantel–Cox) test, p < 0.0001, n = 571. Low H2AFX mRNA corresponds to 
samples with H2AFX z-scores lower than -0.7, while high H2AFX mRNA corresponds to samples with z-scores 
higher than 0.003. 

 



 

105 
 

4.3. Analysis of H2AFX copy number, gene expression and 
mutational signatures in the CCLE database  

4.3.1. Analysis of H2AFX copy numbers in cancer cell lines 

To complement the analysis of primary patient tumour datasets, H2AFX copy number, 

mRNA expression and the mutation profiles were also analysed in the CCLE database 

across 966 cancer cell lines. This information can reveal whether cell lines are 

representative of H2AFX copy numbers in human cancer or have selectively adapted 

in culture (Ertel et al. 2006, Domcke et al. 2013).  

The majority of the cell lines in the CCLE database had, on average, two H2AFX 

copies, regardless of the tissue of origin (Figure 4.9). Some cell lines had one or three 

H2AFX copies, but they rarely had four or more H2AFX copies (Figure 4.10). There 

were no complete deletions of H2AFX gene in any CCLE cell line.  

The most extreme CNAs observed for any cell line in the CCLE database is SF268, a 

human glioblastoma cell line with eight H2AFX copies, which has been previously 

reported to have very high H2AX protein abundance (Rogakou et al. 1998).  

  

 Figure 4.9: H2AFX copy number distribution in cancer cell lines obtained from Cancer Cell Line Encyclopedia 
(CCLE) database. The Tukey’s box represents the 25th and 75th percentiles and the line between boxes indicates 
the median value. The whiskers represent values that lie within 1.5 times the interquartile range and values that 
exceed this are depicted as outliers with a dot. The dashed horizontal line is the normalized copy number (2 H2AFX
copies). 
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4.3.2. Analysis of H2AFX mRNA abundance in cancer cell lines 

Gene expression data in the CCLE database is normalized from Affymetrix 

microarrays and expressed as a robust multi-array average (RMA). H2AFX mRNA 

was within a range of 100 and 1000 RMA with a median of 424 ± 37 RMA (median 

± SEM) across all CCLE cell lines studied (Figure 4.11).  

 

Figure 4.10: Percentage of cancer cell lines with different H2AFX copy numbers in the CCLE database. n = 996. 

 

Figure 4.11: H2AFX mRNA distribution in cancer cell lines in the Cancer Cell Line Encyclopedia (CCLE) database. 
The Tukey’s box represents the 25th and 75th percentiles and the line between boxes indicates the median value. The 
whiskers represent values that lie within 1.5 times the interquartile range and values that exceed this are depicted as 
outliers with a dot. The dashed horizontal line is the median mRNA in all cell lines analysed (424 RMA). RMA: robust 
multi-array average. RMA is a default normalization method used to analyse gene expression from Affymetrix data. 
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4.3.3. Analysis of H2AFX mutation data in cancer cell lines 

Only 17 mutations are documented in the coding region of the H2AFX gene in the 966 

cell lines. Of these, 14 are silent mutations in cell lines of the upper aerodigestive tract, 

pancreas, endometrium, and central nervous system. There are only three missense 

mutations in lung and in hematopoietic cancer cell lines (data not shown). No 

mutations in H2AFX are documented in any of the breast cancer cell lines.  

4.3.4. Analysis of H2AFX copy number and mRNA expression in 
breast cancer cell lines 

4.3.4.1. Correlation between H2AFX copy number and mRNA in 
breast cancer cell lines 

59 of the cancer cell lines in the CCLE database are breast cancer derived. Of these, 

63% are diploid for the H2AFX gene, 22% have one copy and 15% have three copies. 

Two of the most commonly used luminal breast cancer cell lines, MCF7 and T47D, 

have three copies of the H2AFX gene. 

The relationship between H2AFX copy number and the mRNA abundance was plotted 

for all breast cancer cell lines (Figure 4.12). Linear regression analysis revealed a 

moderate positive correlation between H2AFX copy number and mRNA abundance 

across all breast cancer cell lines (R² = 0.3, n = 59), which is higher when only luminal 

breast cancer cell lines are considered (R² = 0.6, n = 20). Breast cancer cell lines with 

Figure 4.12:  

A B 

Figure 4.12: Scatter plot of H2AFX copy number status and mRNA abundance in breast cancer cell lines (A) and 
in luminal breast cancer cell lines (B) in the CCLE database.  Grey symbols in (A) correspond to the luminal 
samples in (B). Black represent all other subtypes. Dunn's multiple comparisons test after one-way ANOVA of 
the mean of H2AX mRNA levels according to H2AFX copy number (*** p < 0.0003,  * p ≤ 0.05). Bars represent 
mean. 
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one or two H2AFX copies have similar H2AX mRNA abundance (Dunn's multiple 

comparisons test, p > 0.05), but breast cancer cell lines with three H2AFX copies have 

significantly higher H2AFX transcript levels (Dunn's multiple comparisons test, p ≤ 

0.05).  

4.4. Discussion 

We have used cBioPortal and the METABRIC dataset to analyse H2AFX copy 

number, mRNA abundance and mutations in human cancer samples and the CCLE 

database to analyse cancer cell lines. Analysis of cBioPortal revealed that loss of one 

copy of H2AFX gene and three H2AFX copies are common in cancer (Table 4.1). 

Homozygous deletions and mutations were rare, happening in less than 1% of 

tumours. Breast cancer had amongst the highest percentage of samples with one 

H2AFX copy. No mutations were seen in the H2AFX coding region in any breast 

cancer samples analysed. 

Using the METABRIC dataset we found that LumB had the highest percentage of 

samples with loss of one H2AFX copy across all PAM50 subtypes (Figure 4.2). This 

loss of one H2AFX allele was correlated with genome instability when the 

METABRIC samples were sorted based on the Integrative Clusters which takes into 

account levels of genome instability (Figure 4.3). This analysis is in agreement with 

the loss of one H2AFX copy in many cancers, implying that H2AFX is a tumour 

suppressor at a copy number level (Bassing et al. 2003, Celeste et al. 2003, Srivastava 

et al. 2008). However, tumour suppressor genes (TSGs) are characterized by loss-of-

function mutations which occur in both alleles of a gene, often through a ‘two-hit’ 

process, by mutation of one allele and deletion of the second allele (Nordling 1953). 

Our results show that H2AFX is not fully deleted or mutated in any breast cancer 

sample, indicating that H2AFX does not follow the classical definition of a TSG.  

In fact, the absence of complete deletions or mutations might indicate that H2AFX 

gene is essential in cancer. H2AFX is not an essential gene in mice (Celeste et al. 

2002), but this question has not been directly addressed in cancer cell lines. Previous 

studies described H2AFX as a TSG because H2AX null mice are radiation sensitive 

and show chromosome instability and repair defects (Celeste et al. 2002). Mice which 

are either heterozygous or homozygous null for H2AX, in combination with p53 

deficiency show enhanced susceptibility to cancer and genomic instability (Bassing et 
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al. 2003). The 11q23 region where H2AFX is located has also been reported as lost or 

deleted in a large number of cancers, suggesting that H2AFX is a tumour suppressor 

in addition to ATM in human and in mice (Bassing et al. 2003, Broustas and Lieberman 

2014) 

Our analysis is in line with previous reports describing H2AFX amplification in human 

cancers (Seo et al. 2012, Rezaeian et al. 2017). Analysis of the Oncomine database in 

combination with The Cancer Genome Atlas (TCGA) showed H2AFX to be amplified 

with three and four or more H2AFX copies in approximately 6% and 0.7% of tumours 

analysed, respectively (Rezaeian et al. 2017). In our case, 6% of the cancers analysed 

with a minimum of 500 samples in cBioPortal have three H2AFX copies and 0.4% 

have four of more H2AFX copies, respectively. In contrast, one of the most recognized 

oncogenes in breast cancer, CCND1 has three copies and four or more copies in 10.2% 

and 4.8% of the cancer samples, respectively (data not shown). This shows that 

H2AFX frequently has three H2AFX copies but it rarely has four or more copies in 

cancer. 

Oncogenes are usually involved in cell growth, differentiation and apoptosis and 

through mutations, up-regulation or translocations, have the potential to induce cancer. 

In this study, even though H2AFX high-level amplifications are rare, the mean of 

H2AFX mRNA z-scores in each subtype increased with a decreasing prognosis of the 

disease: from LumA to basal-like (Figure 4.4). This shows that LumA subtypes have 

a surprisingly lower mRNA expression than matched normal tissues, possibly due to 

the genome instability generated at early stages of tumour development. LumB tumors 

have similar mRNA expression to matched normal tissues and HER2 and basal-like 

have higher H2AFX mRNA expression compared to normal tissues, potentially to 

counteract the genome instability generated and to compensate the high replication 

rate of these tumors. Nevertheless, the low mRNA z-score difference between each 

breast cancer subtype and the normal adjacent tissue raises questions on whether 

H2AFX could act as a proto-oncogene in these subtypes.  

Taken together, our analysis indicates that H2AFX is neither a classical TSG nor an 

oncogene in breast cancer. H2AFX is haplosufficient because one copy of the gene 

results in efficient mRNA production, although this increase in mRNA is correlated 

with genome instability.  
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Since luminal subtypes comprise 70% of all breast cancer cases, and LumB tumours 

have the highest percentage of H2AFX copy number loss, we focused on H2AFX copy 

number and mRNA analysis in the luminal subtypes. Luminal subtypes have a good 

prognosis in comparison to basal-like and HER2 subtypes. However many patients 

with luminal disease develop resistance, with few treatment options being available 

for endocrine therapy resistant breast cancers (Osborne and Schiff 2011, Gatza et al. 

2014). Furthermore, with 33.6% of proliferation rate, LumB tumours have the second 

highest proliferation levels of all tumours analysed when compared with 49.6% for 

basal-like and 16.8% for HER2 tumours using the PAM50 Proliferation signature in 

the TCGA breast cancer dataset (Gatza et al. 2014).  H2AFX expression levels 

increased in tandem with MKI67 expression levels and the luminal continuum (Figure 

4.6). This is consistent with the Kaplan-Meier plots, in which luminal patients with 

one H2AFX copy and patients with high H2AFX mRNA levels have reduced overall 

survival (Figure 4.8). 

H2AFX copy number was found to decrease while, paradoxically, H2AFX mRNA 

expression increased along the continuum from LumA to LumB using the 

METABRIC samples and quantile distribution described by Tishchenko et al (Figure 

4.5). These results contradict our initial hypothesis that loss of one H2AFX copy would 

lead to mRNA downregulation. An increase in H2AX expression appears to be 

correlated with genome instability and worse prognosis of the disease. Therefore, loss 

of one H2AFX allele seems to create a selective advantage to enable more flexible 

regulation of genome instability by inducing H2AFX mRNA overexpression. 

Unfortunately, no protein data is available in the datasets used so the impact of mRNA 

levels on protein upregulation is unknown. 

H2AFX expression was also found to be in the 99.6% percentile in all genes for 

increase in LumB expression, regardless of its copy number (Figure 4.7). This 

suggests that H2AFX mRNA has an important role in LumB tumours, likely due to the 

high replicative rate of these tumours and its requirement to form chromatin in S phase. 

Due to the high similarity of H2AFX and MKI67 mRNA expression, we hypothesized 

whether H2AFX could be used as a prognostic marker in the luminal subtypes by 

measuring copy number and mRNA levels. Following discussions with Dr Caroline 

Brodie, a consultant pathologist at University Hospital Galway, we learned that the 

current markers used for breast cancer diagnosis such as estrogen receptor, 
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progesterone receptor and HER2 amplification are sufficient for the stratification of 

the different breast cancer subtypes. Therefore, an additional marker may not be a 

pressing clinical need for luminal breast cancer. 

Genomic and transcriptomic differences between primary tissue samples and cancer 

cell lines have been described in several studies (Ertel et al. 2006, Domcke et al. 2013, 

Liu et al. 2019). Cancer cell lines are essential models for cancer research since they 

are derived from primary tumours and are easily manipulated in the laboratory. 

However, only a subset of tumour cells is able to grow in culture, which leads to clonal 

selection and evolution of specific cells in vitro (reviewed by Ben-David et al. 2019). 

Furthermore, cell lines do not fully recapitulate the environment of human tumours 

(reviewed by Hynds et al. 2018), which raises questions on whether these cells are 

representative of a specific disease. 

We found that unlike many primary samples, cancer cell lines in the CCLE database 

are typically diploid for the H2AFX gene, regardless of the tissue of origin (Figure 4.9 

and Figure 4.10). Some cell lines show one or three H2AFX copies but they rarely 

have four or more H2AFX copies. H2AFX mRNA levels were also found to be within 

a tight range across the cell lines studied (Figure 4.11). There were also no complete 

deletions of this gene and very few mutations in almost a thousand cancer cell lines 

analysed, which supports our hypothesis that H2AFX is essential for the survival of 

cancer cells.  

A moderate positive correlation was observed between H2AFX copy number and 

mRNA abundance in the breast cancer cell lines and this correlation was higher in the 

luminal subtypes (Figure 4.12). A similar correlation was seen in another primary 

breast cancer study, and this was higher when tumours were stratified according to 

their PAM50 subtype (Myhre et al. 2013). In fact, even though luminal samples with 

one H2AFX copy have increased H2AFX mRNA levels, a trend between H2AFX copy 

numbers and mRNA levels is still observed in the clinical and breast cancer cell lines 

analysed. 

In the METABRIC dataset, 41% of all the samples have one H2AFX copy whereas 

only 13% of breast cancer cell lines show this. Conversely, 2% of the primary samples 

but 12% of the breast cell lines have three H2AFX copies. These results suggest that 

cell lines with one H2AFX copy might be negatively selected in vitro. This observation 



 

112 
 

is supported by reports showing that the percentage of haploid cells in culture rapidly 

decreases due to the activation of p53-dependent cytotoxic response, followed by 

diploid cells overgrowth in culture (Olbrich et al. 2017, Olbrich et al. 2019). In fact, 

most common luminal cell lines used in the laboratory, such as MCF7 and T47D with 

three H2AFX copies, do not represent common H2AFX copy number levels in the 

human luminal breast cancer.  

In summary, we have shown that loss of one copy of H2AFX gene is common in 

human cancers, and homozygous deletions, high-level amplifications and mutations 

of this gene are rare. Loss of one copy of the H2AFX gene is also common in breast 

cancer cell lines but there is no evidence for homozygous deletion and mutations, 

which suggests that H2AFX is essential for cancer cell survival.  

By analysis of the METABRIC dataset we observed that LumA tumours have 

decreased mRNA expression compared to normal samples, probably due to the 

genome instability generated at early stages of tumour development. With the luminal 

continuum, loss of one H2AFX copy creates a selective advantage to regulate the 

genome instability generated by inducing H2AFX mRNA overexpression. This is 

correlated with MKI67 mRNA expression and it reflects the increased replication rate 

and worse prognosis of LumB tumours. 

Taken together, this data suggests that H2AFX is important for the progression of 

luminal breast cancers. Having an appropriate cell line to model luminal breast cancers 

with representative H2AFX copy numbers and expression is crucial to understand the 

contribution of H2AX at a cellular and a biochemical level. 
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Chapter 5:  
Characterization of cell lines 
derived from luminal breast 

cancer 
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5.1. Introduction 

Breast cancer is a heterogeneous disease that can be classified into five major 

subtypes: normal-like, luminal A (LumA), luminal B (LumB), HER-2 enriched, and 

basal-like with decreasing survival rates and clinical outcomes respectively. This 

intrinsic ‘PAM50’ classification of breast cancer is based on a 50 gene expression 

profile obtained from qPCR and microarray data (Perou et al. 2000, Sørlie et al. 2001, 

Parker et al. 2009, Prat et al. 2010).  

The luminal, estrogen receptor (ER) positive tumours comprise nearly 70% of all 

breast cancer cases and are known to respond well to hormonal therapies (Parker et al. 

2009, Chia et al. 2012). However, many patients develop resistance to the treatment 

and there are few options available for endocrine therapy resistant breast cancers 

(Osborne and Schiff 2011, Gatza et al. 2014). Luminal tumours are also known to be 

the most heterogeneous in terms of gene expression, the spectrum of mutations and 

frequency of copy number alterations (CNAs) and patient outcomes (The Cancer 

Genome Atlas 2012). CNAs of chromosome 11 (chr11) involving loss of the distal 

portion of the q arm of chr11, where H2AFX is located, have been reported in a large 

number of cancers, including breast cancers (Figure 5.1) (Curtis et al. 2012). LumA 

tumours express high levels of ER and/or the progesterone receptor (PR), and low 

 

Figure 5.1: Genome-wide copy number alterations in breast cancer (METABRIC dataset). High-level 
amplifications (more than three copies) are indicated in red and full deletions (zero copies) in blue. The frequency 
(absolute count) of cases exhibiting an outlying expression profile at regions across the genome is shown, as is the 
distribution across subgroups for several regions in the inserts. Chromosome 11, where H2AFX is located, is 
outlined in black. (Curtis et al. 2012).  
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levels of the proliferation marker Ki67. LumB tumours express high levels of ER and 

Ki67, low levels of PR, and have a worse prognosis compared to LumA. For these 

reasons, further exploration of the impact of H2AFX CNAs in the luminal subtypes of 

breast cancer is important. 

 

5.1.1. A role for H2AX in the epithelial to mesenchymal 
transition 

A recent study has shown that silencing or removing the H2AFX gene induces the 

development of mesenchymal-like characteristics through the activation of 

transcription factors such as Slug and ZEB1 in HCT116 human colon cancer cells 

(Weyemi et al. 2016). This process is known as the epithelial to mesenchymal 

transition (EMT) and is thought to be essential for cancer metastasis. EMT involves 

the loss of cell-to-cell adhesion from cells with epithelial origins, the loss of apico-

basal polarity, and transition to a spindle-like morphology (Yang and Weinberg 2008). 

Therefore, EMT is distinguished by the downregulation of proteins such as E-

cadherin, zonula occludens-1 (ZO-1) and cytokeratins, and the upregulation of 

proteins such as N-cadherin, vimentin and fibronectin (Wu et al. 2016). More recently, 

the cytoplasmic tyrosine kinase focal adhesion kinase (FAK) has been shown to 

promote cell motility, survival and proliferation in tumours when active as pFAK-

Y397. Increased expression of pFAK is also associated with tumour progression and 

metastasis in invasive breast cancers (Lark et al. 2005, Luo and Guan 2010, 

Rigiracciolo et al. 2019). These changes enable cells to spread to distant organs 

creating a major obstacle to successful cancer treatment.  
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5.1.2. CRISPR/Cas9 technology  

The absence of samples with mutations or complete loss of the H2AFX gene in the 

METABRIC dataset (Chapter 4) is intriguing and may indicate that this gene is 

essential in breast cancer cells. Since we have also observed that H2AFX copy number 

decreases as H2AFX mRNA expression increases across the luminal continuum, we 

want to evaluate whether loss of one allele can impact H2AFX mRNA and protein 

levels, and increase genome instability. To address these questions, we proposed to 

decrease H2AFX gene dosage using CRISPR/Cas9 technology in cell line models.  

Clustered regularly interspaced palindromic 

repeats (CRISPR) was first described in 1987 

but its potential in genome editing was only 

discovered in 2012 (Jinek et al. 2012). 

CRISPR/Cas9 nuclease system has been 

ground-breaking due to the low cost, high 

efficiency, high specificity, and simplicity 

with which it can precisely and efficiently 

target, edit, modify, and mark genomic 

regions of a wide number of cells and 

organisms (Doudna and Charpentier 2014).  

The CRISPR/Cas9 system originates from an 

acquired immunity system in bacteria where 

it acts by silencing foreign DNA using RNA-

guided endonucleases to specific genomic 

regions (Deveau et al. 2010, Horvath and 

Barrangou 2010, Wiedenheft et al. 2012). The 

CRISPR system requires two main 

components: a specific sequence called a 

guide RNA (gRNA or sgRNA) and a CRISPR 

associated endonuclease, such as the Cas9 protein (Figure 5.2). The Cas9 

endonuclease from Streptococcus pyogenes has been the most widely used CRISPR 

system for gene editing. The sgRNA is a short scaffold sequence required for the Cas9 

binding and a user-defined ~20 nucleotides ‘spacer’ sequence which ultimately directs 

Figure 5.2: Principle of CRISPR-Cas9 mediated 
gene targeting using non-homologous end joining 
(NHEJ) repair. (Addgene, 2019) 
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the Cas9 to the genomic location that requires modification. This 20 nucleotide ‘space’ 

sequence must be unique compared to the rest of the genome and must be present 

immediately adjacent to a protospacer-adjacent motif (PAM) sequence which aids 

targeting. The exact PAM sequence (NGG) depends on which Cas protein is used. 

Once expressed, the Cas9 protein and the sgRNA form a ribonucleoprotein complex 

which binds to the target DNA. Following binding, a double strand break is made in 

the target DNA by the Cas9 whereby both strands are cleaved ∼3-4 nucleotides 

upstream of the PAM sequence.  

The resulting break is either repaired by homologous recombination (HR) or non-

homologous end joining (NHEJ). If no repair template is provided, cells by default, 

repair DNA breaks by NHEJ which is an error-prone DNA re-ligation system. This 

generally leads to small insertions or deletions (indels) in the DNA that cause  

frameshift mutations in the coding sequence, resulting in a premature stop codon and 

subsequent knockout of protein expression (Gong et al. 2005, Ran et al. 2013). 

Alternatively, to generate more specific modifications in the genome, the HR pathway 

can be used by co-transfecting the Cas9 and sgRNA system with a repair template for 

the cell to use following DSB. While this method is less efficient, it can be used to 

engineer more precise editing of the target locus, such as the insertion of specific 

mutations and knock-ins such as fluorescent tags (Saleh-Gohari and Helleday 2004, 

Ran et al. 2013).  

Currently, the CRISPR/Cas9 technology is being applied to large scale approaches to 

identify essential genes in mammalian cell lines, to analyse genetic vulnerabilities in 

cancer such as gene loss and mutations and identify novel targets of diseases.  

CRISPR/Cas9 technology is also being used to target viral genomes in infected 

individuals, and to reverse cancer-causing chromosomal alterations such as 

translocations (reviewed by Doudna and Charpentier 2014). Use of CRISPR/Cas9 is 

also being explored in cell therapy (Chen et al. 2013) and in base editing of human 

embryos (Ma et al. 2017).  
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5.1.3. Aims of this study 

We wished to select and characterize breast cancer cell lines to investigate our findings 

from human cancer datasets and to establish cell lines as models for the disease.  

Selection of the cell lines was based on the H2AFX copy number data from the CCLE 

database and CNAs in chromosome 11. Characterisation includes the determination 

of doubling time and cell cycle profile, phenotypic characterization using 

haematoxylin and eosin (H&E) staining, and evaluation of the expression of epithelial 

and mesenchymal markers using immunofluorescence microscopy. H2AFX copy 

number, mRNA and protein abundance was also determined in each cell line and the 

relationship between H2AFX transcript and protein abundance was investigated. 

To address whether H2AFX is essential in breast cancer, and whether loss of one allele 

can impact H2AX mRNA and protein levels, we then attempted to decrease H2AFX 

gene dosage in the diploid cell lines by using a CRISPR/Cas9 approach.  
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5.2. Selection of cell lines that represent luminal breast 
cancer 

Four cell lines from a total of 20 luminal cancer cell lines in the CCLE database were 

selected to investigate the effect of H2AFX CNAs in luminal breast cancer (Table 5.1). 

The criteria for selection was that they were designated as luminal origin and had 

either one or two copies of the H2AFX gene in the CCLE database, in order to 

represent the most common copy number status observed in the patient samples in the 

METABRIC dataset. Further analysis was then carried out to investigate the CNAs on 

chromosome 11, since loss of the long arm of chromosome 11 is very common in 

breast cancer (Figure 5.3) (Curtis et al. 2012).   

Table 5.1: Molecular subtypes and H2AFX copy numbers of luminal cell lines chosen for this study. 

 

 

 

Analysis of chromosome 11 in the LumA BT483 cell line, with two H2AFX copies, 

shows that it has very few CNAs and closely resembles a normal diploid cell (Figure 

5.3).  In the LumB cell line BT474, with two H2AFX copies, the distal portion of 11q 

was not altered but multiple CNAs were seen near the centromeric region of 11q. 

LumA cell line MDA-MB-134-VI and LumB CAMA-1, which each have one H2AFX 

copy, show loss of a large portions of the distal region of the 11q arm (Figure 5.3). 

These cell lines reflect losses and gains on chromosome 11q as seen in clinical samples 

(Figure 5.1).  

Two other commonly used LumA breast cancer cell lines, MCF7 and T47D, were also 

included in this analysis as we were interested to address how representative of clinical 

samples they are. We found that both cell lines have three copies of the H2AFX gene, 

plus a complex amount of chromosome alterations along both chromosomal arms. For 

these reasons these two cell lines may not be good models to study the implications of 

H2AFX copy numbers in luminal breast cancers. 

  

Number of H2AFX copies LumA LumB 

one MDA-MB-134-VI CAMA-1 

two BT483 BT474 
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A 

B 

Figure 5.3: Copy number status of genes along chromosome 11 in various luminal cell lines. Copy number status 
of genes (blue dots) along chromosome 11 in the cell lines selected to represent luminal cancers (A) and in other 
commonly used luminal cell lines (B). Centromere location is shown as a yellow arrow, while H2AFX gene location 
is shown as a red arrow. The green line corresponds to diploid copy numbers. Blue dots below the green line show 
gene loss, while blue dots above the green line show gene amplification. CNA: copy number alterations. Data from 
the CCLE database, figure courtesy of Dr Andrew Flaus. 
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5.3. Characterization of luminal breast cancer cell lines  

To investigate how widely these cell lines have been used by the breast cancer research 

community, PubMed and Web of Science was queried (Table 5.2). This revealed that 

the selected cell lines MDA-MB-134-VI, BT483, CAMA-1 and BT483 have been 

used infrequently when compared to the MCF7 cell line. For this reason, initial 

characterization including determination of proliferation rate and cell cycle profile was 

carried out. 

 

Table 5.2: Number of publications of the luminal cell lines used in this study in Pubmed and in Web of Science 
Core Collection (date of query: July 2019). 

 

 

 

 

 

 

 

5.3.1. Characterization of proliferation rate and cell cycle 
analysis in luminal breast cancer cell lines 

To determine the proliferation rate of these cell lines they were seeded in six well 

plates and counted every third day for a period of 12 days. LumA cell lines (Figure 

5.4A) had a slower proliferation rate with a doubling time of approximately six days 

in comparison to the LumB cell lines which had a doubling time of approximately four 

days (Figure 5.4B). It was concluded that similar growth kinetics were seen in the cell 

lines originating from tumours with the same PAM50 subtype. 

  

Cell line 
Number of publications 

Pubmed Web of Science 

MDA-MB-134-VI 7 7 

BT483 10 11 

CAMA-1 49 44 

BT474 715 730 

MCF7 38852 7756 
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Cell cycle analysis was carried out by staining these cell lines with propidium iodide 

followed by flow cytometry analysis. The non-tumorigenic cell line MCF10A was 

used as a control (Figure 5.5). LumA MCF10A and BT483 cell lines showed 

approximately 60% of the cell population in G0/G1, 20% in S and 20% in G2/M, 

although the doubling time of BT483 is 10 times slower than MCF10A (16 hours). 

The LumA MDA-MB-134-VI and the LumB BT474 and CAMA-1 cell lines also had 

very similar cell cycle profiles with approximately 45% of the cell population in 

G0/G1, 35% in S and 20% G2/M. This represents a lower percentage of cells in G0/G1 

and a higher percentage in S phase in comparison to MCF10A and BT483 cell lines 

(2-way ANOVA followed by Bonferroni post-tests, p < 0.05). The fact that the MDA-

MB-134-VI cells which are derived from LumA tumours and have loss of the distal 

portion of chr11q have similar cell cycle characteristics to the LumB cells fits with the 

hypothesis that these are an intermediate between LumA and LumB cells and supports 

the argument that LumA and LumB designations are a continuum of phenotypes rather 

than discrete classes. Overall we conclude that the origin of cell lines from LumA or 

LumB tumours or the H2AFX copy number does not appear to be a determinant in the 

characteristics of the cell cycle profile, but it may be linked to the proliferative capacity 

of these cell lines. 

A B 

Figure 5.4: Growth curve of luminal A (A) and luminal B (B) cell lines. Luminal A cell lines: BT483 and 134-VI 
(MDA-MB-134-VI). Luminal B cell lines: BT474 and CAMA-1. Bar represents the mean ± SEM. n ≥ 3. 
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Figure 5.5: Cell cycle analysis of luminal breast cancer cell lines with Propidium Iodide (PI) staining. Cell cycle 
profile of the non-tumorigenic MCF10A cell line and LumA and LumB cell lines (A). The plots show cells in 
G0/G1 phase (green), S phase (yellow) and G2/M phase (blue). Histogram showing the percentage of cells in 
each cell cycle phases per cell line (B). Bars represents the mean ± SEM. n ≥ 2. 

 

A 

B 
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5.3.2. Phenotypic characterization of luminal breast cancer cell 
lines 

The morphology of the cell lines growing in 2D culture was characterization by H&E 

staining (Figure 5.6). The cultures of each line displayed distinct morphologies. Most 

notable was the fact that there was great heterogeneity of cell forms in each. Cells 

were categorised into up to four different phenotypes for each cell line according to 

the morphology of their nuclei and cytoplasm (Table 5.3). 

Three main phenotypes were seen in cultures of the MDA-MD-134-VI cell line. Type 

1 cells were present as single cells which were round with densely stained nuclei and 

a small halo of dark stained cytoplasm. Type 2 cells were similar to Type 1 but they 

were organized in chains or grape-like structures. Type 3 cells included cells of a 

variety of shapes including those with a spindle-like morphology that only became 

present several days after seeding. The overall appearance of MDA-MD-134-VI was 

characterised by threads of Type 2 cells with different sizes and shapes and individual 

Type 1 cells surrounding them. This cell line reached high confluency but epithelial 

sheets were never formed. 

Figure 5.6: Photomicrographs of Haematoxylin and Eosin (H&E) stained cell lines in culture. These cell lines 
will be used to study H2AFX copy number, mRNA and protein abundance in luminal breast cancer. Pictures 
obtained by Karolina Salciute. Scale bar = 10µm.  
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Cultures of BT483 cells were characterised by clusters of cells which grew in size over 

time. Three main phenotypes were seen, related to their position in the cluster. Type 1 

cells were mainly located at the outer layer of the cluster, with small, densely stained 

nuclei and scant cytoplasm. Type 2 cells were located in the middle of the cluster and 

had large, pale staining nuclei with prominent nucleoli and an extensive cytoplasm. 

Type 3 cells were generally found surrounding Type 2 cells and they had small densely 

stained nuclei, although not as dense as Type 1, and a mostly pale staining cytoplasm. 

These clusters increased in size, but their original organization in the cluster was 

maintained. Type 2 cells remained central and surrounded by Type 3 cells, while Type 

1 cells formed bud-like structures on the outskirts of the cluster. When confluent, 

BT483 cell line formed tightly adherent spheroid clusters which appeared to be 

organised like glandular acini.  
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Table 5.3: Classification of phenotypes present within cell cultures in luminal breast cancer cell lines. Luminal 
A (BT483, MDA-MB-134-VI) and luminal B (BT474, CAMA-1). Data obtained and analysed by Karolina 
Salciute. Scale bar = 20 μm. 

 

 

  

Cell line Type 1 Type 2 Type 3 Type 4 
MDA-MB-134-IV

 

Individual 
cells with no 
cell-to-cell 
contacts. 

Round, 
densely 

stained nuclei 
with a halo of 
dark stained 
cytoplasm. 

Similar to Type 
1 cells, but cells 

present in 
chains/ or as 
grape-like 
structures. 

Cells with 
various shapes 

and spindle-like 
morphology. 

Cells with 
elongated nuclei 

and pale 
cytoplasm. 

Scarce in 
culture. 

 

BT483 

 

Mainly found 
on edges of 
clusters, in 

budding-like 
structures. 

Small, 
elongated and 

densely 
stained nuclei 
with no clear 
cytoplasmic 

borders. 

Mainly found in 
the centre of 

clusters. 

Large pale 
staining nuclei 
with prominent 
nucleoli, with a 
large and pale 

cytoplasm. 

Found 
surrounding 
Type 2 cells. 

Nuclei of 
various shapes 

with a pale 
staining 

cytoplasm with 
no clear 

cytoplasmic 
borders. 

 

CAMA-1 

 

Small round 
densely 

stained nuclei 
with scant 
cytoplasm. 

 

Nuclei with 
prominent 
nucleoli. 

Nuclei usually 
oval of 

cuboidal. 

Large pale 
stained 

cytoplasm. 

Elongated 
nuclei and 
cytoplasm. 

Some cells with 
spindle-like 
morphology, 

with one or two 
tapered ends 

Various 
shapes 

and sizes. 

Mainly large 
pale staining 
cytoplasm 

with various 
nuclei sizes 

and 
morphologies. 

BT474 

 

Elongated 
densely 
stained 

nucleus and 
dense 

cytoplasm. 

Stellate cells 
with multiple 
projections. 

Bigger than 
Type 1 cells. 

Large pale 
stained nuclei 

with prominent 
nucleoli and a 

large pale 
stained 

cytoplasm. 
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The CAMA-1 cell line had the most pleomorphic appearance in culture, with four cell 

types categorized. Type 1 cells had small round densely stained nuclei and scant 

cytoplasm. Type 2 cells had large, pale staining nuclei with prominent nucleoli, which 

were usually surrounded by large and faintly stained cytoplasm with visible 

cytoskeletal filaments. Type 3 cells had a spindle-like appearance with an elongated 

nuclei and cytoplasm, with one or two tapered ends. Lastly, Type 4 cells included a 

variety of shapes with multiple nuclear morphologies and cytoplasmic intensities.  

BT474 was the most homogeneous cell line in culture and, in comparison to the other 

lines, it adhered to a plastic surface quickly after passaging. Type 1 cells had 

elongated, densely stained nuclei and a dense cytoplasm with multiple projections. 

Type 2 cells were considerably bigger than Type 1 cells, with large pale staining nuclei 

with prominent nucleoli and a large, pale cytoplasm. These cells grew in large 

epithelial sheets until confluency. Interestingly, hollow regions remained in the culture 

even in high confluency, which suggested a mimicking of luminal areas surrounded 

by cells, even in this 2D culture environment. 

Overall, we observed that all four cell lines were pleomorphic in comparison to other 

cancer cell lines which are more commonly used in the laboratory. Several different 

cell morphologies were identified and in some of the lines, most notably BT483, 

distinctive structures are formed which mimic glandular breast structures when the 

cultures reached confluency.  
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5.3.3. Characterization of epithelial and mesenchymal markers 
in luminal breast cancer cell lines 

EMT markers were studied by immunofluorescence to evaluate the epithelial and 

mesenchymal characteristics of luminal cell lines. Zonula Occludens-1 (ZO-1) and E-

cadherin were used as epithelial markers since they are both cell adhesion proteins. 

ZO-1 is a protein located in tight junctions, while E-cadherin is a calcium-dependent 

protein located in adherens junctions. Both ZO-1 and E-cadherin were shown to be 

down-regulated in poorly differentiated, highly invasive breast cancer cell lines 

(Sommers et al. 1994). Vimentin and pFAK (Y397) were used as mesenchymal 

markers, since positivity indicates a higher metastatic potential. Vimentin is a common 

intermediate filament protein found in mesenchymal cells and is also known to be 

expressed in triple negative breast cancer cell lines. Focal Adhesion Kinase (FAK) is 

a tyrosine kinase implicated in signalling pathways involved in cell motility, 

proliferation and apoptosis. Phosphorylation of FAK on tyrosine residue 397 is an 

indicator of tumour cell metastasis. This data was generated by undergraduate students 

(Salciute 2018, Mulcahy 2019). 

Immunostaining for ZO-1 on LumA BT483 cells showed the typical cobble-stone 

pattern of staining at cell junctions (Figure 5.7). ZO-1 staining was also seen in 

juxtaposed cytoplasmic membranes in LumA MDA-MB-134-VI cells and 

occasionally in LumB CAMA-1 cells, indicated by arrow in Figure 5.7. Cell junction 

evaluation was difficult due to the scant cytoplasm in MDA-MB-134-VI and CAMA-

1 cells and the tendency of these cell lines to clump on top of each other. ZO-1 staining 

was also observed in the LumB BT474 cell line, although the signal was more 

dispersed compared to that seen in BT483 cells. The cells were somewhat over-

confluent in this experiment making the identification of cell-cell junctions more 

difficult. 

E-cadherin was used as a complementary marker to ZO-1 to identify the epithelial 

nature of these cells, although only BT483 and BT474 were included in this 

preliminary analysis. BT483 cells exhibited intense staining along cell junctions with 

a cobblestone-like appearance. BT474 showed a less clear organization of E-cadherin, 

while still visible at the cell boundaries (data not shown). 
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Figure 5.7: ZO-1 staining in luminal breast cancer cell lines. ZO-1 staining (greyscale and green) was used to 
evaluate tight junctions in luminal breast cancer cell lines. Nuclei counterstained with Hoechst (greyscale and 
blue). Maximal intensity projections of confocal Z-Stack images shown. Arrow shows ZO-1 staining in CAMA-1 
cell line. Scale bar = 10µm. Figure using data generated by Karolina Salciute and Orla Mulcahy. 
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Vimentin and pFAK (Y397) were used to evaluate the mesenchymal nature of these 

cell lines (Figure 5.8). High levels of vimentin expression was observed uniformly 

throughout the cytoplasm in MDA-MB-134-VI cells, compared to lower levels in 

BT474 cells (Figure 5.8 A). In the BT474 cells vimentin localisation to regions 

characteristic of focal adhesion structures. Vimentin expression was not seen in BT483 

cells. Vimentin staining on CAMA-1 cells was inconclusive due to high 

autofluorescence (data not shown). To further explore and confirm the mesenchymal 

characteristics of BT474 cells they were also stained with pFAK (Y397) and very 

distinctive localisation at focal adhesions was seen (Figure 5.8 B). Some staining of 

pFAK was also observed in BT483 cells. 

The characterization of the epithelial and mesenchymal markers in the luminal cell 

lines is summarized in Table 5.4. BT483 was the most epithelial-like cell line due to 

the presence of ZO-1, E-cadherin, and the absence of vimentin. BT483 also showed 

pFAK (Y397) positivity, which is consistent with invasiveness of LumA tumours 

despite their slow growth and epithelial characteristics. BT474 showed a more 

mesenchymal and potentially invasive phenotype due to the expression of vimentin 

and pFAK. This cell line also showed some expression of ZO-1 and E-cadherin which 

suggests that this cell line is still epithelial-like, but potentially more invasive and 

proliferative than BT483.  

 

Table 5.4: Summary of presence of epithelial (ZO-1, E-cadherin) and mesenchymal (vimentin and pFAK) markers 
in luminal breast cancer cell lines. This analysis was made by immunofluorescence. Presence of each marker is 
shown as (+) positive, (-) negative. (?) inconclusive or (NA) not analysed. Table generated using data from 
Karolina Salciute and Orla Mulcahy. 

Cell lines Luminal 
classification 

H2AFX 
genotype ZO-1 E-cadherin Vimentin pFAK 

MDA-MB-
134-VI 

A +/- ++ NA ++ NA 

BT483 A +/+ +++ +++ - + 

CAMA-1 B +/- + NA ? NA 

BT474 B +/+ + ++ + +++ 
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Hoechst Vimentin Merge 

Hoechst pFAK Merge 

A 

B 

Figure 5.8: Vimentin and pFAK staining in luminal breast cancer cell lines. Vimentin (A) and pFAK (B) staining 
(greyscale and green) was used to evaluate the mesenchymal nature of these cell lines. Nuclei counterstained 
with Hoechst (greyscale and blue). Maximal intensity projections of confocal Z-Stack images shown. Scale bar 
= 10µm. Figure using data generated by Karolina Salciute and Orla Mulcahy. 
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Unfortunately, little analysis has yet been performed in MDA-MB-134-VI and 

CAMA-1 cell lines. Therefore, further studies are required to characterize the 

epithelial and the mesenchymal nature of luminal cell lines with one H2AFX copy. 

In summary, in cell lines with two H2AFX copies, the LumA BT483 is clearly more 

epithelial-like due to the ZO-1 cobble-stone pattern and the distinctive morphology 

which resembles breast alveoli when cultures reach confluency. The LumB BT474 is 

more mesenchymal-like due to the expression of vimentin and pFAK (Y397) and the 

elongated morphology in culture. This cell line still preserves some epithelial 

characteristics, since it grew in large epithelial sheets and some hollow regions which 

mimic luminal areas were seen. Cell lines with one H2AFX copy such as MDA-MB-

134-VI seem to slowly move away from an epithelial like phenotype and become more 

mesenchymal-like, which suggests that they are in an intermediate stage of EMT. The 

similarity of the cell cycle analysis of MDA-MB-134-VI with the LumB cell lines 

seems to suggest that this transition is occurring, despite its slow proliferation rate of 

six days.  
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5.3.4. Analysis of H2AFX copy numbers in the selected luminal 
cancer cell lines 

Although H2AFX copy number data is available in the CCLE database for these cell 

lines we wished to validate this directly. Variations on the genetic profile have been 

observed for the same cell lines with different passage numbers, and for the same cell 

lines from different laboratories (Kytola et al. 2000, Frattini et al. 2015, Kasai et al. 

2016, Liu et al. 2019). Cell lines are particularly prone to genomic changes through 

genetic drift in cell culture as a consequence of genomic instability or clonal selection.  

Initially, H2AFX copy numbers were estimated using a TaqMan copy number assay 

which normally relies on a commercially-based reference assay, such as RNase P or 

TERT, to normalize the DNA input to a reference genome in a duplex reaction. In this 

case, RNase P was used as a reference gene since this gene is known to be present in 

two copies in a normal genome (Fernandez-Jimenez et al. 2011, Kringen et al. 2012). 

However, the data obtained was unexpected since H2AFX copy numbers were found 

to be different when compared to data in the CCLE database when using the RNase P 

reference (data not shown).  

Analysis of the gene copy number of RPPH1 gene which encodes RNase P in the 

CCLE database revealed variation from the expected two copies in several of the 

breast cancer cell lines studied (Table 5.5). Other reference genes commonly used in 

a TaqMan copy number assay, such as TERT, were also checked and found to be 

unsuitable. 

Since MRPL19 had been the best housekeeping gene for analysis of H2AFX 

expression in the previous panel of breast cancer cells (Chapter 3), it was also checked 

as a potential reference gene for H2AFX copy numbers. MRPL19 was found to be a 

better reference with the exception of the cell line MDA-MB-436 (Table 5.5). 
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Table 5.5: Number of copies of RNase P (RPPH1), TERT and MRPL19 in the breast cancer cell lines available in 
our laboratory (CCLE database). These cells are shown here by breast cancer subtype (LumA, LumB, basal-like). 
This table was used to identify which is the most suitable gene to be used as a reference gene in a TaqMan Copy 
Number Assay. Asterisks (*) show cell lines that deviate from 2 copies of each gene. 

 

 

 

 

 

 

 

 

 

 

Having established MRPL19 as a relevant reference gene a TaqMan copy number 

assay was performed to analyse H2AFX copy numbers in the selected luminal cell 

lines selected (Figure 5.9). MCF10A was used as a calibrator cell line since it is a non-

tumorigenic breast cell line with no CNAs reported in the region where H2AFX is 

located (Kadota et al. 2010, Bessette et al. 2015). Since MCF7 and T47D have three 

H2AFX copies according to the CCLE database, these cell lines were also included to 

detect potential H2AFX copy number gains or amplifications. DNA from a minimum 

of three biological replicates was extracted and tested in at least two technical 

replicates. The data was plotted as a mean of the multiple technical replicates per 

biological replicate. Three of the six cell lines tested had the same copy number as 

reported in the CCLE database: MDA-MB-134-VI had one copy, while BT483 and 

BT474 had two copies each. However, MCF7, T47D and CAMA-1 had different copy 

number results compared to the CCLE database. MCF7 and T47D were reported to 

have three H2AFX copies, while CAMA-1 was reported to have one H2AFX copy, 

whereas we found a mean of two, seven and two H2AFX copy numbers, respectively.  

 Number of copies 

Cell lines Subtype RPPH1 TERT MRPL19 

BT483 

LumA 

2 2 2 

MDA-MB-134-VI 2 2 2 

MCF7 3* 4* 2 

T47D 1* 3* 2 

CAMA-1 LumB 
2 2 2 

BT474 4* 3* 2 

BT20 
Basal-like 

2 4* 2 

BT549 2 3* 2 

MDA-MB-436 3* 2 3* 
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In summary, the result of this copy number assay has led to some uncertainty about 

the valid copy number designation of the cell lines being used. It seems likely that the 

assay is not effective at determining copy numbers above two and this explains the 

large standard deviation seen for cell line T47D. However, the explanation of other 

discrepancies between our measured values and those in the CCLE database are more 

speculative.  

The copy number data in the CCLE database results from a Genome-Wide Human 

SNP Array performed across 947 cell lines (Barretina et al. 2012). Multiple quality 

control steps were performed in this study to obtain reliable copy number reads, 

including using different algorithms for copy number normalization and verification 

of genotypes detected by sequencing and SNP arrays to ensure that there were no 

errors during the experiment (Barretina et al. 2012). Since SNP array enables a more 

robust analysis than TaqMan copy number assay, we decided to refer to the copy 

number status of cell lines in this thesis as to those published in the CCLE database. 

   

Figure 5.9: H2AFX copy numbers in breast cell lines using H2AFX TaqMan copy number assay and MRPL19 
as a reference gene. Each plotted point is a mean of multiple technical replicates per biological replicate. Legend 
shows the expected H2AFX copy number (shown in CCLE database) per cell line. Bars represent mean ± 
standard error of the mean (SEM), n ≥ 2. 
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5.3.5. Analysis of H2AFX mRNA abundance in luminal breast 
cancer cell lines 

A SybrGreen qPCR assay was used to evaluate H2AFX transcript abundance in 

luminal breast cancer cell lines. The non-tumorigenic cell line MCF10A, the LumA 

MCF7 and T47D cell lines, and all clinical samples obtained from the local biobank 

were included to analyse H2AFX expression in luminal tumours and cells. Transcript 

numbers are expressed relative to a starting amount of 2 μg of RNA per sample. The 

abundance of the short H2AFX mRNA transcripts was measured in 15 clinical samples 

and ranged from 217 to 26427 copies (Figure 5.10). Measurement of the abundance 

of the short transcript in all cell lines fell within a similar range to the clinical samples, 

except for T47D which expresses at far higher levels. Luminal cell lines with one or 

two copies of the H2AFX gene had 15736 ± 3602 (mean ± SEM) copies of the short 

H2AFX transcript. The T47D cells had significantly higher levels of short H2AFX 

Figure 5.10: H2AFX short transcript abundance in non-tumorigenic MCF10A cell line, in luminal breast cancer 
cell lines and in clinical samples with different H2AFX copy numbers. The amount of H2AFX short transcripts 
was estimated as if 2 µg of total RNA was used per sample in the reverse transcription reaction, since limited 
amount of total RNA was obtained from clinical samples. H2AFX copy numbers are shown as different shapes in 
the scatter plot: one copy (square), two copies (circle), three or more copies (diamond) and unknown (empty 
square). Scatter plot with mean ± SEM. n ≥ 3. 
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transcript in comparison to the clinical samples analysed (Dunn's multiple 

comparisons test, p < 0.05). Unfortunately, the H2AFX copy number status of the 

clinical samples is unknown and could not be determined as only RNA was available 

from the biobank. 

The long H2AFX transcript was found to be four to 16 times less abundant than the 

short transcript in all samples tested. The abundance of the long H2AFX transcript did 

not change significantly between the samples analysed (Figure 5.11), with the 

exception of T47D which is statistically significantly higher than CAMA-1 (Dunn's 

multiple comparisons test, p = 0.02). Luminal cell lines with one or two H2AFX copies 

and clinical samples had 2059 ± 370 (mean ± SEM) copies of the long H2AFX 

transcript.  

There is a clear trend showing that the cell line T47D, with three H2AFX copies, has 

the most abundant expression of both H2AFX transcripts and that the cell lines MDA-

MB-134-VI and CAMA-1, with only one H2AFX copy, have the lowest expression.  

 
Figure 5.11: H2AFX long transcript abundance in non-tumorigenic MCF10A cell line, in luminal breast cancer 
cell lines and in clinical samples with different H2AFX copy numbers. The amount of H2AFX long transcripts was 
estimated as if 2 µg of total RNA was used per sample in the reverse transcription reaction, since limited amount 
of total RNA was obtained from clinical samples. H2AFX copy numbers are shown in different shapes in the scatter 
plot: one copy (square), two copies (circle), three or more copies (diamond) and unknown (empty square). Scatter 
plot with mean ± SEM. n ≥ 3. 
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5.3.6. Analysis of H2AX protein abundance in luminal breast 
cancer cell lines 

The abundance of the H2AX protein in the panel of luminal breast cancer cell lines 

was determined by quantitative fluorescent western blotting. Using antibodies with 

specificity to either H2A or H2AX and recombinant proteins as quantitation standards 

the absolute amount of H2A and H2AX in histone extracts was determined. The 

amount of H2AX relative to ‘total H2A’, calculated as the sum of H2A and H2AX, 

was measured in at least three biological replicates per cell line (Figure 5.12). The 

measurements ranged from 3% to 23% across the cell lines which is consistent with 

published work (Rogakou et al. 1998). The measured percentages of H2AX for cell 

lines MCF7 and T47D were higher than all other cell lines at 17 ± 6 and 15 ± 5%, 

respectively, which was expected due to the H2AFX copy number and mRNA 

expression observed for these lines. However, statistically significant differences were 

only seen between MCF7 and CAMA-1 cell lines (Dunn’s multiple comparisons test, 

p = 0.03).  

  
A 
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Three other cell lines were included in this analysis as we were interested to compare 

data obtained in our assay with H2AX abundance previously described in the literature 

(Rogakou et al. 1998). HeLa S3 cells are derived from cervical cancer, U2OS cells are 

derived from an osteosarcoma, and SF268 cells are derived from an astrocytoma. The 

abundance of H2AX was measured as 4 ± 1%, 8 ± 1% and 32 ± 7% relative to total 

H2A (mean ± SEM) in HeLaS3, U2OS and SF268 cells, respectively (data not shown). 

These results support previous observations that estimate H2AX levels to vary 

between 2-25% depending on the cell line or tissue (Rogakou et al. 1998, Aljuhani 

2012). 

In summary, a trend of abundance of H2AFX transcripts and protein was observed in 

the luminal cell lines with different H2AFX copies. Cell lines with one, two or three 

H2AFX copies had 5 ± 2, 9 ± 3 and 16 ± 5 (mean ± SEM) H2AX molecules per 100 

total H2A proteins, respectively. This corresponds to approximately a 1:20, 1:10 and 

1:5 ratio of H2AX to total H2A in cell lines with one, two and three copies of the 

H2AFX gene respectively. 

  

Figure 5.12: Percentage of H2AX protein relative to total H2A in non-tumorigenic and in luminal cell lines with 
different H2AFX copy numbers. Scatterplot shows the percentage of H2AX protein relative to total H2A in non-
tumorigenic and in luminal cell lines with different H2AFX copy numbers (A). H2AFX copy numbers are shown 
in different shapes in the scatter plot: one copy (square), two copies (circle) and three or more copies (diamond). 
Mean ± SEM. n ≥ 3. Representative standard curve of H2AX and H2A abudance used to quantify each cell line of 
interest  by western blotting (B). Blue dots correspond to values used to calculate the standard curve, while red 
dots were not included in the standard curve. A minimum of four standards and an R2 of 0.95 was required to 
calculate the standard cuve.  Image analysis was made with Image Studio software. 

 

B 
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5.3.7. Analysis of the relationship between H2AFX transcript and 
protein abundance in luminal breast cancer cell lines 

Basal cell lines MDA-MB-436, BT549 and BT20, described in Chapter 3, were 

included for a broader analysis of the relationship between mRNA and protein 

abundance in breast cancer (Figure 5.13). The mean H2AX protein abundance 

measured in all cell lines varied from 3 to 20% of H2AX relative to total H2A. H2AFX 

transcript abundance varied from 10000 to 156000 copies of the short H2AFX 

transcript and from 770 to 13400 copies of the long transcript. 

Three clusters can be seen when all data was collated (Figure 5.13A). Breast cancer 

cell lines MDA-MB-134-VI, CAMA-1 and MDA-MB-436, with one H2AFX copy, 

had very similar H2AX protein abundance of 5% H2AX relative to H2A regardless of 

the short H2AFX transcript abundance observed. The non-tumorigenic cell line 

MCF10A and luminal cell lines BT483 and BT474 with two H2AFX copies clustered 

together, with very similar H2AFX transcript and protein abundance, of 230000 short 

H2AFX transcripts and 9% H2AX relative to H2A. The third cluster comprised LumA 

cell lines MCF7 and T47D with three H2AFX copies, and basal-like breast cell lines 

BT20 and BT549 with two H2AFX copies. These cell lines have protein abundances 

higher than 15% H2AX. Long H2AFX transcript abundance grouped all cell lines 

similarly (Figure 5.13B).  

Interestingly, the non-tumorigenic MCF10A cell line and the luminal cell lines MDA-

MB-134-VI, BT483, CAMA-1, and BT474, with either one or two H2AFX copies, 

grouped more closer to each other and had tighter H2AFX transcript and protein 

abundance compared to the basal-like cell lines BT20, B549 and MDA-MB-436 and 

the LumA cell lines T47D and MCF7 with three H2AFX copies. 

Unfortunately, biobank samples could not be included in these plots as we did not 

have access to samples to make protein abundance measurements. The biobank 

samples have 10000 copies of the short H2AFX transcript and 2600 copies of the long 

transcript. Based on this, we would expect these samples to have 5-9% of H2AX.  
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Figure 5.13: Scatter plot of cell lines average distribution according to their H2AX protein and H2AFX short 
transcript abundance (A) and long H2AFX transcript abundance (B). Cell lines with different molecular subtype 
or origin are coloured labelled: non-tumorigenic (green), LumA (blue), LumB (pink), Basal-like (red). H2AFX 
copy numbers are shown in parenthesis in each cell line, as described in CCLE database. 
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Table 5.6 summarizes H2AFX copy number, mRNA and protein abundance data for 

all cell lines.  

 

Table 5.6: Summary of H2AFX copy number, mRNA and protein data obtained from the non-tumorigenic breast 
and cancer cell lines analysed in this thesis. H2AFX copy numbers and mRNA data from CCLE data is also 
shown (Barretina et al. 2012). NA = not applicable, ND = not determined. 

 

H2AFX copy 
number Transcript Protein 

(%) 

CCLE 

This 
thesis CCLE This thesis 

Cell line PAM50 mean ± 
SEM 

H2AX 
(RMA) 

short 
(normalized 
to MRPL19) 

long 
(normalized 

to 
MRPL19) 

relative to 
total H2A 

MCF10A - NA 2.0 ± 0 NA 23381 
± 8269 

4279 
± 688 8.1 ± 1 

MDA-MB-
134-VI LumA 1 1.0 ± 0 132 9747 ± 

5335 
1323 ± 

761 5.5 ± 1 

BT483 LumA 2 2.0 ± 0.4 299 22243 
± 2951 

4539 
± 363 8.7 ± 1 

T47D LumA 3 7.0 ± 2 650 136213 
± 15147 

13396 
± 3464 15 ± 2 

MCF7 LumA 3 1.9 ± 0.4 982 31948 
± 12643 

8730 
± 3756 17 ± 3 

CAMA-1 LumB 1 1.5 ± 0.2 280 8604 
± 3490 

766 
± 276 5.0 ± 0.6 

BT474 LumB 2 2.1 ± 0.06 391 22348 
± 2631 

1398 
± 112 8.7 ± 2 

Clinical 
samples 

LumA, 
LumB NA ND NA 9239 

± 1875 
2268 
± 337 ND 

BT20 Basal-
like 2 ND 714 156322 ± 

66678 
8808 ± 
3062 18.6 ± 2 

BT549 Basal-
like 2 3.3 ± 1 470 67096 ± 

17915 
4824 ± 
1614 15.2 ± 0 

MDA-MB-
436 

Basal-
like 1 1.5 ± 0.5 146 133634 ± 

29803 
4235 ± 
1019 5.5 ± 2 
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5.4. Attempts to manipulate H2AFX gene dosage using 
CRISPR/Cas9 in breast cell lines 

We attempted to decrease H2AFX gene dosage in the diploid non-tumorigenic 

MCF10A, LumA BT483 and LumB BT474 cell lines by using a CRISPR/Cas9 

approach to address whether loss of one allele of the H2AFX gene can impact H2AX 

mRNA and protein levels. Several attempts were made to transfect two different guide 

RNAs into the cell lines. MCF10A cells were transfected three times but no clones 

grew out. Transfected BT474 and BT483 cells grew into clones but growing and 

screening these clones was time consuming, taking approximately one month and 

three months after transfection to isolate single clones for BT474 and for BT483, 

respectively.  

Table 5.7 shows the number of clones obtained for BT474 and BT483 and the 

screening results so far. Initial screening was carried out by staining these clones and 

the corresponding wild-type cell line with a total H2AX antibody by 

immunofluorescence. The analysis of these 49 BT474 clones and 30 BT483 clones 

showed that they all still express H2AX, although, variation in protein expression 

levels was observed. Genomic DNA was extracted from these clones and they were 

also analysed by PCR. Of the 23 BT474 clones screened by PCR, none showed a 

difference for the size of the PCR product between the clones and the wild-type sample 

(data not shown). Since the change could be as small as a single base pair deletion this 

is not a reliable screening method. Screening of BT483 clones by PCR has not yet 

been performed. We plan to select clones from each cell line to analyse by Sanger 

sequencing. 
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Table 5.7: Number of clones isolated per cell line and per guide RNA (H2AFX gRNA). Immunofluorescence was 
used to screen these clones and the results obtained so far are listed. H2AX protein expression levels are divided 
as normal, low and high. ‘Normal’ refers to similar WT protein expression levels. Data generated by Joana Passos 
and Karolina Salciute. 

 

Recently, the Cancer Dependency Map Project (DepMap) was created at the Broad 

Institute to identify and catalogue gene essentiality across hundreds of cell lines 

(Tsherniak et al. 2017). This project performs loss of function genetic screens by RNAi 

and CRISPR-Cas9 methods and identifies genes whose expression is required for the 

proliferation or survival of cell lines. H2AFX cancer dependency was evaluated using 

this Portal (https://depmap.org/) and found to be ‘common essential’ in 471 out of 625 

cell lines tested, with a dependency score of -0.75 (Figure 5.14). A dependency score 

of zero means that this is a non-essential gene, whereas a score of -1 corresponds to 

the median of all common essential genes.  

This dependency score is based on integrated computational and statistical models 

created to segregate on- from off-target effects from CRISPR/Cas9 screening data by 

a method called CERES and large-scale pooled RNAi by a method called 

DEMETER2. These models enable an unbiased and improved identification of 

common-essential genes compared with other existing approaches (McFarland et al. 

2018). Briefly, CERES is a computational method that estimates gene dependency 

levels from CRISPR-Cas9 essentiality screens. This method accounts for copy-

number alterations, mutation status, batch analysis and effects of each sgRNA on cell 

proliferation (Meyers et al. 2017). CERES also estimates a guide activity score for 

each sgRNA used, and gene-knockout effects. All of these parameters enable 

validation of on-target activity, and consequently reduce false positive dependencies 

in the cell lines studied. On the other hand, DEMETER2 is a computational model that 

takes into account changes in the relative abundance of pooled shRNA reagents across 

 H2AX protein expression levels 
(immunofluorescence) 

Cell line H2AFX 
gRNA used 

number of clones 
isolated normal low high total 

BT474 
1 23 9 3 7 19 

2 26 17 1 6 24 

BT483 
1 13 8 0 4 12 

2 17 7 0 8 15 

https://depmap.org/)
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cell lines, the screening quality of each cell line, and the depletion of each shRNA over 

time. DEMETER2 also infers the effects of gene knockdown on the viability of each 

cell line, along with off-target effects within each shRNA and mediated by 

microRNAs (McFarland et al. 2018).  

 

By using DepMap, CRISPR/Cas9 loss of function screens showed that H2AFX is an 

essential gene, while RNAi based loss of function screens showed that H2AFX is not 

essential. These results suggest that H2AFX copy number might be regulated 

differently from RNA in the cancer cell lines analysed, showing that manipulation of 

H2AFX at the gene level is deleterious while RNA silencing does not have any impact 

in the 710 cell lines analysed. RNA silencing of H2AFX transcripts will likely not be 

efficient due to the high abundance of H2AFX transcripts, as measured previously. 

 

  

Figure 5.14: Partial screenshot of the cancer dependency map Portal (https://depmap.org/) when H2AFX gene is 
queried. RNAi and CRISPR/Cas9 loss of function genetic screens are used in various cell lines to identify genes 
whose expression is required for the proliferation or survival of these cell lines. 

 

https://depmap.org/)
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5.5. Discussion 

Several cell lines were selected to study aspects of H2AX biology in luminal breast 

cancer in the laboratory. This selection was based on the most common H2AFX copy 

number status in the METABRIC dataset, the H2AFX copy number data available in 

the CCLE database, and the presence of CNAs in chromosome 11. Loss of the distal 

portion of 11q arm has been reported in a variety of tumours, including breast cancer 

(Carter et al. 1994, Tomlinson et al. 1996, Dahiya et al. 1997, Jin et al. 1998, Bassing 

et al. 2003, Ambatipudi et al. 2011, Curtis et al. 2012).  

Analysis of CNAs along chromosome 11 revealed that cell lines such as LumA MDA-

MB-134-VI and LumB CAMA-1 with one H2AFX copy had an overall loss of the 

distal portion of the 11q arm (Figure 5.3). This loss was concomitant with CNAs near 

11q13 where the gene CCND1 is located. CCND1 encodes Cyclin D1 which, in 

complex with Cyclin-dependent kinase 4 (CDK4), drives cells through the G1/S cell 

cycle transition. CCND1 amplification leads to Cyclin D1 overexpression which is 

correlated with worse prognosis and reduced overall survival in breast cancer 

(Casimiro et al. 2012), and increasing levels of the proliferation marker Ki67 

(Lundberg et al. 2019). Previous reports describe an association between 11q arm loss 

and 11q13 amplification, which has been shown to increase genome instability and 

has a role in tumour development and progression (Parikh et al. 2007). We hypothesize 

that 11q13 amplification is an early event in breast tumorigenesis that precedes 11q 

arm loss since MDA-MB-134-VI has 14 CCDN1 copies, CAMA-1 has six CCDN1 

copies, and BT474 has four CCDN1 copies. There is no amplification at this locus 

seen in the BT483 cell line. These genomic events may lead to increasing levels of 

genomic instability, aneuploidy and overall worse prognosis.  

In addition to the H2AFX gene located at 11q23, the distal portion of the 11q arm 

contains genes which are critical to the DNA damage response (DDR), including ATM 

at 11q22.3, MRE11 at 11q21, and CHEK1 at 11q24.2 (Figure 1.5). Thus, loss of the 

distal 11q arm may lead to defects in the DDR, increasing chromosomal instability 

and altering response to therapy in a variety of tumours. This hypothesis is further 

explored in Chapter 6. 
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As expected, based on published literature that LumA tumours proliferating more 

slowly than LumB tumours (Holliday and Speirs 2011), the LumA-derived cell lines 

had a slower doubling time of approximately six days compared to the LumB-derived 

lines which doubled approximately every four days (Figure 5.4). This was independent 

of their H2AFX copy number and 11q arm status. The slow proliferation rate of these 

cell lines makes them challenging for experimentation, and it might explain why they 

have not been commonly used in breast cancer research laboratories and why very 

little has been published on their characterisation. In contrast, LumA MCF7 and T47D 

cell lines are frequently used in breast cancer research labs and have a doubling time 

of approximately two days. However, they do not model the most common H2AFX 

copy numbers in breast cancer since they have more than two H2AFX copies and they 

show complex 11q arms. An important aspect of this work has been to demonstrate 

that careful consideration of the cell lines is important regardless of the challenges 

associated with establishing cell lines in culture. 

Surprisingly, characterisation of the cell lines by H&E staining revealed that within 

each cell line there was a variety of cell morphologies (Figure 5.6 and Table 5.3). The 

pleomorphic nature of the cell lines may reflect the intra-tumour heterogeneity of the 

tumours from which the cell lines are derived. Tumour heterogeneity is defined by 

distinct morphological and phenotypic profiles, including cellular morphology, 

growth, metastatic potential, gene and protein expression (Marusyk and Polyak 2010). 

Several studies describe inter-tumour heterogeneity between patients with the same 

molecular tumour subtype, and intra-tumour heterogeneity reflecting differences 

between different areas of a same primary tumour (Yates and Campbell 2012, Verigos 

and Magklara 2015, Zardavas et al. 2015). Intra-tumour heterogeneity can result from 

errors in DNA replication that lead to a diverse population of cancer cells (Heppner 

1984) or from the molecular differences between different areas of a primary tumour. 

Gradually, this heterogeneity leads to genetic drift and to the branching of each cell 

which reflects the dynamic and evolving nature of cancer (Yates and Campbell 2012).  

Since the epithelial to mesenchymal transition is a well-established pathway involved 

in invasion and metastasis we were interested to investigate the expression of epithelial 

and mesenchymal markers as a further characterisation of these cell lines. BT483 was 

the most epithelial-like cell line, while BT474 was the most mesenchymal-like (Table 
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5.4). In BT483 cells ZO-1 and E-cadherin were localised to cell junctions and vimentin 

was not expressed. In contrast, the mesenchymal markers vimentin and pFAK (Y397) 

were both localised to focal adhesions in BT474 cells (Figure 5.8). Vimentin 

expression has been associated with invasiveness, high tumour grade and 

chemoresistance (Korsching et al. 2005, Lin and Liu 2014). However, in breast cancer, 

vimentin is rarely co-expressed with epithelial markers or associated with estrogen 

positive tumours (Kusinska et al. 2009, Elzamly et al. 2018). For these reasons, 

vimentin might not be the most suitable marker to study EMT transition in ER positive 

luminal tumours, despite its common use. 

Little analysis was performed in MDA-MB-134-VI and CAMA-1 cell lines. Based on 

a recent study showing that silencing or removing the H2AFX gene induces the 

development of EMT characteristics (Weyemi et al. 2016), we hypothesized that 

tumours with one H2AFX allele would have more mesenchymal-like characteristics. 

However, further studies should be carried out to understand the epithelial or 

mesenchymal nature of luminal cell lines with one H2AFX copy. qPCR experiments 

to quantitatively analyse EMT markers such as Slug, Snail, Twist and a migration 

assay should be performed to better understand the EMT and the invasive 

characteristics of these cell lines. 

After initial characterization of these cell lines, H2AFX copy number was analysed. 

Only three of six cell lines were measured to have the same copy number in our 

laboratory as reported in the CCLE database: MCF10A with two copies, MDA-MB-

134-VI with one copy, and BT474 with two copies (Figure 5.9). For this reason, a 

direct method to validate and compare H2AFX copy numbers in these cell lines such 

as fluorescent in situ hybridization should be used. This is particularly important for 

CAMA-1, since it shows a copy number of 1.5 ± 0.2 (mean ± SEM) in our hands.  

We were interested in analyzing the correlation between H2AFX copy number and 

mRNA expression in this panel of cell lines. Specific qPCR primers were used to 

distinguish the abundance of the short versus the long H2AFX transcript. The short 

H2AFX transcript was found to be from four to 16 times more abundant than the long 

transcript in all luminal cell lines tested (Figure 5.10 and Figure 5.11). This ratio of 

short to long differed in the clinical samples with the short transcript being only from 

one to nine times more abundant than the long transcript. This suggests that the short 
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and long H2AFX transcripts could be differently regulated in the body compared to 

cells grown in culture. The differential roles of the long and short transcripts remains 

to be understood, however the long transcript is expressed later in the cell cycle 

(Dodson and Flaus, unpublished and in this thesis) which potentially allows for 

increased production of H2AX after S phase to enhance the DDR under certain 

circumstances. The higher relative expression of the long transcript seen in the clinical 

samples might reflect the greater necessity for this transcript in the human body 

compared to cells growing in culture.  

H2AX protein abundance was also evaluated in non-tumorigenic and luminal cell lines 

and found to range from 3-20% of total H2A (Figure 5.12). Very few studies have 

reported H2AX protein abundance measurements, but similar amounts of H2AX 

protein were measured in MCF7 and T47D cell lines by ELISA (100 nM per 107 cells) 

(Ji et al. 2017) and we have also shown similar abundances for these two cell lines. 

Although no statistically significant differences were seen in the abundance of H2AFX 

transcripts or protein levels when comparing the luminal cell lines with one, two or 

three copies of the H2AFX gene, trends were observed where copy number correlated 

with mRNA expression and protein abundance (Figure 5.13). The non-tumorigenic 

MCF10A and the luminal cell lines with one and two H2AFX copies MDA-MB-134-

VI, BT483, CAMA-1, and BT474, grouped close to each other compared to the 

luminal cell lines with three H2AFX copies which behaved more similarly to basal-

like cell lines. However, it should be noted that this is in contrast to the data from 

clinical samples in METABRIC which shows an inverse correlation between copy 

number and expression. We attempted to address the role of H2AX biology in luminal 

breast cancer by modelling the disease in these selected cell lines, but the relationship 

between copy number and mRNA expression differed.  

Further exploration of the observation that H2AFX copy number decreases as H2AFX 

mRNA expression increases along the luminal continuum in the METABRIC dataset 

(Chapter 4) was of particular interest. To address this we hoped to evaluate whether 

removal of one allele could impact H2AX mRNA and protein levels, as well as 

increase the genome instability. H2AX-deficient mouse cells have been shown to have 

slower proliferation rates, and they are sensitive to environmental and genotoxic stress 

and show chromosome instability (Celeste et al. 2002, Celeste et al. 2003). H2AX-
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deficient cells have also been shown to be more invasive when compared to wild-type 

control cells (Weyemi et al. 2016). 

A CRISPR/Cas9 approach was used to address whether H2AFX is essential in breast 

cancer, and whether loss of one allele could impact H2AX mRNA and protein. The 

lack of clones in MCF10A following CRISPR/Cas9 targeting might support the 

hypothesis that H2AFX is essential in the non-tumorigenic breast cell line. However, 

the continued presence of H2AX expression as detected by immunofluorescence in 

BT474 and BT483 cell lines following transfection and selection might suggest that 

either the CRISPR/Cas9 approach did not work and further controls should be carried 

out, or that single allele knock-outs were obtained (Table 5.7). Screening of these 

clones is still ongoing due to the slow proliferation rate of these cell lines. Analysis of 

BT474 clones by PCR did not show any significant size band shifts. This might be 

explained by the subtle base pair break, three to four nucleotides upstream the PAM 

sequence created by Cas9, which would not be detected on a traditional agarose gel. 

Further analysis by complementary methods such as a T7 endonuclease I assay or 

high-resolution melting analysis-based assays or sequencing, could be carried out to 

draw any further conclusions. Interestingly, the majority of the clones obtained seem 

to have normal to high protein levels compared to the WT cell line.  

If the CRISPR/Cas9 has not been successful, more efficient gRNAs should be 

designed, or the same gRNAs and methodology used in DepMap project should be 

used (McFarland et al. 2018). It is also advised to test the efficiency of the gRNAs in 

vitro prior to the CRISPR/Cas9 gene editing in these cell lines (Cong et al. 2013). This 

is performed by synthesis and purification of the gRNAs in vitro, followed by adding 

the gRNAs to the genomic template and to the Cas9 mRNA or protein, and incubation 

of this mixture at 37°C. If two or more bands are seen on the agarose gel, a successful 

cleavage of the template was obtained. This suggests that a successful CRISPR/Cas9 

gene editing transfection can be carried out in the cell lines of interest. Alternatively, 

a conditional strategy could be designed to induce H2AFX knock out since the H2AFX 

gene might be essential in cancer (Snijders et al. 2019, Wang et al. 2019). 

The analysis of H2AFX gene essentiality in the Cancer Dependency Map Project has 

shown that this gene is ‘common essential’ in 471 out of 625 cell lines tested, which 

supports our hypothesis that H2AFX is an essential gene in human (Figure 5.14) 
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(Meyers et al. 2017). However, loss of function screens using RNAi showed that 

H2AFX is not essential. This could be explained by H2AFX gene expression not being 

fully inhibited by RNAi, perhaps due to the high abundance of H2AFX transcripts in 

cancer cell lines.  

In summary, four cell lines which represent luminal breast cancers with the most 

common H2AFX copy number status of one and two copies were selected.  Empirical 

testing of H2AFX copy numbers was performed using a TaqMan Copy number assay, 

but only three of cell lines, MDA-MB-134-VI, BT483 and BT474, had the same copy 

number as in the CCLE database. The copy number status of CAMA-1 requires further 

clarification such as by fluorescent in situ hybridization. 

Analysis of CNAs along chromosome 11 has shown that cell lines with one H2AFX 

copy did not suffer from a single H2AFX gene loss, but rather an overall loss of the 

distal portion of the 11q arm, which is linked to CNAs near 11q13. A correlation 

between the abundance of H2AFX transcripts and protein was seen in the different 

breast cancer subtypes and H2AFX copy numbers, even though they did not reach 

statistical significance. 

We propose that two H2AFX copies are not required to obtain near normal transcript 

and protein abundance as observed in cell line MDA-MB-134-VI. H2AFX mRNA and 

protein abundance seems to be quite tightly regulated to maintain levels needed to 

safeguard tumour survival, irrespective of H2AFX copy number. 
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Chapter 6:  
Analysis of γH2AX as a marker of 

the DNA damage response in 
luminal breast cancer cell lines  
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6.1. Introduction 

The integrity and stability of genetic information is essential to life. However, DNA 

is continuously being damaged as a result of normal physiological processes or via the 

environment (reviewed by Ciccia and Elledge 2010). These insults can lead to the 

generation of single‐stranded DNA (ssDNA) breaks and double‐stranded DNA breaks 

(DSBs), the latter being one of the most deleterious forms of DNA damage. 

Cells have developed mechanisms known as the DNA damage response (DDR) to 

detect and repair the various forms of DNA damage and to prevent genome instability 

(reviewed by Hoeijmakers 2009, Ciccia and Elledge 2010). The DDR enables cells to 

sense DNA damage, disseminate damage signals, and activate repair cascades that 

subsequently evoke a multitude of cellular responses. These include slowing down the 

cell‐cycle and activating checkpoints until damage is repaired. Once a DNA break is 

repaired, the DDR is completed and the cell cycle resumes. If the DNA break persists, 

cells undergo apoptosis or senescence, withdrawing the cell permanently from the cell 

cycle to prevent the duplication and segregation of damaged DNA into daughter cells 

(reviewed by Yuan et al. 2010). 

Cells undergoing DNA damage events can accumulate genetic alterations which can 

cause genome instability (GI). These genetic alterations range from mutations in 

specific genes such as amplifications, insertions and deletions, to rearrangements of 

chromosome segments, as well as losses and gains of whole chromosomes and other 

changes that impact the genomic architecture of cells. GI is a characteristic of most 

human malignancies and it is recognized as a hallmark of cancer. GI can arise from 

defects in several mechanisms, including DNA damage repair, replication stress, 

transcription, mitotic chromosome segregation, and telomere maintenance (reviewed 

by Duijf et al. 2019). Increasing levels of GI can also accelerate tumour progression 

and impair tumour response to treatment.  

The histone variant H2AX plays an important role in sensing and repairing DNA 

damage (reviewed by Yuan et al. 2010). H2AX replaces the core histone H2A in 2-

25% of nucleosomes depending on the cell line or tissue analysed (Rogakou et al. 

1998, Bonner et al. 2008). H2AX has a unique and highly conserved C-terminal SQ-
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motif SQ(D/E)(I/L/F/Y). Phosphorylation of the serine residue at position 139 in 

human H2AX by PIKKs in this motif is important for the initiation of the DDR. 

H2AX phosphorylation on serine 139, also known as γH2AX, promotes the 

recruitment of numerous DNA repair proteins and chromatin remodelling complexes 

to the damaged site, which leads to their accumulation and retention until the DNA is 

repaired (reviewed by Podhorecka et al. 2010). H2AX phosphorylation requires the 

activation of phosphatidylinositol 3-kinase-related kinases (PIKKs) such as ataxia 

telangiectasia mutated (ATM), ATM and Rad3-related (ATR) or DNA-dependent 

protein kinase (DNA-PKcs). After DNA damage, H2AX is rapidly phosphorylated 

and, in combination with Nijmegen breakage syndrome 1 (nibrin/NBS1) and the 

mediator of DNA damage checkpoint protein 1 (MDC1), a signal amplification loop 

is created which rapidly spreads over a region up to two megabase pairs surrounding 

the DSBs (Rogakou et al. 1998, Meier et al. 2007, Savic et al. 2009). The Mre11-

Rad50-Nbs1 (MRN) complex also recognizes the damaged site, recruits ATM and 

targets ATM to phosphorylate its other substrates, such as BRCA1, 53BP1, and MDC1 

as well as the checkpoint mediated cell cycle arrest proteins, Chk1 and Chk2. γH2AX 

also recruits the chromatin remodelling complex TIP60-UBC13, which allows γH2AX 

acetylation and ubiquitylation prior to its dephosphorylation surrounding the break site 

(Dickey et al. 2009). 

Since its discovery in 1998, γH2AX has been widely used in many fields including 

cancer therapy, drug development, environmental and genetic studies (Bonner et al. 

2008). γH2AX is an early sensitive biomarker that can be induced directly by 

genotoxic or radiomimetic chemicals and by irradiation, or indirectly through 

oxidative stress, deficient repair and metabolic activity. When compared with other 

traditional DDR techniques such as pulsed field gel electrophoresis and comet assays, 

the detection and measurement of γH2AX is more sensitive, efficient, and 

reproducible (reviewed by Varvara et al. 2019). γH2AX is also thought to be a marker 

of genome instability and contribute to cancer initiation and progression (Bonner et al. 

2008, Dickey et al. 2009, Varvara et al. 2019). High levels of γH2AX are seen in 

premalignant lesions and are linked with a tumour suppressing role, cell cycle arrest 

and senescence (Bartkova et al. 2005, Gorgoulis et al. 2005). γH2AX is also correlated 
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with poor prognostic factors in breast cancer, including tumour stage, grading, 

hormone receptor negativity, and Ki67 positivity (Varvara et al. 2019).  

Copy number alterations in the 11q23 region where H2AFX is located have been 

reported in a large number of cancers, including breast cancer (Srivastava et al. 2008). 

We found that human breast cancers typically have one or two copies of the H2AFX 

gene (Chapter 4). Analysis of cancer cell lines which are representative of the breast 

tumours and that have one H2AFX copy such as LumA MDA-MB-134-VI and LumB 

CAMA-1 cell line did not have a H2AFX gene loss, but instead exhibited an overall 

loss of the distal portion of the 11q arm (Chapter 5). This shows that, in addition to 

the H2AFX gene, DDR genes including ATM at 11q22.3, MRE11 at 11q21, and 

CHEK1 at 11q24.2 are also lost with the distal portion of 11q arm. Previous studies in 

head and neck squamous cell carcinoma showed that cell lines with loss of one distal 

11q arm have overall lower protein levels of MRE11, ATM, H2AX and γH2AX in 

comparison to those cell lines with two copies (Parikh et al. 2007). Consequently, loss 

of the distal 11q arm correlates to defects in the DDR, increased chromosomal 

instability and altered response to therapy (Parikh et al. 2007).  
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6.1.1. Aims of this study 

Despite the wide range of studies describing γH2AX in cancer, the abundance and 

kinetics of γH2AX appearance after irradiation in luminal breast cancers have not been 

reported. We wished to compare the γH2AX foci kinetics between cell lines with 

differing H2AFX gene dosage and molecular subtypes.  

Initially, the number and intensity of γH2AX foci was analysed in non-irradiated cells 

to evaluate potential differences due to H2AFX gene dosage, the molecular subtype, 

and the total H2AX protein abundance of cell lines. We hypothesized that LumB cell 

lines would have a higher number of γH2AX foci compared to the non-tumorigenic 

and the LumA cell lines because γH2AX is thought to be a marker of cancer initiation 

and progression. 

We also hypothesized that the LumA MDA-MB-134-VI cell line, with only one copy 

of the distal portion of the 11q arm, would have a less active DDR in comparison to 

cell lines with two copies. Therefore, the efficiency and kinetics of the DDR for DSBs 

was tested by measuring γH2AX focus formation and disappearance after irradiation.  
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6.2. Analysis of basal γH2AX foci in non-irradiated cell lines 

The number and intensity of γH2AX foci were analysed in non-irradiated cells with 

different H2AFX gene dosages and derived from different molecular subtypes of 

breast cancer. The cell lines used for this analysis were MCF10A (non-tumorigenic, 

two H2AFX copies), MDA-MB-134-VI (LumA, one H2AFX copy), BT483 (LumA, 

two H2AFX copies), MCF7 (LumA, three H2AFX copies) and BT474 (LumB, two 

H2AFX copies). The non-irradiated signal is termed as basal γH2AX is of significance 

as it is considered a sensitive read out of DSBs that is correlated with genomic 

instability in cancer (reviewed by Podhorecka et al. 2010, Valdiglesias et al. 2013). 

Following immunofluorescence on cells, the number and intensity of γH2AX foci was 

measured by using the FindFoci plugin in ImageJ (Herbert et al. 2014). H2AFX copy 

number was based on the data available in the Cancer Cell Line Encyclopaedia 

(CCLE) database (Chapter 4 and 5 of this thesis).  

Since triple negative breast cancer patients shows elevated numbers of γH2AX foci 

and this was correlated with a poor prognosis (Palla et al. 2017), we hypothesized that 

LumB cell lines with the worst prognosis in our cohort would have higher number of 

γH2AX foci compared to non-tumorigenic cells and LumA cell lines. To test this 

hypothesis, a minimum of 100 non-irradiated cells were randomly counted per cell 

line, at least twice independently. The LumB BT474 cell line had 2 ± 0.3 (mean ± 

SEM) γH2AX foci per cell. The non-tumorigenic MCF10A and the LumA MCF7 cell 

lines had 3 ± 0.3 (mean ± SEM) γH2AX foci per cell, while MDA-MB-134-VI and 

BT483 cell lines had 1 ± 0.1 (mean ± SEM) γH2AX focus per cell (Figure 6.1A).  

Previous studies showed that fluorescent intensity of foci could provide a more 

accurate response compared to the number foci number alone, especially when 

γH2AX foci were in close proximity to each other (Waters 2009). For this reason, the 

intensity of γH2AX foci was measured as the integrated density of γH2AX foci per 

nucleus. The number of foci per nucleus and assignment of each focus to a nucleus 

was determined by using the ‘Assign Foci to Clusters’ function in the ImageJ FindFoci 

plugin (Figure 6.1B).  

LumA cell lines MDA-MB-134-VI and BT483 with one and two H2AFX copies, 

respectively, had similar γH2AX foci intensities of 181 ± 45 (mean ± SEM), while the 
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remaining cell lines had similar but higher γH2AX foci intensities, of 300 ± 25 (mean 

± SEM).  

These results showed that a small number of γH2AX foci were seen in non-irradiated 

cells, ranging from 1 to 3 γH2AX foci per cell. LumA cell lines with one or two 

H2AFX copies had lower basal γH2AX foci numbers and intensities when compared 

to the other cell lines analysed (Dunn's multiple comparisons test, p ≤ 0.0003). 

However, the number of γH2AX foci did not vary between the non-tumorigenic and 

LumB subtypes and was independent on H2AFX gene dosage (Dunn's multiple 

comparisons test, p ≥0.19).  

 

  

A B 

Figure 6.1: γH2AX foci distribution in the non-irradiated non-tumorigenic and luminal cell lines. Scatter plot with 
the number of γH2AX foci distribution (A) and intensity (B) in a minimum of 100 non-irradiated cells per cell line.
H2AFX copy numbers are shown as square (one copy), circle (two copies), and diamond (three copies). Bars 
represent the mean ± SEM. Representative photomicrographs of γH2AX foci staining (greyscale, 600x 
magnification) in the cell lines analysed (C). Nuclei outlined in yellow. n ≥ 2. 

C 
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6.3. Analysis of the relationship between of H2AX protein 
abundance and basal γH2AX foci in breast cancer cell lines 
The relationship between H2AX protein abundance and the basal γH2AX foci in cell 

lines was also analysed (Figure 6.2). Three main clusters were seen. The first cluster 

comprised MDA-MB-134-VI cells only, since it is a cell line with one H2AFX copy, 

with a mean 5.5% H2AX relative to H2A and only 1 γH2AX focus per non-irradiated 

cell. The second cluster, with the non-tumorigenic MCF10A, the LumA BT483 and 

LumB BT474 cell lines, comprised cells with two H2AFX copies, with a mean of 8-

9% H2AX relative to H2A and 1 to 3 γH2AX foci. The third cluster contained the 

LumA MCF7 cell line, with three H2AFX copies, a mean of 17% of H2AX relative to 

H2A and 3 γH2AX foci per cell.  

Based on these results, the overall basal γH2AX foci per cell seems to correlate with 

H2AX protein abundance and H2AFX copy number, irrespective of the molecular 

subtype of each cell line. Further experiments should be made to increase the number 

of cell lines analysed. 
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Figure 6.2: Scatter plot of the distribution of cell lines according to their mean H2AX protein abundance (relative 
to total H2A) and mean number of basal γH2AX foci in non-irradiated cells. Cell lines with different molecular 
subtypes are shown in different colours: non-tumorigenic (green), LumA (blue), and LumB (pink). H2AFX copy 
numbers are shown in parenthesis in each cell line, as described in the CCLE database. 
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6.4. Analysis of γH2AX foci formation after γ-irradiation  
Next, the efficiency and the kinetics of the DDR was tested by measuring γH2AX 

focus formation and disappearance after 2 Gy irradiation (Figure 6.3, Table 6.1). A 2 

Gy irradiation dose was chosen since it is the typical radiation dose used in a five week 

treatment schedule for early stage breast cancers (Haviland et al. 2013), as well as in 

radiation sensitivity studies in cancer cell lines (Ruiz de Almodóvar et al. 1994, Speers 

et al. 2015, Baumann et al. 2016). Time points were selected based on previous 

experiments in our laboratory (data not shown) and in the literature (Rogakou et al. 

1998, Rothkamm and Horn 2009, Tommasino et al. 2015, Lee et al. 2019).  

The efficiency of the DDR was assessed by the time required by the cells to restore 

basal γH2AX levels, and the kinetics of the DDR was assessed by the rate of change 

at specific time points after irradiation. The number of γH2AX foci and the integrated 

density per nuclei after irradiation was also analysed. A minimum of 90 cells were 

randomly counted per cell line, and this was performed at least twice independently. 

The non-tumorigenic MCF10A cell line, with two H2AFX copies, displayed a rapid 

response to IR treatment with an increase from a mean of 3 γH2AX foci per cell in 

untreated controls to a mean of 10 γH2AX foci per cell 10 min after irradiation. These 

foci remained for one hour after treatment and by six hours post treatment the number 

of foci per cell returned to basal levels (Dunn's multiple comparisons test, p > 0.9, 

Figure 6.3A). Equivalent kinetics was observed for the intensity of γH2AX foci 

(Figure 6.3B). 

The LumA MDA-MB-134-VI cell line, with one H2AFX copy, also had a rapid 

response to IR treatment with an increase from a mean of 1 γH2AX focus per cell in 

untreated controls to a mean of 3 and 4 γH2AX foci at 10 and 30 minutes after 

irradiation, respectively (Figure 6.3C). While the maximum number of γH2AX foci 

was reached 30 min after irradiation, the maximum focal intensity was reached one 

hour after irradiation (Figure 6.3D). These foci remained for two hours after treatment 

and by six hours post treatment the number of foci per cell reached an average of two 

γH2AX per cell. This cell line did not return to γH2AX basal levels even at 24 h after 

irradiation (Dunn's multiple comparisons test, p < 0.0001). Similar results were 

obtained for γH2AX foci intensity, which suggests that DSBs were still being repaired 

24 hours post treatment (Dunn's multiple comparisons test, p < 0.0001). 
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The LumA BT483 cell line, with two H2AFX copies, had a rapid response to IR 

treatment, with an increase from a mean of 1 γH2AX focus in untreated controls to a 

mean of 6 γH2AX foci at 10 minutes after irradiation (Figure 6.3E). This cell line 

showed a slow reduction of γH2AX after irradiation, with an average of 5, 5, 3 and 4 

γH2AX at 30 min and 1 h, 2 h and 6 h, respectively. Interestingly, γH2AX foci 

intensity peaked at 2 h, with a subtle increase to 4 γH2AX foci at 6 h after irradiation 

(Dunn's multiple comparisons test, p < 0.01) (Figure 6.3F). This cell line returned to 

basal γH2AX levels 24 h after irradiation (Dunn's multiple comparisons test, p > 0.7). 

The LumA MCF7 cell line, with three H2AFX copies, had a rapid response to IR 

treatment, with an increase from a mean of 3 γH2AX foci in untreated controls to a 

mean of 13 γH2AX foci at 10 minutes after irradiation (Figure 6.3G). A steady 

decrease of γH2AX foci was seen with 12, 9, 7 and 4 γH2AX foci at 30 min, 1 h, 2 h 

and 6 h after irradiation, respectively. This cell line returned to basal γH2AX levels at 

24 hours after irradiation (Dunn's multiple comparisons test, p > 0.9). Similar kinetics 

for focal γH2AX intensity was seen (Figure 6.3H). 

Finally, the LumB BT474 cell line, with two H2AFX copies, also had a rapid response 

to IR treatment, with an increase from a mean of 2 γH2AX foci in untreated controls 

to a mean of 8 γH2AX foci only 10 minutes after irradiation (Figure 6.3I). These foci 

remained for 30 min after treatment and then a slow reduction of γH2AX foci was 

seen. This cell line did not return to basal γH2AX foci levels 24 h after irradiation 

(Dunn's multiple comparisons test, p < 0.008), which suggests that ongoing repair was 

still being observed. Similar kinetics for focal γH2AX intensity was seen (Figure 6.3J). 

In summary, we conclude that all cell lines have a rapid response to damage but they 

differ in the efficiency of repair after irradiation. The LumA cell line MDA-MB-134-

VI with one H2AFX copy showed a slow repair while the LumA MCF7 cell line with 

three H2AFX copies repaired quickly. The LumA BT483 cell line with two H2AFX 

copies had similar basal levels to MDA-MB-134-VI but efficiently responded and 

repaired to damage after irradiation. Strikingly, the LumB BT474 cell line with two 

H2AFX copies did not. The results of this experiment are summarized in Figure 6.3K 

and in Table 6.1.  
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Figure 6.3: γH2AX foci distribution and intensity in the non-tumorigenic and luminal cell lines. Scatter plot with 
the number of γH2AX foci distribution (A, C, E, G, I) and intensity (B, D, F, H, J) in MCF10A (A, B), MDA-MB-
134-VI (C, D), BT483 (E, F), MCF7 (G, H) and BT474 (I, J). H2AFX copy numbers are shown as square (one 
copy), circle (two copies),and diamond (three copies). Bars represent the mean ± SEM. A minimum of 90 cells 
were counted per cell line. Representative photomicrographs of the number and intensity of γH2AX foci (greyscale) 
in the cell lines analysed (K, 600x magnification). Nuclei outlined in yellow. n ≥ 2. 
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Table 6.1: Summary of the efficiency and the kinetics of the DNA damage response (DDR) in the cell lines used in 
this study. The DDR was measured through quantification of γH2AX focus formation and disappearance after 2 
Gy irradiation (IR). The cell lines used in this study were: MCF10A (non-tumorigenic, two H2AFX copies), MDA-
MB-134-VI (LumA, one H2AFX copy), BT483 (LumA, two H2AFX copies), MCF7 (LumA, three H2AFX copies) 
and BT474 (LumB, two H2AFX copies). DDR kinetics was classified as ‘+++’ good, ‘++’ average, and ‘+’ poor. 
Good responders are cell lines that quickly phosphorylate H2AX after irradiation, while good repairers are cell 
lines that quickly return to basal γH2AX after irradiation. 

 DDR kinetics DDR 
efficiency 

Cell line 

Mean 
basal 

γH2AX 
foci 

Maximum 
mean of 
γH2AX 

foci (time 
after IR, 

min) 

Correlation 
between 
γH2AX 

foci 
number 

and 
intensity 

Responder Repairer 

Time to 
return to 
γH2AX 

basal 
levels 

(hours) 

MCF10A 3 10 (10) +++ ++ +++ 6 
MDA-

MB-134-
VI 

1 4 (30) ++ ++ + > 24 

BT483 1 6 (10) ++ +++ ++ 24 
MCF7 3 13 (10) +++ +++ ++ 24 
BT474 2 8 (10) +++ ++ + > 24 
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6.5. Discussion 

This chapter focuses on the analysis of the abundance and kinetics of γH2AX before 

and after irradiation since this has not been reported in luminal breast cancer cell lines. 

We hypothesized that LumB cell lines would have a higher number of γH2AX foci 

compared to the LumA cell lines and the non-tumorigenic cell lines studied. Previous 

studies show that triple negative breast cancer patients have higher γH2AX foci 

numbers and this is correlated with a significantly worse prognosis (Nagelkerke et al. 

2011, Palla et al. 2017). H2AX is also known as an early marker of genomic instability 

in cancer development (reviewed by Podhorecka et al. 2010, Valdiglesias et al. 2013).  

Very low γH2AX foci numbers per cell were observed in non-irradiated cells, ranging 

from 1 γH2AX focus in the LumA cell lines MDA-MB-134-VI and BT483 to 3 

γH2AX foci in the non-tumorigenic MCF10A cell line and in the LumA BT483 cell 

line. The LumB BT474 cell line with two H2AFX copies had 2 γH2AX foci per cell. 

Differences in the number of basal γH2AX foci per cell have also been reported in 

many cell and tissue types (reviewed by Yu et al. 2006, Palla et al. 2017).  

Statistical analysis demonstrated that LumA cell lines with either one or two H2AFX 

copies had a lower basal γH2AX foci number and intensity when compared to the 

other cell lines analysed (Figure 6.1). However, the number of γH2AX foci did not 

correlate with the non-tumorigenic and LumB subtypes of the cell lines analysed. 

Analysis of the relationship between H2AX protein abundance and the basal γH2AX 

foci in the cell lines revealed that H2AFX gene dosage had an impact on the basal 

γH2AX foci per cell via H2AX total protein abundance, irrespective of the molecular 

subtype. 

The similarities between the basal number of γH2AX foci in MCF10A and MCF7, 

and in MDA-MB-134-VI and BT483 might be explained by their doubling times and 

corresponding cell cycle phases. For instance, the occurrence of γH2AX foci increases 

during S phase, possibly due to replicative stress (Valdiglesias et al. 2013). Since 

MCF10A and MCF7 cell lines have faster doubling times of 0.7 and 1.8 days, 

respectively, than other LumA and LumB cell lines analysed, ranging from four to six 

days, a higher number of basal γH2AX foci was anticipated. Therefore, cell doubling 

times and the corresponding cell cycle phases need to be considered when analysing 

γH2AX.  
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When the kinetics of the DDR was analysed, MCF10A had the quickest γH2AX focus 

formation and disappearance after 2 Gy irradiation, followed by MCF7 and BT483 

(Figure 6.3 and Table 6.1). Similar kinetics were seen between the number of γH2AX 

foci and the foci intensity in MCF10A, MCF7 and BT474 cell lines. γH2AX foci total 

intensity was surprisingly high and more variable in MDA-MB-134 and BT483 cell 

lines despite the relatively low number of γH2AX foci. Diverse responses to ionizing 

radiation have also been reported in different breast cancer cell lines irrespective of 

their molecular subtype (Speers et al. 2015) and in head and neck squamous carcinoma 

cell lines (Parikh et al. 2007). 

These results suggest that both MCF10A and MCF7 are quick to respond and to repair 

DNA damage after irradiation. This may influence their popularity for DDR 

experiments and in cancer research. However, MCF7 shows an anomalous 

responsiveness to irradiation compared to the other LumA cell lines analysed. 

MCF10A is a commonly used non tumorigenic breast cell line, but its similar growth 

and repair kinetics to MCF7 raises similar questions on whether is it a suitable control 

for these experiments (Qu et al. 2015). 

Interestingly, even though basal γH2AX foci numbers in the LumA BT483 were 

obtained 24 h after irradiation, the intensity of the γH2AX foci was still elevated when 

compared to non-irradiated cells. This suggests that DNA repair was still ongoing even 

though basal numbers of γH2AX foci were observed. Longer time points beyond 24 

hours after treatment could be undertaken to validate this observation. For example, 

co-staining with 53BP1, Ku70/Ku80, Chk1, Chk2, p53 or Mdm2 could confirm 

whether downstream targets of the DDR are being deactivated (Moon et al. 2010). 

γH2AX also recruits chromatin remodelling complexes such as TIP60-UBC13, which 

allows γH2AX acetylation and ubiquitylation prior to its dephosphorylation 

surrounding the break site (Dickey et al. 2009).  

Surprisingly, the LumB BT474 cell line with two H2AFX copies did not return to basal 

γH2AX levels, even 24 h after irradiation, suggesting that a slower DDR was being 

observed. This is in agreement with a previous study that showed that the BT474 cell 

line had higher radiation sensitivity than other breast cancer cell lines such as T47D, 

CAMA-1, MCF7 and MDA-MB-231 (Yard et al. 2016). Radiation sensitivity was also 

correlated with mutation load and the landscape of somatic copy number alterations 
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of each cell line. Interestingly, BT474 had the highest rate of mutations in DDR genes 

in the CCLE database of all luminal cell lines analysed in this thesis, such as nonsense 

mutations in BRCA2 (p.S3094*), and missense mutations in ATM (p.E2468K) and 

TP53 (p.E285K).  

Finally, the LumA MDA-MB-134-VI cell line did not reach basal levels of γH2AX 

foci by 24 h after irradiation, which again suggests that DSBs were still being repaired 

24 hours post treatment in this cell line. These results suggest that MDA-MB-134-VI 

is an equally quick responder, but a slower repairer in comparison to the other cell 

lines analysed. 

Previous studies in head and neck squamous cell carcinoma showed that cell lines with 

distal 11q loss tend to have an overall lower protein expression of MRE11, ATM and 

H2AX as well as reduced γH2AX foci formation compared to those cell lines without 

distal 11q loss (Parikh et al. 2007). A correlation between 11q loss and an increase of 

chromosome aberrations after irradiation was also seen in that study. Thus, loss of the 

distal 11q arm may lead to defects in the DDR, resulting in increased chromosomal 

instability and altered response to therapy. In this study, H2AX protein abundance was 

shown to be relatively lower in the MDA-MB-134-VI cell line compared to MCF10A, 

BT483 and BT474. This low H2AX protein abundance in the MDA-MB-134-VI cell 

line, of ≤ 5.5% of H2AX relative to H2A, could impair the efficiency of the DDR after 

irradiation. Further studies could assess how the DDR is compromised after irradiation 

by measuring ATM kinase activity and the activity of other DDR response proteins, 

such as MDC1, BRCA1 and 53PB1 directly. 

The association between distal 11q loss and an impaired DDR may also imply that 

radiation therapy has to be carefully considered in patients with distal 11q loss. There 

is still an important need to identify patients who are more likely to be unresponsive 

to therapy despite the efficacy of breast radiotherapy. Head and neck squamous cell 

carcinoma cell lines with 11q loss showed increased sensitivity to DNA damage and 

slower repair, yet a substantial proportion of these cell lines survived a usually lethal 

single fraction of 10 Gy IR (Parikh et al. 2007). Therefore, a clonogenic survival assay 

is required to evaluate the percentage of cells that survive different doses of irradiation 

for this panel of cell lines.  
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In summary, γH2AX has been widely used in cancer research but the abundance and 

kinetics of γH2AX foci formation after irradiation in luminal breast cancers remained 

elusive. We found that LumA cell lines with one or two H2AFX copies have a lower 

basal γH2AX foci number and intensity, but the number of basal γH2AX foci did not 

correlate with the non-tumorigenic and LumB subtypes of the cell lines analysed. 

H2AX protein abundance and H2AFX gene dosage had an impact on the basal γH2AX 

foci per cell irrespective of the molecular subtype. MCF10A and MCF7 had the 

quickest γH2AX focus formation and disappearance after 2 Gy irradiation, followed 

by BT483. The LumA MDA-MB-134-VI, with one H2AFX copy, and the LumB 

BT474, with two H2AFX copies, had a rapid DDR but they showed a slow repair even 

24 h after irradiation. These results suggest that γH2AX kinetics is not correlated with 

the molecular subtype but that loss of 11q arm, duration of cell cycle, as well as 

mutational load have an impact on the DDR.  
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Chapter 7:  
Conclusions and future 

perspectives 
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γH2AX has been widely described as a prognostic cancer biomarker. However, it is 

unclear how H2AFX copy number, mRNA expression and protein abundance 

contribute to the genome instability associated with cancer. The H2AFX gene maps to 

the q arm of chromosome 11 which is commonly deleted in cancers and contains 

critical genes involved in the DNA damage response (DDR) including MRE11, ATM 

and CHEK1 (Figure 1.5). Contradictory data on H2AFX copy number and expression 

has been reported, with some studies reporting H2AFX as a tumour suppressor gene 

(Celeste et al. 2002, Bassing et al. 2003), while others report it as an oncogene (Seo et 

al. 2012, Rezaeian et al. 2017). Analysis of the Gene Expression across Normal and 

Tumour tissues (GENT) database has shown that H2AFX mRNA is highly expressed 

in tumour tissues compared to normal samples (Seo et al. 2012). Increasing levels of 

γH2AX were also correlated with tumour malignancy and poor prognosis (Bartkova 

et al. 2005, Gorgoulis et al. 2005, Dickey et al. 2009).  

Understanding the impact of changes in H2AFX copy number and mRNA expression 

on the abundance of H2AX protein is not only important to allow dissection of the 

role of H2AX in cancer, but it also has the potential to report on tumour aggressiveness 

and to monitor the response to targeted therapies. This thesis focused on the detailed 

analysis of H2AFX copy number alterations (CNAs), mRNA expression and protein 

abundance in breast cancer. This analysis was accomplished by using large cancer 

genomic and transcriptomic databases such as cBioPortal and METABRIC in 

combination with cell lines and clinical samples as research tools.  

From the data available in cBioPortal, we found that H2AFX is not a classical tumour 

suppressor gene since it seldom undergoes homozygous deletions and is rarely 

mutated (Table 4.1). Support for H2AFX as an oncogene is also weak since the H2AFX 

gene is only amplified to three copies in 6% of cancer studies and to four copies in 

0.4% of the studies.  

Analysis of H2AFX CNAs in the METABRIC dataset revealed that LumB tumours 

have the highest percentage of samples with loss of one H2AFX copy at 41%, and this 

loss is correlated with high genome instability compared to the other subtypes (Figure 

4.2 and Figure 4.3). 2% of LumB samples have three H2AFX copies, 0.2% had four 

or more H2AFX copies, and no diploid deletions or mutations were observed in the 

H2AFX coding region. The mean z-scores for H2AFX mRNA in each subtype 
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increased with a decreasing severity of prognosis of the disease, from LumA to basal-

like (Figure 4.4). Thus, LumA subtypes have a surprisingly low mRNA expression 

when compared to matched normal tissues, possibly due to the genome instability 

generated at early stages of tumour development. LumB tumors have similar mRNA 

expression to matched normal tissues and HER2 and basal-like have higher H2AFX 

mRNA expression compared to normal tissues, potentially to counteract the genome 

instability generated and to compensate for the high replication rate of these tumors.  

We decided to focus our investigation on luminal tumours because these subtypes 

comprise 70% of all breast cancer cases and LumB tumours have the highest 

percentage of H2AFX copy number loss. Even though luminal subtypes are known to 

have a good prognosis in comparison to basal-like and HER2 subtypes, many patients 

develop resistance and with few treatment options are available for endocrine therapy 

resistant breast cancers (Osborne and Schiff 2011, Gatza et al. 2014). 

Luminal tumours are also interesting because some reports classify them as 

independent intrinsic categories based on the PAM50 signature (Sørlie et al. 2001, 

Parker et al. 2009, Prat et al. 2010), whereas other reports describe them as a 

continuum within which the PAM50 classification makes an arbitrary distinction 

(Mackay et al. 2011, Tishchenko et al. 2016). Using the continuum from LumA to 

LumB described by Tishchenko, we found that H2AFX copy number decreases while, 

paradoxically, H2AFX mRNA expression increases (Figure 4.5) (Tishchenko et al. 

2016). This H2AFX mRNA increase is correlated with the expression of the 

proliferation marker MKI67 (Figure 4.6). This observation is also consistent with 

Kaplan-Meier plots in which luminal patients with one H2AFX copy and patients with 

high H2AFX mRNA levels have reduced overall survival (Figure 4.8). In fact, H2AFX 

expression was found to be in the 99.6% percentile in all genes for LumB tumours, 

regardless of whether they had one or two copies of the H2AFX gene (Figure 4.7). 

This shows that H2AFX has a potential role in LumB tumours, likely as result of their 

high replicative rate.  

In order to model H2AFX CNAs in luminal subtypes, four luminal cell lines were 

selected as the most frequent H2AFX copy numbers in the human population, one and 

two H2AFX copies (Table 5.1). Analysis of CNAs in chromosome 11 where H2AFX 

is located revealed that cell lines with one H2AFX copy did not simply have a single 
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loss of H2AFX gene, but rather suffered an overall loss of the distal portion of the 11q 

arm, which is concomitant with CNAs near 11q13, where the CCND1 gene is located 

and which is frequently amplified in luminal tumours (Figure 5.3).  

By analysis of the CCLE database, we have observed that most common luminal cell 

lines used in the laboratory such as MCF7 and T47D with three or more H2AFX 

copies, do not represent common H2AFX copy number levels in luminal breast 

cancers. This demonstrates that careful consideration of cell lines is required 

regardless of the challenges associated with establishing them in culture. LumA MCF7 

and T47D cell lines have a doubling time of approximately two days, making them 

much quicker to grow in the lab and this may be one of the reasons for their common 

use in breast cancer research labs.  

H2AFX copy numbers were measured empirically in the selected cell lines, but only 

three out of six cell lines had the same H2AFX copy number as reported in the CCLE 

database (Figure 5.9). Since SNP arrays enable a more robust analysis than the 

TaqMan copy number assays, we decided to refer to the copy number status of cell 

lines in this thesis as those published in the CCLE database (Barretina et al. 2012). 

However, a direct method such as fluorescent in situ hybridization should be used to 

validate H2AFX copy numbers in these cell lines. 

Analysis of H2AFX transcripts revealed that the short transcript is between 4-16 times 

more abundant than the long transcript in the luminal cell lines tested (Figure 5.10 and 

Figure 5.11). This difference is 2-4 less in clinical samples, perhaps reflecting a greater 

requirement for the long H2AFX transcript after S phase. This suggests that the short 

and the long H2AFX transcripts are differently regulated in the native environment 

compared to cells in culture. H2AX protein abundance ranged from 3 to 20% of total 

H2A in the breast cancer cell lines tested (Figure 5.12), which is within a relatively 

narrow range when compared to the much higher levels described in mouse embryonic 

stem cells and in one-cell embryos (Shechter et al. 2009, Nashun et al. 2010), or in the 

human glioblastoma cell line SF268 with eight H2AFX copies. Although no 

statistically significant differences were seen in the abundance of H2AFX transcripts 

and protein levels, a good correlation is observed between H2AFX copy number, 

expression and protein in the breast cancer cell lines analysed (Figure 5.13). This 
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differs from the analysis of the METABRIC dataset where loss of one H2AFX copy 

inversely correlates with H2AFX mRNA expression. 

Haplosuficiency is seen in cell lines with one H2AFX copy, since they produce 

sufficient transcript and protein for a rapid response to damage. However, further 

experiments should be carried out in these cell lines to understand how short and long 

H2AFX transcripts are regulated, namely by the analysis of H2AFX mRNA half-life, 

transcription rate, and kinetics of expression of each transcript. Understanding the 

availability of each H2AFX transcript might correlate with H2AX protein levels and 

the capacity to be phosphorylated during the DDR.  

We found that γH2AX kinetics is not correlated with the molecular subtype of the 

luminal cell lines tested by analysis of the activation of the DDR after 2 Gy irradiation 

(Figure 6.3 and Table 6.1). All cell lines were rapid responders to damage, but loss of 

the 11q arm as seen in MDA-MB-134-VI, quick doubling time as seen in MCF10A 

and MCF7 cells, and increased mutational load as seen in BT474 all appear to have an 

impact on the DDR. The association between distal 11q loss and an impaired DDR 

may also imply that radiation therapy has to be carefully considered in patients with 

distal 11q loss since they are more likely to be unresponsive to therapy.  

A notable quick response to damage as well as its efficient repair was seen in MCF10A 

and MCF7 cell lines, which might explain the popularity of these cell lines for DDR 

and cancer research experiments. The non-tumourigenic MCF10A cell line has similar 

growth and DDR kinetics of γH2AX foci formation and disappearance as compared 

to the LumA MCF7 cells which calls into question as to the suitability of this cell line 

as a control in breast cancer experiments (Qu et al. 2015). 

The lack of homozygous deletions and mutations in H2AFX in the METABRIC 

dataset might suggest that this gene is essential in breast cancer. H2AFX is not an 

essential gene in mice (Celeste et al. 2002, Bassing et al. 2003), but this question has 

not been directly addressed in cancer cell lines. We attempted to reduce H2AFX gene 

dosage in several diploid cell lines using a CRISPR/Cas9 approach. We did not find 

any clones lacking H2AFX expression which supports the hypothesis that H2AFX is 

essential in these cancer cell lines (Table 5.7). Isolating the role of H2AFX loss 

compared to other loci is challenging, but future experiments to generate conditional 

H2AFX knockouts would be desirable (Snijders et al. 2019, Wang et al. 2019). 
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Analysis of the Cancer Dependency Map Project (DepMap) also suggests that 

manipulation of H2AFX at a gene level is deleterious, although RNA silencing does 

not have any impact in the 710 cell lines analysed (Figure 5.14) (Tsherniak et al. 2017), 

likely due to the high abundance of H2AFX transcripts. 

In summary, we propose that H2AFX is essential for breast cancer, but that loss of one 

H2AFX allele is well tolerated. Analysis of the METABRIC dataset shows that LumA 

tumours have decreased mRNA expression compared to normal samples, possibly due 

to the genome instability generated at early stages of tumour development (Figure 7.1). 

Within the luminal continuum, loss of one H2AFX copy creates a selective advantage 

to regulate the genome instability generated by inducing H2AFX mRNA 

overexpression. This is correlated with Ki67 mRNA expression and reflects the 

increased replication rate and worse prognosis of LumB tumours. 

In cell lines, H2AFX is not required to be in a diploid state to achieve near normal 

mRNA and protein production. However, H2AFX copy number, mRNA and protein 

abundance are positively correlated to safeguard tumour survival. This suggests a 

regulatory mechanism exists to maintain H2AX abundance and a robust DDR, 

irrespective of breast cancer subtype.  

To our knowledge, this is the first study that measures the abundance of both H2AFX 

transcripts in breast-derived cell lines and in clinical samples, and simultaneously 

combines the analysis of H2AFX copy number, mRNA and protein abundance in 

breast cancer. Overall, this data will undoubtedly contributed to the understanding of 

the implications of H2AFX CNAs in cancer. Nevertheless, a complete picture of 

H2AFX regulation in such a complex disease is yet to be unravelled.  
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Figure 7.1:  Potential model for H2AFX copy number, mRNA and protein abundance in the progression of luminal 
breast tumours. Figure (A) and table (B) based on the results of this thesis. 

 

 

  

 Normal LumA LumB 

Average H2AFX copy number 2 2 1 

H2AFX mRNA levels ++ + ++ 

MKI67 mRNA levels + + ++ 

Levels of genomic instability + + ++ 

H2AX protein levels ++ ++ ++ 

A 
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Appendices 

Appendix I: Map of the H2AFX plasmid  
 

 
Figure I. 1: Graphical map of the H2AFX plasmid used as a standard curve for qPCR experiments. This plasmid 
was generated by cloning the H2AFX gene (dark blue) into the plasmid pGEM-T Easy Vector Systems (Promega), 
followed by sequencing verification. Beta lactamase, phage f1, lac operon, T7 promotor and multiple cloning site 
(MCS) are highlighted in light blue, cobalt blue, green, light brown, and red, respectively. Enzymes are shown in 
bold. Plasmid generated by Jennifer Eykelenboom. Map visualised using Snapgene Viewer sotftware. 
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course of this thesis.   
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iii) 42nd Microscopy Society of Ireland annual symposium, Institute of Technology 
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iv) Chromatin dynamics and nuclear organization in genome maintenance, EMBO 

Workshop, Illkirch, France, attended and presented by Dr Dodson (June 2018) 

v) EACR25: 25th Biennial congress of the European Association for Cancer 

Research, Amsterdam, The Netherlands (July 2018) 

vi) Cancer Genomics 2019, Cambridge, UK (June 2019) 
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