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Abstract

The endoplasmic reticulum (EnR) stress is a common phenomenon in various cancers such as
breast, colorectal, skin and hepatocellular carcinoma. Several pathophysiological events (e.g.,
radiation, aneuploidy, oncogenic transformation and tumour microenvironment) and
pharmacological inducers (e.g., thapsigargin, tunicamycin and brefeldin A) can induce EnR stress
and initiate the unfolded protein response (UPR) signalling pathway. Tumour microenvironmental
factors such as low pH, hypoxia, nutrient starvation, and elevated levels of free radicals cause UPR
activation in cancer cells. The UPR signalling pathway has three major sensors which are localised
at the EnR membrane, including IRE1, ATF6 and PERK. These three molecules sense any changes
in protein folding capacity (accumulation of misfolded proteins) and activate a variety of
transcription factors such as ATF6, ATF4, CHOP and XBP1. These downstream effectors of the
UPR induce the expression of a wide array of target genes including EnR chaperones and genes
involved in ERAD (endoplasmic reticulum associated degradation) to enhance the protein folding
capacity of the cell and to decrease the unfolded protein load of the EnR. However, if the primary
stimulus causing protein misfolding in the EnR is prolonged or excessive, apoptosis ensues. The
exact mechanism involved in transition of the UPR from a cell survival to cell death response is

not clearly understood.
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MicroRNAs are a class of endogenous, short (19-22 nucleotides in length) non-coding RNAs that
play a pivotal role in gene expression regulation by translational repression or degradation of target
transcripts. MicroRNAs usually interact with the 3’ untranslated region (UTR) of their target
MRNA to downregulate its expression. Computational analysis predicts that more than 30% of
animal genes may be subject to regulation by miRNAs, suggesting a role for miRNA-mediated
gene regulation during UPR. Several studies have shown that miRNA expression is globally
repressed in tumour tissues as compared with the tumour adjacent normal tissue. Three potential
mechanisms responsible for miRNA dysregulation in cancer are: (i) the miRNAs loci are
frequently localized in fragile chromosomic sites and are often altered (methylation, deletion,
amplification and translocation) in human cancers (ii) the change in activities of transcription
factors (e.g., MYC and P53) that control miRNA expression and (iii) miRNA biogenesis could be
affected by the altered expression of DICER, DROSHA and XPO5. MicroRNAs have been shown
to act as tumour suppressor and/or oncogene in human cancers. Gain or loss of miRNA functions
has been reported in different cancers, with pathological roles in tumour cell proliferation,
progression of tumours and metastatic process. Hence, we hypothesize that UPR-regulated
microRNAs can influence the cellular response during EnR stress and may contribute to cancer
progression. The role of miRNAs in the regulation of the UPR is an emerging area and further
research is required to gain an understanding of the pathways involved, which will provide
additional therapeutic opportunities. In this study, we identified two UPR regulated miRNAs
(miR-378 and miR-616) and determined their effect on cell growth, proliferation, migration and

cell fate during conditions of EnR stress.
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In Chapter 3, we show that miR-378 and its host gene (PPARGC1B) are downregulated during
UPR through the IRE1-XBP1 axis. Overexpression of XBP1s significantly reduced the expression
of miR-378 and PPARGC1B. Furthermore, we found that overexpression of miR-378 strongly
suppressed cell proliferation, colony formation and migration of ERa-positive breast cancer cells
(MCF7, ZR-75-1). Moreover, our results show that miR-378 enhanced sensitivity of MCF7 cells
towards EnR stress inducing compounds and anti-estrogens. We also demonstrated that high
expression of miR-378 was associated with good outcome in ERa-positive breast cancer patients.
We found that ectopic expression of miR-378 increased the expression of several type | interferon
signalling pathway genes. Analysis of separate cohorts of breast cancer patients showed that a
gene-signature derived from miR-378 upregulated genes showed a strong association with
improved overall and recurrence free survival in breast cancer. Our findings show that XBP1s may
contribute to the development of endocrine-resistant breast cancer, in part, by downregulating the
expression of miR-378.

In Chapter 4, we show that the expression level of miR-616 and CHOP (the host gene of miR-616)
is increased during UPR signalling through the PERK pathway. Our results showed that
overexpression of miR-616 strongly reduced cell proliferation, colony formation and migration of
cancer cells (MCF7, ZR-75-1 and HCT116). Additionally, miR-616 enhanced the sensitivity of
MCF7 cells to anti-estrogens. We found that miR-616 directly targeted the protein coding
sequences of c-MYC and VAVL1 transcripts. Furthermore, we showed that miR-616 inhibited
MCF7 cell proliferation and migration by suppressing the expression of c-MYC and VAV1.
Ectopic expression of c-MYC and VAV1 reversed the inhibitory effects of miR-616 on cell growth
and migration in MCF7 cells. In summary, our results suggest that the CHOP locus generates two

gene products, CHOP protein and miR-616, that can act together to inhibit cancer progression.
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1-0. Introduction

1-1. The Endoplasmic Reticulum

The Endoplasmic Reticulum (EnR) is a major eukaryotic cellular organelle which has various
functions, including lipid/steroid biosynthesis, protein biosynthesis (post-translational
modification, protein translocation, and protein folding) and storage/regulation of calcium ions in
its lumen [1]. The EnR consists of a tube-like structure named cisternae or EnR lumen. The cisterna
is a flattened membrane disk that is connected to other cisternae. This structure is also seen in the

Golgi apparatus that is formed from three to twenty cisternae [2].

There are two kinds of EnR in eukaryotic cells, the rough EnR and the smooth EnR. The rough or
granular EnR has ribosomes on its cytosolic side which are needed for protein synthesis. The rough
EnR is mostly seen in cells that secrete proteins. Proteins which are synthesised by ribosomes on
the rough EnR are translocated into the EnR lumen for further modifications [2]. Both free and
membrane-bounded ribosomes are the same in function and structure with the only difference
being in the proteins that they generate [1]. On the other hand, the smooth EnR does not have any
ribosomes and plays roles in metabolism and production of lipids and hormones. They are
frequently found in specific cell types such as muscle, liver, neurons and steroid synthesising cells

with distinct functions [2].




1-2. Endoplasmic Reticulum Stress and the Unfolded Protein Response (UPR)

Signalling Pathway

The EnR stress response is induced by multiple pathophysiological and pharmacological inducers.
For instance, glucose deprivation [3] and hypoxia [4] are common events in a tumour
microenvironment which cause EnR stress and UPR activation in cancer cells. It has been found
that cancer cells engage UPR signalling to adapt to stressful conditions within the tumour
microenvironment [5]. The UPR is also activated in other diseases such as neurodegenerative
disorders, [6], diabetes [7] and viral infections [8]. Furthermore, pharmacological inducers such as
thapsigargin, tunicamycin and brefeldin A can induce EnR stress and activate UPR signalling, a
common approach used in laboratories for research purposes [9].

The EnR stress response activates the UPR signalling pathway in order to maintain cellular
homeostasis [10]. The UPR signalling pathway has three major sensors which are localised at the
EnR membrane including inositol-requiring protein-1 (IRE1), activating transcription factor-6
(ATF6) and protein kinase RNA (PKR)-like ER kinase (PERK) [11]. These three molecules sense
any changes in protein folding capacity in the EnR lumen and pass the information across the EnR
membrane to the cytosol in order to activate downstream effectors (Figure 1-1). For instance, UPR
activation induces the phosphorylation of elF2a to block general protein translation, reducing the
client protein load entering the EnR, and increases the function of several transcription factors
such as ATF4, XBP1 and ATF6f which translocate to the nucleus and consequently induce various
genes such as endoplasmic reticulum-resident chaperones, endoplasmic reticulum-associated
degradation (ERAD) machinery, amino acid transport and metabolism proteins, phospholipid

biosynthesis enzymes and autophagy genes to restore EnR homeostasis [12].
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The UPR initially tries to restore normal EnR homeostasis, however, if the damage is too severe
cell death pathways are activated [13]. The molecular mechanisms involved in the transition of the

UPR from a protective to an apoptotic phase are unclear.
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Figure 1-1. The UPR signalling pathway. UPR sensors including PERK, ATF6, and IREL are activated
by accumulation of unfolded and misfolded proteins in the EnR lumen. PERK forms dimers and is auto-
phosphorylated after dissociation from GRP78. Activated PERK phosphorylates elF2a and consequently,
p-eIF2 o blocks general mRNA translation and increases the translation ATF4 transcript. IRE1 also forms
dimers and is auto-phosphorylated like PERK during activation. Phosphorylation of IRE1 causes activation
of its endoribonuclease domain. IRE1 then cleaves 26 nucleotides of XBP1 mRNA to generate spliced
XBP1. IRE1 also activates two other mechanisms, RIDD and TRAF2 signalling to induce mRNA
degradation and EnR stress-induced apoptosis respectively. ATF6 translocates from the EnR lumen to the
Golgi apparatus after activation and is cleaved by two proteases (S1P, S2P) to generate a 50 kDa fragment
(ATF6f). ATF4, XBP1s and ATF6f then translocate to the cell nucleus and induce the expression of
multiple genes to restore EnR homeostasis.
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1-2-1. ATF6 signalling pathway

ATF6 is a type Il transmembrane glycoprotein with two subtypes, ATF6 o (90 kDa) and ATF6
(110 kDa, also known as cAMP-response-element-binding protein (CREB)-related protein;
CREB-RP) [12]. The C-terminal domain of ATF6 is located in the EnR lumen and the N-terminal
domain is suspended in the cytoplasm [11]. In unstressed cells, ATF6 is localized at the EnR
membrane, intermolecular disulphide bonds keep ATF6 in a dimeric form and bound to GRP78.
In response to EnR stress, ATF6 dissociates from GRP78 and the disulphide bonds of ATF6 are
reduced to generate the monomeric ATF6 form [12]. This event exposes regions in ATF6, named
Golgi localization signals (GLS), which facilitate the translocation of ATF6 to the Golgi apparatus
[14]. In the Golgi apparatus, ATF6 is cleaved by two Golgi-resident proteases, firstly with S1P
(site 1 proteases) and secondly with S2P (site 2 proteases) to form a 50 kDa cytosolic, bZIP
containing transcription factor named ATF6f [11]. ATF6f moves to the nucleus and induces the
expression of different genes involved in EnR homeostases such as chaperones and EnR-
associated degradation (ERAD) proteins (Figure 1-2). There is also a study that has shown that
ATF6f induces the expression of XBP1 which in turn is processed by IRE1 to generate spliced
XBP1 [15]. Moreover, ATF6 induces the expression of two other proteins including protein
disulphide isomerase-associated 6 (PDIA6) and ER degradation-enhancing a-mannosidase-like
protein 1 (EDEM1) in order to increase the degradation of misfolded proteins [16]. To regulate the
expression of UPR target genes, ATF6f binds to the ATF/CAMP response element (CRE) [17], the
EnR stress response elements (ERSE-I and -11) and Unfolded Protein Response Element (UPRE)
[18]. These sequences are present in the promoter region of UPR regulated genes such as GRP78,

GRP92, ERP72 and Calreticulin [19].
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Figure 1-2. Adaptive responses of UPR signalling pathway during conditions of EnR stress.
PERK phosphorylates elF2a to block general protein translation. It activates the ATF4 transcription
factor to induce the expression of multiple UPR adaptive target genes which are involved in
autophagy, protein trafficking and amino acid metabolism. ATF4 can upregulate miRNA levels (e.g.,
miR-211) to block the expression of the pro-apoptotic transcription factor CHOP. PERK also
phosphorylates NRF2 to induce antioxidative responses. IRE1 initiates its adaptive responses
through XBP1 splicing and RIDD. IREL1 recruits BAK, BAX and HSP72 to increase XBP1 splicing.
Activated ATF6 (ATF6f) increases the expression level of XBP1u and induces several mechanisms
involved in the UPR adaptive pathway with the help of XBP1s.




It is also reported that ATF6 needs the nuclear factor Y (NF-Y)/CCAAT-binding factor (CBF) to
bind to the EnR stress response elements (ERSE-1 and -I1) [20].

ATF6 has a pro-survival role during EnR stress (Figure 1-2) as ATF6f translocates to the nucleus
to induce the expression of multiple genes which consequently lead to increased protein folding
capacity [21]. However, the pro-death role of ATF6 has been shown, where ATF6 contributes to
UPR-induced apoptosis by decreasing the expression of pro-survival BCL-2 family member

myeloid cell leukaemia 1 (MCL1) [22].

1-2-2. PERK signalling pathway

PERK is a type | transmembrane protein and has a cytosolic domain with serine/threonine kinase
activity [23]. PERK is associated with chaperone GRP78 in an inactive state, and upon EnR stress,
GRP78 is dissociated from the luminal domain of PERK. This event first causes PERK
dimerization and subsequently leads to the trans-autophosphorylation of PERK on threonine-980
present in cytosolic domain [11]. The activated loop of PERK then phosphorylates the o subunit
of eukaryotic translation initiation factor-2 (elF2) at serine 51 and leads to blockade of general
protein translation [24]. In addition, phosphorylated elF20 paradoxically increases translation of
some selected mRNAs such as activated transcription factor 4 (ATF4; also known as CREB?2).
ATF4 has two upstream open reading frames (UORFs) including uUORF1 (positive acting element)
and uORF2 (inhibitory element) [25]. During conditions of EnR stress, when level of
phosphorylated elF2a is high, the scanning ribosomes pass through the inhibitory uORF2 and
initiate translation in the ATF4 coding region. However, during resting conditions, ribosomes
which are downstream of uORFL1, start to scan through the uORF2 and uORF2 blocks the

translation of ATF4 [24].
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ATF4 is a transcription factor which has a pro-survival role (Figure 1-2) activating multiple genes
which are involved in cell’s response to antioxidant and amino acid synthesis [12]. ATF4 can also
increase the expression of growth arrest and DNA damage-inducible protein 34 (GADD34)
transcript which is a regulator of protein phosphatase 1 (PP1). PP1 then dephosphorylates elF2 a

and restores general mMRNA translation [26].

PERK also activates another transcription factor named nuclear factor (erythroid-derived 2)-like 2
(NRF2) (Figure 1-2). NRF2 is a member of the cap ’n’ collar family of basic leucine zipper and
redox-regulated transcription factors which regulates cellular responses to the high level of
reactive oxygen species (ROS) [27]. In normal conditions, NRF2 is bound to an inhibitor protein
named Kelch-like ECH-associated protein (KEAP1) in the cytoplasm and stays in an inactive state
[28]. Under conditions of oxidative stress and upon phosphorylation by PERK, NRF2 is activated
and separated from KEAP1. NRF2 is then translocated into the nucleus and heterodimerizes with
small Maf proteins [29] to form transactivation complexes on antioxidant response elements
(AREs) and induces the expression of various genes such as anti-oxidative and cytoprotective
enzymes [30]. Furthermore, the PERK arm activates nuclear factor Kappa B (NF-xB) through the
phosphorylation of elF2a. It has been shown that p-elF2a translational repression activity leads to
the attenuation of the amount of IkB in the protein complex and consequently activates the NF-xB

protein [31].
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The PERK arm has both adaptive and pro-apoptotic roles depending on EnR stress intensity and
duration. Prolonged PERK activation causes switching of the PERK’s adaptive role to its apoptotic
role [32]. Under these circumstances, PERK upregulates the transcription factor CHOP (also
known as GADD153) which can regulate the expression of multiple target genes that contributes
to the cell apoptosis (Figure 1-3). For example, it has been reported that CHOP downregulates the
expression of the anti-apoptotic BCL2 protein to induce cell death [33].

CHOP also increases the expression level of pro-apoptotic BCL2 family proteins such as BIM and
PUMA to promote apoptosis [34-36]. Although clearly important for EnR stress-induced apoptosis
in many scenarios, CHOP is not uniformly essential for cell death induced by EnR stress, as
demonstrated by the observation that PERK—/— and EIF2a (Ser51Ala) knock-in cells are

hypersensitive to EnR stress-induced apoptosis but fail to induce CHOP gene expression.
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Pro-apoptotic UPR pathway
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Figure 1-3. Pro-apoptotic responses of UPR signalling pathway during conditions of EnR stress.
Prolonged EnR stress activates pro-death responses of PERK arm. ATF4 upregulates expression of
CHOP and consequently induces the UPR pro-apoptotic target genes. ATF4 and NRF2 block
expression level of miRNAs (e.g., miR-106b-25) to increase the UPR pro-apoptotic target genes.
GADD34/PP1 complex dephosphorylates p-eIF2a to increase general protein translation. IRE1-TRAF2
complex activates NF-kB and JNK transcription factors which lead to activation of pro-apoptotic BCL-
2 proteins and inhibition of anti-apoptotic BCL-2 proteins. IRE1 increases the RIDD pathway activity
to degrade adaptive UPR target mMRNAs. BI-1 transmembrane protein blocks splicing of XBP1u and
cleavage of ATF6 to reduce the adaptive responses of the UPR signalling pathway.

1OJ

—



1-2-3. IRE1 signalling pathway

Inositol-requiring protein-1 (IRE1) is the most conserved signalling branch of the UPR [37].
IRE1L, like the PERK sensor, is a type | transmembrane protein and has cytoplasmic domains with
kinase and endoribonuclease activity [21]. The two isoforms of IRELl in mammals, IREla
(expressed in most cells and tissues) and IRE1B (mostly expressed in intestinal epithelial cells),
are activated by oligomerization and trans-autophosphorylation of their kinase domains upon EnR
stress [11, 38]. Upon activation, IRE1 forms higher oligomeric complexes, which leads to trans-
autophosphorylation of its kinase domain which in turn engages its RNase activity [37]. During
EnR stress, ATF6 (one of three major UPR sensors) induces the expression of XBP1 mRNA [15].
Activated IRE1 excises a 26-nucleotide sequence from unspliced XBP1 (XBP1u) mRNA. IRE1-
mediated XBP1 mRNA splicing causes a shift in the reading frame, such that spliced XBP1
(XBP1s) mRNA encodes the XBP1s protein, which has 376 amino acids (in humans) and
possesses a potent transcriptional transactivation domain in its C-terminal region (Figure 1-2) [11].
The 5’ and 3' mRNA fragments that are created from XBPZ1u cleavage are joined by an RNA ligase
named RTCB [39]. This procedure is known as an unconventional cytosolic splicing reaction
which depends on IRE1 endoribonuclease and RTCB ligase activities and does not follow the
general nuclear spliceosome-mediated processing rule. The XBP1s protein generated from spliced
XBP1 mRNA, binds to cis-acting promoter motifs including the EnR stress response element
(ERSE) and the unfolded protein response element (UPRE), and leads to the transactivation of
target genes [14]. XBP1s regulates a wide range of UPR target genes (Figure 1-2) involved in
protein folding capacity, ERAD, autophagy, lipid biogenesis and redox metabolism [40, 41].
There is also a study that found that XBP1s plays a role in the regulation of various EnR resident

chaperone genes such as the DnaJ/Hsp40-like genes, p58IPK, ERdj4 and EDEM [42].
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Furthermore, there is an XBP1-independent function of IRE1 during EnR stress known as
regulated IRE1-dependent decay (RIDD) [43]. In this procedure the RNase activity of IRE1
degrades various mRNAs encoding secreted and membrane proteins, thereby preventing their
translation, an additional measure to aid in relieving EnR stress [44] (Figure 1-2). It has been
reported that IREla is responsible for XBP1 mRNA splicing while IRE1 is required for RIDD
activity [45]. RIDD induces degradation of EnR related mRNAs by cleaving a specific site to
generate the free 5’ and 3’ ends. These free 5° and 3’ ends are recognised and degraded by an
exoribonuclease enzyme [46]. It has been shown that RIDD activity contributes to cell apoptosis
(Figure 1-3) by degradation of Caspase-2 (CASP2) targeting pre-miRNAs including miR-96, miR-
125b, miR-34a, and miR-17 which then leads to increase in CASP2 activity [47]. Moreover,
tumour necrosis factor receptor (TNFR)-associated factor-2 (TRAF2) can be recruited by
phosphorylated IRE1 and begin to activate the apoptosis signal regulation kinase 1 (ASK1) and

Jun N-terminal kinase (JNK) (Figure 1-3) [48].

IRE1 activity, which leads to XBP1 mRNA splicing and RIDD, plays both pro-apoptotic and pro-
survival roles in diseases. However, it has been reported that the pro-survival output is mostly seen
in cancer and the pro-apoptotic output is seen in other diseases [41]. Overall, via its
endoribonuclease activity, the functional outputs of active IRE1 are tailored to the stimulus. This
occurs through the combination of unconventional splicing of XBP1 mRNA and RIDD. While
splicing of XBP1 mRNA is a cytoprotective response to UPR, RIDD has revealed many context

dependent outcomes.
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1-3. Human Cancer

Cancer is a general term used to describe a large group of diseases that can affect any part of the
body, characterised by the rapid production of abnormal cells that fail to properly regulate their
proliferation and grow beyond their usual boundaries. These cells can then spread from the tissue
of origin to other organs in a process referred to as metastasis. Metastases are the major cause of
cancer-related death. Cancer is associated with several signs and symptoms such as unexplained
weight loss, bleeding, lumps, diarrhoea, nausea, vomiting and fatigue. Globally, about 1 in 6 deaths
is due to cancer based on the world health organization (WHO) estimates with 14.2 million new
cancer cases and 8.5 million deaths from cancer reported in 2012 [49]. These include 3.5 million

new cases and 1.80 million deaths within the European Union during that same period [50].

Cancer arises from the transformation of normal cells into tumour cells in a multistage process that
generally progresses from a pre-cancerous lesion to a malignant tumour. Usually, normal cells
evolve progressively into a cancerous state, as they do this, there are a series of changes, known
as hallmarks, that they acquire along the way. This allows cancer cells to acquire traits leading to
the formation of tumours and malignancy. The hallmarks of cancer were first described by Douglas
Hanahan and Robert Weinberg in 2000, where they attempted to organize the acquired properties
of cancer cells into six major hallmarks: (Figure 1-4) including activating invasion and metastasis,
avoiding growth suppressors, resisting cell death, increased angiogenesis, immortality and
sustaining proliferative signalling. [51]. A decade later, they added two emerging hallmarks, the
reprogramming of energy metabolism and evading the immune response, and two enabling traits,

genome instability and mutation, and tumour-promoting inflammation [52].
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Figure 1-4. The hallmarks of cancer. The essential properties that tumours acquire, which are
important in malignant growth. The illustration is reproduced from Hanahan et al. published article,
2011 [52]. Permission to reuse this figure has been granted by Elsevier and the copyright clearance

centre. Permission letter is in Appendix 6-14.




1-4. Breast Cancer

1-4-1. Overview

Breast cancer is one of the most common causes of death in women in developed nations, with
approximately 1.75 million new cases and 550,000 deaths recorded in 2012 [53]. A higher
incidence is observed in north and western European countries while more deaths occur in less
developed countries such as eastern Africa, central America and eastern Asia [54]. Breast cancer
is the most common female cancer in Ireland with approximately 2800 new cases diagnosed
annually [55]. Epidemiological studies have shown that postmenopausal women constitute the
majority of breast cancer patients with the average age of diagnosis being around 58 years [56,
57]. Currently, breast cancer diagnosis, classification and treatment are based on a range of factors
such as gender, age, menopausal status, lymph node status, tumour size, histopathological features,

hormone receptor status and proliferation index.

1-4-2. Molecular classification of breast cancer

Different studies have categorised breast cancer in several biologically distinct subtypes.
According to tumour histology and morphology, breast cancer has been categorized into major
subtypes including infiltrating ductal and lobular carcinomas, tubular carcinoma, mucinous
carcinoma, medullary carcinoma, invasive papillary carcinoma and metaplastic carcinoma [58].
This classification has some limitations, therefore, other methods have been developed based on
immunohistochemistry and gene expression profiling. Several groups have used microarray-based

gene expression profiling to study breast cancer at the molecular level [59-61].
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In a published study by Perou et al., hierarchical clustering analysis of genes revealed four

molecular breast cancer subtypes including luminal A, luminal B, human epidermal growth factor

receptor 2 (HER2) overexpressing and basal-like tumours (Table 1-1) [59].

Table 1-1. Molecular breast cancer subtypes and their hormone receptor status

Molecular subtypes Hormone receptor status

Luminal A ER-positive (+) and/or PR-positive/HER2-

Luminal B ER-positive and/or PR+/HER2+

HER?2 overexpressing | ER-/PR-/HER2+

Basal-like ER-/PR-/HER2-

The estrogen receptor o (ER) positive tumours consists of two subtypes; luminal A (ER and/or PR
positive, HER2/neu negative) and luminal B (ER, PR, and HER2/neu positive). Luminal breast
cancers are the most common subtype of breast cancer. They express luminal cytokeratin 8/18,
ERo/B and some genes associated with ER activation (LIV1, CCND1) [59, 62]. Luminal A breast
cancers express ER-regulated genes more than luminal B while luminal B breast cancers express

higher levels of proliferative genes [60, 63].

15% to 30% of all breast cancer cases are HER2-positive [64]. It has been reported that the growth
factor receptor-bound protein 7 (GRB7) gene is associated with the HER2 amplicon which plays
a pivotal role in tumour progression and cell migration in invasive breast cancer [65]. HER2
positive tumours are negative for the ER (low expression of ER and their regulated genes) and

have a high incidence (40-80 %) of p53 mutations [66].
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In basal-like tumours, the morphology of the tumour cells is similar to that of other basal epithelial
cells and normal breast epithelial cells [59]. This group does not express the ER and ER-regulated
genes, has low expression of HER2, but has high expression of basal cytokeratin 5, 6, and 17 [67].
Based on IHC staining, this subtype is also called triple negative breast cancer (TNBC) as they are

negative for ER, PR and HER2.TNBC tumours also have a high rate (80%) of p53 mutation [68].

In another study by the Caldas group at the University of Cambridge, they introduced a new
classification for breast cancer. Based on the genomic and transcriptomic profiles of 2000 breast
tumours from the METABRIC [Molecular Taxonomy of Breast Cancer International Consortium]
cohort they classified breast tumours into ten groups, termed integrative clusters (IntClust/s) [69].
Ten clusters identified by METABRIC partly capture subgroups defined by other approaches but

importantly also groups tumours into more novel subtypes.

1-4-3. Signalling pathways in breast cancer
Multiple pathways play crucial roles in promoting breast cancer progression and survival such as
ER, HER2, Notch, Wnt and Cyclin dependent kinase (CDK) signalling pathways [70-73]. Here

we describe the mechanism of action of these important pathways.

-ER signalling pathway:

ERa is the main ER subtype expressed in mammary epithelial cells and has important roles in
mammary gland biology as well as in breast cancer progression. ERa contains an N-terminal AF1
domain, a DNA-binding domain, and a C-terminal ligand-binding region that contains an AF2

domain [74]. Estrogen receptors (ERs) act by regulating transcriptional processes.
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The important mechanism of ERa action involves estrogen binding to receptors in the nucleus,
after which the receptors dimerize, bind to estrogen response elements (ERES) located in the
promoters of target genes and regulate their expression [74]. In addition, ERa. can modulate the
functions of other transcription factors, by protein-protein interactions in the nucleus and activation
of signal transduction pathways at the plasma membrane. It has been shown that ERa activates
several extranuclear signalling pathways such as protein kinase C, Src kinase, phosphatidylinositol
3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways, which play crucial roles
in breast cancer cell proliferation and metastasis [75, 76]. ERp, like ERa, is activated by estrogen
to mediate multiple physiological responses.

Several published studies have suggested a tumour suppressor role of ERB by repressing cell
proliferation and invasion in cancer cells [77, 78]. Lindberg et al. reported that ectopic expression
of ERP increased the level of integrin al and integrin f1 and consequently enhanced breast cancer
cell adhesion [79]. The role of ERa has been well established in human breast cancer whereas the

role of ERp is still unclear in all cancers including breast cancer [80].

-HER?2 signalling pathway:

The HER family are type | transmembrane proteins with extracellular, transmembrane and a
cytosolic tyrosine kinase domain [81]. It consists of four receptors including HER1 (EGFR), HER2
(neu, C-erbB2), HER3 and HER4. Activation of these receptors triggers other downstream
signalling pathways such as the PI3K/Akt (pro-survival) and RAS/MAPK (proliferation) pathways

[82]. The HER2 proto-oncogene is expressed in both normal and tumour breast tissues [81].
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HER2 is overexpressed in 15-30% of human breast tumours and it is associated with poor
prognosis and outcome in patients [64]. Overexpression of HER2 has also been reported in other

cancers such as ovarian, cervix, colon, stomach, lung and bladder [66].

-CDKs signalling pathway:

Cyclin dependent kinases (CDK) are responsible for cell cycle progression [83, 84]. Interactions
between CDKs and cyclins play a key role in maintaining control of progression through the cell
cycle. Loss of control, leading to unrestricted growth, is a classic hallmark of cancer.
Dysregulation of these proteins has been seen in many cancers including breast cancer. Almost
60% of all breast cancer show cyclin D1 amplification and it has been reported that estrogen
increases breast cancer cell growth by inducing cyclin D1 expression [85]. It has been shown that
overexpression of cyclin D1 is associated with poor prognosis and reduced recurrence free-
survival rate in inflammatory breast cancer [86]. Stendahl and colleagues found that
overexpression of cyclin D1 can predict resistance to tamoxifen in ER-positive breast cancer
patients [87]. Thus, using CDK inhibition in an effort to regain cell cycle control has been a

tempting option in the development of targeted cancer therapy.
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-Notch signalling pathway:

The Notch signalling pathway plays a key role in breast cancer pathogenesis. A Notch mutation
was first discovered in human pre-T-cell acute lymphoblastic leukaemias (T-ALL) which came
from the chromosomal translocation [t(7:9)(q34; g34.3)] [88]. Notch mutations have also been
found in breast cancer cell lines. Stylianou et al. reported that from eight investigated cell lines,
two have a mutation in NOTCH4 and all eight cell lines have a NOTCH1 mutation [89]. It has
been reported that overexpression of JAG1 and NOTCH1 are associated with poor outcome in
breast cancer patients [90]. In a recently published study, it has been shown that NOTCH1
expression inhibits a PTEN-ERK1/2 signalling pathway in breast cancer stem cells (BCSCs) and
increases cell proliferation. NOTCH1 expression is also associated with a poor survival rate in

HER?2 breast cancer patients [91].

- Wat/p-catenin signalling pathway:

Published studies have reported that the Wnt/B-catenin signalling pathway role in several cancers
including colon, ovarian and breast cancer [92]. The Wnt/B-catenin signalling pathway plays a key
role in determining cell fate and disruption of this pathway can increase cell proliferation [93].
Hyperactivation of Wnt/p-catenin signalling is seen in TNBC with poor outcome [94]. Bilir and
colleagues found that inhibition of Wnt signalling pathway significantly reduced migration and
proliferation of BT-549 cell [95]. Moreover, Zhou et al. reported that downregulation of Dickkopf-
related protein 1 (DDK-1) (an inhibitor of Wnt/B-catenin signalling) significantly increased MCF7

breast cancer cell proliferation [96].
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1-4-4. Inherited breast cancer

Family history of breast cancer is an important risk factor for patients. Mutations in breast cancer
1 and 2 (BRCAL1 and BRCAZ2) genes have been reported in familial breast cancer. Mutation in
BRCAL (70%) and BRCA2 (16-23 %) genes have been associated with TNBC [97]. BRCAl
consists of 22 exons that encodes a 270 kDa nuclear protein [98]. Multiple tissues including breast
and ovarian express the BRCAL gene, and different mutations have been reported including base
pair insertions, missense substitutions, an 11-base pair deletion and a stop codon mutation. The
BRCAZ2 gene which is larger than BRCAL encodes a 384 kDa nuclear protein [99]. Mutation of
BRCAZ2 increases the risk of melanoma, stomach, bile duct and gall bladder cancers. Both BRCA1
and BRCAZ2 are tumour suppressor genes which play key roles in the repair of damaged DNA

[100].

Tumours with a BRCAL mutation are mainly basal-like and most of the BRCAL- related breast
cancers are negative for hormone receptors and positive for Ki67 and basal-like markers (e.g., p53,
P-cadherin, EGFR and CK5/6/14) [101]. X-chromosome abnormalities have been seen frequently
in basal-like breast cancers with a poor outcome similar to patients with BRCAZ1-related tumours
[102]. Mutation of other genes in inherited breast cancer includes PALB2, STK11, TP53, ATM,
BARD1, MUTYH, NBN, NF1, RAD50, PTEN, STK11, CDH1, CHEK2, MRE11lA and
BRIP1[103]. For instance, PALB2 gene mutations are associated with an elevated risk of familial
breast cancer similar to BRCA1/BRCAZ2 gene mutations. It has been reported that almost 33% of

women with a mutation in PALB2 will have breast cancer by the age of 70 years [104].
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1-4-5. Breast cancer treatment

Treatment for breast cancer patients is a combination of radiotherapy, hormonal therapy, surgical
therapy and chemotherapy, depending on tumour subtype. The first line of treatment for breast
cancer is usually surgery. The type of surgery depends on the type of breast cancer. There are two
types of surgery for breast cancer. These surgeries are done to remove the cancerous tissue
(tumour), known as breast-conserving surgery, and surgery to remove the whole breast
(mastectomy). Listed below are the common treatment options based on the molecular subtypes

of breast cancer.

-Treatment options for ER-positive breast cancer subtype

Drugs targeting estrogen signalling are predominantly used for the treatment of ER-positive breast
cancer. Several inhibitors of ER signalling have been introduced including drugs which reduce
endogenous estrogen levels (e.g., aromatase inhibitors) and drugs that antagonise the ER by
competing with estrogen such as selective estrogen receptor modulators (SERMs) and selective

estrogen receptor degraders (SERDs) [105].

There are three compounds that act as SERMs including 4-hydroxytamoxifen (tamoxifen),
raloxifene and toremifene. SERMs act by binding to the ER and blocking ER signalling pathway
activity [106]. Depending on the target tissue, these compounds can act as both antagonists and
agonists. For example, tamoxifen has a potential antagonistic effect in breast cancer cells while it
shows an agonistic effect in the endometrium [107]. On the other hand, SERDs are anti-estrogens

that bind and degrade the ER and consequently block the ER signalling pathway.
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Fulvestrant or Faslodex® (7a-alkylsulphinyl) is an analogue of 17s-estradiol with higher affinity

for the ER compared to endogenous estradiol, which competitively binds to and blocks the ER and
enhances its degradation [108].

Furthermore, aromatase inhibitors (Als) such as anastrozole, letrozole and exemestane are
frequently used in the treatment of ER-positive breast cancer in postmenopausal women [109].
Aromatase inhibitors inhibit the aromatase enzyme activity which converts androgens to estrogens
[110]. Compared with tamoxifen, treatment with anastrozole has a significantly better overall
survival rate, fewer metastases and prolonged time to recurrence in ER-positive breast cancer

patients [111].

-Treatment options for HER2 positive breast cancer subtype

A substantial number of drugs have been introduced for the treatment of HER2 positive breast
cancer. Trastuzumab (Herceptin®) is a monoclonal antibody that binds to the extracellular domain
of the HER2 receptor and blocks HER2-HER3 dimerization and consequently HER2 signalling
[112]. It also initiates an immune response against cancer cells through antibody-dependent
cellular cytotoxicity (ADCC) [113]. Pertuzumab (Perjeta®) is another monoclonal antibody for
HER?2 positive breast cancer treatment. Similar to trastuzumab, it binds to the extracellular domain
of HER2 and inhibits HER2-HER3 dimerization and consequently blocks activation of
downstream pathways such as PI3K/AKkt [114]. Lapatinib (Tykerb®) is another option for HER2
positive breast cancer treatment. It blocks the receptor tyrosine kinase activity of both HER1 &
HER2 and leads to the interruption of MAPK/Erk1/2 and PI3K/Akt signalling pathways [115]. It
has been reported that combination therapy with lapatinib and trastuzumab can increase apoptosis

in HER2-positive cancers [116].
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-Treatment options for TNBC

Compared to other breast cancer subtypes, TNBC is very aggressive with worse outcomes. Current
treatment options for TNBC is a combination of surgical therapy, radiotherapy, and cytotoxic
chemotherapy [117]. Several chemotherapeutic compounds are used for the treatment of TNBC
including platinum compounds (e.qg., cisplatin and carboplatin) which target DNA repair pathways,
taxanes (e.g., paclitaxel and docetaxel) which stabilize tubulin protein in the microtubule and
anthracycline-based therapy (e.g., doxorubicin and daunorubicin) which inhibits DNA synthesis

[118].

-Endocrine therapy resistance in breast cancer

Endocrine therapy is one of the most effective kinds of therapy for ER-positive breast cancer
patients. However, some patients do not respond (de novo resistance) or acquire resistance to the
therapy. One-third of patients with ER-positive breast cancer develop resistance to treatment with
tamoxifen [119]. Several mechanisms have been shown to play a key role in endocrine resistance
therapy such as ER mutations, loss of ER expression and cross-talk between the ER and other
cellular signalling pathways [120]. Two major signalling pathways are involved in endocrine
therapy resistance including cyclin D1/CDK4/6 and PI3BK/AKT/mTOR cell signalling pathways.
The PISBK/AKT/mTOR signalling pathway plays pivotal roles in glucose metabolism, protein
synthesis, cell growth and survival. Dysregulation of this pathway has been seen in many types of
cancer including breast cancer [121]. It has been found that upregulation of the PI3K/AKT/mTOR
signalling pathway can increase ER activity and contribute to the development of resistance to

endocrine therapy [122].
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Several inhibitors have been developed and tested to target PI3K/AKT/mTOR signalling in ER-
positive breast cancer. Combination of the mTOR inhibitor Everolimus and the aromatase inhibitor
exemestane showed better overall survival when used for the treatment of patients with
ER+/HER2- tumours [123]. In another study by Ribas and colleagues, they reported that
AZD5363, an AKT inhibitor, sensitised long-term estrogen-deprived (LTED) and tamoxifen
resistant (TamR) breast cancer cell line variants (MCF7, ZR-75-1, HCC1428 and T47D) to
tamoxifen [124].

The Cyclin D1/CDKA4/6 signalling pathway, an essential signalling cascade regulating cell cycle,
is another important pathway that promotes endocrine resistance [83]. CDK4/6 inhibitors have
been introduced and employed in the treatment of ER+ breast cancer patients with resistance to
anti-estrogen agents [125]. For example, palbociclib (PD 0332991, Pfizer) was approved by the
US Food and Drug Administration (FDA) in 2015 for the treatment of advanced post-menopausal

ER+, HER2- breast cancer [126].
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1-5. UPR signalling pathway and its role in cancer

Reduced oxygen and glucose availability are key features of the tumour microenvironment. Since
the delivery of nutrients to the tumour is determined in part by fluctuating blood flow, different
regions of the tumour must constantly respond to fluctuating levels of EnR stress to survive. The
EnR stress is a common phenomenon in various cancers such as breast, colorectal, skin and
hepatocellular carcinoma [127]. Several pathophysiological events (e.g., radiation, aneuploidy,
oncogenic transformation and tumour microenvironment) initiate EnR stress and UPR activation
[128].

Tumour microenvironmental factors such as low pH, hypoxia, nutrient starvation and elevated
levels of free radicals can also induce EnR stress and UPR activation in cancer cells [129, 130]. In
the tumour microenvironment, cancer cells induce UPR to promote cell survival through multiple
mechanisms such as cell proliferation, metastasis, angiogenesis and therapy resistance [128, 131]

(Figure 1-5).

A few studies have found somatic mutations in UPR pathway genes in cancer. For instance, IRE1
mutation has been seen in glioblastoma multiforme [132] and hepatocellular carcinoma [133].
Upregulation of XBP1s has been reported in several tumours and is associated with poor prognosis
[134, 135]. Moreover, Ramirez et al. found that tumour cells increased the expression level of
XBP1s during hypoxia to promote cancer cell proliferation [136]. It has been reported that the
IRE1a arm of UPR induces the expression of vascular endothelial growth factor (VEGF) in cancer

cells to promote angiogenesis [137].
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Figure 1-5. The pathophysiological and pharmacological inducers of EnR stress and cancer
cell responses. Multiple pathophysiological events and factors (e.g., radiation, aneuploidy,
oncogenic transformation and tumour microenvironment) and pharmacological agents (e.g.,
thapsigargin, tunicamycin, and brefeldin A) initiate EnR stress in cells. Cancer cells activate the
UPR signalling pathway to adapt to stressful conditions and dictate cell fate by modulating cell
proliferation, metastasis, angiogenesis, and therapy resistance.

—

27

—



The PERK signalling pathway also plays a pivotal role in cancer progression. Hart and colleagues
found that c-MYC /N-MYC increased PERK/elF2a /ATF4 expression and consequently promoted
cell survival through the induction of autophagy in lymphoma [138]. Kim et al. found that PERK
and p-elF2a are significantly upregulated in HER2 positive breast cancer and associated with high
histological grade and high numbers of tumour infiltrating lymphocytes (TILs) [139].

ATF4, as a downstream gene of the PERK sensor, is upregulated in many cancers. Horiguchi and
colleagues found that overexpression of the ATF4 transcript suppresses the cyclin-dependent
kinase inhibitor 2A (p16/CDKN2A) and consequently increases cell survival in primary
embryonic fibroblasts [140]. Furthermore, activation of the NRF2 transcription factor through the
PERK arm causes resistance to several chemotherapeutic drugs such as 5’fluorouracil,
doxorubicin, etoposide and cisplatin [141]. Thus, using NRF2 inhibitors as adjuvants can increase

the efficacy of chemotherapeutic drugs in cancer treatment.

Not much is known about the role of the ATF6 signalling pathway in human cancer. Depending
on the cellular context, ATF6 has both pro-survival and pro-death functions. Two separate studies
have investigated the role of ATF6f in tumourgenesis of lung cancer [142, 143] . Furthermore, it
has been reported that ATF6a is upregulated in chronic myeloid leukaemia cells and ATF6a

activation contributes to carcinogenesis and chemoresistance [144].
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Depending on the EnR stress intensity and duration, cells activate the UPR signalling pathway to

restore EnR homeostasis or induce apoptosis (Figure 1-6). Activation of the three arms of the UPR

promotes pro-survival signalling. If activation of the UPR is successful in removing the

accumulated misfolded proteins in the EnR, then normal protein translation is resumed and the cell

recovers. Although the UPR is primarily a pro-survival response, in the event of prolonged EnR

stress that remains unresolved, the UPR switches to initiate apoptosis.

UPR signalling pathway

Adaptive Transition Pro death

XBP1s, p-elF2a, ATF4 CHOP BIM, PUMA, NOXA

PERK

RIDD
activity

Translation inhibition Chronic

Autophagy stress
mRNA decay

Apoptosis

IRE1

— -

ER stress intensity/duration

Figure 1-6. The UPR signalling pathway and cell fate decisions. Accumulation of unfolded or
misfolded proteins initiates UPR. Two major UPR arms (IRE1 and PERK) play adaptive and pro-
death roles depending on the EnR stress intensity and duration. Both IRE1 and PERK trigger an
adaptive phase by activation of their downstream targets including XBP1s, p-elF2a. and ATF4. This
leads to the upregulation of multiple genes to reduce protein translation, increase autophagy and
MRNA degradation. Prolonged EnR stress (chronic stress) turns off the IRE1 signalling pathway
and downregulates XBP1s expression. CHOP, which is activated by ATF4, is an important
transcription factor in the transition phase. In pro-death phase, the expression level of several genes
from the pro-apoptotic BCL-2 protein family (e.g., BIM, PUMA and NOXA) are increased and
leads to the cell apoptosis. The increased RIDD activity of IRE1 also contributes to induce cell

apoptosis.
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The IRE1 and PERK arms initially exhibit a pro-survival role through activation of their
downstream targets. One of the main targets of active PERK is elF2a, whose phosphorylation
leads to inhibition of cap-dependent protein translation. This rapidly reduces the load of nascent
proteins being channelled into the EnR (Figure 1-6). Cap-independent translation persists,
however, allowing the synthesis of key proteins that mediate the UPR. One such protein is ATF4,
a transcription factor which induces EnR chaperones (e.g., GRP78 and GRP94), proteins involved
in regulation of amino acid metabolism and resistance to oxidative stress which promote survival,
in addition to the transcription factor CHOP which is known to promote apoptotic cell death. Thus,
although PERK activation is initially protective, it later promotes cell death. Thus, PERK
activation is initially protective, although it later promotes cell death.

IRE1 is a key component of cell fate switch during UPR signalling. Production of XBP1s promotes
cell survival (Figure 1-6). However, if the stress is intensive or prolonged, the IREla-XBP1
pathway fades out gradually with the RIDD pathway reinforcing. Basal RIDD activity of IRE1 is
necessary for maintaining EnR homeostasis. The extent of RIDD activity is regulated
proportionally with stress intensity or duration, eventually leading to apoptosis by degrading pro-
survival protein-encoding mRNAs under irremediable EnR stress (Figure 1-6). Furthermore, IRE1

is also able to cleave several mircoRNAs, which may lead to an enhancement in cell death.
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1-6. UPR signalling pathway in breast cancer

1-6-1. IRE1-XBP1 axis and breast cancer

Several studies have shown an association between UPR activation and poor clinical outcome in
breast cancer [145, 146]. It has been reported that mediators of UPR signalling pathway are
activated in breast cancer [135]. Gene expression profiling of primary tumour samples have
revealed that increased XBP1 expression is associated with ERa in luminal breast cancer [147]. In
another study by Scriven and colleagues, overexpression of XBP1 protein was reported in 90% of
breast adenocarcinoma samples [148]. In another published study by Chen et al, they found that
overexpression of XBP1 is correlated with poor prognosis and recurrence free survival rate in
TNBC [135]. They demonstrated that XBP1 interacts with hypoxia-inducing factor la (HIF1a) to
regulate its target genes thereby promoting TNBC tumourgenicity. They also showed
overexpression of total XBP1 and XBP1s in luminal tumours and TNBC respectively [135]. In
another study, overexpression of XBP1s was traced through a bioluminescence indicator in
mammary epithelial tumours in a transgenic mouse model, and increased expression of XBP1s
was reported in hypoxic tumours [131]. Furthermore, the MY C proto-oncogene has been found to
increase the expression and function of IRE1 thereby leading to increased splicing of XBP1 mRNA

to augment XBP1s protein in TNBC [149].

The Cancer Genome Atlas (TCGA) consortium reported that the most dominant feature of
luminal/ER-positive breast cancers is increased mMRNA and protein levels of ESR1, GATAS3,
FOXAL, XBP1 and MYC [150]. Most notably, ESR1 and XBP1 were typically highly expressed

but infrequently mutated, suggesting an important functional role.
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Gene expression profiling of primary tumour samples has revealed overexpression of XBP1 is
associated with ERa in luminal breast cancer [147]. The expression of XBP1 is upregulated by
ERa which in turn, potentiates ERa-dependent transcriptional activity [151]. Ectopic expression
of XBP1s in ER-positive breast cancer cells can lead to estrogen-independent growth and reduced
sensitivity to anti-estrogens [145]. The expression of XBP1s is upregulated in endocrine resistant
breast cancer cells and tumours [146, 148]. More recently, an IREL inhibitor (STF-083010) has
been shown to restore tamoxifen sensitivity to tamoxifen-resistant MCF7 cells in a xenograft
model [152]. Moreover, it has been found that increased expression of both un-spliced and spliced
XBP1 enhanced resistance of ER-positive breast cancer cells to fulvestrant and tumour-associated
macrophages through the activation of NF-xkB [153]. The relationship between the UPR and the
estrogen signalling pathway has also been reported in breast cancer [154]. Our lab found that
NCOAZ3 is a target of XBP1s and upregulation of NCOAS3 plays an important role in providing

resistance against anti-estrogenic compounds through the IRE1-XBP1 axis [155].

1-6-2. PERK and breast cancer

Activation of the PERK signalling pathway has been reported in several cancer types including
breast cancer [156]. High tumour grade and poor prognosis have been associated with a PERK
activation gene signature in cancer patients [157]. Blocking PERK signalling has been shown to
reduce the tumour size after injecting MDA-MB-468 (TNBC) and HER2-driven mammary
carcinoma cells into mice [156]. ATF4, a downstream target of PERK, is upregulated in hypoxic
conditions in the tumour microenvironment [158]. Nagelkerke and colleagues found that the
PERK/ATF4 pathway increased the invasion of breast cancer cells by activation of lysosomal-

associated membrane protein 3 (LAMP3) [4].
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It has been shown that LAMP3 on the surface of cancer cells interacts with E-selectin expressing
cells within the tumour microenvironment, and knockdown of LAMP-3 reduces cancer cell
invasion [4, 159]. It has also been reported that ATF4 mediates breast cancer progression by
activating tribbles homolog 3 (TRIB3) and unc-51-like autophagy activating kinase 1 (ULK1) in
hypoxic conditions and knockdown of ATF4 can reduce cell proliferation through TRIB3 and
ULK1 [160]. Furthermore, the PERK signalling am has been shown to be required for EMT
leading to enhanced invasion and metastasis [161]. Moreover, mammary gland-specific knockout
of PERK in the MMTV-Neu breast cancer model delayed tumour progression and reduced
metastatic lesions. PERK mediates significant pro-survival effects on extracellular matric (ECM)-
detached mammary epithelial cells. PERK is activated upon cell detachment and induces
autophagy via AMPK/mTORC1 regulation, thereby protecting cells from anoikis. Additional
pathways through which PERK likely contributes to cell survival are the PI3K-Akt and NF«xB

networks, however, these mechanisms have not yet been fully elucidated.

1-6-3. ATF6 and breast cancer

ATF6 is another arm of UPR signalling pathway which is activated during conditions of EnR
stress. Our knowledge about ATF6’s role in breast cancer is very limited. ATF6-regulated genes
have not yet been described in breast cancer. COSMIC analysis of 2000 breast cancer tumours has
revealed a few rare mutations of the ATF6 gene [162]. It has been shown that there is a connection
between the ATF6 and PERK sensors as prolonged activation of ATF6 leads to activation of the
pro-death transcription factor CHOP [163]. It has also been reported that ATF6 knockdown
significantly suppresses the estrogen-induced cell growth in ERo+ breast cancer [154] and reduces

tumour volume and angiogenesis in patient-derived xenograft (PDX) animal models [164].
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1-6-4. GRP78 and breast cancer

GRP78, as an EnR resident chaperone, is associated with all three sensors of UPR during normal
cell conditions. Upregulation of this major chaperone of the EnR has been seen in several cancers
including breast cancer. Tissue microarray analysis has shown upregulation of GRP78 in breast
cancer [148]. It has been found that upregulation of GRP78 reduced estrogen starvation-induced
apoptosis through suppressing the endoplasmic reticulum BIK (BCL-2-interacting killer) in MCF7
cells [165].

Expression level of GRP78 is higher in HER2 positive breast cancer compared to HER2 negative
disease [166] and is also upregulated in various breast cancer cell lines [167]. Zhao and colleagues
showed that GRP78 plays a pro-survival role in breast tumours [168].

It functions by inhibiting pro-apoptotic BCL2-family proteins [165] and reducing pro-caspase-7
enzyme cleavage [169]. It has also been reported that GRP78 knockdown significantly reduced
cell migration and invasion whereas ectopic expression of GRP78 increased these properties in

breast cancer cells [170].
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1-7. UPR signalling pathway and breast cancer therapy resistance

Several studies have reported a role for the UPR in breast cancer therapy resistance including
resistance to the endocrine therapy [153], chemotherapeutic drugs [171, 172] and radiation therapy
[173]. However, there are also studies that show UPR signalling promotes breast cancer cell death
in response to some chemotherapeutic compounds [174, 175]. Vecchio and colleagues reported
that activated PERK phosphorylates NRF2 to reduce levels of ROS and consequently promotes
breast cancer cell resistance to doxorubicin and paclitaxel [157]. The PERK/ATF4/LAMP3
pathway is activated after radiation therapy in breast cancer cells and knockdown of this pathway

can promote radiation induced cell death by attenuating the DNA damage response [176].

The IRE1-XBP1 axis also plays an important role in induction of breast cancer therapy resistance.
It has been shown that ectopic expression of XBP1s can promote resistance to tamoxifen in ER+
breast cancer cells [153]. In another study, Gomez et al. found that overexpression of XBP1s
increased expression of the anti-apoptotic BCL2 protein in an ER+ breast cancer cell line which

when treated with fulvestrant and tamoxifen [145].

Moreover, GRP78 plays a pivotal role in breast cancer therapy resistance. Cook et al. found that
tamoxifen treatment upregulates GRP78 expression in breast tumours and knockdown of GRP78
can attenuate cancer cell resistance to tamoxifen [177]. In a separate study, it has been found that
breast cancer treatment with two microtubules-targeted agents (vinblastine and taxol) increased
GRP78 expression, and blocking of GRP78 by its inhibitor epigallocatechin gallate (EGCG)

promotes ER+ breast cancer cell death [172].
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1-8. UPR targeting drugs and cancer treatment

UPR targeting compounds have not yet been approved for patient treatment, however, animal
model studies have demonstrated their potential therapeutic impact in cancer treatment. These
drugs target all three UPR arms by different mechanisms. Multiple IRE1 RNase inhibitors (such
as 4u8C, STF-083010, MKC3946, Toyocamycin and 3-methoxy-6-bromosalicylaldehyde) that
block both XBP1 splicing and RIDD have been reported. For example, Zhao and colleagues
showed that MKC3946 can reduce breast tumour size in a genetically engineered mouse model
[149].

In a separate study by Samali’s group, the IRE1o RNase inhibitor MKC8866 alone did not show
any effect on tumour size in MDA-MB-231 xenograft models, however, its addition potentiated
paclitaxel-mediated tumour suppression [178]. In a published study, it has been reported that
XBP1s is increased in tamoxifen resistant MCF7 cells and treatment with STF-083010 compound,

which blocks total XBP1 splicing, enhanced sensitivity to tamoxifen [152].

PERK inhibitors including AMG PERK 44, GSK2606414 and GSK2656157 block its kinase
activity in the cytosolic domain [179, 180]. Feng et al. found that GSK2606414 significantly
inhibited migration and invasion in breast cancer cells [161]. In a recently published study,
Gallagher and colleagues introduced a new ATF6 signalling pathway inhibitor, Ceapins, which

selectively targets the ATF6a arm [181].
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Moreover, there are two compounds that directly bind GRP78 and reduce its activity including
HA15 [182] and VER-155008 [183]. Xu et al. showed that anti-GRP78scFv has an anti-tumour
activity and can significantly reduce breast tumour size in a xenograft model [184]. Liu and
colleagues have introduced a monoclonal antibody, MAB159, that specifically targets GRP78 and
changes PI3K pathway function. They showed that MAB159 significantly suppressed TNBC cell
growth and invasion [185]. There is also another monoclonal immunoglobulin M antibody, PAT-
SMBG, targeting GRP78 which is in phase I clinical trials for myeloma treatment [186]. In another
recently published study, it has been shown that plumbagin, an organic compound, inhibits GRP78

activity and increases breast cancer cell death in response to tamoxifen [187].

1-9. MicroRNAs

MicroRNAs are a class of endogenous, short (19-22 nucleotides in length) non-coding RNAs that
play a pivotal role in gene expression regulation by translational repression or degradation of target
transcripts. MicroRNAs were first discovered in the nematode Caenorhabditis elegans by Lee et
al. in 1993 [188]. MicroRNAs are expressed in multiple tissues, cells and body fluids, and their
expression profiles can change in various circumstances, for instance during developmental stages
[189], in response to pathogens or due to diseases [190, 191]. Each individual miRNA may have
thousands of mMRNA targets, with it being estimated that 30-80% of human genes may be regulated
by one or more miRNA [192]. Thus, these small non-coding RNAs play pivotal roles in a wide
range of normal physiological processes such as cellular differentiation, proliferation and
metabolism [193]. As with mMRNAs, miRNA profiles may vary significantly between different
tissues and cell types [194, 195]. In addition, cells also selectively release specific miRNAs into

body fluids (e.g., blood) via exosomes, microvesicles, apoptotic bodies [196-198].
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1-9-1. MicroRNAs nomenclature

The nomenclature system used to name individual microRNAs includes an uncapitalised ‘mir’
prefix and a unique number to show the pre-microRNA (e.g., mir-1, mir-2, mir-3, mir-4) and a
capitalised ‘miR’ prefix for mature microRNAs. In addition, the name of each miRNA has three
letters to show the specific species. For instance, ‘hsa’ is used for humans (Homo sapiens- e.g.,
hsa-miR-616), ‘mmu’ is used for a mouse (Mus musculus- e.g., mmu-miR-451), and ‘rno’ refers
to the rat microRNAs (Rattus norvegicus- e.g., rno-miR-14) [199]. To distinguish multiple
microRNAs from the same family, a letter is used after the number of the microRNA such as hsa-
miR-10a and hsa-miR-10b. To show which double-stranded microRNA the mature sequence
comes from a ‘3p’ or ‘5p’ tag follows the name of the microRNA (e.g., hsa- miR-616-3p or hsa-
miR-616-5p) and the unstable strand of miRNAs is given a * sign (e.g., has-miR-378%*) after the

numerical identifier [200].

1-9-2. MicroRNAs biogenesis: Canonical pathway

Half of all known miRNAs are intragenic and are processed from introns of a host gene, while
other miRNAs are intergenic and processed independently [201]. MicroRNA biogenesis is
categorised in two pathways, the canonical and non-canonical pathways. The canonical pathway
is known as the main process by which miRNA processing is initiated in the nucleus of cells
(Figure 1-7). RNA polymerases Il and 111 (pol Il/pol 111) are responsible for transcribing miRNA
genes into long primary transcripts, named Pri-miRNAs [202]. Pol Il generates most of the
MRNAs and non-coding RNAs while pol 111 produces the shorter non-coding RNAs (5S ribosomal

RNA, tRNAs and the U6 snRNA) and miRNAs [203].
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Figure 1-7. The canonical microRNA biogenesis pathway. MicroRNA biogenesis initiates in
the nucleus where RNA polymerase Il transcribes microRNA genes into pri-miRNAs. Drosha
(RNase IllI-type enzyme) and its co-factor DGCRS8 cleave pri-miRNAs into precursor miRNAs
(pre-microRNAS). Pre-miRNAs are then transported into the cytoplasm by the XPO5/RanGTP
complex, which are then processed by DICER, trans-activator RNA-binding protein (TRBP), and
AGO2 to produce double-strand RNA (mMiRNA: miRNA* duplex). Finally, the mature microRNA
is translocated into the RISC to mediate gene silencing by endonucleolytic cleavage or
translational repression mechanisms.

Pri-miRNA is processed by the RNase Ill-type enzyme, DROSHA, and its co-factor DGCR8
(microprocessor complex) and converted into a 70-nucleotide precursor miRNA (pre-microRNA)
which has the stem-loop structure [204, 205]. Pre-miRNA is then transported into the cytoplasm
by the Exportin-5 (XPO5)/Ran-GTP complex and processed by DICER (a second RNase IlI
enzyme) that works in association with the transactivator RNA-binding protein (TRBP) and
Argonaute2 (AGO2) [206]. This complex then removes the terminal loop and generates double-
stranded RNA duplexes (miRNA: miRNA* duplex) consisting of a mature microRNA (guide

strand) and its complementary (passenger) strand [207, 208].
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Thermodynamic features of double-stranded miRNAs determine which strand would be a
passenger or guide strand. The guide strand has U-bias at its 5’-end and passenger strands have C-
bias at their 5’-end [209]. The miRNA strand, which generally exhibits weaker 5' base pairing is
selected as a guide strand. Guide strands of 21-nt duplexes preferentially enter the RNA-induced
silencing complex (RISC) protein complex. The proteins in RISC are involved in pairing the
single-stranded mature miRNA with the target mRNA. The core components of every RISC
complex are several Argonaute (AGO) proteins (AGO1, 2, 3, and 4). RISC, which includes a
mature miRNA, mediates gene silencing by endonucleolytic cleavage or translational repression

[210].

1-9-3. MicroRNAs biogenesis: Non-canonical pathway

There are two main non-canonical miRNA biogenesis pathways, the DICER-independent and
DROSHA/DGCRS8-independent pathways [211]. For example, mirtrons, which are generated from
the introns of mMRNA during splicing, are produced by the DROSHA/DGCRS8-independent
pathway [212]. Mirtrons were initially discovered in Drosophila melanogaster and
Caenorhabditis elegans in 2007 [212]. The expression of mirtrons depends on the host gene as
mirtrons are associated with the sequence of their host genes while the expression of other
intragenic MiRNAs is regulated independently [213]. Another example of the non-canonical
miRNA biogenesis is 7-methylguanosine (m7G)-capped pre-miRNA. There are two types of pre-
miRNA hairpins which consist of phosphate or a m7G-cap at the 5’ region [202]. RNA polymerase
Il transcribes the m7G capped pre-miRNAs which are directly transported to the cytoplasm by
exportin 1 with no need for the DROSHA cleavage [214]. Both mirtrons and m7G-capped pre-

miRNASs require processing by DICER to complete their cytoplasmic maturation.
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Another example of a non-canonical miRNA biogenesis pathway is the production of endogenous
short hairpin RNAs (shRNA). RNA polymerase Il is responsible for transcribing endogenous
shRNA and further processing is performed by the DROSHA/DGCR8 complex followed by
transportation in to the cytoplasm by XPO5/Ran-GTP. Finally, endogenous shRNA is processed

by an AGO2 protein with no need for DICER [215].

1-9-4. MicroRNAs function

miRNAs have been shown to be involved in diverse biological processes, including development,
cellular differentiation, proliferation, apoptosis, and oncogenesis. MicroRNAs play pivotal roles
in gene expression regulation by translational repression or degradation of target transcripts [216].
MicroRNAs usually interact with 3’ untranslated region (UTR) of their target mRNA(s) to
downregulate expression [202]. However, miRNAS can interact with other regions of target
MRNA such as the 5° UTR, gene promotors and protein-coding sequences [217]. Indeed, some
studies indicate that miRNAs may also promote translation of target MRNAs [218-221] or increase

transcription via the binding sites present in the promoter region of target genes [222].

1-9-5. MicroRNAs as cancer therapeutics and targets

MicroRNAs play a pivotal role in various diseases including cancer, making them valuable drug
targets. There are two possible approaches for the use of miRNAs as a therapeutic strategy in
cancer, blocking oncogenic miRNAs by antimiRs or the use of tumour suppressor miRNA
mimetics. The activity of miRNAs can be suppressed by anti-miRNA oligonucleotides (AMOs)

which are sufficiently stable in the body and bind strongly to their miRNA target(s) [223].
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There are two types of chemical modifications that have been introduced in AMOs to confer strong
binding to miRNAs, including 2’-O-methylation of RNA nucleotides [223] and locked nucleic
acid (LNA) DNA nucleotides [224]. miRNA mimetics are RNA molecules similar to the
corresponding miRNA sequence which can enter the miRNA biogenesis pathway post DICER

processing and become incorporated into the RISC complex.

Several studies have investigated the therapeutic efficacy of miRNAs in human cancer. For
instance, miR-16 mimetics have been introduced to treat patients with malignant pleural
mesothelioma and advanced lung carcinoma and are in phase | clinical trials [225]. Multiple
preclinical studies have found therapeutic effects of miR-34 mimetics in various tumour tissues
including lung, prostate, and liver in mice models [226, 227]. In another study, it has been reported
that treatment with miR-200c mimetics significantly enhanced sensitivity of lung cancer cells to
the radiotherapy and was associated with better overall survival in a mouse model [228]. They
found that miR-200c directly targeted multiple MRNAs including sestrin 1(SESN1), peroxiredoxin

2 (PRDX2) and NRF2 which lead to apoptosis.

Moreover, Ma and colleagues reported that inhibition of miR-10b by AMOs significantly
suppressed breast cancer cell migration and invasion in a mouse model. They found that inhibition
of miR-10b increased the expression level of the anti-metastatic gene HODX10 [229]. The
therapeutic role of other miRNAs has also been investigated in these tumours; miR-26a/-221 in
Hepatocellular carcinoma (HCC) [230, 231], miR-506/-520/-630 in ovarian cancer [232, 233],
mMiR-15/16 in leukaemia [234], miR-155 in lymphoma [235] and miR-145/-33a in colon cancer

[236].
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1-9-6. The role of microRNAs in cancer development

Cancer is a group of diseases caused by genetic alterations which leads to dysregulated cell growth,
causing malignant tumour formation which may invade other tissues and vital organs. At a
molecular level, this is normally characterised by changes in gene expression profiles [237]. Like
other genes, miRNA expression profiles also change in cancer cells [238]. The first report of
abnormalities in miIRNA expression was demonstrated in B-cell chronic lymphocytic leukaemia
(B-CLL), where miR-15 and miR-16 were downregulated in approximately 68% of B-CLL
patients [239]. These miRNAs regulate the expression of BCL2 transcripts. In fact, downregulation
of miR-15 and miR-16 was responsible for increased expression of BCL2 in B-CLL and ectopic
expression of miR-15 and miR-16 induced apoptosis by targeting BCL2 mRNA [240]. It has been
shown that miRNAs are linked to the etiology and progression of numerous cancers (Table 1-2)

[241] and different cancer types can be classified by miRNA expression patterns [242].

Table 1-2. MiRNAs and their expression in malighancy

Cancer Up-regulated Down-regulated Reference
Breast miR-21,miR-451,miR-205 miR-145miR-497,miR-125b [243],[244]
miR-29b-2,miR-155 miR-10b,miR-27b,miR-17-5p [245]
Lung miR-21,miR-7,miR-200b,miR-210 miR-126,miR-451,miR-30a,miR-486 [246]
Gastric miR-21,miR-223,miR-103-2 miR-218-2 [242], [247]
Prostate let-7d,miR-195,miR-203 miR-128a [242]
Colon miR-135b,miR-92,miR-222 miR-143, miR-145, let-7 [248], [242]
miR-95,miR-17-3p [247]
Pancreatic =~ miR-103-1,2, miR-107, miR-125-1 miR-375 [242], [247]
Ovarian miR-200a,miR-141 miR-199a, miR-140 [249]
miR-200c,miR-200b miR-145miR-125b1

Moreover, Volinia et al. characterised miRNA expression profiles in six different cancers (breast,
lung, prostate, stomach, pancreas and colon) using a large cohort of patient and control samples,

and reported 43 dysregulated miRNAs [250].
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Mitchell et al. showed that miR-141 is upregulated in human prostate cancer patients compared to
healthy controls [251]. Furthermore, lorio et al. examined the miRNA expression profile in human
ovarian cancer and found four overexpressed (miR-200a, miR-141, miR-200c, and miR-200b) and
four downregulated miRNAs (miR-199a, miR-140, miR-145, and miR-125b1) [249]. Table 1-2
shows some miRNAs known to be dysregulated in malignant solid tumours.

It has been proven that regions of the human genome which are associated with cancer (fragile
sites) harbour half of the miRNAs genes [252, 253]. There are many cancer-associated regions in
the human genome which comprise miRNA genes [254]. Although several miRNAs are
dysregulated in specific tumours, a global reduction of mMiRNA abundance appears to be a general
trait of human cancers, playing a causal role in the transformed phenotype. The loss of miRNAs
biogenesis and aberrant expression of proteins, associated with miRNA biogenesis, has been
observed in various cancer types [255]. For example, downregulation of DICER has been found
in several cancers such as breast, colorectal and lung cancers [256-258]. Kumar and colleagues
found that downregulation of DICER, DROSHA, and DGCR8 in LKR13 cells (mouse
adenocarcinoma cell line) increased cellular transformation and tumourigenesis and upregulated
the expression of key oncogenic genes such as c-MYC, K-Ras and E2F1 [241]. Mutation of the
Exportin 5 gene, which is responsible for transporting precursor miRNA from the nucleus to the
cytoplasm, causes miRNAs to accumulate in the nucleus and leads to tumour formation [259].
Somatic mutations in AGO2 have been found in gastric and colon cancers [260]. Moreover,
upregulation of AGO2 by EGFR and MAPK signalling has been reported in ER-positive breast

cancer cell lines [261].
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1-9-7. Tumour suppressive and oncogenic roles of microRNAs

MicroRNAs have both tumour suppressor and oncogenic functions [262, 263] and gain or loss of
these functions has been documented in different cancers, with pathological roles in tumour cell
proliferation, progression and the metastatic process [264, 265]. Tumour suppressive miRNAs
target the mMRNA transcript of genes that normally function as oncogenes. For instance, expression
of BCL-2 and MCL-1 (anti-apoptotic proteins) are increased in human cancer and are responsible
for chemotherapeutic resistance and relapse [266]. Several studies have reported the role of
miRNAs in regulation of these anti-apoptotic proteins in cancer cells. Singh et al. found three
tumour suppressive miRNAs (miR-365-2, miR-195 and miR-24-2) which directly target the
3’UTR of BCL-2 mRNA and induce apoptosis in MCF7 cells [267]. In another published study,
the expression level of miR-15a and miR-16-1 clusters were found to be downregulated in chronic
lymphocytic leukaemia (CLL) [240]. They reported that these miRNAs target BCL-2 and

modulate apoptosis in leukemic cell line models.

Moreover, the let-7 family is known as a tumour suppressor miRNA in breast cancer. It has been
shown that the expression levels of let-7a, let-7b, and let-7g were significantly downregulated in
breast cancer patients, and ectopic expression of let-7b strongly reduced cell migration and
invasion [268]. In addition, miR-378 has been demonstrated to play a tumour suppressor role in
various cancers including colorectal cancer by targeting SDAD1, vimentin, BRAF and CDC40
[269-272]; gastric cancer by inhibiting expression of MAPK1, CDK6 and VEGF transcripts;
prostate cancer by targeting MAPK1, KLK2 and KLK4 [273, 274]; pituitary adenoma by
inhibiting RNF31 [275]; medulloblastoma by inhibiting UHRF1 [276] and myelodysplastic

syndrome (MDS) by inhibiting BCL-W and CDC40 [277].
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On the other hand, a substantial number of studies have reported an oncogenic function of miRNAs
(Oncomirs) in multiple cancers. Some of these miRNAs target the mRNAs of tumour suppressor
genes and contribute to cancer progression. For example, an oncogenic function of miR-17-92
cluster has been reported in Burkitt’s lymphoma, diffuse large B-cell lymphoma and lung cancer
[278, 279]. In another published study, miR-31 was identified as an oncogenic miRNA in cervical
cancer which directly targets BRCALl-associated protein-1 (BAP1), and inhibition of miR-31
expression strongly promoted EMT [280]. Moreover, it has been reported that overexpression of
miR-548d-2-3p is associated with poor prognosis in TNBC by directly targeting the 3’UTR of
TP53BP2 mRNA. Ectopic expression of miR-548d-2-3p in MDA-MB231 cells significantly
increased cell growth, and knockdown of this miRNA strongly reduced cell proliferation and
increased apoptosis [281]. Several studies have indicated that miR-378 plays a role as an oncomiR
in multiple cancer types such as cervical cancer [282, 283]; lung cancer [284-286] and
glioblastoma by targeting vimentin, Sufu, Fus and VEGFR2 [287-289], and nasopharyngeal
carcinoma by targeting TOB2 [290]. Furthermore, it has been reported that miR-616 acts as an
oncomiR in multiple human cancers [291-295]. miR-616 expression is upregulated in prostate
cancer, gastric cancer, non-small cell lung cancer (NSCLC), hepatocellular carcinoma (HCC) and
glioblastoma. miR-616 directly targets TFPI-2 mRNA in prostate cancer [291], PTEN mRNA in

HCC and gastric cancer [292], SOX7 in glioblastoma [293] and NSCLC [294].
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In addition, some miRNAs have both oncogenic and tumour suppressive roles in human cancer
[296] in a context dependent manner. For example, the miR-17-92 family has been found to be
upregulated in various cancers including lung cancer, diffuse large B-cell lymphoma, follicular
lymphoma, Burkitt’s lymphoma and mantle cell lymphoma [278, 279]. miR-17-92 is known
mostly as an oncogenic miRNA which increases cancer cell proliferation, migration and invasion.
However, tumour suppressor activity of miR-17-92 has also been reported in human cancers [279,
297]. For example, miR-17-92 expression is downregulated in prostate cancer, and ectopic
expression of this miRNA significantly reduced prostate cancer cell growth [298]. Another
example of miRNAs with both oncogenic and tumour suppressive function is miR-155. For
instance, miR-155 is dysregulated in different cancers including gastric and pancreatic cancers,
playing a tumour suppressive role by reducing cell proliferation [247, 299]. However, miR-155
was found to be a tumour promoting miRNA in breast cancer. It has been shown that miR-155 is
overexpressed in breast cancer and reduces the expression of tumour suppressor gene suppressor
of cytokine signalling 1 (SOCS1), and consequently promotes cancer cell proliferation [300]. This
apparent paradox can be reconciled by taking into account the fact that a single miRNA molecule
has the capacity to target numerous different mMRNAs, some of which may have opposing

oncogenic or tumour suppressive functions [301].
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1-10. MicroRNAs and breast cancer

Several studies have been conducted to identify the miRNAs that are differentially expressed and
regulate initiation and progression in different breast cancer subtypes. Blenkiron and colleagues
were the first group that described a miRNA signature in breast cancer subtypes [302]. They
profiled 309 miRNAs in 93 breast tumours including all four breast cancer subtypes. In another
study, Lowery and colleagues identified miRNASs related to the estrogen (miR-217, miR-190, miR-
135b, miR-218, miR-342, miR-299), progesterone (miR-527-518a, miR-520g, miR-377, miR-
520f-520c) and HER2/ neu (miR-181c, miR-302c, miR-520d, miR-376b, miR-30e) receptor status
of breast cancer patients based on artificial neural networks (ANN) analysis and qRT-PCR. They
also showed that miR-342 was upregulated in ER and HER2/neu-positive luminal B and
downregulated in triple-negative subtypes with miR-520g expression being increased in ER and
PR-negative subtypes [303]. The most commonly dysregulated miRNAs from three independent

studies in breast cancer subtypes are listed in table 1-3.

Table 1-3. Commonly dysregulated miRNAs in breast cancer subtypes.

Luminal Basal HER?2 Normal-like
let-7c hsa-miR-18a hsa-miR-142-3p | hsa-miR-145
hsa-miR-10b hsa-miR-135b | hsa-miR-150 hsa-miR-99a
let-7f hsa-miR-93 hsa-miR-100
hsa-miR-155 hsa-miR-130a

These miRNAs are derived from three independent studies by Rinaldis et al. [304],
Dvinge et al. [305], and Blenkiron et al. [302].
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There are also some published studies which have reported miRNA signatures in breast cancer cell
lines. In one such example, Riaz and colleagues carried out a comprehensive study to characterise
the miRNA expression profiles in 51 human breast cancer cell lines [306].

They explored the expression level of 725 human miRNAS by microarrays containing LNA™
capture probes. Based on miRNA signatures, they divided 51 human breast cell lines into two
groups: a minor cluster that included 18 cell lines and a major cluster that included 33 cell lines.
Based on intrinsic subtyping, 17 out of 18 cell lines present in the minor cluster belonged to the
basal-like subtype, and 16 of them lacked ER, PR and ERBB2 protein expression (triple-negative).
On the other hand, 29 out of 33 breast cancer cell lines present in the major cluster were of the
luminal-type. Among the 87 most-variably expressed miRNAs across the entire panel, a set of 15
miRNAs was significantly higher in the basal-like subtype and a set of 17 miRNAs showed
significantly higher expression in luminal subtype. Taken together, this indicates that microRNAs

have the potential to be diagnostic and prognostic markers in breast cancer.

1-11. MicroRNAs and the unfolded protein response

Several studies have shown alterations in miRNA-expression profiles during conditions of EnR
stress and UPR activation (Table 1-4). MiRNAs, as modulators of gene expression, affect the
induction of UPR target genes and influence the cell’s response to EnR stress. Based on their
functional effects, UPR-regulated miRNAs can be divided into two groups: pro-adaptive and pro-
apoptotic miRNAs [307, 308]. The miRNAs that have a pro-adaptive role contribute to increasing
the folding capacity and reducing protein loading into the EnR lumen. On the other hand, the pro-

apoptotic related miRNAs play a role in modulating UPR-induced apoptosis and cell death.
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Table 1-4. Summary of microRNA effects on the UPR signalling pathway and their target genes.

MicroRNA UPR arm Targets Reference
MiR-221/222 PERK(CHOP) p27kip [309]
miR-204 PERK BIP, CHOP [310]
miR-23a~27a~24-2 PERK-IRE1 ATF4, TRAF2, JNK, ASK1, ATF3 [311]
miR-122 PERK Calreticulin, ERp29 [312]
miR-346 IRE1(XBP1s) TAP1 [313]
miR-708 PERK(CHOP) Rhodopsin [314]
miR-30c-2* IRE1 XBP1 [315]
miR-455 ATF6 Calreticulin [316]
miR-1066-25 PERK (ATF4) BIM [317]
miR-211 PERK CHOP [318]
miR -17,34a, 96a,125b IRE1 Caspase-2 [47]
miR-17 IRE1 TXNIP [319]
miR-663 PERK ATF4, VEGF [320]
miR-214 IRE1 XBP1 [321]
miR-30d, miR-181a ATF6 GRP78/BIP [322]
miR-1291 IRE1 Glypican-3 [323]
miR-199-5p IRE1, ATF6 AP-1, BIP [322, 324,

325]

miR-297 IRE1 Xbpls, GRP78 [326]

miR-495 IRE1 (XBP1) GRP78 [325]

miR-29a PERK, IRE1 CHOP, XBP1s [327]

miR-200c-3p IREla, ATF6 LC3-II [328]
[ s0 )




-Pro adaptive role of miRNAs during UPR signalling

The first UPR regulated miRNA was identified by Dai and colleagues in 2010. They showed that
the expression of miR-221/222 is regulated by CHOP during prolonged EnR stress. They found
that p27XiP* is a target of miR-221/222 and upregulation of this miRNA can prevent the loading of
p274PL protein into the EnR [309]. Byrd and colleagues found that miR-30c-2-3p is upregulated
during UPR and is dependent on the kinase activity of PERK. Furthermore, miR-30c-2-3p limits
the expression of XBP1, and expression of anti-miR-30c-2-3p protected cells against UPR-
induced death [315]. Moreover, Chitnis et al. (2012) found that miR-211 has a pro-survival activity
during UPR. They showed that miR-211 was induced by the PERK sensor and reduced the
expression of CHOP [318]. In another study by Bartoszewski and colleagues, they reported that
miR-346 expression was regulated by XBP1 during an early stage of the EnR stress and UPR
[313]. They found that antigen peptide transporter 1 (TAP1) is a direct target of this miRNA,
inhibiting the loading of MHC class I in the EnR and consequently reducing the EnR protein load.
ATF6 has been shown to downregulate miR-455 expression during UPR activation in
cardiomyocytes [316]. Furthermore, it is reported that calreticulin is a target of miR-455, and its
upregulation restores the calcium homeostasis to improve the EnR folding capacity. Yang et.al
(2011) showed that inhibition of miR-122 leads to accumulation of the EnR stress protein 29
(EnRp29), calreticulin and cyclin-dependent kinase 4 (CDK4) protein in the EnR lumen of
hepatoma cells [312]. CDK4 then increases the stability of non-ATPase regulatory subunit 10
(PSMD10) of the 26S proteasome and increases cell survival. Thus, upregulation of miR-122 can
increase apoptosis in these liver cell lines (Huh7 and HepG2 cells). These reports provide evidence
for the interplay between miRNAs and the pro-adaptive activity of UPR-associated transcription

factors.
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-Pro-apoptotic role of miRNAs during UPR signalling

miRNAs have been shown to be critically involved in the control of cell survival and cell death
decisions. Several studies have shown alterations in miRNA expression during UPR activation,
which have implications for regulation of cell fate. The contribution of miR-106b-25 to the UPR
pro-apoptotic response was demonstrated by our laboratory [317].

We showed that downregulation of the miR-106b-25 cluster (miR-106b, miR-25 and miR-93),
which are regulated by ATF4 and NRF2, increases the level of BIM, a pro-apoptotic molecule of
the BH3-only family of proteins. In another study we reported that miR-424(322)503 cluster is
downregulated in a PERK-dependent manner during UPR activation. In addition, we showed that
miR-424 regulates cell fate during UPR by influencing the activation of ATF6 (as its direct target)

and RIDD activity of IRE1 [329].

A new alternative miRNA degradative mechanism was reported during UPR activation by Upton
and colleagues [318]. They showed that the RNase activity of IRE1a can degrade four precursor
miRNAs including miR-17, miR-34a, miR-96a and miR-125b. These miRNAS target and repress
the Caspase 2 (C-2) transcript which is an activator for the mitochondrial apoptosis pathway. Thus,
activation of the endoribonuclease activity of IRE1 increases C-2 protein levels and promotes cell

apoptosis.
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There is also another study that showed that the degradation of miR-17 through IREla RNase
activity elevates the thioredoxin-interacting protein (TXNIP) level and causes the programmed
cell death in pancreatic B cells [319]. Su et al. (2013) have reported downregulation of three
miRNAs (miR-30a, miR-181a, and miR-199a-5p) in prostate, colon and bladder tumours.

They showed that these miRNAs directly targeted the 3' UTR of GRP78/BiP in C42B prostate

cancer cells, and their induction promoted apoptosis during UPR activation [322].

Taken together, UPR-regulated miRNAs can affect both pro-adaptive and pro-apoptotic cellular
signaling during UPR activation. Because miRNAs can target many distinct mMRNA targets, the
physiological consequence of UPR-regulated miRNAs are likely to be context and/or tissue-
dependent. Therefore, it will be crucial to identify which miRNAs constitute the essential
signalling nodes in this network. The advances in understanding how miRNAs take part in UPR-
mediated adaptive and apoptotic signaling will reveal novel therapeutic potential for diseases

associated with the UPR.
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1-12. Rationale of the study

The stressful conditions of the tumour microenvironment, including low oxygen supply, nutrient
deprivation and pH changes, activate a range of cellular stress-response pathways [330]. Tumour
hypoxia is a common microenvironmental factor that adversely influences tumour phenotype and
treatment response [331]. Cellular adaptation to hypoxia occurs through multiple mechanisms,
including activation of the UPR. The UPR is an intracellular signalling network activated in
response to EnR stress. A variety of transcription factors including ATF6, ATF4, CHOP and
XBP1, are activated during UPR. They collaborate to induce the expression of a wide array of
targets, including EnR chaperones and genes involved in ERAD, to enhance the protein folding
capacity of the cell and to decrease the unfolded protein load of the EnR [10, 332]. However, if
the primary stimulus causing protein unfolding in the EnR is protracted or excessive, apoptosis

ensues.

At present, it is unclear how tumour cells adapt to long-term EnR stress in vivo - whether the
protective elements of the response are enhanced, the destructive components suppressed, or if the
compromised apoptotic machinery (a common occurrence in tumour cells) is sufficient to protect
them from UPR-induced apoptosis. Given that the UPR can trigger pro-survival and pro-apoptotic
signals, it is important to understand how modulation of the UPR alters the balance between these
processes and contributes to carcinogenesis in different cell types. The upregulation of the UPR in
cancers may be beneficial for tumour cells by increasing the protein folding capacity and
prolonging life. On the contrary, downregulation of the UPR may allow cells to escape the
apoptotic pathway, favouring tumourigenesis. The exact mechanisms involved in the transition of

the UPR from a cell survival to cell death response is not clearly understood.
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Computational analysis predicts that more than 30% of animal genes may be subject to regulation
by miRNAs [338, 339], suggesting a role for miRNA-mediated gene regulation during UPR.
Several studies have shown that miRNA expression is globally repressed in tumour tissues
compared to the tumour adjacent normal tissue. There are three possible mechanisms responsible
for miRNA dysregulation in cancer:

(i) miRNAs loci are frequently localized in fragile chromosomic sites and are often altered
(methylation, deletion, amplification and translocation).

(if) Changes in transcription factor activities that control miRNA expression (e.g., MYC and P53).
(iii) miRNA biogenesis could be affected by the altered expression of DICER, DROSHA and

XPO5 or mutations in these genes.

Hence, we hypothesise that UPR-regulated microRNAs can influence the cellular response during
EnR stress and may contribute to cancer progression. The role of miRNAs in regulation of the
UPR is an emerging area and further research is required to gain an understanding of the pathways

involved, which may provide additional therapeutic opportunities.

In this study, we identified two UPR regulated miRNAs (miR-378 and miR-616) during conditions
of EnR stress and UPR. miR-378 was identified in preliminary studies performed to identify UPR-
regulated miRNAs by global miRNA expression profiling during conditions of UPR. Several
studies have indicated that miR-378 is upregulated and acts as an oncomiR in: cervical cancer by
targeting ST7L and ATG12 [282, 283]; lung cancer by inhibiting the expression of RBX1,
HMOX1, TP53 and FOXG1 [284-286]; glioblastoma by inhibiting vimentin, Sufu, Fus and

VEGFR2 [287-289]; nasopharyngeal carcinoma by targeting TOB2 [290].

[ ss]




However, miR-378 has been shown to play a tumour suppressor role in: colon cancer by inhibiting
SDAD1, vimentin, BRAF and CDC40 [269-272]; gastric cancer by inhibiting MAPK1, CDK®6 and
VEGF; prostate cancer by inhibiting MAPK1, KLK2 and KLK4 [273, 274]; pituitary adenoma by
inhibiting RNF31 [275]; medulloblastoma by inhibiting UHRF1 [276] and myelodysplastic
syndrome by inhibiting BCL-W and CDC40 [277]. These observations underscore the context-

dependent behaviour of miR-378 in human cancers.

The presence of the miRNA genes within the introns of protein-coding genes suggests a possible
functional relationship between the intronic miRNA and its host gene. Therefore, we hypothesise
that miR-616 (originating from the CHOP locus) may influence the cellular response during
conditions of EnR stress and dysregulation of miR-616 may contribute to cancer progression.
Several studies have shown that miR-616 acts as a tumour promoting miRNA in human cancers
[291-295]. The expression of miR-616 has been shown to be upregulated in androgen-independent
prostate cancer, non-small cell lung cancer (NSCLC), hepatocellular carcinoma (HCC) and
gliomas. MiR-616 targets the tissue factor pathway inhibitor (TFPI-2) in prostate cancer [291],

PTEN in HCC and gastric cancer [292] and SOX7 in glioma [293] and NSCLC [294].
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1-13. Aims of the study

MiRNAs have been shown to be critically involved in the control of cell survival and cell death
decisions [308]. During the past few years, work from several groups have revealed that all three
branches of the UPR regulate specific subsets of miRNAs (Table 1-4). The modes of regulation
include induction/repression by UPR-regulated transcription factors such as ATF6, XBP1, ATF4
and NRF2, as well as IRE1-mediated miRNA degradation [11, 333]. The outcome of UPR-
dependent miRNA expression is a fine tuning of the EnR stress machinery to modulate cellular
adaptation to stress and regulation of cell fate [333]. Since a given miRNA can target several
distinct RNA transcripts, the physiological consequence of altered miRNA expression is likely to
be context- and/or tissue-dependent. It is still not clear whether UPR regulated miRNAs are
differentially expressed depending on the UPR activation status in tumours, and in turn whether

they contribute to adaptive responses in tumours.

Collectively, in this study, we aimed to:

1

Identify UPR regulated miRNAs and validate the expression levels of candidate miRNAs

(miR-378 and miR-616) during conditions of EnR stress in human cancer cells.

2- Determine the mechanisms regulating the expression of miR-378 and miR-616 during
conditions of EnR stress and UPR.

3- Evaluate the effect of miR-378 and miR-616 on cell growth, proliferation, migration and

cell fate during conditions of EnR stress and UPR.

4- ldentify the functional targets of miR-378 and miR-616.
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2-0. Materials and Methods

2-1. Cell culture

Cell culture refers to the process by which cells grow in an artificial environment under controlled
conditions. These conditions may vary for each cell type but usually contain essential factors such
as growth factors, hormones, amino acids, carbohydrates, minerals and vitamins. Depending on
the cell type, they may need a surface for growing, known as adherent cells while other cell types

can be grown floating in the medium (suspension cells).

Human breast cancer cells (MCF7, MDA-MB-231 and ZR-75-1) were purchased from (ATCC)
American Type Culture Collection (Manassas, VA). Colorectal cancer cells (HCT116 and RKO)
were a kind gift from Dr. Victor E. Velculescu, Johns Hopkins University, USA. HEK 293T cells
were from Indiana University National Gene Vector Biorepository. All tissue culture work was
performed under the tissue culture class Il biological safety cabinet (ESCO, GB Ltd, UK) sterilised
with UV and wiped with 70 % v/v ethanol before and after use. The MCF7, MDA-MB-231 and
HEK 293T cells were maintained in Dulbecco’s modified eagle’s medium (DMEM) (Sigma, UK,
Cat #D6429). HCT116 and RKO cells were maintained in McCoys 5A modified medium (Sigma,
UK, Cat #M9309) and ZR-75-1 cells were maintained in RPMI 1640 (Invitrogen, UK, Cat
#11879). Cells were grown using appropriate medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 100 U/ml penicillin and 100 pg/ml streptomycin (Sigma, UK, Cat

#P0781) in a humidified atmosphere with 5% CO; at 37°C.
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To start the cell culture, frozen stocks of cells were removed from liquid nitrogen storage and were
immediately thawed at 37 °C in a water bath and seeded in T-75 tissue culture flasks (75 cm2,
Sarstedt, Germany, Cat # 83.182.002). When the cultured cells reached the 70-80 % confluency,
they were trypsinised by addition of 3 ml of 1X Trypsin/ EDTA (Sigma, UK, Cat # T4174) in
HANKS balanced salt solution (Sigma, UK, Cat # H6648) and kept at 37°C for 5 minutes to obtain
the single cells. Then, 7 ml of fresh medium were added, cells were mixed and counted by
Haemocytometer to estimate the number of cells per millilitre. An appropriate number of cells

were then seeded into the tissue culture flasks for further experiments.

2-2. Drug treatments

Several pharmacological compounds were used in this study including EnR stress inducers
(tunicamycin, thapsigargin, and brefeldin A), UPR pathway inhibitors (PERK and IRE1inhibitors)
and chemotherapeutic compounds (tamoxifen, fulvestrant, and docetaxel) at the indicated

concentrations for the indicated time points (Table 2-1).

Tunicamycin is an antiviral antibiotic derived from Streptomyces lysisuperificus which inhibits
the UDP-N-acetylglucosamine-dolichol phosphate N-acetylglucosamine-1-phosphate transferase
(GPT). Consequently, it blocks the initial step of glycoprotein biosynthesis and leads to
accumulation of glycoproteins in the EnR lumen [334].

Thapsigargin which is derived from the plant named Thapsia garganica. Linnaeus decreases
calcium levels in the EnR by blocking the sarcoendoplasmic reticulum Cax+-ATPases (SERCAS).
The EnR chaperone functions are dependent on the calcium level. Thus, a low level of calcium

hinders their activity, leading to the accumulation of unfolded proteins in the EnR lumen [335].

601

—



Brefeldin A, which is also named Cyanein or Decumbin, is produced by some fungi such as
Penicillium, Penicillium Brefeldianium and Penicillium cyanium. This compound prevents protein
transportation from the EnR to the Golgi apparatus and reverses protein transport from the Golgi
apparatus to the EnR which causes protein accumulation in the EnR lumen [336].

PERK inhibitor (GSK 2606414), which is also named EIF2AKL1 Inhibitor, is a cell-permeable
compound that inhibits EIF2AK3/PERK by targeting PERK in its inactive DFG motif
conformation in the ATP-binding region [179].

IRE1 inhibitor (4u8c) is a cell-permeable compound that targets IRE1 Lys907 via Schiff base
formation and inhibits IRE1 RNase activity in a time- and dose-dependent manner and prevents
EnR stress-induced site-specific mMRNA splicing [337].

Tamoxifen (4-Hydroxytamoxifen, 4-OH-TAM), which is also known as an estrogen receptor
signalling regulator 11, is an anti-estrogen drug that is commonly used for breast cancer treatment.
Depending on the target tissue, tamoxifen acts as estrogenic and anti-estrogenic compounds. For
this reason, tamoxifen is also named as a selective estrogen receptor modulator (SERM) [338].
Fulvestrant (ICI 182,780) is a cell-permeable compound that downregulates estrogen receptors
and is known as a selective estrogen receptor degrader (SERD). Fulvestrant is a high-affinity ER
antagonist. It does not have estrogen agonist activity and is more effective than tamoxifen in
reducing estrogen receptors in breast tumour cells [339].

Docetaxel is a chemotherapeutic compound which is used for several cancer treatments including
breast, prostate, head and neck, stomach and non-small lung cancers. It inhibits depolymerisation
of microtubules by binding to stabilized microtubules and causes the failure of chromosomes to

segregate to the daughter cells [340].
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Table 2-1. Pharmacological compounds for cell treatment.

Compound Chemical Structure formula Image Catalogue
Name Formula Number
Tunicamycin C39HgaN4O16 )ﬁ #3516
© uo OH U&L\N l TOC“S
cHacH(cHZJ,/‘\\AN w B - -
g L b ioscience
HDFE;E;;J HO OH
20H Tuni(c: r:ngclgs 1IID..\2.1\)III. x
Thapsigargin C34H50012 M HOTC“ #1138
o 0 Tocris
HoC ) mo)k/\cm - -
\DID‘ o Bioscience
Brefeldin A Ci16H240, '§H #1231
CCND Tocris
- 2, O, uCH Bioscience
HO U.H ?
PERK inhibitor Co4H20F3NsO Q # 516535
(GSK- 2606414) < NHz %C% Millipore
\
M
HaC
IREL1 inhibitor C11HgO4 CHg #412512
(4p8c) = Millipore
HO Q 8]
CHO
Tamoxifen C,6H20NO, o #T5648
O Sigma
HC/Ni/\O O O h
Fulvestrant C32H47F503S PRy # 14409
o PP igm
ISODPPPS PN s
HO™ 7 i v Y
Docetaxel Ca3Hs3NO14 # 01885
Sigma

Depending on the experiments, cells were treated with Tunicamycin (TM) 1.0 pg/ml, Brefeldin A

(BFA) 0.5 pg/ml, Thapsigargin (TG) 1uM, PERK inhibitor (100nM), IRE1 inhibitor (10 pM),

Tamoxifen (10uM), Fulvestrant (100uM) and Docetaxel (100 nM) for different time periods.

—
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2-3. RNA preparation

The total RNA from cultured cells was purified using the Trizol reagent (Invitrogen, UK, Cat
#15596-018). Briefly, after removing growth media, 1 ml of Trizol reagent was added directly to
the cells in a T-75 flask and cells were lysed by pipetting several times. Then lysate was collected
into the 1.5 ml microtube (Eppendorf, Germany, Cat #72.706.400) and incubated at room
temperature for 5 minutes. After that, 0.2 ml of chloroform was added, mixed and incubated for 5
minutes and then centrifuged at 12000 X g for 15 minutes. After this step, the upper clear phase
was carefully pipetted into a 1.5 ml tube and the total RNA was precipitated using 0.5 ml of
absolute isopropanol. After incubation at -20°C overnight, samples were centrifuged at 12,0009
for 10 minutes and the RNA pellet was washed in 75% Ethanol. All the ethanol was carefully
removed and the pellet was air dried. Finally, the RNA was resuspended in 50 pul of nuclease-free
water. Following purification, the total RNA was quantified by UV spectrophotometry
(NanoDrop, ThermoFisher, UK) and gel agarose electrophoresis to determine its integrity.

Samples were then stored at -80°C until required.

2-4. Reverse transcription reaction

For messenger RNA (mRNA), the ImProm-1I™ reverse transcription system (Promega Cat
#A3800) was used to generate complementary DNA (cDNA). 2 pg (2 ul) of total RNA was mixed
with 2 pl of random primer and 1 pl of nuclease-free water and heated at 70°C for 5 minutes. The
reverse transcription reaction mix was prepared in a sterile 1.5 pul microcentrifuge tube on ice using
7.5 ul nuclease free water, 4 pl ImProm-II™ 5X reaction buffer, 1 pl MgClz, 1ul ANTP mix, 1 pl

ImProm-II™ reverse transcriptase and 0.5 pl ribonuclease inhibitor (total volume 15 pl).
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The 15 pl aliquots of reverse transcription reaction mix were added into the 5 ul RNA and primer
mix to have a final reaction volume of 20 ul per tube. The samples were kept at 25°C for 5 minutes
followed by 42°C for 60 minutes and finally inactivated at 70°C for 15 minutes. The non-template
controls (NTC) which consisted of all reagents except the RNA sample were also used to monitor
any contamination during the RT reaction process. The cDNA samples were then stored at -20°C

until required.

For microRNA reverse transcription, 1ug of the total RNA from each sample was used to generate
cDNA using the TagMan microRNA reverse transcription kit (Cat. No. 4366596, Life
Technologies, Paisley, UK) according to the manufacturer’s instructions. Briefly, the reverse
transcription reaction consisted of 7 uL master mix [4.16 pL nuclease-free water, 1.5 uL 10X RT
buffer, 1 uL multitranscribe RT enzyme (50 U/ pL), 0.19 uL RNase inhibitor (20U/ pL) and 0.15
ML dNTP mix (100mM total)], 3 pL miRNA specific primer and 1ug RNA were added to the PCR
microtube (total volume 15 pL). Reverse transcription thermocycling conditions were 16°C for 30

min, 42°C for 30 min and 85°C for 5 min. The resultant cDNA was stored at -20°C until required.

2-5. Conventional Polymerase Chain Reaction (PCR) assay

Conventional PCR for human GAPDH was carried out using 1 pl of cDNA to check cDNA quality
with 2x Go Taq master mix (Promega) and with the following primers (Sigma):

GAPDH Fwd 5’ACCACAGTCCATGCCATC3’

GAPDH Rev S’TCCACCCTGATATTGCTG3’

PCR cycle conditions include 94°C for 3 minutes, then 25 cycles in 94°C for the 30s, 55°C for 30

s, 72°C for 30 s, and 72°C for 10 minutes, 4°C for co.
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Conventional PCR for the human XBP1 transcript to confirm UPR activation was carried out on
cDNA using 2x Go Taq master mix and with the following primers (Sigma):

XBP1 Fwd 5’"GGGAATGAAGTGAGGCCAG3’

XBP1 Rev >TGAAGAGTCAATACCGCCCA3’

PCR cycle conditions include 94°C for 7s, then 30 cycles in 94 °C for 10s, 52 °C for 30 s, 72 °C

for 30 s and 72 °C for 1 minute, 4 °C for oo.

2-6. Real-Time Quantitative PCR (RT-gqPCR)

2-6-1. Real-time quantitative PCR assay for mMRNAs

RT-qPCR reactions were carried out in the final volumes of 10ul using an ABI 7500 Real-Time
PCR System. The diluted cDNA is combined with the TagMan Universal PCR master mix (Cat.
No. 4440047, Life Technologies, Paisley, UK) and 20X Tagman gene expression assays (IDT,
lowa, USA) for each target gene and accurately dispensed into a MicroAmp 96-well plate (Applied

Biosystems) in triplicate. Reactions consisted of the following:

IDT primer standard assay 20x 0.5 ul

Tagman 2x PCR master mix Sul
Nuclease-free water 1.5l
cDNA 3ul
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Standard thermal cycling conditions were applied consisting of 40 cycles at 95°C for 15 seconds
and 60°C for 60 seconds. GAPDH was used as a reference gene to determine the relative
expression level of target genes between treated and control samples using A ACt/Livak method

[341].

2-6-2. Real-time quantitative PCR assay for miRNAs

Complementary DNA (cDNA) was analysed by qPCR using specific microRNA TagMan probes
(Life Technologies, Paisley, UK) and the TagMan Universal PCR master mix (Cat. No. 4440047,
Life Technologies, Paisley, UK) according to the manufacturers’ instructions (10 pL PCR master
mix, 7.67 uL nuclease-free water, 1.33 uL cDNA and 1 pL 20X specific microRNA assay).
QPCR reactions were performed on an ABI 7500 Real-Time PCR System. The thermocycling
conditions were 95°C for 10 min and followed by 40 cycles of 95°C for 15 seconds/60°C for 60
seconds. RNUG6B was used as a reference gene to determine the relative expression level of
miRNAs between treated and control samples using the A ACt/Livak method [341]. All gPCR

reactions were performed in triplicate, otherwise it is mentioned.

2-7. Plasmids

2-7-1. PERK, ATF6 and XBP1 shRNA plasmids

PLKO.1 puro, which is the third-generation lentiviral backbone, was used for expression of PERK,
ATF and XBP1 shRNA (short hairpin RNA) sequences. The PERK shRNA plasmid was a gift
from Dr. Piyush Gupta, MIT, Boston, USA. ATF6 TRC Lentiviral ShRNA (Cat. No. RHS4533-

EG22926) was purchased from Dharmacon GE Healthcare Life Sciences.
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XBP1 Lentiviral ShRNA (Cat. No. SHCLND-NM_005080) was purchased from Sigma Aldrich.
Packaging plasmid (psPAX2, Cat. No. #12260) and the envelope protein plasmid (VSVG,
pMD2.G, Cat. No. #12259) were purchased from Addgene (Cambridge, MA, USA). The shRNA
plasmids details are mentioned below;

1- Name: pLKO.1 puro (Empty backbone plasmid)
Size: 7050 bp Vector type: Mammalian Expression, Lentiviral, RNAI
Stable selection marker: Puromycin
Cat Number: #8453
Company: Addgene
2- Name: ATF6 TRC Lentiviral ShRNA [Simple hairpin shRNAs in the pLKO.1 lentiviral
vector designed by The RNAIi Consortium (TRC)]
Cat Number: RHS4533-EG22926
Company: Dharmacon GE Healthcare Life Sciences
3- Name: PERK Lentiviral sShRNA [Simple hairpin shRNAs in the pLKO.1 lentiviral vector
Source: Gift from Dr. Piyush Gupta, MIT, Boston, USA.
4- Name: XBP1 Lentiviral ShRNA [Simple hairpin ShRNAs in the pLKO.1 lentiviral vector
Cat Number: SHCLND-NM_005080
Company: Sigma Aldrich.

2-7-2. miR-378, miR-616, XBP1s, VAV1 and c-MYC overexpressing plasmids

miR-378 and miR-616 expressing plasmids were purchased from Genecopoeia (Maryland, USA).
PCMV5-FLAG-XBP1s and PCDH-FLAG-c-MYC plasmids were purchased from Addgene
(Cambridge, MA, USA) and were received as E. Coli colonies in a LB agar tube containing
ampicillin. The PCDH-VAV1 plasmid was a gift from professor Youjia Cao, Nankai University

School of Life Sciences, China. The overexpressing plasmids details are mentioned below:
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1- Name: PCMV5-Flag-XBP1s
Vector type: Mammalian Expression, Lentiviral
Selectable markers: Puromycin
Cat Number: #63680
Company: Addgene
2- Name: PCDH-Flag- c-MYC
Vector type: Mammalian Expression, Lentiviral
Selectable markers: Puromycin
Cat Number: #102626
Company: Addgene
3- Name: PCDH-VAV1
Source: Gift from professor Youjia Cao, Nankai university school of life sciences, China.
4- Name: Precursor miR-616
Vector type: Homo sapiens miR-616 stem-loop
Selectable markers: Puromycin
Cat Number: HmiRQP0721, HmiRQP0722
Company: Genecopoeia
5- Name: Precursor miR-378
Vector type: Homo sapiens miR-378 stem-loop
Selectable markers: Puromycin
Cat Number: HmiR-AN0474, HmiR-AN3114

Company: Genecopoeia
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2-7-3. Transformation of plasmids

Transformation is the process by which foreign DNA is introduced into a competent bacterial cell.
DH5a E. coli cells (Invitrogen, Ireland, Cat # C737303) were used to amplify all plasmids. 1 ul
(100 ng) of plasmid DNA was added and mixed with the E. coli cells by pipetting up and down
and then incubated on ice for 30 min to permeabilise the cells. The vial was put in a 42°C water
bath for 30s to heat shock the cells in order to draw the DNA plasmids into the cells. The vial was
then placed on ice for 2 minutes and 250 pl of LB broth media was added into the vial. E. coli cells
were allowed to grow at 37°C for 1 hour and then were spread on a LB agar plate containing the

antibiotic Ampicillin (100 mg/mL) or Kanamycin (50 mg/mL) and grown at 37 °C.

To prepare the LB liquid medium, 25 g of LB broth powder (ThermoFisher, Ireland, Cat #
12780029) was added into a 1 litre autoclave bottle and 1000 mL ultrapure water was added and
mixed properly. The medium was then autoclaved (121 °C, 20 minutes). To prepare LB agar
medium, 15 g of LB agar powder (ThermoFisher, Ireland, Cat # 22700041) was dissolved in 1 litre
ultrapure water and was autoclaved (121 °C, 20 minutes). The medium was then poured into Petri

dishes (~25 mL per 100 mm plate).

Bacteria from a single colony was inoculated into the LB broth containing antibiotic and was
incubated for 18 hours at 37°C while shaking. The bacterial culture was then centrifuged at 5000
g for 20 min to make a pellet. Finally, plasmids were extracted from the bacterial pellet using the
Qiagen Midi kit (Qiagen, Germany, Cat #12143). The quantity and quality of extracted plasmids
were determined by UV spectrophotometry (NanoDrop, ThermoFisher, UK) and gel agarose

electrophoresis.
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2-7-4. Transient transfection of spliced XBP1 in MCF7 cells

Spliced XBP1 was overexpressed in the MCF7 cells by electroporation using the Nucleofector
technology (AMAXA, Lonza, Switzerland). Briefly, Parental MCF7 cells were cultured in a T-25
flask and then trypsinised (0.05% trypsin/0.02% EDTA) at 75-80% confluency. MCF7 cells (1 x
108 cells) were centrifuged at 90 x g for 10 minutes in room temperature and the supernatant was
removed. The cell pellet was resuspended by 4D Nucleofector™ Solution (100 ul) at room
temperature. The cells were then transferred into the Nucleo-cuvette™ and the nucleofection
process was started by pressing “Start” on the display of the 4D-Nucleofector™ Core Unit. After
completion of the run, the cells were resuspended with pre-warmed DMEM medium and then
plated (2.5 X 10° cells) in 6 well plates and cultured for 24 and 48 hours. Protein samples were

then prepared for further experiments.

2-7-5. Transient transfection of miR-616, VAV1, and c-MYC in HEK 293T cells

HEK 293T cells (250 x 10° cells) were plated in 6 well plates and transfected with JetPEl,
according to the manufacturer’s instructions. Briefly, HEK 293T cells were either untransfected
or transfected with plasmids containing ORFs of VAV1, c-MYC in absence and presence of miR-
616 expressing plasmids. 48h post transfection whole cell lysates were analysed for the expression

of VAV1 and c-MYC proteins by western blot assay.
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2-8. Preparation of lentivirus

The jetPEI® (Polyplus-transfection®, France) reagent was used to transfect plasmids into 293T
cells. The jetPEI® is a linear polyethylenimine that compacts DNA into positively charged
particles to interact with anionic proteoglycans on the cell surface. These particles then enter the
cytoplasm via endocytosis procedure. The jetPEI®/DNA complexes play a very important role in
the success of transfection. This complex is known as the N/P ratio which is the number of nitrogen
residues (N) in the jetPEI® per phosphate (P) of DNA and is calculated by the following formula:
N/P ratio = 7.5" x ul of jetPEI® / 3° x ug of DNA

* Concentration of nitrogen residues in jetPEI® 0 nmoles of phosphate per ug of DNA

For 10.5 ug DNA, 63 pl of JetPEI was added to get N/P ratio of 15.

On day one, the 293T cells (10 X 10° cells) were seeded in a T-175 flask containing DMEM with
10% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin and 100 pg/ml streptomycin.
On day two, the second-generation lentiviral plasmids (10.50 ug DNA) were prepared. Briefly, 1
ml of 150mM NaCl solution was added into a 1.5 mL tube and lentiviral plasmids (10.50 ug DNA)
were then added. The lentiviral plasmids included:;

1- Packaging plasmid (psPAX2) 3.50 pg.

2- Envelope protein plasmid (VSVG, pMD2.G) 1.57 pg.

3- Plasmid of interest (PERK, ATF6, and XBP1 shRNAS) 5.25 pg.
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Next, in a separate 1.5 ml tube, 63 ul of the JetPEI solution were added into 1ml of 150mM NacCl.
Both solutions were incubated at room temperature for 10 minutes and then the JetPEI solution
was mixed with DNA solution and incubated for 20 minutes at room temperature. Then, 2 ml
JetPEI/DNA solution mixture were added drop by drop into the 20 ml of DMEM and mixed by
gently swirling the T-175 flask containing the HEK 293T cells. On day three, the medium was
replaced with 20 ml of DMEM with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin and
4 mM caffeine. On day four, syncytia of fused cells appeared and green fluorescent protein (GFP)
reporter was detected under a fluorescence microscope. On day five, the culture supernatant
containing the lentiviral particles was collected in a 50ml tube and centrifuged at 500 X g for 5
minutes at room temperature. The supernatant was then filtered with a 45um filter and was

aliquoted in two 15ml tubes and was applied for transduction or stored at -80°C until required.

2-9. Lentivirus transduction

Lentivirus vectors were used to create stable overexpressing cell lines (for miR-378, miR-616,
VAV1, and c-MYC) and knockdown cell lines for UPR genes (PERK, XBP1 and ATF6). MCF7
cells (1 X 108 cells), ZR-75-1 (1 X 108 cells), MDA-MB-231 (1 X 10° cells) and HCT116 cells (3
X 108 cells) were plated in a T-75 flask and after 24 hours, 10 ml of media containing lentivirus
vectors were added into each flask. After 24 hours, the media was removed and replaced with fresh

complete medium containing 1 pg/ml of puromycin to select for transduced cells.
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2-10. Protein extraction and western blotting

To prepare the protein sample, cells were washed with cold PBS and harvested by a scraper into a
15 ml tube. Cells were then centrifuged at 1500 rpm and 4°C for 5 min. The cell pellet was then

lysed in a whole cell lysis buffer (Table 2-2).

Table 2-2. Recipes for cell lysis buffer.

Solution Volume Final concentration
HEPESpH 7.5 |2ml 20 mM

NaCl 17.5 ml 350 mM

Mgcl2 350 pl 1.0 mM

EDTA 250 pl 0.5 mM

EGTA 25 pl 0.1 mM
IGEPAL-630 5ml 1%

H20 247ml |-

Protein concentration was determined by Bradford assay and was adjusted with extra lysis buffer

and Laemmli's SDS-PAGE buffer (Table 2-3) to get 1 microgram protein per microliter.
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Table 2-3. Recipes for Laemmli's SDS-PAGE.

Components 5X

Tris (1M, pH 6.8) 3.1ml

SDS 19
Glycerol 2 mi
Mercaptoethanol 2.5 ml
PMSF (100nM) 0.5 ml
Bromphenol blue (05 %) 1.0 ml

H20 Up to 10 ml

The protein samples were boiled at 95°C for 5 minutes and then 20-30 pg/lane of protein samples

were run on an SDS polyacrylamide gel (Table 2-4) using a running buffer (Table 2-5).

Table 2-4. Recipes for immunoblotting gels.

Components 10 % Resolving Gel | 8 % Resolving Gel | Stacking Gel
Deionised H20 (ml) 8 9.2 6.8
30% Bis-acrylamide (ml) 6.8 5.2 1.7
1.5M Tris-HCI pH 8.8 (ml) 5.2 5.2 1.3
10 % SDS (ml) 0.2 0.2 0.1
10% ammonium persulfate (APS) (ml) 0.2 0.2 0.1
TEMED (ml) 0.008 0.012 0.01

Table 2-5. Recipes for running buffer.

Components | 1 X 10X
Tris base 39 30.35¢g
Glycine 1449 144 ¢
SDS 1lg 10g
H20 up to 1 litre
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The protein after gel run were transferred onto the nitrocellulose membrane by a semi-dry method
using transfer buffer (Table 2-6) and protein transfer was confirmed by Ponceau stain (Sigma,
Ireland). The nitrocellulose membranes were then blocked with the specific blocking solution for
2 hours at room temperature. The nitrocellulose membranes were then treated with specific
primary antibodies (Table 2-7) at 4°C overnight and then after washing three times with
PBS/0.05%Tween solution, the membranes were incubated with appropriate horseradish

peroxidase-conjugated secondary antibody at room temperature for 2 hours.

Table 2-6. Recipes for transfer buffer.

Components | 10X 1X transfer buffer

Tris base 30.35¢ H20 700 ml
Glycine 144 g 10 X transfer buffer 100 ml
SDS 24 Methanol 200 ml
H20 up to 1 liter

The membranes were then washed twice with PBS/0.05%Tween and once with PBS and finally
the signals were detected using a Western Lightening chemiluminescent substrate (Perkin Elmer,

Netherlands, Cat #NEL104001EA).
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Table 2-7. Optimum conditions for different antibodies in western blotting.

Antibody Supplier Source | Blocking Solution Primary Incubation | Secondary
Incubation
PERK Cell Signalling | Rabbit | 5% BSA in PBS/0.05 | 1:2000in 5% BSA | Anti-Rabbit
Technology % Tween for 2 hours in PBS/0.05 % Ab
8 % gel Tween for overnight | (1:10000) in
#3192 at 4°C 5 9% BSA in
PBS/0.05 %
Tween for 2
hours
PO4- Cell Signalling | Rabbit | 5% BSA in PBS/0.05 | 1:1000in5% BSA | Anti-Rabbit
PERK Technology % Tween for 2 hours in PBS/0.05 % Ab
Tween for overnight | (1:10000) in
8 % gel #3179 at 4°C 5% BSA in
PBS/0.05 %
Tween for 2
hours
XBP1 Bio Legend Rabbit | 5% milk in PBS/0.05 | 1:1000in5 % Milk | Anti-Rabbit
% Tween for 2 hours in PBS/0.05 % Ab
10 % gel #619501 Tween for overnight | (1:10000) in
at 4°C 5% Milk in
PBS/0.05 %
Tween for 2
hours
ATF6 Abcam Mouse | 5% milk in PBS/0.05 | 1:1000in5 % Milk | Anti-Mouse
% Tween for 2 hours in PBS/0.05 % Ab (1:5000)
10 % gel #ab122897 Tween for overnight | in 5 % Milk
at4°C in PBS/0.05
% Tween for
2 hours
R-Actin Sigma, Rabbit | 5% milk in PBS/0.05 | 1:2000in5 % Milk | Anti-Rabbit
% Tween for 2 hours in PBS/0.05 % Ab
10 % gel # A-5060 Tween for overnight | (1:10000) in
at 4°C 5% Milk in
PBS/0.05 %
Tween for 2
hours
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CHOP Santa Cruz Rabbit | 1 % milk in PBS/0.05 | 1:800in 1 % Milk in | Anti-Rabbit
Biotechnology % Tween for 2 hours | PBS/0.05 % Tween | Ab (1:5000)
10 % gel for 2 hours at room | in 1 % Milk
#sc-793 temperature in PBS/0.05
% Tween for

2 hours
ATF4 Santa Cruz Rabbit | 5% milk in PBS/0.05 | 1:1000in5 % Milk | Anti-Rabbit
Biotechnology % Tween for 2 hours in PBS/0.05 % Ab (1:5000)
10 % gel Tween for overnight | in5 % Milk
#sc-200 at 4°C in PBS/0.05
% Tween for

2 hours
VAV1 Santa Cruz Mouse 5% milk in 1:1000 in 5% milk in | Anti-Mouse
Biotechnology TBS/0.1% Tween for TBS/0.1% Ab (1:5000)
10 % gel 2 hours in 5% Milk
#5¢-8039 in TBS/0.1%
Tween for 2

hours
c-MYC Santa Cruz Mouse | 2.5 % milk/2.5% BSA 1:1000in 2.5 % Anti-Mouse
Biotechnology in TBS/0.1% milk/2.5% BSA in Ab (1:5000)
10 % gel TBS/0.1% in 5% Milk
#sc-40 in TBS/0.1%
Tween for 2
hours

2-11. Colony formation assay

Colony formation assay is a technique that measures the ability of a single cell to grow into a

colony [342]. For this experiment, cancer cells (1000 cells per well) were plated in 6 well plates

and were grown for 14 days. Then, the cells were washed twice with PBS and fixed with 10%

formaldehyde for 5 minutes and stained with 0.5 % crystal violet for 10 minutes. The number of

colonies which have more than 50 cells was counted in 5 random view fields under a microscope

and an average number of colonies were obtained. The Image J software was also applied to

quantify the number and size of colonies.
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2-12. Scratch wound healing assay

Scratch wound healing assay is a technique to measure cell migration in vitro by creating a scratch
in a cell monolayer and imaging the scratch area at different time periods to measure the migration
rate of the cells [343]. For conducting this experiment, cancer cells (3 x 10° cells/well) were plated
in 6 well plates. After 24 hours of growth, when they reached 70-80% confluency, the cell
monolayer was scratched with a sterile 0.2 ml pipette tip across the centre of the well. Each well
was then washed twice with medium to remove the detached cells and then replaced with fresh
medium. The scratched areas were then imaged at different time periods including 0 (after creating

the scratch), 12, 24, 48 and 60 hours and were quantified by Image J software.

2-13. MTS cell proliferation assay

The MTS cell proliferation assay is a colourimetric, sensitive, technique that quantifies viable cells
in proliferation and cytotoxicity assay [344]. In this method, viable cells use the MTS tetrazolium
compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt; MTS] and generate a coloured formazan product by NAD(P)H-dependent
dehydrogenase enzymes. The formazan is a soluble in cell culture media and its absorbance can
be detected with a multi-well spectrophotometer at OD=490-500 nm. cancer and control cells (2
x 10° cells/well) were plated in 96 well plates. After 24 hours of growth, for cytotoxicity assay,
cells were treated with Tamoxifen (L0uM) or Fulvestrant (1L00uM) for 0, 24, 48 and 72 hours. The
0.2 ml of the MTS solution from CellTiter 96® AQueous One Solution Cell Proliferation Assay Kit
(Promega, Cat #G3582) was directly added into each well and incubated at 37°C for 4 hours. The
absorbance of each well was measured at OD=490 nm with a 96-well plate reader (Synergy ™

HT, BIO-TEK, Vermont, USA).
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2-14. Cell death analysis by Flow cytometry

Control, miR-378 and miR-616 overexpressing MCF7 cells (2 x 10° cells/well) were plated in 6
well plates. After 24 hours of growth, cells were treated with Thapsigargin (1uM), Brefeldin A
(0.05ug/ml) or Docetaxel (100 nM) for 48 hours for the cell death assay. Cells were then harvested
and washed with ice-cold FACS Buffer (PBS, 0.5-1% BSA or 5-10% FBS and 0.1% sodium
azide). Cell concentration was adjusted to 1 x 10° cells/ml and 1 pL of SYTOX Red dye
(Invitrogen, UK, Cat#S34859) was added to each flow cytometry tube. SYTOX Red dye has a
high affinity to stain nucleic acid and easily penetrates in dead cells. Cells were incubated for 15
minutes at 4°C and protected from the light. Then, the cells were analysed by a flow cytometry
machine (BD Accuri™ C6 Plus, Biosciences, UK) using 635 nm for excitation and 660 nm for

emission.

2-15. mRNA expression profiling by next-generation sequencing technology

To find the miR-378 and miR-616 dependent genes, as a first step, NGS [345, 346] was performed
to determine the mMRNA expression profiles in miR-378 and miR-616 overexpressing MCF7 cells
by BGI Tech solutions, Hong Kong. The total RNA (four replicates) was extracted from MCF7
cells including the control (Al, A2, A3, A4) and overexpressed miR-378 (B1, B2, B3, B4) and
miR-616 (C1, C2, C3, C4) and sent to the BGI Company for further analysis. The quality of the
RNA samples was assessed by UV spectrophotometry (NanoDrop, ThermoFisher, UK) and
analysed by capillary electrophoresis (RNA 6000 NanoChip Kit Series 11, Agilent Technologies,

USA) to determine its integrity (RIN>8) (Table 2-8).
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On average, 43,802,853 raw sequencing reads and then 43,749,166 clean reads after filtering low-
quality signals, were generated for each sample. Clean reads were then mapped to the reference
genome using HISAT [347] and Bowtie2 [348] tools. The average mapping ratio with the reference
gene was 82.81% and the average genome mapping ratio was 95.95%. FPKM method was used to
calculate the expression level, using the following formula: FPKM = 10°C / (NL/10%).

For the expression of a given gene A, C is the number of fragments that are aligned to gene A, N
is the total number of fragments that are aligned to all genes, and L is the number of bases present
in the gene A. We used NOISeq method to screen for differentially expressed genes between
control and miRNA (miR-616 and miR-378) expressing groups. NOISeq uses sample's gene
expression in each group to calculate log2fold change (M) and absolute different value (D) of
control and miRNA (miR-616 and miR-378) expression group to build a noise distribution model.
For any given gene A, NOISeq computes its average expression "Control_avg" in control group
and average expression "Treat_avg" in the treatment group.

Next, the fold change and absolute different value were analysed using the following formula:
Fold change for gene A, MA=log2 [(Treat_avg)/(Control_avg)]

Absolute different value for gene A, DA=|Control_avg-Treat_avg|

If MA and DA diverge from the noise distribution model markedly, gene A will be defined as a
differentially expressed gene (DEG). There is a probability value to assess how MA and DA both
diverge from the noise distribution model. Finally, DEG was identified according to the following
default criteria: Fold change >2 and diverge probability >0.8.

Finally, the most deregulated genes with a log ratio of more than +2 (upregulated genes) and less

than -2 (downregulated genes) were chosen for bioinformatic analysis.
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2-16. Analysis of oncomine cancer gene microarray database

To analyse the PPARGC1B expression profile in breast cancer tissues (GSE2109) the oncomine
platform (Compendia Biosciences; Ann Arbor, MI, USA-http:/www.oncomine.org) was used. The
oncomine platform is a bioinformatics tool that collects and analyses microarray databases [349].
This platform has already found dysregulated genes and pathways by analysing more than 18000

cancer gene expression microarrays.

2-17. Preparation of conditioned media

The conditioned media derived from the control and miR-378 expressing MCF7 cell were prepared
as follows: The control and miR-378 expressing cells (1x10° cells) were cultured in a T25 flask
with 5 ml of DMEM for 12 h. The medium was harvested and filter-sterilized using a 0.22-um
Millex-HV syringe filter (Millipore, Ireland). Then, parental MCF7 cells (2 x 103 cells/well) were
plated in 96 well plates and after 24 hours, the medium was replaced with the conditioned media
derived from the control and miR-378 expressing MCF7 cell and MTS cell proliferation assay was

performed at indicated time points.

2-18. Survival analysis for miR-378

The prognostic value of the miR-378 in breast cancer was analysed using Kaplan-Meier Plotter
(http://kmplot.com/analysis/), a database that integrates gene expression data and clinical data. We
focused our analysis on ER-positive patients (IHC and Gene chip) and determined overall survival
using the METABRIC dataset. The patient samples have been split into two groups. The two
patient groups (higher and lower expression levels) were compared using a Kaplan-Meier survival

plot. The hazard ratio with 95% confidence intervals and log-rank p-value was calculated.
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2-19. Survival analysis for miR-378 signature

We performed survival analysis using an aggregated compendium of gene expression profiles of
1809 breast cancer samples Kaplan-Meier Plotter (http://kmplot.com/analysis/) and GSE42568
and GSE2607 breast cancer datasets using PROGgene V2 prognostic database. We separated
patients into two subgroups: one with higher and the other with a lower expression of the miR-378
signature. Patients were considered to have a higher miR-378 signature if they had average
expression values of all the genes in the miR-378 signature above the median. Kaplan—Meier
survival analysis was performed and the log-rank test was used to assess the statistical significance

of survival difference between these two groups.

2-20. Statistical analysis of data

The data were analysed using the software package SPSS 21.0 for windows and the two-tailed
unpaired student’s T-test was performed to determine any statistically significant differences
between independent groups. All values are presented as the mean * standard deviation (SD).
Results with a p-value less than 0.05 (p<0.05) were considered statistically significant. All

experiments were performed in triplicates otherwise, it is mentioned.
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Chapter 3

MIRNA-378 is downregulated by XBP1 and
Inhibits growth and migration of luminal
breast cancer cells
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3-0. Results chapter 1

3-1. Background

Signals that increase protein production and secretion can activate the UPR in the absence of
detectable EnR stress [350]. Estrogens, which stimulate cell proliferation through ERo in normal
and breast tumour cells, stimulate UPR, and is known as an anticipatory mode of UPR activation
[154]. In this mode, all three arms of UPR are activated without accumulation of unfolded or
misfolded proteins in the EnR lumen. In ERa + breast cancer cells, estrogen leads to an increase
in the expression level of GRP78 and consequently it increases the protein production to promote
cell proliferation [154]. It has been found that 17p-estradiol (E2) activates the phospholipase C vy
(PLCy) and leads to the opening of the IP3R calcium channels in the EnR lumen. This causes
calcium to translocate from the EnR lumen to the cytosol and initiates UPR signalling pathway

[154].

XBP1s is a key component of the UPR. Several studies suggest a crucial role of XBP1s in the
development of highly secretory cells, such as exocrine pancreas, paneth cells, and antibody-
producing plasma cells [351]. XBP1s also plays an important role in the homeostasis and function
of non-secretory cells. For example, XBP1s is required for synthesis of fatty acid and sterol in the
liver, development and survival of dendritic cells and optimal production of pro-inflammatory
cytokines in macrophages [352, 353]. Several gene expression profiling studies have revealed that
XBP1s induces the expression of a core group of genes involved in maintenance EnR function in
all cell types [351]. In addition, XBP1s can elicit a wide range of qualitatively and quantitatively

distinct outputs that are determined by the physiological context [135, 352, 354].
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The expression of XBP1 is upregulated upon E2-stimulation, which in turn, potentiates ERa-
dependent transcriptional activity [151]. Ectopic expression of XBP1s in ER-positive breast cancer
cells can lead to estrogen-independent growth and reduced sensitivity to anti-estrogens [145].
Downregulation of XBP1 reduces the survival of transformed human cells under hypoxic
conditions and impairs their ability to grow as tumour xenografts in SCID mice [136]. Expression
of XBP1s is significantly associated with clinical outcome of endocrine-treated breast cancer
[146]. Targeting XBP1 expression by STF-083010 (small molecule inhibitor of IRE1) has been
shown to restore endocrine sensitivity to tamoxifen-resistant MCF7 cells in a xenograft model
[152]. XBP1s contributes to the development of endocrine-resistant breast cancer by upregulating
the expression of BCL2, p65/RelA and NCOA3 [145, 153, 155]. It is likely that other, as yet
unidentified, XBP1 regulated genes contribute to the ligand-independent growth and endocrine-

resistant disease in ER-positive breast cancer.

The miR-378 gene is 65 base pair (bp) length and it is embedded within intron 1 of the Peroxisome
proliferator-activated receptor y coactivator-1p (PPARGCIB) gene at chromosome 5(5932)

(Figure 3-1).

MIR378
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Figure 3-1. Cytogenetic location of miR-378 in its host gene (PPARGC1B) sequence. MiR-378 is

located in intron number 1 of PPARGC1B gene in chromosome 5.
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MiR-378 has been reported to play a key role in many types of cancers. Several studies have
indicated that miR-378 is upregulated and acts as an oncomiR in: cervical cancer by targeting
ST7L and ATG12 [282, 283]; lung cancer by inhibiting the expression of RBX1, HMOX1, TP53
and FOXG1 [284-286]; glioblastoma by inhibiting vimentin, Sufu, Fus and VEGFR2 [287-289];
nasopharyngeal carcinoma by targeting TOB2 [290]. However, miR-378 has been shown to play
a tumour suppressor role in: colon cancer by inhibiting SDAD1, Vimentin, BRAF and CDC40
[269-272]; gastric cancer by inhibiting MAPK1, CDKG6 and VEGF; prostate cancer by inhibiting
MAPK1, KLK2 and KLK4 [273, 274]; pituitary adenoma by inhibiting RNF31 [275];
medulloblastoma by inhibiting UHRF1 [276] and myelodysplastic syndrome by inhibiting BCL-
W and CDC40 [277]. These observations underscore the context-dependent behaviour of miR-378
in human cancers. Despite the wealth of knowledge about the function of miR-378 in human

cancers, not much is known about the regulation of its expression.

Here we show that expression of miR-378 (and its host gene PPARGC1B) is downregulated during
conditions of UPR in an XBP1-dependent manner. In addition, our results uncover a novel role for
miR-378 in the UPR signalling, where miR-378 sensitizes the cells to UPR-induced cell death.
Our results suggest that XBP1 modulates the proliferation of ER-positive breast cancer cells and
resistance to anti-estrogens, in part by downregulation of miR-378. Our findings reveal a key
function for the XBP1-miR-378 axis in luminal/ER-positive breast cancer and indicate that
targeting this pathway may offer alternative treatment strategies for anti-estrogen resistant breast

cancer.
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3-2. Hypothesis

Recently, miR-378 has been found to be downregulated in tamoxifen-resistant (TamR) and long-
term estrogen-deprived (LTED) MCF-7 cells and its downregulation contributed to tamoxifen
resistance [355]. The miR-378 was one of miRNA identified to be downregulated by UPR in the
miRNA expression profiling experiment previously performed in our laboratory. We hypothesise
that dysregulation of miR-378 expression by UPR may contribute to breast cancer progression and

endocrine resistance.

3-3. Aims

The aims of the experiments described in this chapter were: (i) to validate the microarray results
showing downregulation of miR-378 during UPR, (ii) to determine the mechanisms of miR-378
downregulation during UPR, (iii) to evaluate the effect of miR-378 on cell growth, proliferation,

migration and cell fate during UPR and finally and (iv) to identify the targets of miR-378.
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3-4. Results

3-4-1. MiR-378 is downregulated during conditions of EnR stress and UPR activation

To determine the miRNA expression profile during conditions of EnR stress, HCT116 colorectal
cancer cells were either untreated or treated with tunicamycin and Brefeldin A to induce EnR stress
and UPR activation. Microarray analysis was carried out to generate the miRNA expression profile
during conditions of EnR stress in HCT116 colorectal cancer cells. Microarray analysis showed
that out of 875 miRNAs spotted per chip, an average of 238 miRNAs was detected. Furthermore,
we found that expression of 79 miRNAs changed significantly during conditions of EnR stress.
The expression of miR-663, miR-1908, miR-1915, miR-1469, miR-149*, miR-638, miR-625* and
miR-483-5p were increased both by tunicamycin and Brefeldin A. The expression of miR-126,
miR-200b*, miR-342-3p, miR-221*, miR-198, miR-1910, miR-629, miR-378 and miR-224 were
reduced upon treatment with tunicamycin and Brefeldin A (Figure 3-4-1-1). This analysis was
performed by Dr. Sanjeev Gupta and colleagues, in Prof. Afshin Samali's group at ARC, NUI
Galway, and the results were available prior to my PhD work. These results are illustrated below

to present the complete picture.
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Figure 3-4-1-1. MiRNA expression profiles in HCT116 cells during conditions of EnR stress. HCT116
cells were either untreated or treated with (1uM) TG, (1.0 pg/ml) TM and (0.5ug/ml) BFA for indicated
time points. The expression level of (A, B) three UPR-target genes (GRP78, HERP, and CHOP) were
determined. (C) Microarray heat map summarising the expression of miRNAs. Each column represents one
of the samples and each row represents a differentially expressed miRNA at P <0.05. Samples were grouped
by treatments and miRNAs were arranged by unsupervised hierarchical clustering. Red and green indicate
up and downregulation, respectively, relative to the overall mean for each miRNA. C1 and C2, untreated
HCT116 cells; Al and A2, tunicamycin treated HCT116 cells; B1 and B2, Brefeldin A treated HCT116
cells. The nine indicated miRNAs were selected to validate the microarray results gRT-PCR. Error bars
represent mean £S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed
unpaired t-test as compared to the untreated control.

891

—



The nine most dysregulated miRNAs (fold change in expression) and affected by both tunicamycin
and Brefeldin A treatments (miR-663a, miR-1908, miR-625*, miR-1915, miR-149*, miR-638,
miR-483, miR-378 and miR-224) were chosen for validation by RT-qPCR assay. From the nine
selected miRNAs, RT-qPCR assay showed that miR-1908 and miR-378 were downregulated

during conditions of EnR stress (Figure 3-4-1-2).
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Figure 3-4-1-2. MiR-378 and miR-1908 are downregulated in HCT116 cells during conditions of EnR
stress. The expression level of nine miRNAs was determined in HCT116 cells treated with (A) 1uM of
TG, 1.0 pg/ml of TM and 0.5ug/ml of BFA for 24h and with (B) 0.5ug/ml of BFA for 0, 4, 8, 16 and 24h.
Error bars represent mean +S.D. from three independent experiments performed in triplicate. *P < 0.05,
two-tailed unpaired t-test as compared to the untreated control.




Since the results for miR-378 were concordant between microarray and gRT-PCR analysis, miR-
378 was chosen for further analysis. The expression level of miR-378 was also determined in RKO
colorectal cancer cells during conditions of EnR stress. RKO cells were either untreated or treated
with 1uM of TG, 1.0 pg/ml of TM, and 0.5 pg/ml of BFA for 24 hours to induce EnR stress and

UPR activation. MiR-378 was also found to be downregulated in RKO cells (Figure 3-4-1-3).
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Figure 3-4-1-3. MiR-378 is downregulated in RKO cells during conditions of EnR stress. The
expression level of (A) three UPR target genes (GRP78, HERP, and CHOP) and (B) miR-378 determined
in RKO cells treated with 1uM of TG, 1.0 ug/ml of TM, and 0.5 pg/ml of BFA for 24h. Error bars represent
mean +S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-
test as compared to the untreated control.




3-4-2. MiR-378 is downregulated in MCF7 human breast cancer cells during conditions of
EnR stress and UPR activation

To check if the downregulation of miR-378 during UPR is a cell type-specific or if it is a general
effect, we also analysed the miR-378 expression in MCF7 breast cancer cells. MCF7 cells were
treated with 1uM of TG, 1.0 ug/ml of TM and 0.5 pg/ml of BFA for 24 hours to induce EnR stress
and UPR activation. Our results showed that the expression level of miR-378 is reduced in MCF7

cells in response to UPR activation (Figure 3-4-2).
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Figure 3-4-2. MiR-378 is downregulated in MCF7 breast cancer cells during conditions of EnR stress.
The expression level of (A) three UPR-target genes (GRP78, HERP, and CHOP) and (B) miR-378 were
determined in MCF7 cells treated with 1uM of TG, 1.0 ug/ml of TM, and 0.5 pug/ml of BFA for 24h. Error
bars represent mean £S.D. from three independent experiments performed in triplicate. *P < 0.05, two-
tailed unpaired t-test as compared to untreated control.
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3-4-3. MiR-378 host gene (PPARGCL1B) is downregulated in colorectal and breast cancer

cells during conditions of EnR stress and UPR activation

PPARGCI1B stimulates the activity of several transcription factors and nuclear receptors such as
nuclear respiratory factor 1, glucocorticoid receptor and ERa [356, 357]. It has been found that
PPARGCI1B plays an important role in energy homeostasis and metabolism [358] and it is
downregulated in prediabetic and type 2 diabetes mellitus patients [356]. PPARGC1B gene has
127,609 base pair (bp) length and it is located at chromosome 5. The expression level of
PPARGCI1B transcript was determined in HCT116, RKO and MCF7 cells during conditions of
EnR stress and UPR activation. We found that PPARGC1B was downregulated in all three cancer
cell types (Figure 3-4-3) during UPR. Our results showed that the downregulation of PPARGC1B

is not a cell type or stimulus specific.
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Figure 3-4-3. PPARGCI1B is downregulated in cancer cells during conditions of EnR stress. The
expression level of PPARGC1B was determined in A) HCT116, B) RKO and C) MCF7 cells treated with
1uM of TG, 1.0 ug/ml of TM and 0.5 ug/ml of BFA for 24h. Error bars represent mean +S.D. from three
independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the

untreated control.
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3-4-4. The expression level of miR-378 and PPARGC1B are downregulated in breast
cancer

We investigated the expression of the PPARGC1B gene in ductal breast carcinoma using the
Oncomine database [359]. We found that upon separating the tumours by stage (Bittner dataset
GSE2109) the expression of PPARGC1B showed a significant downregulation with increasing
tumour stage (Figure 3-4-4A). The endogenous level of miR-378 was determined in several breast
cancer cell lines including MCF7 and T47D (luminal A), BT474 (luminal B), MDA-MB-231
(triple negative) and SKBR3 (HER2 positive) cells. We found that an endogenous level of miR-

378 was decreased in all these breast cancer cell lines (Figure 3-4-4B).
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Figure 3-4-4. Expression of miR-378 and PPARGC1B are downregulated in breast cancer. (A) Box
plots showing the expression of PPARGC1B gene in the indicated categories of ductal breast carcinoma
are derived from the Oncomine database. (B) The expression level of miR-378 was determined in various
breast cancer cells compared to the non-tumorigenic epithelial mammary gland cells (MCF10A). Error bars
represent mean +S.D. from two independent experiments performed in triplicate. *P < 0.05, two-tailed
unpaired t-test as compared to the untreated control.
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3-4-5. Generation of stable pools of human colorectal and breast cancer cells with

knockdown of UPR sensors

To study the effect of UPR sensors on the expression of miR-378 during conditions of EnR stress,
stable pools of PERK, ATF6 and XBP1 knockdown genes were generated in HCT116 and MCF7
cells. For this purpose, lentivirus vectors (Figure 3-4-5-1) containing a short hairpin sequence of
PERK, ATF6 and XBP1 genes were made in HEK 293T cells (Human embryonic kidney cells
293) and then generated lentivirus were transduced in HCT116 and MCF7 cells. Briefly, MCF7
(1 X 106 cells) and HCT116 cells (3 X 10° cells) were plated in T-75 flasks and after 24 hours, 10
ml of media containing lentivirus vectors were added into each flask. After 24 hours, the media
was removed and replaced with fresh complete medium containing 1 pg/ml of puromycin to enrich
the cells containing knockdown genes (PERK, XBP1, and ATF6). Knockdown efficacy of
lentivirus vector in HCT116 cells was confirmed by assessing the expression level of PERK, ATF6
and XBP1 at both protein and mRNA using western blot and RT-gPCR assays. HCT116
knockdown clones were either treated or untreated with 0.5 pg/ml of BFA for 24h. Total RNA and
protein samples were extracted and analysed by RT-gPCR and western blot. As expected, the
expression level of PERK, ATF6 and XBP1 at both protein and mRNA levels were reduced in
HCT116 knockdown clones (Figure3-4-5-2). The expression level of PERK, ATF6 and XBP1
were also confirmed in MCF7 knockdown clones. We found that the expression level of PERK,
ATF6 and XBP1 at both protein and mRNA levels were reduced in MCF7 knockdown clones
(Figure3-4-5-3). The ATF6, PERK and XBP1 knockdown sub-clones of MCF7 cells were
generated by Mosaraf Hossain in the laboratory. These results are illustrated below to present the

complete picture.
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Figure 3-4-5-1. Schematic images of (A) lentiviral vector map and (B) shRNA construct for cloning of
PERK, ATF6, and XBP1 by short hairpin RNA.
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compared to the untreated control. The ATF6, PERK and XBP1 knockdown sub-clones of MCF7
cells were generated by Mosaraf Hossain in the laboratory.




3-4-6. XBP1 is required for downregulation of miR-378 and its host gene (PPARGC1B)
during UPR.

To understand the role of UPR signalling pathway in the regulation of miR-378, the expression
level of miR-378 was determined in XBP1-knockdown, PERK-knockdown and ATF6-knockdown
pools. HCT116 and MCF7 cells (XBP1-knockdown, PERK-knockdown and ATF6-knockdown)
were either untreated or treated with 0.5 ug/ml of BFA and 1uM of TG for 24 hours respectively.
Our results showed that the expression level of miR-378 was not downregulated by BFA treatment
in XBP1 knockdown pools compared to the control cells while it was downregulated in PERK and

ATF6 knockdown pools during UPR activation (Figure 3-4-6-1).

*
A B .. C
18 HHCT116-PLKO-Un 12
W HCT116-PLKO-Un HHCT116-PLKO-Un
16 T 1.0 4
£ 14 ] = HCT116-PLKO-BFA-28h  § [ HCTLLE-PLKO-BFA-24h e # HCT116-PLKO-BFA-24h
2 @ 08 K .
§ 121 ¥ HCT116-XBP1-KD-Un o ;_ WHCT116-PERK-KD-Un g os = HCT116-ATF6-KD-Un
g 1.0 g ] 5
g . HCT116-XBPL-KD-BFA-24h & 0.6 HCTL16-PERK-KD-BFA2ah £ HCT116-ATF6-KD-BFA-20h
@ Ys 1 =
> - v
£ 0.6 | & 04 - 2
k! < m 0.4
x 04 -3 E
0.2 02 1 0.2
0.0 - 0.0
miR-378 ' . 0.0
miR-378 miR-378
D " E F
1.2 - 1.2 4
14 B MCF7-PLKO-Un B MCF7-PLKO-Un
B MCF7-PLKO-Un
- 1.0 4 1.0
: 12 = MCE7-PLKO.TG.2ah 5 B MCF7-PLKO-TG-24h 5 B MCF7-PLKO-TG-24h
5 8 8
310 MCF7-XBP1-KD-Un g os X = MCF7-PERK-KD-Un g 08 | B MCF7-ATF6-KD-Un
v - -
;-'. 0.8 MCF7-XBP1-KD-TG-2ah £ 06 MCF7-PERK-KD-TG-2ah & 0.6 MCF7-ATF6-KD-TG-24h
] o ] T
] & 044 504
g %4 & &
(-4
0.2 02 0.2
0.0 0.0 A 0.0 1

miR-378 miR-378 miR-378

Figure 3-4-6-1. XBP1 is required for downregulation of miR-378 during UPR. HCT116 and MCF7
knockdown cells were either untreated or treated with 0.5 ug/ml of BFA and 1uM of TG for 24 hours
respectively. The expression level of miR-378 was determined in HCT116 knockdown cells of (A) XBP1,
(B) PERK, (C) ATF6 and MCF7 knockdown cells of (D) XBP1, (E) PERK, (F) ATF6. Error bars represent
mean £S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-
test as compared to the untreated control.
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To confirm the role of XBP1 in the regulation of miR-378 and PPARGC1B during conditions of
EnR stress, IRE1 and PERK inhibitors were applied in parental MCF7 cells. Parental MCF7 cells
were either untreated or treated with 0.5 ug/ml BFA, 10uM IREI inhibitor (4u8c) and 100 nM
GSK PERK inhibitor (2606144) for 24 hours. The efficiency of IRE1 and PERK inhibitor
compounds were confirmed by measuring the expression level of IRE1, XBP1, PERK, ATF4 and
CHOP transcripts. We found that the downregulation of miR-378 and its host gene (PPARGC1B)

was compromised when the IRE1 arm was inhibited while their expression was downregulated

upon inhibition of the PERK arm (Figure 3-4-6-2).
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Figure 3-4-6-2. Downregulation of miR-378 and its host gene (PPARGC1B) is dependent on the IRE1-
XBP1 axis during conditions EnR stress. MCF7 cells were either untreated or treated with (0.5ug/ml)
BFA, (10 pM) IREX inhibitor (4p8c) and (100 nM) GSK PERK inhibitor (2606144) for 24 hours. The
change in expression levels of (A) ATF4 and PERK, (B) CHOP, (C) IRE1, (D) XBP1, (E) PPRAGC1B
and (F) miR-378 were quantified by RT-gPCR and conventional PCR assay. Error bars represent mean
+S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as

compared to the untreated control.
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To further investigate the IRE1-XBP1 axis role in the regulation of miR-378 and its host gene
(PPARGC1B), we carried out a transient transfection experiment. Parental MCF7 cells (2 x 10°
cells) were transfected with spliced XBP1 vector by electroporation using the Nucleofector
technology. Overexpression of spliced XBP1 was confirmed by western blot assay. Then, the
expression level of miR-378 and PPARGC1B were assessed by RT-gPCR assay. Our results
showed that overexpression of spliced XBP1 significantly reduced the expression level of both

miR-378 and its host gene (PPARGCL1B) in the absence of UPR activation (Figure 3-4-6-3).
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Figure 3-4-6-3. Downregulation of miR-378 and its host gene (PPARGCL1B) is dependent on spliced
XBP1. Overexpressing spliced XBP1 MCF7 cells (2 x 10° cells) were cultured for 24 and 48 hours. (A)
The expression levels of XBP1s was quantified by western blot assay using antibodies against XBP1s
(size:55 K.da) and B-actin (size:42 K.da). The change in expression level of (B) PPARGC1B and (C) miR-
378 was quantified by RT-gPCR. Error bars represent mean +S.D. from two independent experiments
performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the untreated control.
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3-4-7. The expression of XBP1 and PPARGC1B has a negative correlation in breast cancer

patients.

To evaluate if there were any correlations between the expression of XBP1 and PPARGC1B, we

analysed the Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) data. We found

that expression of XBP1 mRNA levels have

a negative relationship with the transcript levels of

PPARGCI1B (Significance of correlation: R-value = -0.418, p-value = 9.9e-48, T-value = -15.245,

degrees of freedom = 1095) in TCGA- BRCA datasets of breast cancer patients (Figure 3-4-7).
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Figure 3-4-7. The negative relationship between XBP1 and PPARGC1B expression in breast cancer
patients. The dot plot of log2 transformed values for co-expression of PPARGC1B and XBP1 as

determined by R2 is shown. R-value: -0.418, P-v
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3-4-8. Generation of stable overexpressing miR-378 clones in colorectal and breast cancer

cells

To study the effect of miR-378 in cancer cells, precursor miR-378 was stably expressed in
colorectal (HCT116) and breast cancer (MCF7, ZR-75-1 and MDA-MB-231) cells using a
lentivirus vector (Figure 3-4-8-1). Overexpression of miR-378 was confirmed by fluorescence
microscopy imaging and RT-qPCR to check the expression of GFP and miR-378 respectively

(Figure 3-4-8-2).
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Figure 3-4-8-1. Schematic image of lentivirus vector map for cloning and expression of precursor miR-
378 in colorectal and breast cancer cells.
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Figure 3-4-8-2. Generation of stable overexpressing miR-378 pools in colorectal and breast cancer
cells. Precursor miR-378 was transduced in cancer cells using GFP expressing lentivirus vector. The
expression level of miR-378 was assessed by fluorescence microscopy imaging (for GFP expression) and
RT-qPCR assay (CT values) in (A) MCF7, (B) ZR-75-1, (C) MDA-MB-231 and (D) HCT116 cells.
RNUGB was used as a reference gene to normalise the CT values. Error bars represent mean +S.D. from
three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to
the control.




3-4-9. MiR-378 reduced proliferation of luminal breast cancer cells

To study the effect of miR-378 on cancer cell growth, MTS cell proliferation assay was performed
on HCT116 (colorectal), MCF7, ZR-75-1 (luminal A) and MDA-MB-231 (triple negative) cells.
Our results showed that miR-378 significantly reduced the cell proliferation of MCF7 and ZR-75-

1 cells whereas it had no effect on cell proliferation of HCT116 and MDA-MB-231 cells (Figure

3-4-9).
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Figure 3-4-9. The effect of miR-378 on colorectal and breast cancer cells proliferation. Cancer cells
(2 x 10° cells/well) were plated in 96 well plates and cell proliferation was assessed by MTS assay in (A)
MCF7, (B) ZR-75-1, (C) MDA-MB-231 and (D) HCT116 cells at indicated time points. Error bars
represent mean £S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed
unpaired t-test as compared to the control.
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3-4-10. MiR-378 reduced colony formation of luminal breast cancer cells

The capacity of overexpressing miR-378 cancer cells to form a colony of 50 or more cells from
single cells was assessed by colony formation assay. In this experiment, HCT116 (colorectal),
MCF7, ZR-75-1 (luminal A) and MDA-MB-231 (triple negative) cells (1x 10° cells/well) were
plated in 6 well plates and were cultured for 14 days. Then, cells were fixed (10% formaldehyde)
and stained with 0.5 % crystal violet (Figure 3-4-10-1). The number of colonies was counted in
five random view fields under a microscope and an average number of colonies was achieved. The
colony sizes and numbers were also quantified by Image J software to obtain more quantitative
results (Figure 3-4-10-2). We found that miR-378 significantly reduced colony formation in MCF7
and ZR-75-1 cells but it did not have any effect on colony formation of HCT116 and MDA-MB-

231 cells.

B
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i

ZR-75-1-miR-CTRL ZR-75-1-miR-378 MCF7-miR-CTRL MCF7-miR-378

Figure 3-4-10-1. The effect of miR-378 in colony formation of colorectal and breast cancer cells.
Cancer cells (1 x 108 cells/well) were plated in 6 well plates and were cultured for 14 days. Cells were fixed
(10% formaldehyde) and stained with 0.5 % crystal violet. Colony formation was assessed by imaging of
colonies in (A) HCT116, (B) MDA-MB-231, (C) ZR-75-1, and (D) MCF7 cells.
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Figure 3-4-10-2. The effect of miR-378 on size and number of colorectal and breast cancer cells.
Average of colony numbers and colony sizes from colony formation assay were determined in (A) HCT116,
(B) MDA-MB-231, (C) ZR-75-1, and (D) MCF7 cells using Image J software. Error bars represent mean
+S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as
compared to the control.
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3-4-11. MiR-378 reduced migration of luminal breast cancer cells

To study the effect of miR-378 on cancer cell migration, a scratch wound healing assay was
performed. MCF7, ZR-75-1 (luminal A) and MDA-MB-231 (triple negative) cells (3x 10°
cells/well) were plated in 6 well plates. After 24 hours of growth, when the cells reached 70-80%
confluency, the cell monolayer was scratched with a sterile 0.2 ml pipette tip across the centre of
the well. The scratched areas were then imaged at the indicated time point and were quantified by
Image J software. Our results showed that miR-378 reduced cell migration in MCF7 and ZR-75-1

cells while it increased the migration of MDA-MB-231 cells (Figure 3-4-11).

As per the ATCC (American Type Culture Collection) the population doubling time of MCF7 and
ZR-75-1 cells is 29h and 80h, respectively. Considering these doubling times, it was concluded
that observed differences in the healing of a wound in miR-378 expressing MCF7 and ZR-75-1
cells at early time points were mainly due to migration, whereas at later time points this effect was

the combination of both migration and proliferation.
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Figure 3-4-11. The effect of miR-378 on breast cancer cell migration. Control and overexpressing miR-
378 cells (3 x 10° cells/well) were plated in 6 well plates. Scratch was done in some confluent monolayer
cells by 0.2 ml pipette tip and migration of cells into the wound was observed after indicated time points.
Representative images showing the scratch in (A) MCF7, (B) ZR-75-1 and (C) MDA-MB-231 cells at
indicated time points. The graphs show the gap area (mm?) in (D) MCF7, (E) ZR-75-1 and (F) MDA-MB-
231 cells. Error bars represent mean +S.D. from three independent experiments performed in triplicate. *P
< 0.05, two-tailed unpaired t-test as compared to the control.
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3-4-12. MiR-378 enhanced the sensitivity of MCF7 cells toward the anti-estrogen compounds
To study the effect of miR-378 on MCF7 cells response to the anti-estrogen compounds, MTS
assay was carried out in these cells. Control and miR-378 expressing MCF7 cells (2 x 103
cells/well) were plated in 96 well plates and after 24 hours they were either untreated or treated
with 10uM tamoxifen and 100uM fulvestrant for 24, 48 and 72 hours. After the indicated time
point, 0.02 ml of the MTS solution was directly added to each well and incubated at 37°C for 4
hours. The absorbance of each well was measured at OD=490 nm with a 96-well plate reader. Our
results showed that miR-378 enhanced the sensitivity of MCF7 cells towards the anti-estrogen

compounds (Figure 3-4-12).
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Figure 3-4-12. The effect of miR-378 on MCF7 cells response to the anti-estrogen compounds. Control
and miR-378 expressing MCF7 cells (2 x 10° cells/well) were plated in 96 well plates and after 24 hours
they were either untreated or treated with (A) 10uM Tamoxifen and (B) 100uM Fulvestrant for 24, 48 and
72 hours. Cell proliferation was assessed by MTS assay at indicated time points. Error bars represent mean
+S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as
compared to the control.
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3-4-13. MiR-378 enhanced the sensitivity of MCF7 cells toward the EnR stress-inducing
compounds

To study the effect of miR-378 on MCF7 cells response to the EnR stress-inducing compounds,
cell death assay was carried out by flow cytometry analysis. Control and miR-378 expressing
MCF7 cells (2 x 10° cells/well) were plated in 6 well plates. After 24 hours, cells were either
treated or untreated with (0.1 mM) TG, (0.5ug/ml) BFA and (100 nM) DTX (docetaxel) for 48
hours. Cells were then stained with SYTOX Red and the percentage of the dead cells were assessed
by flow cytometry. Our results showed that miR-378 increased the MCF7 cells sensitivity towards
the EnR stress-inducing compounds. On the other hand, miR-378 decreased MCF7 cells sensitivity

towards the chemotherapeutic compound, docetaxel (Figure 3-4-13).

3-4-14. MiR-378 does not have any effect on UPR sensors during conditions of EnR stress
and UPR activation

To study the effect of miR-378 on UPR signalling pathway, the expression levels of four bona fide
UPR genes were quantified in HCT116 and MCF7 cells during conditions of EnR stress. Control
and miR-378 expressing HCT116 and MCF7 cells were either untreated or treated with 0.5 pg/ml
of BFA for 8 and 24 hours and the expression level of GRP78, HERP, CHOP and XBP1 transcripts
were quantified by real-time and conventional PCR assay. Our results showed that miR-378 did
not have any effect on the UPR signalling pathway during conditions of EnR stress (Figure 3-4-

14).
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Figure 3-4-13. The effect of miR-378 on MCF7 cells response to the EnR stress-inducing compounds.
Control and miR-378 expressing MCF7 cells were either untreated or treated with (1uM) TG, (0.5ug/ml)
BFA and (100nM) DTX for 48 hours. Representative dot plot (A) and a bar graph (B) of the dead cell
percentage of control and miR-378 expressing MCF7 cells, stained by SYTOX Red dye, are shown. Error
bars represent mean £S.D. from three independent experiments. *P < 0.05, two-tailed unpaired t-test as
compared to the untreated control.
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Figure 3-4-14. MiR-378 has no effect on UPR sensors during conditions of EnR stress. Control and
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3-4-15. MiR-378 dependent gene signature was identified by the transcriptomic and
bioinformatic analysis

To investigate the mechanism of action for miR-378 on breast cancer cells, miR-378 regulated
genes were identified by whole-genome sequencing transcriptomic analysis. For this experiment,
the total RNA samples from control and miR-378 expressing MCF7 cells (four replicates) were

sent to the BGI company for whole-genome sequencing.

We generated an average of 43 million clean reads per sample. The gene expression level was
quantified by RSEM (RNA-Seq by Expectation Maximization). The most deregulated genes with
log ratio of more than +2 (upregulated genes) and less than -2 (downregulated genes) were chosen
for bioinformatic analysis. The Venn diagram tool was applied to select the common up and
downregulated genes from four replicates [360]. We found that 53 genes were expressed at a
significantly lower level and 254 genes were expressed at a higher level in miR-378 expressing

MCF7 cells (Figure 3-4-15A-B, Appendix 6-8 and 6-9).

Based on fold change in expression, function and novelty, eight short-listed genes were chosen for
validation by RT-qPCR assay including four upregulated (IFIT1, IFT2, DDX58 and PLA2G4B)

and four downregulated genes (GBX2, GAL, GALNT13 and H19) (Figure-3-4-15C-D).
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Figure 3-4-15. Identification of miR-378 regulated genes. (A) Scatter plot of expressed genes in control
and miR-378 expressing MCF7 cells as determined by NOISeq method. The x-axis and Y-axis present
log10 value of gene expression in control and miR-378 expressing cells. (B) Volcano plot of differentially
expressed genes in control and miR-378 expressing MCF7 cells. The x-axis represents the fold change and
Y-axis represents threshold value. Each dot is a differentially expressed gene. Dots in red mean significant
differentially expressed genes which passed the screening threshold and black dots are non-significant
differentially expressed genes. The log ratio of selected (C) upregulated and (D) downregulated dependent
genes of miR-378 which is determined by transcriptomic and bioinformatic analysis. Error bars represent
mean +S.D. from four independent experiments performed in triplicates. *P < 0.05, two-tailed unpaired t-
test as compared to the control.
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3-4-16. Confirmation of selected miR-378 dependent genes expression by RT-gPCR assay

To validate the transcriptomic analysis results, the expression level of selected deregulated genes
by miR-378 was confirmed in miR-378 expressing MCF7 cells (from the same RNA samples that
were sent for transcriptomic analysis) by RT-gPCR assay. Our RT-gPCR results confirmed
upregulation of three genes including IFIT1, IFIT2 and DDX58. We also quantified the expression
level of these selected miR-378 dependent genes in ZR-75-1 and MDA-MB-231 cells. Our results
confirmed that IFIT1, IFIT2 and DDX58 transcripts were upregulated in ZR-75-1 cells. There was
not any significant difference in the expression of these upregulated genes in MDA-MB-231 cells

(Figure 3-4-16-1).
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Figure 3-4-16-1. Confirmation of miR-378 upregulated dependent genes by RT-gPCR assay. The
expression level of selected upregulated miR-378 dependent genes were quantified by RT-gPCR assay in
(A) MCF7, (B) ZR-75-1 and (C) MDA-MB-231 cells. Error bars represent mean +S.D. from three
independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the
control.
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The relative expression of selected downregulated miR-378 dependent genes was also quantified
by RT-gPCR assay. Our results confirmed downregulation of two (GAL and GALNT13) and three
(GAL, GALNT13 and GBX2) genes in MCF7 and ZR75-1 cells respectively. The RT-gPCR assay
could not confirm the downregulation of these genes in miR-378 expressing MDA-MB-231 cells
(Figure 3-4-16-2). Several studies have demonstrated the role of these downregulated genes in

human cancers;

GAL gene encodes galanin protein, which is a neuropeptide and is expressed in several tissues
including gut, spinal cord and brain [361]. It has been reported that galanin plays a crucial role in

tumour metastasis and it is associated with poor prognosis in colorectal cancer [362].

GALNT13 gene encodes an enzyme named Polypeptide N-acetyl-galactosaminyl-transferase 13
which plays a role in glycosylation [363]. Nogimori and colleagues showed that GALNT13 is
upregulated in human lung cancer cells and can be used as a prognostic biomarker in lung cancers

[364].

H19 is a long non-coding RNA that plays a pivotal role in breast cancer development [365].
Overexpression of H19 has been reported in 73% of breast tumours and its expression is highly
associated with ER+ breast cancer [366]. Moreover, it has been found that H19 promotes cell cycle
transition G1/S in breast cancer cells and knockdown of this gene significantly suppresses cancer

cell growth [367].

GBX2 (Gastrulation Brain Homeobox 2) is a transcription factor that plays a role in cell identity
and differentiation [368] and overexpression of GBX2 have shown to increase the growth of PC3

prostate cancer cells through Interleukin 6 (1L-6) [369].
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Figure 3-4-16-2. Confirmation of miR-378 downregulated dependent genes by RT-gPCR assay. The
expression level of selected miR-378 dependent genes were quantified by RT-gPCR assay in (A) MCF7,
(B) ZR-75-1 and (C) MDA-MB-231 cells. Error bars represent mean £S.D. from three independent
experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the control.
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3-4-17. Type | interferon signalling pathway plays a role to reduce MCF7 cell proliferation
through miR-378

To analyse the differentially expressed genes at a functional level, GO enrichment analysis was
performed (http://www.geneontology.org/). Gene set enrichment analysis of upregulated genes
identified significant enrichment of type | interferon signalling pathway genes, while analysis of

downregulated genes showed no significant enrichment (Figure 3-4-17A).

Our transcriptomic and bioinformatic analysis identified 23 upregulated genes in miR-378
expressing MCF7 cells which belonged to the type I interferon signalling pathway. Interferons are
cytokines that are secreted by cells and have antiproliferative, antiviral and immunomodulatory
effects [370]. We reasoned that miR-378 expressing cells may secrete growth suppressing
cytokines due to the upregulated type I interferon signalling. Next, we evaluated the effect of miR-
378 conditioned-medium on proliferation of parental MCF7 cells. For this purpose, control and
miR-378 expressing MCF7 cells were cultured for 12 hours and the supernatant medium was then
collected and added to the parental MCF7 cells and finally, cell growth was assessed by MTS
assay. We found that the conditioned medium from miR-378 expressing MCF7 cells reduced the
growth of parental MCF7 cells (Figure 3-4-17B) as compared to conditioned-medium from the
control cells. These observations suggest that miR-378 may regulate cell growth via the secretion
of growth inhibitory factors as transcriptomic analysis showed upregulation of type I interferon

signalling genes.
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Figure 3-4-17. Type | interferon signalling pathway regulates MCF7 cell proliferation through miR-
378. (A) PANTHER overrepresentation Test (Released 20171205) using GO biological process complete
annotation data set at FDR < 0.05. (B) MCF7 cells were incubated with control or miR-378 conditioned
medium in 96-well plate (2,000 cells/well). Cell proliferation was assessed by MTS assay. Line graphs
show the absorbance in cells at the indicated time points. Error bars represent mean = S.D. from two

independent experiments performed in triplicate. *P < 0.05.
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3-4-18. High expression of miR-378 has a good outcome in ER-positive breast cancer
patients

To find the association between the expression of miR-378 and overall survival rate of breast
cancer patients, we used a web-based analysis tool, Kaplan-Meier plotter. The KM estimator is a
nonparametric statistic tool that can estimate the cancer patient survival time. Using Kaplan-Meier
estimator, we found that the high expression of miR-378 has a good outcome in breast cancer
patients. We found that in ER-positive breast cancer, higher miR-378 expression was associated
with increased overall survival (OS) as determined by Kaplan-Meier estimates (p = 0.038, log-

rank test) (Figure 3-4-18A).

We further analysed the relationship between miR-378 expression and response to endocrine
therapy by comparing the survival curves of patients with above or below median miR-378
expression levels who either received endocrine therapy or did not receive endocrine therapy. We
observed that higher miR-378 expression was a significant predictor of better survival in the ‘no
systemic therapy’ group as well as ‘endocrine therapy treatment’ group (Figure 3-4-18B-D and

Appendix 6-10).
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Figure 3-4-18. High expression of miR-378 is associated with better overall survival in ER-positive
breast cancer. Kaplan-Meier plots showing overall survival in ER-positive breast cancer from the
METABRIC dataset. (A) ER-positive patients (n=944). (B) ER-positive patients with no systemic treatment
(n=146). (C) ER-positive and node-positive patients who received only endocrine therapy (n=318). (D) ER-
positive, grade 3 and node-positive patients who received endocrine therapy (n=134). In red: patients with
expression above the median and in black, patients with expressions below the median.
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3-4-19. MiR-378 dependent gene signature is associated with good outcome in breast cancer
The integration of miR-378 dependent gene expression profiles and GO enrichment analysis
identified eight genes upregulated by miR-378 (Appendix 6-11). This gene set was defined as the
miR-378 signature. Survival analysis using breast cancer datasets (GSE42568 and GSE2607) and
using PROGgene V2 demonstrated that tumours with an elevated miR-378 gene signature
displayed longer overall and relapse-free survival (Figure 3-4-19A-B). These findings were

validated in another dataset of breast cancer patients using KM plotter (Figure 3-4-19C).

A HR=0.33(0.16-0.67) B HR =0.15 (0.04-0.59) c HR=0.47(0.34-0.64)
logrank P = 0.00229 logrank P = 0.00669 logrank P = 1.2e -06
=] = S L
. h N,

H

0.6 0.8
06 08
3 years
5years
06 08
%

3 years
Syears
0.4

0.4

OVERALL SURVIVAL
0.4

OVERALL SURVIVAL
OVERALL SURVIVAL

0.2
0.2

~
Expression S Expression Expression
Low Low —_— Low
2 —— High < = High 2 — High ‘
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 50 100 150
Time {Days) Time (Days) Time (Months)
HR=0.53(0.29-0.95) HR = 0.2 (0.07 —0.56) HR=0.5(0.43-0.59)
logrank P =0.03441 logrank P = 0.00204 logrank P< 1E-16

3 A ST

) o0 =
3 S \_\L\_‘___ g a 5
z _ 1 = E
=1 3 >
@ v 2o v
oo 1 23 Fa » W ;
£ . g 8 E

[ = >
Yy 2 £ 8. ) in g ,
wo ] 1] So w
= > > & «
a o [Ty] = 8
2 3 2
= o Expression = 3 | Expression = © |Expression
Low Low —_— Low
5. — High = —— High 3 — High
o r T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 50 100 150 200 250
Time (Days) Time (Days) Time (Months)

3-4-19. MiR-378 gene signature is associated with prognosis in breast cancer. (A-B) Kaplan-Meier
graphs demonstrating a significant association of elevated expression of the miR-378 gene signature (red
line) with increased overall survival and recurrence-free survival in two cohorts of breast cancer patients
using PROGgene V2. (C) Kaplan-Meier graphs demonstrating a significant association between elevated
expression of the miR-378 signature (red line) and longer relapse-free survival in 1809 patients using KM
plotter.

123 J

—



Chapter 4

CHOP-intronic miR-616 inhibits cell growth
and migration by targeting c-MYC and
VAV1
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4-0. Results Chapter 2

4-1. Background

DDIT3 or CHOP (host gene of miR-616) is a transcription factor and a downstream target of the
PERK signalling pathway. PERK has been shown to act as a haploinsufficient tumour suppressor,
where it can function both as a tumour suppressor and a tumour promoter, and the nature of its
function is determined by gene dose [371]. Transient pause in protein synthesis, due to elF2a
phosphorylation by PERK, is beneficial by reducing secretory load in the EnR [372].
Phosphorylation of NRF2 by PERK attenuates Keapl-mediated degradation of NRF2 and
promotes expression of anti-oxidant enzymes through the antioxidant response elements (ARE)
[372]. PERK hyperactivation can upregulate the CHOP/GADD153 transcription factor. It has been
reported that CHOP downregulates the expression of anti-apoptotic BCL2 family proteins to
induce cell death [33]. CHOP also increases the expression level of pro-apoptotic BCL2 family
proteins such as BIM and PUMA to promote apoptosis [34-36]. Studies in both cellular and animal
models with CHOP gene deficiency have shed light on the pro-apoptotic role of CHOP during
cellular stress [373, 374]. Furthermore, ectopic expression of CHOP was reported to induce a G1
cell cycle arrest . CHOP maintains the integrity of the human hematopoietic stem cell (HSC) pool
by eliminating of HSCs which harbours oncogenic mutations, and decreases the risk of leukaemia
[374].

CHOP induction triggers apoptosis of premalignant cells to prevent malignant progression in a
mouse lung cancer model [374]. Hepatocyte-specific CHOP ablation increased tumourigenesis in
high fat diet-induced steatohepatitis and hepatocellular carcinoma [374]. CHOP has been shown
to promote cancer progression, when fused with FUS/TLS or EWS protein by genomic

rearrangement [373, 374].
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The FUS-CHOP oncoprotein has been shown to induce metastasis in in vivo model of sarcoma
[374]. Accumulating data suggests that CHOP impinges upon several aspects of cancer including
initiation as well as progression of tumours [373-375].

Furthermore, several studies have shown the role of PERK-regulated miRNAs in human cancer.
Chitnis and colleagues reported that miR-211 directly targets the CHOP promotor in mouse
embryonic fibroblasts (MEFs), leading to CHOP downregulation [318]. In another published
study, it was shown miR-204 targets the 3’UTR of the PERK transcript and downregulates ATF4
and CHOP expression, consequently increasing EnR stress-induced p-cell apoptosis [376].
Moreover, Yang and colleagues found that miR-122 inhibits the UPR chaperon activity in
hepatocarcinoma cells (HCC). They showed that downregulation of miR-122 activates the CDK4-

PSMD10-UPR pathway and reduces the tumour cell anticancer drug-mediated apoptosis [312].

Several studies have shown that miR-616 acts as a tumour promoting miRNA in human cancers
[291-295]. The expression of miR-616 has been shown to be upregulated in androgen-independent
prostate cancer, gastric cancer, non-small cell lung cancer (NSCLC), hepatocellular carcinoma
(HCC) and gliomas. MiR-616 targets tissue factor pathway inhibitor (TFPI-2) in prostate cancer
[291] ; PTEN in HCC and gastric cancer [292] ; SOX7 in glioma [293] and NSCLC [294]. This
chapter, investigates the role of miR-616 during conditions of EnR stress and UPR activation in
colorectal and breast cancer cells. MiR-616 was chosen in this study as it is located in intron 1 of
DDIT3 (CHOP) gene at chromosome 12 (12q13.3) (Figure 4-1) and CHOP is a downstream gene

of one of the three major UPR sensors, PERK.
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Figure 4-1. Cytogenetic location of miR-616 in its host gene (DDIT3) sequence. The miR-616 gene is

located in intron number 1 of DDIT3 (CHOP) gene at chromosome 12.

In this study, we report that expression of miR-616 and CHOP (host gene of miR-616) is increased
during UPR. We report that miR-616 significantly supressed cell proliferation, colony formation
and migration of cancer cells. Furthermore, we show that miR-616 exerts the growth inhibitory
effect on MCF7 cells through suppressing the expression of c-MYC and VAVL1. Our results
establish a new and unexpected role for the CHOP locus by providing evidence that miR-616 can
inhibit cell proliferation by targeting c-MYC and VAV1. In summary, our results suggest that the
CHOP locus generates two gene products, where CHOP protein and miR-616 can act together to

inhibit cancer progression.
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4-2. Hypothesis

The presence of miRNA gene within the introns of protein-coding genes suggests a possible
functional relationship between intronic miRNA and its host gene. Potentially, miRNAs can
affect their hosts’ function in multiple ways — (i) an intronic miRNA can post-transcriptionally
autoregulate its host by targeting the host gene’s transcript, and (ii) miRNAs may be
associated with their host function by targeting genes involved in pathways in which the host
gene is involved. Therefore, we hypothesise that miR-616 (originating from CHOP locus) may
influence the cellular response during conditions of EnR stress, and dysregulation of miR-616 may

contribute to cancer progression.

4-3. Aims

The aims of the experiments described in this chapter were: (i) to elucidate the mechanism of EnR
stress-induced expression of miR-616, (ii) to evaluate the effect of miR-616 on cell growth,
proliferation and migration, (iii) to understand regulation of cell fate during UPR and (iv) to

identify functionally relevant miR-616 target mRNAS.

4-4. Results

4-4-1. MiR-616 is upregulated during conditions of EnR stress in colorectal and breast
cancer cells

To evaluate the expression level of miR-616 during conditions of EnR stress, HCT116, RKO and
MCEF7 cells were either treated or untreated with 1uM of TG, 1.0 pg/ml of TM and 0.5ug/ml of
BFA for different time points. First, the UPR signalling pathway activation was confirmed by
quantifying bonafide UPR genes using RT-qPCR assay (Figure 3-4-1-1A, B, and 3-4-1-3A).
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Then, the expression level of miR-616 was determined by RT-gPCR assay. Our results showed

that miR-616 is upregulated during conditions of EnR stress in colorectal and breast cancer cells

(Figure 4-4-1).
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Figure 4-4-1. MiR-616 is upregulated in colorectal and breast cancer cells during conditions of EnR
stress. The expression level of miR-616 was determined in (A) HCT116, (C) RKO and (D) MCF7 cells
either untreated or treated with 1uM of TG, 1.0 ug/ml of TM and 0.5ug/ml of BFA for 24h. (B) HCT116
cells either untreated or treated with 0.5 pg/ml of BFA for 4, 8, 16 and 24h. Error bars represent mean +S.D.
from three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as

compared to the untreated control.
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4-4-2. MiR-616 host gene (CHOP) is upregulated during conditions of EnR stress in
colorectal and breast cancer cells

The CHOP is a downstream gene of the PERK arm that is located on chromosome 12 and is the
host gene for miR-616. HCT116, RKO and MCF7 cells were either treated or untreated with 1uM
of TG, 1.0 pg/ml of TM and 0.5ug/ml of BFA for different time points and CHOP expression was
determined by RT-qPCR assay. As expected, the expression level of CHOP transcript was also

upregulated during conditions of EnR stress (Figure 4-4-2).
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Figure 4-4-2. CHOP (miR-616 host gene) is upregulated in colorectal and breast cancer cells during
conditions of EnR stress. The expression level of CHOP was determined in (A) HCT116, (C) RKO and
(D) MCFT7 cells either untreated or treated with 1uM of TG, 1.0 pg/ml of TM and 0.5ug/ml of BFA for
24h. (B) HCT116 cells either untreated or treated with 0.5ug/ml of BFA for 4, 8, 16 and 24h. Error bars
represent mean +S.D. from two independent experiments performed in triplicate. *P < 0.05, two-tailed
unpaired t-test as compared to the untreated control.
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4-4-3. Expression level of miR-616 in breast cancer cell lines

An endogenous level of miR-616 was determined in various breast cancer cell lines including
luminal A (MCF7 and T47D), luminal B (BT474), triple negative (MDA-MB-231) and HER2
positive (SKBR3). Our results showed that the endogenous level of miR-616 is lower in MCF7,
T-47D, MDA-MB-231 and SKBR3 cells compared to the MCF10 A cells. There was no significant

difference in miR-616 expression in BT-474 cells compared to the MCF10 A cells (Figure 4-4-3).
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Figure 4-4-3. Endogenous level of miR-616 in breast cancer cell lines. The expression level of miR-616
was determined in various breast cancer cells compared to non-tumorigenic epithelial mammary gland cells
(MCF10A). Error bars represent mean £S.D. from two independent experiments performed in triplicate. *P
< 0.05, two-tailed unpaired t-test as compared to the control.
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4-4-4. PERK is required for regulation of primary miR-616 during conditions of EnR stress
To check the role of UPR arms in the regulation of miR-616, the expression level of miR-616 was
quantified in HCT116 knockdown cells (HCT116-ATF6-KD, -PERK-KD and -XBP1-KD) during
conditions of EnR stress. HCT116 knockdown cells were either untreated or treated with 0.5ug/ml
of BFA for 24 hours. Our RT-gPCR assay results showed that the UPR arms do not have any effect
on mature miR-616 expression while the expression of primary miR-616 was reduced in HCT116

PERK knockdown cells compared to the control cells (Figure 4-4-4-1).
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Figure 4-4-4-1. PERK is required for regulation of primary miR-616. HCT116 knockdown cells were
either untreated or treated with 0.5ug/ml of BFA for 24h. The expression level of miR-616 was determined
in HCT116 knockdown cells of (A) PERK, (B) XBP1 and (C) ATF6. The expression level of primary miR-
616 was also determined in HCT116 knockdown cells of (D) PERK, (E) XBP1 and (F) ATF6. Error bars
represent mean £S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed
unpaired t-test as compared to the untreated control.
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To further investigate the role of PERK in the regulation of primary miR-616, the expression level
of mature miR-616 and primary miR-616 were also quantified in the presence of PERK inhibitor
during a UPR activation. HCT116 cells were either untreated or treated with 0.5ug/ml of BFA,
100nM and 300 nM of PERK inhibitor for 24 hours. First, the efficacy of PERK inhibitor
compound was confirmed by measuring the expression level of PERK, ATF4, CHOP and GRP78.
Then the expression level of primary and mature miR-616 was determined in these cells. Our
results showed that the expression level of primary miR-616 reduced in BFA + PERK inhibitor-
treated cells compared to the BFA treated cells whereas the expression level of mature miR-616

stayed high in both BFA and PERK inhibitor-treated cells (Figure 4-4-4-2).
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Figure 4-4-4-2. PERK is required for regulation of primary miR-616 but not for miR-616 during
conditions of EnR stress. HCT116 cells were either untreated or treated with 0.5ug/ml of BFA, 100nM
and 300 nM of PERK inhibitor for 24 hours. The expression level of (A) four UPR-target genes (PERK,
ATF4, CHOP and GRP78), (B) primary miR-616 and (C) miR-616 was quantified by RT-qPCR assay.
Error bars represent mean £S.D. from three independent experiments performed in triplicate. *P < 0.05,
two-tailed unpaired t-test as compared to the untreated control.
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4-4-5. Generation of stable overexpressing miR-616 pools in colorectal and breast cancer

cells

To study the effect of miR-616 on cancer cells, precursor miR-616 was stably expressed in
colorectal (HCT116) and breast cancer (MCF7, ZR-75-1 and MDA-MB-231) cells using a
lentivirus vector (Figure 4-4-5-1). Overexpression of miR-616 was confirmed by fluorescence
microscopy imaging and RT-qPCR assay to check the expression of GFP and the CT value of

miR-616, respectively (Figure 4-4-5-2).

CMV Puremycin
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Figure 4-4-5-1. Schematic image of the lentivirus vector map for cloning and expression of
precursor miR-616 in colorectal and breast cancer cells.
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Figure 4-4-5-2. Generation of stable overexpressing miR-616 pools in colorectal and breast cancer
cells. Precursor miR-616 was transduced in cancer cells using the lentivirus vector. The expression of miR-
616 was determined by fluorescence microscopy imaging (for GFP expression) and RT-qPCR assay (CT
values) in (A) MCF7, (B) ZR-75-1, (C) MDA-MB-231, and (D) HCT116 cells. RNU6B was used as a
reference gene to normalise the CT values. Error bars represent mean +S.D. from two independent
experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the control.
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4-4-6. MiR-616 reduced proliferation of colorectal and luminal breast cancer cells

To determine the effect of miR-616 on cancer cell growth, HCT116 (colorectal), MCF7, ZR-75-1
and MDA-MB-231 cells (2 x 10% cells/well) were plated in 96 well plates and MTS cell
proliferation assay was performed. We showed that miR-616 significantly decreased the cell
proliferation of HCT116, MCF7 and ZR-75-1 cells. However, it had no effect on MDA-MB-231

cell growth (Figure 4-4-6).
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Figure 4-4-6. The effect of miR-616 on cell proliferation of colorectal and breast cancer cells. (A)
HCT116, (B) MCF7, (C) ZR-75-1 and (D) MDA-MB-231 cells (2 x 102 cells/well) were plated in 96 well
plates. Cell proliferation was assessed by MTS assay at indicated time points. Error bars represent mean
1S.D. from two independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as
compared to the control.
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4-4-7. MiR-616 reduced colony formation of colorectal and luminal breast cancer cells

The capacity of overexpressed miR-616 cancer cells to form a colony of 50 or more cells from
single cells was assessed by colony formation assay. In this experiment, HCT116 (colorectal),
MCF7, ZR-75-1 (luminal A) and MDA-MB-231 (triple negative) cells (1x 10° cells/well) were
plated in 6 well plates and cultured for 14 days. Then, cells were fixed (10% formaldehyde) and
stained with 0.5 % crystal violet (Figure 4-4-7-1). The number of colonies was counted in five
random view fields under a microscope and an average number of colonies was achieved. The
colony sizes and numbers were also quantified by Image J software. We found that miR-616
reduced colony formation in HCT116, MCF7 and ZR-75-1 cells but it did not change colony

formation of MDA-MB-231 cells (Figure 4-4-7-2).
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Figure 4-4-7-1. The effect of miR-616 on colony formation of colorectal and breast cancer cells. Cancer
cells (1 x 108 cells/well) were plated in 6 well plates and cultured for 14 days. Cells were fixed (10%
formaldehyde) and stained with 0.5 % crystal violet. Colony formation was assessed by imaging of colonies
in (A) HCT116, (B) MCF7, (C) ZR-75-1 and (D) MDA-MB-231cells.
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Figure 4-4-7-2. The effect of miR-616 on the size and number of colorectal and breast cancer cells.
Average of colony numbers and colony sizes from the colony formation assay were determined in (A)
HCT116, (B) MCF7, (C) ZR-75-1 and (D) MDA-MB-231 cells using Image J software. Error bars represent
mean =S.D. from two independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-

test as compared to the control.




4-4-8. MiR-616 reduced migration of colorectal and luminal breast cancer cells

To study the effect of miR-616 on cancer cell migration, a scratch wound healing assay was
performed. HCT116 (colorectal), MCF7, ZR-75-1 (luminal A) and MDA-MB-231 (triple
negative) cells (3x 10° cells/well) were plated in 6 well plates. After 24 hours of growth, when the
cells reached 70-80% confluency, the cell monolayer was scratched with a sterile 0.2 ml pipette
tip across the centre of the well. The scratch areas were then imaged at the indicated time point
and quantified by Image J software. Our results showed that miR-616 decreased cell migration of
HCT116, MCF7 and ZR-75-1 cells while it increased migration of the MDA-MB-231 cells (Figure

4-4-8).

Population doubling time (PDT) for MCF7, HCT116, ZR-75-1 and MDA-MB-231 cells is
approximately 29 h, 22 h, 80 h and 25-30 h respectively. Considering these doubling times, it was
concluded that healing of the wound in these miR-616 expressing MCF7, HCT116 and ZR-75-1
cells at early time points were mainly due to migration whereas at later time points this effect was

the combination of both migration and proliferation.
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Figure 4-4-8. The effect of miR-616 on migration of colorectal and breast cancer cells. Control and
overexpressing miR-616 cells (3 x 10° cells/well) were plated in 6 well plates. Confluent monolayer of cells
were scratched by a 0.2 ml pipette tip and migration of cells into the wound was observed at the indicated
time points. Representative images show the scratch in (A) MCF7, (B) HCT116, (C) ZR-75-1 and (D)
MDA-MB-231 cells at indicated time points. The graphs show the gap area (mm?) in (E) MCF7, (F)
HCT116, (G) ZR-75-1 and (H) MDA-MB-231 cells. Error bars represent mean £S.D. from two independent
experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the control.
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4-4-9. MiR-616 enhanced the sensitivity of MCF7 cells towards the anti-estrogen compounds
Next, we determined the role of miR-616 in response to anti-estrogens. For this we tested the effect
of miR-616 on the sensitivity against (tamoxifen) SERMs and (fulvestrant) SERDs. Control and
miR-616 expressing MCF7 cells (2 x 10° cells/well) were plated in 96 well plates and after 24
hours were either untreated or treated with 10uM tamoxifen and 100uM fulvestrant for 24, 48 and
72 hours. After the indicated time point, 0.02 ml of the MTS solution was directly added to each
well and incubated at 37°C for 4 hours. The absorbance of each well was measured at OD=490
nm with a 96-well plate reader. A cell viability assay showed that tamoxifen and fulvestrant
treatment significantly repressed the growth of miR-616 expressing MCF7 cells as compared to

the control cells (Figure 4-4-9).
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Figure 4-4-9. The effect of miR-616 on MCF7 cells response to the anti-estrogen compounds. Control
and miR-616 expressing MCF7 cells (2 x 10° cells/well) were plated in 96 well plates and after 24 hours
were either untreated or treated with (A) 100uM fulvestrant and (B) 10uM tamoxifen for 24, 48 and 72
hours. Cell proliferation was assessed by MTS assay at indicated time points. Error bars represent mean
+S.D. from two independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as
compared to the control.
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4-4-10. MiR-616 did not have any effect on the sensitivity of MCF7 cells towards the EnR
stress-inducing compounds

To study the effect of miR-616 on MCF7 cells response to the EnR stress-inducing compounds, a
cell death assay was carried out by flow cytometry analysis. Control and miR-616 expressing
MCF7 cells (2 x 10° cells/well) were plated in 6 well plates. After 24 hours of growth, cells were
either treated or untreated with thapsigargin (1 uM), brefeldin A (0.5pug/ml) and docetaxel (100
nM) for 48 hours. Cells were stained with SYTOX Red and the percentage of dead cells was
assessed by flow cytometry. We found that miR-616 did not have any effect on MCF7 cells
sensitivity towards the EnR stress-inducing compounds. Moreover, our results showed that miR-
616 decreased the MCF7 cell death towards the chemotherapeutic compound, docetaxel (Figure

4-4-10).

4-4-11. MiR-616 reduced CHOP expression during conditions of EnR stress

To determine the effect of miR-616 on UPR signalling pathway, the expression levels of four UPR
target genes were quantified in HCT116 and MCF7 cells during conditions of EnR stress. Control
and miR-616 expressing HCT116 and MCF7 cells were either untreated or treated with 0.5pug/ml
of BFA for 8 and 24 hours and the expression levels of GRP78, HERP, CHOP and XBP1
transcripts were quantified by real-time and conventional PCR. Our results showed that miR-616
reduced the CHOP expression in both HCT116 and MCF7 cells compared to the control cells in

the context of UPR activation (Figure 4-4-11).
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Figure 4-4-10. The effect of miR-616 on MCF7 cells response to the EnR stress-inducing compounds.
Control and miR-616 expressing MCF7 cells were either untreated or treated with (1uM) TG, (0.5ug/ml)
BFA and (100nM) DTX for 48 hours. Representative dot plot (A) and a bar graph (B) of dead cell
percentage of control and miR-616 expressing MCF7 cells, stained by SYTOX Red dye, are shown. Error
bars represent mean £S.D. from two independent experiments. *P < 0.05, two-tailed unpaired t-test as
compared to the untreated control.
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Figure 4-4-11. MiR-616 reduced the CHOP expression during conditions of EnR stress. Control and
miR-616 expressing HCT116 and MCF7 cells were either untreated or treated with (0.5ug/ml) BFA for 8
and 24 hours. The change in expression levels of EnR stress markers (GRP78, HERP, and CHOP) in (A)
MCF7 and (B) HCT116 cells was quantified by RT-gPCR assay. Error bars represent mean £S.D. from two
independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the
untreated control. The expression level of XBP1u and XBP1s were measured in (C) HCT116 and (D) MCF7
cells by conventional PCR assay. These samples were run on a same gel, but few lanes were cropped as
there were other non-relevant samples between the control and miR-616 expressing cells samples.
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4-4-12. MiR-616 dependent gene signature was identified by the transcriptomic and
bioinformatic analysis

To understand the mechanism of action for miR-616 on breast cancer cells, we profiled the
differential transcriptome induced by miR-616 expression in MCF7 cells. For this experiment, the
total RNA samples from the control and miR-616 expressing MCF7 cells (four replicates) were
sent to the BGI Company for whole-genome sequencing. The most deregulated genes with log
ratio more than +2 (upregulated genes) and less than -2 (downregulated genes) were chosen for
bioinformatic analysis. We found that 276 genes were expressed at a significantly lower level and
610 were expressed at a significantly higher level in miR-616 expressing cells (Figure 4-4-12A-

B).

On the other hand, the dependent target genes of miR-616 were predicted using MiRWalk database
[377]. The selected deregulated dependent genes (obtained from transcriptomic analysis) were
compared to the target genes predicted by MiRWalk database. Based on fold change in expression,
function and novelty the ten short-listed genes were chosen for confirmation by RT-qPCR assay
including six downregulated genes (SUSD3, GALNT14, BCL2, VAV1, MYC and LIN00052) and
four upregulated genes (ALCAM, ID4, RAB6C, and SOCS2) (Figure-4-4-12 C-D and Appendix

6-12/6-13).
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Figure 4-4-12. Identification of miR-616 dependent gene signature. (A) Scatter plot of expressed genes
in control and miR-616 expressing MCF7 cells as determined by NOISeq method. X-axis and Y-axis
present log2 value of gene expression in control and miR-616 expressing cells. (B) Volcano plot of
differentially expressed genes in control and miR-616 expressing MCF7 cells. The X-axis represents the
fold change and the Y-axis represents threshold value. Each dot is a differentially expressed gene. Dots in
red represent significant differentially expressed genes which passed screening threshold and black dots are
non-significant differentially expressed genes. The log ratio of (C) four upregulated and (D) six
downregulated dependent genes of miR-616 are shown. Error bars represent mean + S.D. from four
independent experiments performed in triplicates. *P < 0.05, two-tailed unpaired t-test as compared to the
control.
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4-4-13. Confirmation of selected miR-616 dependent genes expression by RT-qPCR assay

To confirm the results obtained from transcriptomic analysis, the expression levels of selected
miR-616 dependent genes were confirmed in MCF7 cells (from the same RNA samples that were
sent for transcriptomic analysis) by RT-gPCR assay. Our RT-gPCR result confirmed
downregulation of five miR-616 regulated genes including GALNT14, BCL2, VAV1, MYC and
LINCO00052. We also quantified the expression level of these selected miR-616 dependent genes
in ZR-75-1, MDA-MB-231 and HCT116 cells. We found that GALNT14, BCL2, VAV1, MYC
and LINCO00052 were downregulated in ZR-75-1 cells and BCL2, VAV1 and MYC were
downregulated in HCT116 cells. There were no significant differences in the expression of these

downregulated genes in MDA-MB-231 cells (Figure 4-4-13-1).

BCL2 (B-cell lymphoma 2) is a member of the BCL family proteins that plays a key role in cell
fate by inducing or inhibiting apoptosis [378]. Many published studies have investigated the role

of BCL2 in cancers including breast cancer [379].

GALNT14 (polypeptide N-acetyl-galactos-aminyl-transferase 14) is a Golgi protein that play a
role in N-acetyl-D-galactosamine (GalNAc) transportation [380]. It has been reported that
GALNT14 is upregulated in breast cancers and plays a crucial role in cell metastasis and

proliferation [381].

LINCO00052 (long intergenic non-protein coding RNA 52) is a long non- coding RNA (IncRNA).
Dysregulation of LINC00052 has been seen in several cancers including breast, gastric and

hepatocellular carcinoma[382-384] .
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Figure 4-4-13-1. Confirmation of downregulated miR-616 dependent genes by RT-qPCR assay. The
expression level of selected miR-616 dependent genes were quantified by RT-gPCR assay in (A) MCF7,
(B) ZR-75-1, (C) MDA-MB-231 and (D) HCT116 cells. Error bars represent mean +S.D. from two
independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the
control.
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The expression level of two downregulated genes including VAV1 and c-MYC were determined
in the control and overexpressed miR-616 cells (HCT116 and MCF7 cells) by western blot assay.
Our result confirmed the downregulation of VAV1 and c-MYC proteins in these cells (Figure 4-

4-13-2).
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HCT116 CELLS HCT116 CELLS
miR-CTRL miR-616 mIR-CTRL miR-616
CTN | i
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Figure 4-4-13-2. VAV1 and c-MYC proteins are reduced in miR-616 expressing HCT116 and MCF7
cells. The expression levels of VAV1 and c-MYC proteins were quantified by western blot assay in control
and miR-616 expressing (A) HCT116 and (B) MCF7 cells using antibodies against VAV1 (size:95 K.da),
c-MYC (size:67 K.da) and B-actin (size:42 K.da).
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Moreover, the upregulated miR-616 dependent genes (ALCAM, ID4, RAB6C and SOCS2) were

quantified by RT-qPCR assay. The RT-gPCR could not confirm the upregulation of these

dependent genes in overexpressing miR-616 cells (MCF7, ZR-75-1, MDA-MB-231 and HCT116

cells) (Figure 4-4-13-3).
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Figure 4-4-13-3. Confirmation of upregulated miR-616 dependent genes by RT-gPCR assay. The
expression level of selected upregulated miR-616 dependent genes were quantified by RT-qPCR assay in
(A) MCF7, (B) ZR-75-1, (C) MDA-MB-231 and (D) HCT116 cells. Error bars represent mean £S.D. from
three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to

the control.
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4-4-14. MiR-616 targets the coding sequence region (CDS) of VAV1 and ¢c-MYC transcripts
To investigate if miR-616 directly targets the 3’UTR of VAV1 and c-MYC transcripts, two
algorithms including RNAHybrid (https://bibiserv2.cebitec.uni-bielefeld.de/rnahybrid) and
TargetScan (http://www.targetscan.org/vert_72/) were used. TargetScan did not find any binding
sites in the 3’UTR of VAV1 and c-MYC transcripts. Our analysis by RNAHybrid algorithm
showed that miR-616 has matching sequences in VAV1 and c-MYC transcripts but they are not
located in the 3’UTR (Figure 4-4-14-1) and it seems that miR-616 targets an area which is located

in the coding region (CDS).
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Figure 4-4-14-1. Identification of a potential miR-616 binding site in VAV1 and c-MYC transcripts.
The RNAhybrid database was applied to identify the potential miR-616 binding site in (A) VAV1 and (B)
c-MYC transcripts.
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Furthermore, to determine whether miR-616 regulated the expression of c-MYC and VAV1 via
the identified sites in the coding region, we co-transfected human embryonic kidney (HEK) 293T
cells with an expression vector containing the coding sequence of c-MYC or VAV1 (without its
3'UTR and 5' UTR) and miR-616 plasmid. HEK 293T cells (2.5 x 10° cells) were plated in 6 well
plates and transfected with JetPEI transfection reagent. Briefly, HEK 293T cells were either un-
transfected or transfected with plasmids containing VAV1 and c-MY C in the absence and presence
of miR-616 expressing plasmids. 48 hours post transfection, whole cell lysates were analysed for
the expression of VAV1 and c-MYC proteins by western blot assay. Our results showed that
ectopic expression of c-MYC and VAV1 were strongly downregulated by co-expression of miR-

616 (Figure 4-4-14-2).

A B
miR-616 miR-616
c-MYC - + + + VAV1 - + + +
i c-Myc G QY w— AV
— ACTIN S D S Sw— N\ CT|N

Figure 4-4-14-2. MiR-616 targets the coding sequence region (CDS) of VAV1 and c-MY C transcripts.
HEK 293T cells (2.5 x 10° cells) were plated in 6 well plates and after 24 hours, cells were transfected with
plasmid containing (A) c-MYC and (B) VAV1 in absence and presence of miR-616 plasmid. The
expression levels of c-MYC and VAV1 proteins were quantified by western blot assay using antibodies
against c-MYC (size:67 K.da), VAV1 (size:95 K.da), and B-actin (size:42 K.da).
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4-4-15. Generation of stable overexpressing VAV1 and c-MY C clones in overexpressing miR-
616 MCF7 cells

Vav guanine nucleotide exchange factor 1 (VAV1) is a member of the VAV proto-oncogene
family. It is a hematopoietic guanine exchange factor for GTPase that activate some pathways
causing the actin cytoskeletal rearrangements [385]. It has been found that downregulation of
VAV in breast, lung and pancreatic cancer cells can decrease cell proliferation and reduce tumour
size in mice [386-388]. MY C or BHLH transcription factor is a proto-oncogene that plays a critical
role in several cellular processes such as cell cycle progression, differentiation, apoptosis and
cellular transformation [389]. It has been reported that the expression of c-MYC is dysregulated
in different cancer types including breast cancer [390]. In light of our results, we reasoned that c-
MYC and VAV1 could be the potential functionally relevant targets that mediate tumour-
suppressive effects of miR-616. If suppression of c-MYC and VAV1 by miR-616 is indeed crucial
for tumour-suppressive effects of miR-616, overexpression of these proteins should rescue the
effect of miR-616 on cell growth. To test this hypothesis, we transduced miR-616 expressing
MCF7 cells with lentivirus that express either c-MYC and/or VAV1. Overexpression of VAV1
and/or c-MYC were confirmed by RT-qPCR assay. Our results showed the successful stable

expression of VAV1 and c-MYC transcripts in these cells (Figure 4-4-15).
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Figure 4-4-15. Generation of stable clones expressing VAV1 and c-MYC in MCF7-miR-616 cells.
VAV1 and c-MYC transcripts were transduced in overexpressing miR-616 MCF7 clones by a lentivirus
vector. The expression levels of (A) VAV1 and (B) c-MY C transcripts were quantified by RT-gPCR assay.
Error bars represent mean +S.D. from two independent experiments performed in triplicate. *P < 0.05, two-
tailed unpaired t-test as compared to the control.

4-4-16. VAV1 and c-MYC reversed the growth inhibition effect of miR-616 in MCF7-miR-

616 cells

To study whether VAV1 or c-MYC play arole to regulate cell growth, the MTS proliferation assay
was carried out using MCF7-miR-616 clones overexpressing VAV1 and/or c-MYC. Control and
MCF7-miR-616 overexpressing VAV1, ¢c-MYC and both VAV1+ c-MYC cells (2 x 10°
cells/well) were plated in 96 well plates. After the indicated time point, the absorbance of each
well was measured at OD=490 nm with a 96-well plate reader. Our results showed that both VAV1
and/or c-MYC expression increased the proliferation of MCF7-miR-616 cells similar to the

MCF7-miR-control cells (Figure 4-4-16).
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Figure 4-4-16. The effect of VAV1 and c-MYC on miR-616 expressing MCF7 cells proliferation. An
MTS cell proliferation assay was performed in control and MCF7-miR-616 overexpressing (A) VAV1, (B)
c-MYC and (C) VAV1+ c-MYC clones at indicated time points. Error bars represent mean +S.D. from
three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to
the MCF7-miR-616 cells.

4-4-17. VAV1 and c-MYC reversed miR-616 effect in colony formation on MCF7-miR-616

cells

To study whether suppression of c-MYC and VAV1 by miR-616 is indeed crucial for tumour-
suppressive effects of miR-616, a colony formation assay was performed in MCF7-miR-616
clones overexpressing VAV1 and/or c-MYC. Control and MCF7-miR-616 overexpressing VAV1,
c-MYC and both VAV1+ ¢c-MYC cells (1 x 102 cells/well) were plated in 6 well plates and were
cultured for 14 days. Then, cells were fixed (10% formaldehyde) and stained with 0.5 % crystal
violet. The number of colonies were counted in each well and an average number of colonies were
achieved from three independent experiments. The colony sizes and numbers were also determined
by Image J software to quantify the results. We found that VAV1 and/or c-MYC expression
increased the colony formation of MCF7-miR-616 cells, similar to the MCF7-miR-control cells

(Figure 4-4-17).
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Figure 4-4-17. The effect of VAV1 and c-MYC on MCF7-miR-616 cells colony formation. Control and
MCF7-miR-616 overexpressing VAV1, c-MYC and VAV1+ c-MYC cells (1 x 102 cells/well) were plated
in 6 well plates and cultured for 14 days. Colony formation was assessed by (A) imaging of colonies, (B)
average of colony numbers and (C) colony sizes by Image J software. Error bars represent mean £S.D. from
three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to
the MCF7-miR-616 cells.
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4-4-18. VAV1 and c-MYC reversed miR-616 effect in migration on MCF7-miR-616 cells

To evaluate the effect of VAV1 and c-MYC on cell migration in MCF7-miR-616, a scratch wound
healing assay was performed in MCF7-miR-616 clones overexpressing VAV1 and/or c-MYC.
Control and MCF7-miR-616 overexpressing VAV1, c-MYC and both VAV1+ c-MYC cells (3%
10° cells/well) were plated in 6 well plates. After 24 hours of growth, when the cells reached 70-
80% confluency, the cell monolayer was scratched with a sterile 0.2 ml pipette tip across the centre
of the well. The scratched areas were then imaged at the indicated time point and quantified by
Image J software. Our results showed that VAV1 and c-MYC expression increased the cell

migration of MCF7-miR-616 cells similar to the MCF7-miR-control cells (Figure 4-4-18).
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Figure 4-4-18. The effect of VAV1 and c-MYC on MCF7-miR-616 cells migration. control and MCF7-
miR-616 overexpressing VAV1, ¢c-MYC and VAV1+ c-MYC cells (3 x 10° cells/well) were plated in 6
well plates. Some confluent monolayer cells were scratched by a 0.2 ml pipette tip and migration of cells
into the wound was observed after indicated time points. (A) Representative images showing the scratch at
indicated time points. (B) The graphs show the gap area (mm?) in overexpressed VAV1 and c-MYC clones
compared to the MCF7-miR-616 cells. Error bars represent mean =S.D. from three independent
experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the control.
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4-4-19. Generation of stable overexpressing VAV1 and c-MYC pools in parental MCF7
cells

As a next experiment, VAV1 and c-MY C were overexpressed in parental MCF7 cells to study the
effect on cell growth and proliferation. Western blot and RT-gPCR assay results confirmed stable
expression of VAV1 and c-MYC in parental MCF7 cells (Figure 4-4-19). Subsequently the
following functional studies were performed in these MCF7 cells overexpressing VAV 1 and/or c-

MYC: MTS cell proliferation, colony formation and migration assays.
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Figure 4-4-19. Generation of stable overexpressing VAV1 and c-MYC clones in parental MCF?7 cells.
VAV1 and c-MYC genes were transduced in parental MCF7 cells by lentivirus vector. The expression
levels of (A) VAV1 and (B) c-MYC proteins were quantified by western blot assay using antibodies against
VAV (size:95 K.da), c-MYC (size:67 K.da) and B-actin (size:42 K.da). The change in expression levels
of (C) VAV1 and (D) c-MYC transcripts were quantified by RT-qPCR assay. Error bars represent mean
+S.D. from two independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as

compared to the untreated control.
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4-4-20. VAV1 and c-MYC increased the proliferation of parental MCF7 cells

To study the effect of VAV1 and c-MYC on MCF7 cells proliferation, an MTS assay was carried

out in MCF7 cells overexpressing VAV1 and/or c-MYC. Our results showed that both VAV1 and

c-MYC increased cell proliferation of parental MCF7 cells as compared to the control cells (Figure
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Figure 4-4-20. The effect of VAV1 and c-MYC on parental MCF7 cells proliferation. An MTS cell
proliferation assay was performed in control and parental MCF7 cells with overexpressed (A) VAV1, (B)
c-MYC and (C) VAV1+ ¢c-MYC clones at indicated time points. Error bars represent mean £S.D. from
three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to

the MCF7-miR-616 cells.
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4-4-21. VAV1 and c-MYC increased colony formation of parental MCF7 cells

A colony formation assay was also performed to see the effect of VAV1 and c-MYC in parental
MCF?7 cells. Control and MCF7 cells overexpressing VAV1 and/or c-MYC (1 x 102 cells/well)
were plated in 6 well plates and were cultured for 14 days. Then, cells were fixed (10%
formaldehyde) and stained with 0.5 % crystal violet. The number of colonies were counted in each
well and an average number of colonies was derived from three independent experiments. The
colony sizes and numbers were also determined by Image J software to quantify the results. Our
results showed that both VAV1 and c-MYC expression significantly increased colony formation

of parental MCF7 cells (Figure 4-4-21).
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Figure 4-4-21. The effect of VAV1 and c-MYC on parental MCF7 cells colony formation. Control and
MCF7 overexpressing VAV1, c-MYC and VAV1+ ¢c-MYC cells (1 x 102 cells/well) were plated in 6 well
plates and cultured for 14 days. Colony formation was assessed by (A) imaging of colonies, (B) average of
colony numbers and (C) colony sizes by Image J software. Error bars represent mean £S.D. from three
independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared to the
MCF7-miR-616 cells.
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4-4-22. VAV1 and c-MYC increased migration of parental MCF7 cells

To determine the effect of VAV1 and c-MYC on cell migration of parental MCF7 cells, scratch
wound healing assay was performed using MCF7 cells overexpressing VAV1 and/or c-MYC.
Control and MCF7 overexpressing VAV1, c-MYC and both VAV1+ ¢c-MYC cells (3x 10°
cells/well) were plated in 6 well plates. After 24 hours of growth, when the cells reached 70-80%
confluency, the cell monolayer was scratched with a sterile 0.2 ml pipette tip across the centre of
the well. The scratched areas were then imaged at the indicated time points and quantified by
Image J software. Our results show that VAV1 and c-MYC overexpression increased cell

migration in parental MCF7 cells as compared to the control cells (Figure 4-4-22).

161 |

—



>

MCF7

MCF7-VAV1

MCF7-VAV1+c-MYC MCF7-c-MYC

B
1400 -
——MCF7

1200 1 = MCF7-VAV1
o 1000 1 MCF7- c-MYC
_% 800 4 MCF7-VAV1+ c-MYC
o
m 600 4
[=%
G 400 -

200 -

0

Figure 4-4-22. The effect of VAV1 and c-MYC on parental MCF7 cells migration. Control and MCF7
overexpressing VAV1, c-MYC and VAV1+ c-MYC cells (3 x 10° cells/well) were plated in 6 well plates.
Confluent monolayers of cells were scratched by P-200 tip and migration of cells into the wound was
observed after indicated time points. (A) Representative images show the scratch at indicated time points.
(B) The graph shows the gap area (mm?) in overexpressed VAV1 and c-MYC clones compared to the
control cells. Error bars represent mean £S.D. from three independent experiments performed in triplicate.
*P < 0.05, two-tailed unpaired t-test as compared to the control.
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Chapter 5
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5-0. Discussion

The work in this thesis revealed the role of two UPR-regulated miRNAs including miR-378 and
miR-616 in breast cancer and during conditions of EnR stress. The first work, which is described
in chapter three, showed the role of XBP1regulated miR-378 in the regulation of breast cancer cell
fate during EnR stress and UPR activation. The second work, that is explained in chapter four,
found the mechanism of action of miR-616 to regulate breast cancer cells during EnR stress and

UPR activation.

5-1. MiRNA-378 is downregulated by XBP1 and inhibits growth and migration

of luminal breast cancer cells

This study confirmed that XBP1 plays a significant role in downregulation of miR-378 and its host
gene (PPARGC1B) during conditions of EnR stress. EnR stress and UPR activation play pivotal
roles in the development and progression of human diseases, including neurodegenerative
disorders, diabetes, obesity, cancer and cardiovascular disease [391]. XBP1 is a member of the
activated transcription factor (ATF) family and a key component of the UPR [392]. Our results,
showing the repression of miR-378 by XBP1, provide a mechanism for reduced expression of
miR-378 in physiological and pathological conditions leading to UPR. The stressful conditions in
the tumour microenvironment including low oxygen supply, nutrient deprivation, and pH changes

activate a range of cellular stress-response pathways including activation of the UPR [5].
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From the several dysregulated miRNAs identified by microarray during EnR stress in HCT116
colorectal cells (Figure 3-4-1-1), the nine most dysregulated miRNAs were chosen to confirm their
expression by RT-gPCR assay. We confirmed that two miRNAs including miR-378 and miR-1908
are downregulated in HCT116 cancer cells upon EnR stress (Figure 3-4-1-2). We chose miR-378
for further analysis, as both microarray and RT-qPCR assays show that miR-378 is downregulated
while microarray analysis shows that miR-1908 is upregulated. We found that expression of miR-
378 was reduced upon treatment with three different EnR stress-inducing compounds and in
multiple cancer cell lines (Figure 3-4-1-3 and 3-4-2). We concluded that downregulation of miR-

378 is not cell or stimulus specific, but rather a general effect.

The pharmacological EnR stress inducers such as thapsigargin, tunicamycin and brefeldin A
activate UPR through various mechanisms (Method section 2-2). The common effect of these
inducers is increasing unfolded or misfolded proteins in the EnR lumen. This leads to dissociation
of GRP78 from luminal domain of IRE1, PERK and ATF6 arms, resulting in activation of these
three UPR arms. Physiological inducers such as hypoxia and glucose deprivation also cause
accumulation of unfolded or misfolded proteins in the EnR lumen. For example, both hypoxia and
glucose deprivation are commonly seen in the tumour microenvironment because of disorganised
vascular formation and increased cell proliferation. The lack of glucose and oxygen increase the
production of reactive oxygen species (ROS) dramatically and lead to EnR stress. It has also been
reported that hypoxia activates the PERK arm through hypoxia inducible factor (HIF) independent
pathways [393]. Although pharmacological and physiological inducers have different mechanisms
of action to initiate EnR stress, directly or indirectly, eventually both inducers cause accumulation

of unfolded or misfolded proteins in the EnR lumen and activate all three UPR branches.
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We also quantified the endogenous level of miR-378 in several breast cancer cells and found that
it is reduced in all breast cancer cell subtypes including luminal A (MCF7 and T-47D), triple
negative (MDA-MB-231) and HER2 positive (SKBR3) cells (Figure 4-4-3). Dysregulation of
miR-378 has been reported in various cancers. For instance, Megiorni and colleagues found that
miR-378 family members were significantly reduced in rhabdomyosarcoma tumour tissue and cell
lines [394]. In another study, Li et al. found that miR-378 was downregulated in glioblastoma and
it increased the growth inhibitory effect of curcumin [395]. During ischemia, oxygen and glucose
deprivation causes a significant lack of energy, which results in defective protein-folding processes
and triggers EnR stress responses [37, 391]. In agreement with our findings, the expression of
miR-378 has been reported to be downregulated in ischemia/reperfusion injury of intestinal

mucosa and brain [396, 397].

Furthermore, we quantified the expression level of the miR-378 host gene (PPARGC1B) during
conditions of EnR stress in these cell lines and showed that the expression level of PPARGCI1B is
reduced (Figure 3-4-3). It has been shown that miRNAs, which are located within introns, are
usually co-transcribed with their host genes [398]. PPARy coactivator 1 alpha and beta (PPARGC1
A, B) are transcriptional coactivators that regulate energy metabolism, thermogenesis and
mitochondrial biogenesis through stimulation of nuclear hormone receptors and other transcription
factors [358]. It has been reported that PPARGCL1 A and B play crucial roles in the ER signalling
pathway [357]. It is also reported that the expression of PPARGC1B and miR-378 is increased in

the liver during fasting [399, 400].
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Deficiency of miR-378 renders mice resistant to high-fat-diet-induced obesity and enhanced
mitochondrial fatty acid metabolism, suggesting that miR-378 is involved in the regulation of
mitochondrial metabolism and systemic energy homeostasis [401]. XBP1s is a crucial regulator of
glucose homeostasis in obesity [352, 402]. Liver-specific deletion of IREla, which abrogates
XBP1s activity, shows enhanced development of fatty liver [353]. Loss of XBP1 leads to the
development of glucose intolerance and insulin resistance in HFD-fed BALB/c mice, a strain that
is otherwise resistant to diet-induced insulin resistance [353, 402]. The function of XBP1s is
severely impaired in mouse models of obesity [353]. Considering our results showing XBP1s
dependent downregulation of PPARGC1B and miR-378 during UPR and ample overlap with
human diseases where a role for miR-378 and UPR has been implicated, we posit that UPR-
mediated repression of miR-378 may play a role in the coordination of energy metabolism in

accordance with metabolic demand.

To study the effect of miR-378 on cell growth and proliferation, we generated stable pools of
overexpressing miR-378 in colorectal (HCT116) and breast cancer (MCF7, ZR-75-1 and MDA-
MB-231) cells. Our results showed that miR-378 expression reduced cell growth and migration of
luminal breast cancer cells (MCF7 and ZR-75-1) (Figures 3-4-9,10,11). In agreement with our
results, inhibition of miR-378 function has been reported to increase the migration of MCF7 cells
[355]. Moreover, we showed that miR-378 increased the migration of MDA-MB-231 cells but it
had no effect on cell proliferation. In a study by Browne and colleagues, miR-378 has been shown
to increase migration and invasion without having any effect on proliferation of MDA-MB-231
cells [403]. Furthermore, miR-378 was reported to decrease cell proliferation in HCT116 cells but

we did not observe any effect of miR-378 on the growth of HCT116 cells [271].
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This may be due to differences in the approaches used to express the ectopic miR-378. We have
used a plasmid-based method for stable expression of miR-378 which will increase the levels of
both miR-378 and miR-378* while Browne et al. and Wang et al. have used transient transfection

of miR-378 mimics [271, 403].

Next, we investigated the effect of miR-378 on MCF7 cell death in the presence of EnR stress-
inducing or anti-estrogens. Our results uncovered a novel role for miR-378 in UPR signalling,
where miR-378 sensitises the cells to EnR stress-induced cell death but provides resistance to
docetaxel (Figure 3-4-13). Such miR-378 overexpression has been reported to cause suppression
of Aurora B kinase activity and insensitivity of cells to taxol [404]. In addition, miR-378 also
sensitises the cells to anti-estrogens (Figure 3-4-12). Acquired resistance of ER-positive breast
cancer to anti-estrogen compounds have been reported in one-third of ER-positive breast cancer
patients [405]. The expression of miR-378 has been found to be downregulated in endocrine-
resistant models (TamR and LTED cells) of breast cancer and breast cancer tissues [355].
Knockdown of miR-378 has been shown to reverse tamoxifen-dependent suppression of cell

growth in MCF-7 cells [355].

PPARGCI1B is a transcriptional coactivator that potentiates the ligand-dependent activity of the
ERa while having only weak effects on similar steroid hormone receptors, such as ER-f or the
glucocorticoid receptor [406]. Tamoxifen can induce changes in the ligand-binding domain of
ERa to promote interactions with PPARGC1B, which then cooperates with SRC-1 to enhance the
ESR1-mediated agonistic activity of tamoxifen [406]. Thus, downregulation of miR-378 and

PPARGC1B by XBP1 may modulate endocrine resistance by multiple mechanisms.
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Several studies have demonstrated that miR-378 plays an oncogenic role in some cancers but
suppresses tumour formation in other cancers. In breast cancer samples miR-378 expression has
been reported to be downregulated and reduced expression levels of miR-378a-3p were associated
with poor prognosis for tamoxifen-treated patients with breast cancer [355]. Our data showed that
expression of miR-378 was reduced in breast cancer cell lines compared to the non-tumourigenic
control MCF10A cells (Figure 4-4-3). Expression of miR-378 was significantly associated with
better overall survival in the treatment of the ‘no systemic therapy’ group as well as the ‘endocrine

therapy treatment” group of ER-positive breast cancer (Figure 3-4-18).

Furthermore, we carried out a transcriptomic analysis to find miR-378 dependent genes signature
in overexpressing miR-378 MCF7 cells. Our results revealed that 53 genes were expressed at a
significantly lower level and 254 were expressed at a significantly higher level in miR-378
expressing cells (Figure 3-4-15). Our findings suggest that miR-378 is a positive regulator of type
| interferon signalling and miR-378 expressing cells may secrete growth suppressing cytokines
(Figure 3-4-17). Interestingly, expression of miR-378 was shown to be downregulated in IFN-o
activated NK cells where miR-378 modulates the cytotoxicity of human NK cells by targeting
cytolytic molecules granzyme B and perforin [407]. PPARGC1B has been shown to be a
downstream target of IFN-y, and it acts in conjunction with ERRa as a key effector of IFN-y
induced mitochondrial ROS production and host defence [408]. Furthermore, we found that
patients with an elevated miR-378 signature (8 genes upregulated by miR-378) displayed longer

overall and relapse-free survival (Figure 3-4-19).
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Collectively, here we reported that XBP1s downregulated the expression of miR-378 and
PARGCI1B (host gene of miR-378) and we observed an inverse correlation between the expression
of XBP1 and PPARGCI1B in the TCGA breast cancer dataset. Higher expression of miR-378 was
associated with better overall survival in ER-positive breast cancer. The ectopic expression of
miR-378 significantly suppressed cell proliferation, colony formation and migration of ER-
positive breast cancer cells. Furthermore, miR-378 expression sensitised MCF7 cells to UPR-

induced cell death and anti-estrogens.

We propose that miR-378 expressing cells may secrete growth suppressive cytokines, which is
required for miR-378 mediated growth inhibition. Further experiments are required to elucidate
the mechanism of miR-378 mediated growth inhibition. Analysis of independent cohorts of
patients revealed that specific gene-signature derived from miR-378 upregulated genes showed a
strong association with improved overall and recurrence-free survival in breast cancer. Our data
suggests that miR-378 might play a vital role in the carcinogenesis of ER-positive breast cancer
(Figure 5-1). To the best of our knowledge this is the first report of identification and
characterization of functionally relevant miRNA regulated by XBP1 in the context of luminal

breast cancer.
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Figure 5-1. Graphical abstract of UPR regulated miR-378. Stressful conditions of the tumour
microenvironment activate an adaptive mechanism called the unfolded protein response (UPR). X-box
binding protein-1 (XBP1) is a critical transcriptional activator that is induced by the UPR. In ER-positive
breast cancer cells XBP1 is rapidly induced in response to E2-stimulation. In luminal breast cancers,
estrogen signalling and UPR induce the expression of XBP1s. Here we show that XBP1s downregulates
the expression of PPARGC1B and miR-378 during UPR. Our results suggest that XBP1s regulates growth

and migration of ER-positive breast cancer cells, sensitivity to anti-estrogens in part, by downregulation of
miR-378.
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5-2. CHOP-intronic miR-616 inhibits cell growth and migration by targeting

c-MYC and VAV1
The expression level of miR-616 was quantified in colorectal (HCT116 and RKO) and breast

(MCF7) cancer cells during conditions of EnR stress and UPR activation. Our results illustrated
that the expression level of miR-616 was increased in all these cancer cells during UPR activation
(Figure 4-4-1) which means that the upregulation of miR-616 is not cell-type or stimulus specific.
Furthermore, we quantified the expression level of miR-616 host gene (CHOP) during conditions
of EnR stress in these cell lines, and as expected the expression level of CHOP was increased
(Figure 4-4-2).

We also quantified the endogenous level of miR-616 in several breast cancer cells and we found
that it is lower in luminal A (MCF7, T-47D), triple negative (MDA-MB-231) and HER2 positive
(SKBR3) breast cancer subtypes compared to non-tumourigenic MCF10A cells (Figure 4-4-3).
There was no difference in expression of miR-616 in BT-474 cells compared to MCF10A control
cells. This observation may relate to the breast cancer cell hormone status as BT-474 cells (luminal
B) are positive for all three hormone receptors including ER, PR and HER2, but other subtypes

have different patterns (positive or negative) in terms of hormone receptor expression.

To investigate the role of PERK, IREL, and ATF6 in the regulation of miR-616, we quantified the
expression of miR-616 in our HCT116 and MCF7 knockdown pools during conditions of EnR
stress. Our results suggest that miR-616 is co-transcribed with the CHOP transcript during UPR
as attenuated PERK signalling compromised the induction of both CHOP mRNA and primary

miR-616.
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However discordant expression of the primary miR-616 and the mature miR-616 suggests
additional regulation at the level of processing of miR-616 precursors and/or miR-616 turnover.
Overall, the levels of miRNAs in the cell are the result of both biogenesis and decay processes.
The expression of miRNAs starts with the transcription of a primary RNA (called pri-
miRNA, a long transcript that contains a stem-loop region for each encoded miRNA) and
is dependent on the same transcriptional machinery and regulatory mechanisms as used by
protein coding genes [202]. This pri-miRNA is usually short-lived and generates mature miRNA
molecules through two sequential processing events. The first processing event occurs in the
nucleus and is mediated by the microprocessor complex (DROSHA/DGCRS), which generates a
precursor miRNA (pre-miRNA) [202].

The pre-miRNA is then exported to the cytosol where the second cleavage event occurs, mediated
by the DICER1/TRBP complex, producing a miRNA duplex. MiRNA processing is followed by
loading of the miRNA duplex onto argonaute proteins (AGO). Once loaded onto the AGO-based
complexes, miRNAs are stabilized and have long half-lives [202, 409]. The degradation dynamics
of miRNAs and the mechanisms involved are not well defined, but are mediated by the enzymatic
activities which are able to modify miRNA ends by adding or removing nucleotides[202, 410].
Further work is required to determine the mechanism behind the observed discrepancy in the

expression of the primary and mature miR-616.
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To understand the effects of miR-616 in cell growth and proliferation, firstly we successfully
overexpressed miR-616 in different cancer cell types including HCT116 (colorectal), MCF7/ZR-
75-1 (luminal A) and MDA-MB-231 (triple negative) cells (Figure 4-4-5). Our results from MTS
cell proliferation (Figure 4-4-6) and colony formation (Figure 4-4-7-1,2) assays showed that miR-
616 reduced the growth rate of luminal breast (MCF7 and ZR-75-1) and colorectal (HCT116)
cancer cells, while it had no effect on the growth of triple negative breast cancer (MDA-MB-231)
cells. Our results also illustrated that miR-616 inhibits cell migration of luminal breast (MCF7 and
ZR-75-1) and colorectal (HCT116) cancer cells (Figure 4-4-8). However, it increased the
migration of triple negative breast cancer (MDA-MB-231) cells. These observations indicated the
presence of context-dependent pro- and anti-cancer effects of miR-616 in cancer cells. Indeed,
context dependent oncogenic and tumour suppressor roles have been documented for several
miRNAs including the miR-17-92 cluster. This cluster maps to human chromosome 13g31, a
region amplified in Burkitt’s lymphoma, diffuse large B-cell lymphoma, follicular lymphoma,
mantle cell lymphoma and lung cancer [278, 279]. Although the majority of studies have
characterised the oncogenic activities of miR-17-92, loss of heterozygosity at the 13931, a locus
that harbours human miR-17-92 has been reported [279, 297]. For example, miR-17-92 was
deleted in 21.9% of breast cancers, and 20.0% of melanomas [297]. The expression of miR-17-92
is reduced in prostate cancer and restoration of its expression showed a therapeutic benefit [298].
The transgenic miR-17-92 expression in intestinal epithelial cells inhibited colon cancer

progression by suppressing tumour angiogenesis [411].
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Furthermore, we investigated the effects of miR-616 on sensitivity of MCF7 cells against anti-
estrogen, chemotherapeutic and EnR stress-inducing compounds. We found that miR-616
increases the sensitivity of MCF7 cells towards anti-estrogen (Tamoxifen and Fulvestrant)
compounds (Figure 4-4-9). Moreover, miR-616 expressing MCF7 cells show resistance to
docetaxel while our results showed that miR-616 expression had no effect on ER induced cell
death (Figure 4-4-10). The mechanism of action of pharmacological compounds are different.
docetaxel inhibits depolymerisation of microtubules by binding to stabilized microtubules and
causes the failure of chromosomes to segregate to the daughter cells, while TG and BFA induce
UPR. Thus, observed differences in the effects of miR-616 expression on the viability of MCF7
cells may be related to the mechanism of action of these compounds. Further work is required to
determine the mechanism behind the observed differential effects of miR-616 towards

antiestrogens and docetaxel.

Transcriptomic analysis identified VAV1 and c-MYC as miR-616 regulated genes. The expression
of c-MYC and VAV 1 were downregulated in MCF7, ZR-75-1 and HCT116 cells but not in MDA-
MB-231 cells. We found that both c-MYC and VAV 1 have non-canonical binding sites for miR-
616 in the protein coding region of the transcript. Most of the studies show that miRNAs regulate
gene expression by targeting the 3°UTR. But in recent years, increasing evidence has elucidated
that miRNAs can also target the coding region (CDS) of genes and inhibit translation [412, 413].
Several studies have reported the presence of miRNA binding sites in the protein coding sequence

of the genes.
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Indeed miRNAs have been shown play a role in regulation of embryonic stem cell differentiation
[414], DNA methylation [415], regulation of apoptosis [416], aortic development [417], and
tumour suppression [418] via the functional miRNA binding sites in the protein coding sequence
of the target genes. Studies on target recognition by miRNAs have shown that complementarity at
the 5' end of the miRNA, the so-called "seed region" at positions 2 to 7, is a primary determinant
of target specificity [419]. However, a perfect seed match by itself is not a good predictor for
miRNA regulation, and a number of studies have shown that some target sites with a mismatch or
a G:U waobble in the seed region can exhibit a noticeable regulation [419, 420]. Furthermore, a
study using a cross-linking and immunoprecipitation (CLIP) method to study in vivo microRNA
targets found a significant number of non-canonical sites [420]. Therefore, perfect seed
complementarity is neither necessary nor sufficient for microRNA regulation. In addition, target
sites for endogenous miRNAs have been identified in ORFs and 5’ UTRs, but they are less frequent
than those in the 3° UTR.

To understand the role of VAV1 and c-MYC in mediating the tumour suppressive effects of miR-
616 in MCF7 cells, we restored the exprssion of VAV1 and c-MYC in miR-616 expressing MCF7
cells (Figure 4-4-15). Our results showed that ectopic expression of VAV1 and c-MYC reversed
inhibitory effects of miR-616 on cell growth and migration on MCF7 cells. Furthermore, we
showed that VAV1 and c-MYC increased the cell growth and migration (Figure 4-4-19, 20, 21
and 22) of parental MCF7 cells which have the basal level of miR-616 expression. From these
experiments, it is clear that miR-616 may play a role as a tumour suppressor by targeting both
VAV1 and c-MYC transcripts and suppressing their expression. Several studies have reported the
upregulation of VAV1 and c-MYC in different cancer cells and tumours such as neuroblastomas,

lung and breast cancer [386, 421-424].
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It has been shown that downregulation of VAV1 in lung and pancreatic cancer cells can decrease
cell proliferation and reduce tumour size in mice [386, 387]. Moreover, VAV1 has oncogenic
activities in various cancer types including breast cancer. Lane and colleagues found that high
expression of VAVL1 is associated with poor prognosis in breast tumours [425]. Sebban and
colleagues analysed 65 primary human breast tumours by Immunohistochemical staining and
found the high expression of VAV1 in 62 % of these tumours which have a positive correlation
with ER expression [426]. In another study, Du et al. found that the expression level of VAV1 was
upregulated in two ER-positive cell lines (MCF7 and T47D cells) and its expression was induced
by 17p-estradiol (E2). They also showed that high expression of VAV1 increased the expression
level of Cyclin D1 and consequently the cell cycle progression [422]. Yet another published study
reported the upregulation of VAV1 and some other genes (CDC25A, TP73, BRCA1 and ZAP70)
in colorectal HCT116 cancer cells, and these genes are highly correlated with poor prognosis in
colorectal cancer patients [427]. Although we did not investigate the role of VAV1 in HCT116
cells, we showed that the expression level of VAV1 (at both mRNA and protein levels) was
significantly reduced in HCT116 cells with overexpressed miR-616. Moreover, our functional
analysis found that when the expression level of VAV1 is downregulated, the proliferation, colony

formation and migration of HCT116 cells are reduced.

It has been shown that c-MYC plays a key role in cell cycle progression. c-MYC acts through
binding to MYC associated factor X (MAX) and this complex then regulates cell proliferation
through the cyclin-dependent kinases in G1 phase [390]. In addition, c-MYC has an important
function in survival of cancer cells through multiple cellular pathways [423]. Studies have reported

the dysregulation of c-MYC in different cancer cells and tumours.
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The c-MYC mutation was first discovered in Burkitt Lymphoma as a chromosomal translocation
in 1982 [424, 428]. Enhanced transcriptional activation of c-MYC was reported in colorectal
cancer that causes some defects in the Wnt-APC pathway [429]. It has also been reported that c-
MY C is upregulated in 30-50% of high-grade breast tumours [430, 431]. Moreover, several studies
have shown that c-MYC mRNA expression is affected by miRNAs which leads to the translational
modulation in different cancer types including breast cancer. For example, it has been reported
that following DNA damage, miR-34a represses c-MYC expression through the MAPK/MK?2
signalling pathway and leads to the inhibition of DNA replication in S phase [432]. Recently,
Wang et al. found that c-MY C and BCL2 are direct targets of miR-184, which inhibits proliferation
and promotes apoptosis of HCT116 and SW40 cells [433]. There are also several studies that
investigated the role of miRNAs and dysregulation of c-MYC in breast cancer. In a recently
published study, miR-20a was found to target and downregulate the expression level of c-MYC
and sensitised MCF7 cells to the chemotherapeutic compounds and reduced cell proliferation

[434].

Although endocrine therapy is a successful treatment option in most of the ER+ tumours, it has
been shown that 30% of all ER+ breast cancer develop resistance to the endocrine therapy [435].
The exact mechanism of endocrine therapy resistance is still unknown but studies are suggesting
that c-MYC overexpression may play a role to gain resistance in ER+ breast cancer cells. It has
been reported that c-MY C is overexpressed in ER+ breast cancer cells (MCF7) and tumours [436]
and its overexpression has been linked to endocrine therapy resistance [437, 438]. Moreover, it
has been reported that EnR stress and UPR signalling pathway are activated in endocrine resistance

breast cancer cells [439].
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Our results in this chapter showed that c-MY C expression was downregulated by miR-616. On the
other hand, the expression level of miR-616 was upregulated during EnR stress and UPR. To our
knowledge, this is the first study that shows the role of miR-616 in the inhibition of cell growth
and migration of ER+ breast cancer cells by suppressing two well-known oncogenes VAV1 and

c-MYC.
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Figure 5-2. Graphical abstract of UPR regulated miR-616. Stressful conditions of the tumour
microenvironment activate the unfolded protein response (UPR) signalling pathway including PERK
sensor. PERK sensor increases the expression level of miR-616 and CHOP. CHOP, as a pro-apoptotic
protein, induced cell apoptosis through cell cycle arrest and UPR. On the other hand, expression of miR-
616 reduced cell proliferation and migration through suppressing two well-known oncogenes including
VAV1 and c-MYC.
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In this study, we report that expression of miR-616 and CHOP (host gene of miR-616) is increased
during UPR (Figure 5-2). We report that miR-616 significantly supressed cell proliferation, colony
formation and migration of cancer cells. Furthermore, we show that miR-616 exerts the growth
inhibitory effect on MCF7 cells through suppressing the expression of c-MYC and VAV1. Our
results establish a new and unexpected role for the CHOP locus by providing evidence that miR-
616 can inhibit cell proliferation by targeting c-MYC and VAV1 (Figure 5-2). In summary, our
results suggest that the CHOP locus generates two gene products, where CHOP protein and miR-

616 can act together to inhibit cancer progression

Depending on the cellular context, the UPR plays pro-survival and pro-death roles in determing
cell fate. Cancer cells recruit UPR signalling pathway (pro-survival role) to cope with the stressful
conditions in a tumour microenvironment. IRE1 arm of UPR play a pro-survival role in cancer
through splicing of XBP1 and activation of its downstream genes (Figure 1-6). On the other hand,
prolonged EnR stress switches activation of the PERK arm from pro-survival to pro-death phase
through activation of its downstream target CHOP (Figure 1-6). Here we showed that IRE1-XBP1
axis is required for downregulation of miR-378 during UPR whereas miR-616 and its host gene
(CHOP) are upregulated during conditions of UPR in PERK-dependent manner. Our results
suggest the expression of miR-378 and miR-616 will be lower during the adaptive phase of UPR

and higher during the pro-death phase of UPR.
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5-3. Limitations of the study and future directions

5-3-1. Limitations of the study

In this study, we found dysregulation of both miR-378 and miR-616 during conditions of EnR
stress in various cancer cell lines. To induce EnR stress, we applied three chemical EnR-stress
inducing compounds. To investigate the significance of these findings further it would be useful
to examine the miR-378 and miR-616 expression by inducing the physiological EnR-stress (e.g.,
hypoxia induction and glucose deprivation). Hypoxia is one of the hallmarks of the tumour
microenvironment that adversely influences tumour phenotype and treatment response [440]. It is
the result of insufficient blood supply to support proliferating tumour cells. A modular incubator
chamber (hypoxia chamber) is used to induce hypoxia in cancer cells which provides a hypoxic
environment containing a 1% O> gas mixture for cancer cells. For glucose deprivation, it is possible

to grow cancer cells in a glucose free medium.

We investigated the effect of miR-378 and miR-616 on cancer cell growth and proliferation by
overexpressing these miRNAs using a gain-of-function approach. To complement the existing
data, it would be interesting to perform similar experiments using a loss-of-function approach by
suppressing the miR-378 and miR-616 expression in these cancer cells. For this purpose, it is
possible to suppress the expression of miR-378 and miR-616 using miRNA inhibitor and perform
similar functional analysis. One would expect that effect of inhibitors of miR-378 and/or miR-616
on cell growth and proliferation would be opposite to effect of overexpression of miR-378 and/or
miR-616. If this is indeed the case, than | would expect increased expression of VAV1 and c-MYC

in cells expressing inhibitors of miR-616.
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Moreover, a gain-of-function study was also carried out to evaluate the effects of VAV1 and c-
MY C by overexpressing these two oncogenes in MCF7 cells. To complement the existing data, it
would be interesting to perform a loss-of-function study by suppressing VAV1 and ¢c-MYC
transcripts by short hairpin RNA (ShRNA) in these cancer cells. If VAV1 and c-MYYV are the key
functional targets of miR-616 than one would expect that overexpression of miR-616 will not show

any effect in VAV1 and c-MYC knockdown cells.

5-3-2. Future directions of the study

In this study, we investigated the role of two UPR-regulated miRNAs in various breast and
colorectal cancer cells. We found that the during conditions of UPR expression level of miR-378
was downregulated and miR-616 was upregulated. It would be interesting to investigate the
association between the expression level of miR-378 and miR-616 and outcome using patient
samples from colon cancer and breast cancer subtypes such as luminal A, luminal B, HER2

overexpressed and triple negative.

We found that both miR-378 and miR-616 play a tumour suppressor role in cancer cells by
performing functional analysis such as colony formation and migration assays. To validate the
tumour suppressor function of these two miRNAs, it would be interesting to investigate these
miRNAs in more clinically relevant xenograft models. For instance, one could inject miR-378 or
mMiR-616 overexpressing MCF7/ZR-75-1 cells in to nude mice and then evaluate tumour

formation.
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Our results suggest that miR-378 is a positive regulator of type I interferon signalling pathway and
regulates cell growth via the secretion of growth inhibitory factors. It may be important to elucidate
mechanisms by which miR-378 upregulates the type | interferon signalling pathway and identify
the key growth inhibitory molecules secreted by miR-378 expressing cells. For this purpose, one
possibility would be to determine the expression level of secreted proteins by mass spectrometry

analysis or cytokine array in the cuture supernatent of miR-378 expressing cells.
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6-0. Appendix

6-1. Cell lines

Cell line Cancer type

HCT116 Colorectal cancer

RKO Colorectal cancer

MCF7 Luminal A breast cancer
ZR-75-1 Luminal A breast cancer
MDA-MB-231 | Triple negative breast cancer
HEK 293T Embryonic kidney cells
MCF10A Non-tumorigenic epithelial

mammary gland cells

6-2. MiRNA-specific primer sequences for RT-gPCR assay

MicroRNAs MirBase accession no. Primer sequences (5’ to 3")
hsa-miR-616 MIMAT0004805 AGUCAUUGGAGGGUUUGAGCAG
hsa-miR-378 MIMAT0000731 CUCCUGACUCCAGGUcCCcuUGUGU
hsa-miR-663a | MIMAT0003326 AGGCGGGGCGCCGCGGGACCGC
hsa-miR-625* | MIMAT0004808 GACUAUAGAACUUUCCCCCUCA
hsa-miR-149* | MIMAT0004609 AGGGAGGGACGGGGGCUGUGC
hsa-miR-1908 | MIMAT0007881 CGGCGGGGACGGCGAUUGGUC
hsa-miR-1915 | MIMAT0007891 ACCUUGCCUUGCUGCCCGGGCC
hsa-miR-638 MIMATO0003308 AGGGAUCGCGGGCGGGUGGCGGCCU
hsa-miR-483 MIMATO0004761 AAGACGGGAGGAAAGAAGGGAG
hsa-miR-224 MIMATO0000281 UCAAGUCACUAGUGGUUCCGUUUAG

—
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6-3. Cell culture medium and chemical reagents

Reagent Catalogue number Supplier
Hank’s Balanced salt solution H6648 Sigma-Aldrich
DMEM D6429 Sigma-Aldrich
RPMI 1460 11879 Invitrogen
McCoy’s 5A M9309 Sigma-Aldrich
Trypsin EDTA T4174 Sigma-Aldrich
Foetal bovine serum F7524 Sigma-Aldrich
L-Glutamine G7513 Sigma-Aldrich
N-sodium pyruvate S8636 Sigma-Aldrich
Penicillin Streptomycin P0O781 Sigma-Aldrich
Trizol 15596-018 Invitrogen
Chloroform 372978 Sigma-Aldrich
Isopropanol 19516 Sigma-Aldrich
Ethanol E7023 Sigma-Aldrich
10X Trish Borate EDTA buffer T4415 Sigma-Aldrich
Agarose A9539 Sigma-Aldrich
Ethidium Bromide H5041 Promega
6 X loading dye Blue Orange G190A Promega
100bp DNA ladder N32315 New England
1kb DNA ladder 15615 - 016 Invitrogen
Micro Amp Optical96-well plate N8010560 Applied Biosystems
4mM Caffeine C0750-100G Sigma-Aldrich
JetPEI transfection reagent 101-40N Polyplus transfection
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6-4. Reverse transcription reagents

Reagent Catalogue no. Supplier

GAPDH forward primer 8895 - 041 Sigma-Aldrich
GAPDH reverse primer 8895 - 042 Sigma-Aldrich
XBP1 forward primer SY130218766 Sigma-Aldrich
XBP1 reverse primer SY130218904 Sigma-Aldrich
Green master mix M711B Promega

TagMan master mix 4426710 Applied Biosystems
Oligo dT C1108 Promega

MgCl, A351H Promega

5X Reaction Buffer M289A Promega

dNTP Cl114B Promega

RNase inhibitor 4469082 Applied Biosystems
Reverse transcriptase A501C Promega

Nuclease free water AM9937 Ambion
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6-5. IDT primer and probe sequences for UPR signalling pathway genes

Primer Direction 5°to3’ primer sequence

GAPDH Probe 5’-/56FAM/CAGCAAGAG/ZEN/CACAAGAGAGAGAGA/3IABKFQ/-3’
Primer 1 5’-AGGGTGGTGGACCTCAT-3’
Primer 2 5’-TGAGTGTGGCAGGGACT-3’

HERP Probe 5’-/56FAM/AGCTTTTAC/ZEN/GAGAGAACTCATGGCCT/31ABKFQ/-3’
Primer 1 5’-CGCTGTCTTAACTCCTGGTTC-3’
Primer 2 5’-CTGGAACAGCAAGTGGTAGA-3’

PERK Probe 5’-/56-FAM/TTTCTTGAT/ZEN/GGAGAGAGCGGGCTGG/3IABKFQ/-3’
Primer 1 5’-AGGACTTGCCTATGGAAACC-3’
Primer 2 5’-CTGTTGCTCCAAGGTGTGAT-3’

ATF4 Probe 5’-/56-FAM/TGCTGTCCA/ZEN/TGGGCTTCTCTGATG/3IABKFQ/-3’
Primer 1 5’-CTGCCTTGTACCCACATCTC-3’
Primer 2 5’-CCGATGTCATAGTTCTTGGTCTG-3’

ATF6 Probe 5’-I56FAM/AGGACTG/ZEN/AGGATAGCAAGATGAGAA/3IABKFQ/-3’
Primer 1 5’-AACTTTAGTCGGCCTGATGG-3’
Primer 2 5’-GAATCAAAGCAAAAGCCTGTCC-3’

CHOP Probe 5’-/56-FAM/AAGCCAGAG/ZEN/AAGCAGGGTCAAGAG/3IABKFQ/-3’
Primer 1 5’-GTACCTATGTTTCACCTCCTGG-3”
Primer 2 5’-TGGAATCTGGAGAGTGAGGG-3’

GRP78 Probe 5’-/56-FAM/ACGACCCCT/ZEN/GACAAGACAATCACC/31ABKFQ/-3
Primer 1 5’-AGCCCACCGTAACAATCAAG-3’
Primer 2 5’-CCAGTCAGATCAAATGTACCCAG-3’

PPARGCI1B Probe 5°-56-FAM/TCCATGGCT/ZEN/TCATACTTGCTTTTCCCT/3IABKFQ/-3’
Primer 1 5’-GCCTCTTTCAGTAAGCTGTCA-3’
Primer 2 5’-GCCCAGATACACTGACTACG-3’
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6-6. IDT primer and probe sequences for miR-616 dependent genes

Primer Direction | 5°to3’ primer sequence

SUSD3 Probe 5°/56-FAM/ACC ACA GCT /ZEN/TCA CC CAG ACC AT/31ABKFQ/3’
Primer 1 5’-CCT CAAGCACTT CAACAA ACC-3
Primer 2 5’-GAT CCC AGG GTC CTT GTC-3’

GALNT14 Probe 5°/56-FAM/CCC CAG TG /ZEN/TTC TTG TCC TTT GCA /3IABKFQ/3’
Primer 1 5’-GAG CTG TGC CTG TCA GTC-3’
Primer 2 5’-ATG CTATGT GCT CGA TGT GG-3’

BCL2 Probe 5°/56-FAM/AAC AAA TGC /ZEN/ATA AGG CAA CGA C/31ABKFQ/3’
Primer 1 5’GCT ATA ACT GGA GAG TGC TGA AG3’
Primer 2 5’AGT CTA CTT CCT CTG TGA TGT TG3’

VAV1 Probe 5°/56-FAM/CCA TAG ATC /ZEN/TCC CCT CGC CAC CA/3IABKFQ/3’
Primer 1 5°GTG ACA TCA TCA AGA TCC TTA ACA AG3’
Primer 2 5’CAG AAT AAT CTT CCT CCA CGT AGT3’

MYC Probe 5°/56-FAM/TGG GCG GTG /ZEN/TCT CCT CAT GG/31ABKFQ/3’
Primer 1 5’TCC TCG GAT TCT CTG CTC TC3’
Primer 2 5’TCT TCC TCA TCT TCT TGT TCC TC3’

LINC00052 Probe 5°/56-FAM/TGC AGA CTG /ZEN/TAG GGC TTT GGG C/31ABkKFQ/3’
Primer 1 5’CCA GAA TGA AGA ATG GCA ACC3’
Primer 2 5’GCA GAA TGA TGT AGC AAA GCA T3’

ALCAM Probe 5°/56-FAM/TGC ATG CCT /ZEN/GTG TCA AAA CAT AC/31ABKFQ/3’
Primer 1 5’TCT CAA GTC TTT AAT TAG AAT GTC TCA C3’
Primer 2 5’CCT CAT TCT CCA TGA TAC ACG TA3’

ID4 Probe 5°/56-FAM/TGC GGT CAT /ZEN/CAG AAT TTT TGG GC/31ABKFQ/3’
Primer 1 5’CAT AAT GGC AAA TCC TTC AAG CA3’
Primer 2 5’ACA GTA GCT TAG CGT AAC ATA GC3’
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6-7. IDT primer and probe sequences for miR-378dependent genes

Primer Direction | 5°to3’ primer sequence

SOCS2 Probe 5°/56-FAM/AAA GAG GCA /ZEN/CCA GA ACT TTC TTA/3IABKFQ/3’
Primer 1 5’GGA GCT CGG TCA GAC AG3®
Primer 2 5'GAT ATT GTT AGT AGG TAG TCT GAA TGC3’

GBX2 Probe 5’/56-FAM/CGG AGA AGG /ZEN/CGA GCA GCG AG/31ABKFQ/3’
Primer 1 5’GAG GAC GGC AAA GGC TTC3’
Primer 2 5’GTC TTC CAC CTT TGA CTC GTC3’

GAL Probe 5°/56-FAM/AGA TCC AGG /ZEN/AGG CGG TCG AGG /31ABKFQ/3’
Primer 1 5’GCG CAC AAT CAT TGA GTT TCT G3’
Primer 2 5’CAG GTT ACA GCA CAC AGA CA3’

GALNT13 Probe 5°/56-FAM/ATG C AGA /ZEN/GAC TCA CGT TGC GAC /31ABKFQ/3’
Primer 1 5’ATG ACT TGT GCT TGG ATG TTT C3’
Primer 2 5’CAG AAG GTT CAT CGA GAC ATT G3’

H19 Probe 5°/56-FAM/TGT TGG GCT /ZEN/GAT GAG TC TGG TTC /31ABkKFQ/3’
Primer 1 5’CTT TAC AAC CAC TGC ACT ACC T3
Primer 2 5’GCT GTT CCG ATG GTGTCT T3’

IFIT1 Probe 5’/56-FAM/CTA GC AAA /ZEN/AC CTG CAG AAC GGC /31ABKFQ/3’
Primer 1 5’CCA CAA GAC AGA ATA GCC AGA T3’
Primer 2 3’GCT CCA GAC TAT CCT TGA CCT3

IFIT2 Probe 3°/56-FAM/ATT GTT C /ZEN/ACT AT GGT TGC AGTGC/31ABKFQ/3’
Primer 1 5’AGA GGA AGA TTT CTG AAG AGT GC3’
Primer 2 5°CAT CAA GTT CCA GGT GAA ATG G3’

DDX58 Probe 5’/56-FAM/AGT GCC /ZEN/ATT ACA CTG TGC TTG GA/3IABKFQ/3’
Primer 1 5’GCA GAA AGT GCA AAGCCT T3”
Primer 2 5°GCT TGG GAT GTG GTC TAC TC3’

190 J

—



6-8. MiR-378 upregulated dependent genes
The 30 most upregulated genes analysed by RNA sequencing are shown.

= Table S2. RNA-seq analysis for miR-378 MCF7 cellsxds [Compatibility Mode] - Excel
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6-9. MiR-378 downregulated dependent genes
The 30 most downregulated genes analysed by RNA sequencing are shown.
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6-10. Kaplan-Meier plots for miR-378 in ER-positive breast cancers
High expression of miR-378 is associated with better overall survival in ER-positive breast

cancer
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6-11. Kaplan-Meier plots for selected miR-378 gene signature
Kaplan-Meier plots demonstrating a significant association between elevated expression of the

miR-378 signature (red line) and longer relapse-free survival in 1809 patients using KM plotter.
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6-12. MiR-616 upregulated dependent genes
The 30 most upregulated genes analysed by RNA sequencing are shown.

Table S1. RNA seq analysis of miR-616 regulated genes in MCFT cellsxisx - Excel
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6-13. MiR-616 downregulated dependent genes
The 30 most downregulated genes analysed by RNA sequencing are shown.

Table S1. RNA seq analysis of miR-616 regulated genesin MCFT cellsxisk - Excel
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Abstract

Background: Stressful conditions such as oxygen and nutrient deprivation, hypoxia, acidic pH
in tumour microenvironment induce the unfolded protein response (UPR) which contributes to
endocrine resistance in ER-positive breast cancer. Expression of spliced XBP1 (XBP1s) is
increased during UPR and it is a key UPR component mediating endocrine resistance.
Transcriptional activity XBP1s is a major component of its biological effects but the mediators
of XBP1s in estrogen receptor-positive breast cancer are not well understood.

Methods: MCF-7, ZR-75-1, MDA-MB-231, and HCTI116 cells were treated with three
different endoplasmic reticulum (EnR) stressors and levels of miR-378, PARGC1b (host gene
of miR-378) and UPR target genes were assessed by RT-qPCR and Western blot analyses. The
role of XBPls on miR-378 expression was assessed with overexpression or silencing
techniques. Various techniques were utilized to assess the biological effect of miR-378,
including MTS cell proliferation, colony formation assay, in vitro scratch assay and cell death
analyses. Published microarray databases of breast cancer tissues were analysed for association
of miR-378 and miR-378-specific gene signature with outcome in breast cancer.

Results: Here we show that XBP1s downregulates the expression of miR-378 and PPARGC1b
(host gene of miR-378) during UPR. Ectopic expression of XBP1s repressed the expression of
miR-378 and PPARGC1b and we observed an inverse relationship between the expression of
XBP1 and PPARGCI1D in breast cancer subset of TCGA. Our results show that overexpression
of miR-378 significantly supressed cell growth. colony formation and migration of estrogen
receptor (ER)-positive breast cancer cells (MCF7, ZR-75-1). Further, we found that expression
of miR-378 sensitized the cells to UPR-induced cell death and anti-estrogens. Higher
expression of miR-378 was associated with better overall survival in ER-positive breast cancer.
We found that miR-378 upregulates the expression of several genes that regulate type I
interferon signalling and conditioned medium from miR-378 expressing cells inhibited the
growth of parental MCF?7 cells. Analysis of separate cohorts of breast cancer patients showed
that a gene-signature derived from miR-378 upregulated genes showed a strong association
with improved overall and recurrence free survival in breast cancer.

Conclusions: Overall our findings show an important role for the XBP1s-miR-378 signalling
in ER-positive breast cancer and suggest that XBP1s may contribute to the development of

endocrine-resistant breast cancer, in part, by downregulating the expression of miR-378.
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Abstract: MicroRNAs, as small non-coding regulatory RNAs, play crucial roles in various aspects
of breast cancer biology. They have prognostic and diagnostic value, which makes
them very interesting molecules to investigate. Reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) is the gold standard method to analyse miRNA
expression in breast cancer patients. This study investigated two RT-qPCR methods
(absolute and relative) to determine the expression of ten miRNAs in whole blood
samples obtained from luminal A breast cancer patients compared to healthy controls.
Whole blood samples were collected from 38 luminal A breast cancer patients and 20
healthy controls in Paxgene blcod RNA tubes. Total RNA was extracted and analysed
by relative and absolute RT-qPCR. For relative RT-qPCR, miR-16 was used as an
endogenous control. For abseolute RT-qPCR, standard curves were generated using
synthetic miRNA oligonucleotides to determine the absolute copy number of each
miRNA.

Of the ten miRNAs that were analysed, the absolute RT-gPCR method identified six
miRNAs (miR-16, miR-145, miR-155, miR-451a, miR-21 and miR-486) that were
upregulated and one miRNA (miR-195) that was downregulated. ROC curve and AUC
analysis of the data found that the combination of three miRNAs (miR-145, miR-195
and miR-486) had the best diagnostic value for luminal A breast cancer with an AUC of
0.875, with 76% sensitivity and 81% specificity. On the other hand, the relative RT-
qPCR method identified two miRNAs (miR-155 and miR-486) that were upregulated
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and miR-195, which was downregulated. Using this approach, the combination of three
miRNAs (miR-155, miR-195 and miR-486) was showed to have an AUC of 0.657 with
65% sensitivity and 69Y% specificity. we conclude that miR-16 is not a suitable
normalizer for the relative expression profiling of miRNAs in luminal A breast cancer
patients. Compare to relative quantification, absolute quantification assay is better
method to determine the expression level of circulating miRNAs in Luminal A breast
cancer.
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Abstract

MicroRNAs, as small non-coding regulatory RNAs, play crucial roles in various aspects of breast
cancer biology. They have prognostic and diagnostic value, which makes them very interesting
molecules to investigate. Reverse transcriptase quantitative polymerase chain reaction (RT-
gPCR) is the gold standard method to analyse miRNA expression in breast cancer patients. This
study investigated two RT-gPCR methods (absolute and relative) to determine the expression of
ten miRNAs in whole blood samples obtained from luminal A breast cancer patients compared

to healthy controls.

Whole blood samples were collected from 38 luminal A breast cancer patients and 20 healthy
controls in Paxgene blood RNA tubes. Total RNA was extracted and analysed by relative and
absolute RT-gPCR. For relative RT-gPCR, miR-16 was used as an endogenous control. For
absolute RT-gPCR, standard curves were generated using synthetic miRNA oligonucleotides to

determine the absolute copy number of each miRNA.

Of the ten miRNAs that were analysed, the absolute RT-qPCR method identified six miRNAs (miR-
16, miR-145, miR-155, miR-451a, miR-21 and miR-486) that were upregulated and one miRNA
(miR-195) that was downregulated. ROC curve and AUC analysis of the data found that the
combination of three miRNAs (miR-145, miR-195 and miR-486) had the best diagnostic value for
luminal A breast cancer with an AUC of 0.875, with 76% sensitivity and 81% specificity. On the
other hand, the relative RT-qPCR method identified two miRNAs (miR-155 and miR-486) that
were upregulated and miR-195, which was downregulated. Using this approach, the combination

of three miRNAs (miR-155, miR-195 and miR-486) was showed to have an AUC of 0.657 with 65%
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sensitivity and 69% specificity. we conclude that miR-16 is not a suitable normalizer for the
relative expression profiling of miRNAs in luminal A breast cancer patients. Compare to relative

quantification, absolute quantification assay is better method to determine the expression level

of circulating miRNAs in Luminal A breast cancer.
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Introduction

Human cancer is the among the top leading causes of death globally, based on World Health
Organization (WHO) estimates in 2015 [1]. Globally, there were 14.1 million new cancer cases
and 8.2 million deaths from cancer reported in 2012 [2]. These include, 3.45 million new cases
and 1.75 million deaths within in the European Union during that same period [3]. In terms of its
significance, breast cancer, as a heterogeneous disease, is one of the most common causes of
death in women in developed countries with approximately 1.67 million new cases and 522,000

deaths from breast cancer recorded in 2012 [2].

Breast cancer can be classified into four subtypes based on hormone receptor status [4, 5]. These
subtypes include; Luminal A (ER and/or PR positive, HER2/neu negative), Luminal B (ER, PR, and
HER2/neu triple positive), Basal-like or triple negative (ER, PR, and HER2/neu triple negative) and
HER2 amplified (ER and PR negative, HER2/neu positive). Each of these subtypes has a different
prognosis, biological behaviour and treatment regimen. Luminal A breast cancers, as the
commonest subtype, have a good prognosis, and show satisfactory responses to hormone

therapies [6, 7].

MicroRNAs (miRNAs) are small regulatory RNAs found in all tissues, including blood. It has been
shown that miRNAs are linked to the etiology, progression and prognosis of cancer [8].
Furthermore, miRNAs expression profiles can be used to classify cancer types [9]. The abundance
of particular miRNAs, including circulating miRNAs, has been shown to be dysregulated in certain
cancers [10]. Dysregulation of miRNAs has also been observed in tumours and in the blood of

breast cancer patients, suggesting that they may have diagnostic potential in breast cancer [11-
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14]. lorio et al. (2005), identified 29 miRNAs that were differentially expressed in breast cancer
tissue [10]. They found that the most consistently dysregulated miRNAs were miR-10b, miR-125b,
miR145, miR-21, and miR-155. Of these, three (miR-10b, miR-125b and miR-145) were
downregulated and two (miR-21 and miR-155) were upregulated [11]. Chan et al. (2013),
examined the 20 most differentially expressed miRNAs in breast cancer tumours in a cohort (n
=32) of breast cancer patients [15]. They found several miRNAs that were dysregulated in these
patients, including; miR-145, miR-21, miR-10b, miR-1, miR-92a, miR-133a, and miR-133b. In
another study by McDermott et al. (2014), specific miRNA expression profiles were identified in
whole blood of luminal A-like (ER+PR+HER2/neu-) breast cancer subtype [14]. This study found
that miR-29, miR-181a and miR-652 were significantly downregulated in the blood of patients

compared to healthy individuals.

Reverse transcriptase real-time quantitative PCR (RT-qPCR) is the gold standard technology for
profiling the expression of miRNAs. Using RT-qPCR, miRNAs can be profiled in terms of their
absolute copy number (absolute quantitation) or relative to a predefined reference hiomarker
(relative quantitation). In this study, we analysed and compared the expression level of ten
selected miRNAs with both absolute and relative RT-gPCR assays in whole blood from luminal A

breast cancer patients.
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Materials and Methods

Sample Collection

Whole blood from 38 luminal A breast cancer patients and 20 healthy females attending Galway
University Hospital (GUH) was collected in PAXgene Blood RNA tubes (Qiagen, Germany). All
patients have confirmed ER /PR positive and HER2/neu negative breast cancer. Control blood
samples were collected from women without any history of malignancy, inflammatory or

infectious diseases. Clinicopathological details of patient cohort are shown in Table S1.

Ethics Statement

The study was performed in accordance with the Clinical Research Ethics Committee, Galway
University Hospital and written informed consent was obtained from all participants involved in

this study.

Total RNA Extraction

Total RNA was extracted and purified using the PAXgene Blood RNA kit (Qiagen, Germany)
according the manufacturer’s instructions. Following purification, total RNA was quantified by
UV spectrophotometry (NanoDrop, ThermoFisher) and analysed by capillary electrophoresis
(RNA 6000 NanoChip Kit Series I, Agilent Technologies, USA) to determine its integrity, (RNA

Integrity Number >8). Samples were then stored at -80°C until required.
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MicroRNA Reverse Transcription

Ten miRNAs (miR-195, miR-16, miR-21, miR-451a, miR-486, miR-181a, miR-145, miR-155, miR-
10b and miR-205) were chosen for analysis (Table 52). Each miRNA was separately reverse
transcribed using 100 nanograms of total RNA from each sample using the TagMan miRNA
reverse transcription kit (Cat. No. 4366596, Life Technologies, Paisley, UK) according to the
manufacturer’s instructions. Briefly, the reverse transcription reaction consisted of 7 pL master
mix [4.16 pL nuclease free water, 1.5 pL 10X RT buffer, 1 pL multiscribe RT enzyme (50 U/ pL),
0.19 pL RNase inhibitor (20U/ pL) and 0.15 pL dNTP mix (100mM total)], 3 pL miRNA specific
primer and 5 pL (100 ng) RNA were added to the PCR microtube (total volume 15 pL). Reverse
transcription thermocycling conditions were 16°C for 30 min, 42°C for 30 min, 85°C for 5 min.

The resultant cDNA was stored at -20°C until required.

Standard Curves and Quantitative Real-Time PCR

Complementary DNA (cDNA) was analysed by gPCR using specific miRNA TagMan probes (Life
technologies, Paisley, UK) and the Tagman Universal PCR master mix (Cat. No. 4440047, Life
Technologies, Paisley, UK) according to the manufacturer’s instructions (10 L PCR master mix,
7.67 pL nuclease free water, 1.33 pL cDNA and 1 uL 20X specific microRNA assay). QPCR reactions
were performed on a LightCycler 480 real-time PCR instrument (Roche Diagnostics, UK). The
thermocycling conditions were initial heating to 95°C for 10 min, followed by 40 cycles of 95°C
for 15 seconds/60°C for 60 seconds. The threshold cycle (Cr) was determined by the ‘Second
Derivative Maximum method’ using the LightCycler instrument’s software. All gPCR reactions

were performed in triplicate.
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The absolute copy number of each miRNA was determined using a standard curve. For this
purpose, a 10-fold serial dilution series of synthetic miRNA oligonucleotides (IDT, lowa, USA) was
used to generate standard curves at various concentrations (1 x 10! — 1 x 10% molecules per

reaction).

Statistical Analysis

Using miR-16 as an endogenous control, the relative expression of each miRNA was determined
using REST (Relative Expression Software Tool V2.0.13) [16, 17]. Absolute RT-gPCR (copy number)
data were analysed using the software package SPSS 21.0 for windows and a one-way ANOVA
test was performed to determine the p-value. Receiver operating characteristic (ROC) curves
were generated to evaluate the diagnostic specificity and sensitivity of each miRNA and for

combined miRNAs (using binary logistic regression).
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Results

All ten miRNAs were detected in all samples(n=58). Two miRNAs (miR-10b and miR-205) were

present at high Cr values (> 38) were eliminated from further analysis.

Identification of Dysregulated miRNAs by relative quantification

method

Using miR-16 as a normaliser, the relative expression profiles of seven miRNAs (miR-21, miR-145,
miR-155, miR-181a, miR-195, miR-451a and miR-486) were determined (Fig 1 and summarised in
Table 1). Two miRNAs (miR-486 and miR-155) were found to be upregulated (P<0.05), whilst one
miRNA (miR-195) was found to be downregulated (P<0.05). MiR-21, miR-181a, miR-145 and miR-

451a were not found to be differentially expressed in patients versus healthy controls (P>0.05).

EE
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Figure 1. Relative expression of seven circulating miRNAs in luminal A breast cancer patients by whisker-

box plot (*P < 0.05).
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Table 1. Relative expression of circulating miRNAs in luminal A breast cancer patients.

MicroRNA Relative expression 95% C. 1. P value | Result
miR-145 1.610 0.146 - 21.07 0.058 -
miR-155 1.633 0.303 -10.316 0.009 Up
miR-451a 1.621 0.150-61.838 0.208 -
miR-195 0.144 0.025 -0.335 0.0006 | Down
miR-21 1.353 0.127 - 6.790 0.103 --
miR-486 2.246 0.104 - 44.785 0.014 Up
miR-181a 1.524 0.042 - 32.547 0.223 -

C. I.; Confidence Interval, Up; upregulation, Down; downregulation, P value; P <0.05 is
considered statistically significant.

ROC curves and area under the ROC curves (AUCs) were generated for the miRNAs that were
found to be dysregulated by relative quantification (Fig 2). The AUCs for miR-155, miR-486 and
miR-195 were 0.795, 0.895 and 0.746 respectively. When combined, the three dysregulated
miRNAs (miR-155, miR-195 and miR-486) were determined to have an AUC of 0.657, with 65%

diagnostic sensitivity and 69% specificity.
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Identification of Dysregulated miRNAs by absolute quantification

method

Standard curves were generated using synthetic miRNA oligonucleotides. The curves were linear
over the range of concentrations tested and amplification efficiencies varied between 1.839 and
2.021 (Fig 51).

Figure 3 shows the absolute expression values of eight miRNAs (miR-16, miR-145, miR-155, miR-
451a, miR-195, miR-21, miR-486 and miR-181a) in luminal A breast cancer patients (n=38)
compared to controls (n=20). Of these eight miRNAs, six miRNAs (miR-16, miR-145, miR-155, miR-
451a, miR-21 and miR-486) were found to be upregulated, and one miRNAs (miR-195) was found

to be downregulated (P<0.05). Mir-181a was not found to be differentially expressed (P>0.05).
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Figure 3. Real-time PCR analysis for the absolute quantification of circulating miRNAs in luminal A breast
cancer patients by whisker-box plot.
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ROC curves and AUCs were established to evaluate the diagnostic value of these miRNAs for
differentiating luminal A breast cancer patients from healthy controls. For the six miRNAs found
to be upregulated at a statistically significant level (miR-16, miR-145, miR-155, miR-451a, miR-21
and miR-486), the AUCs were 0.612, 0.826, 0.775, 0.734, 0.652 and 0.893 respectively. For the
one downregulated miRNA (miR-195), the AUC was 0.807. In addition, the three miRNAs showing
the best diagnostic value were examined in combination. Combining miR-145, miR-195 and miR-

486 resulted in an AUC of 0.875 with 76% diagnostic sensitivity and 81% specificity (Fig 4).
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238  Figure 4. ROC curve analysis for individually dysregulated (A-G) and combination of three circulating
239  miRNAs (H) in luminal A breast cancer patients by absolute quantification assay.
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Discussion

Characterising the circulating miRNAs associated with diverse types of human cancer may
increase our ability to diagnose and classify them. Accordingly, miRNA expression profiles in
breast cancer patients indicate that they may potentially be useful in diagnosing and classifying

breast cancer into their different molecular subtypes.

Various techniques have been using to analyse microRNA expression profiles, such as microarray,
next-generation sequencing, and reverse transcriptase quantitative PCR (RT-gPCR). The most
popular and powerful method is RT-gPCR, which is based on the amplification of a
complementary DNA (cDNA) template after reverse transcription of the total RNA [18]. There are
two methods of RT-qPCR; relative and absolute quantification RT-gPCR assays. In relative RT-
qPCR, a reference RNA (mRNA, rRNA, or miRNA) is used to normalise the Cr values of the target
transcripts between patient and control groups. Two mathematical models are applied to
determine the relative expression ratio of the target genes, including the Pfaffl [17] and the Livak/
AACt method [19]. Several variations such as sample biological differences, RNA integrity, RT
reaction efficiency and the amount of cDNA template can affect the expression level of miRNAs
[20, 21]. Thus, choosing a stably expressed reference molecule as a normaliser is crucial to obtain

accurate and reliable results in any relative quantification assay

In contrast, absolute RT-gPCR can be used to determine the exact copy number of a miRNA.
Traditionally, this has been achieved by relating the signal in an unknown sample to a standard

curve [22, 23]. More recently, digital RT-PCR has been applied to the absolute quantitation of
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miRNAs [24]. Digital PCR has the inherent advantage of not requiring external calibrators

(standard curve) or normalisation to estimate the concentration of an unknown target [25].

Several groups have studied miRNA signatures in various matrices, including; breast tissue, whole
blood, serum and plasma. Various normalisers have been used for the expression profiling of
miRNAs associated with breast cancer, very often leading to conflicting results. For example, Mar-
Aguilar et al. (2013) reported the upregulation of miR-145 in the serum of breast cancer patients
using 18s ribosomal RNA as the reference gene [26]. In another study, Kodahl et al. (2014) found
that miR-145 was downregulated in the serum of breast cancer patients using miR-10b and miR-
30a as reference genes [27]. The most common reference RNAs that have been used for miRNA
profiling of breast cancer are RNU6B, RNU48, 18s rRNA, Let-7a and cel-miR-39 [11, 13, 26, 28-
34]. There are also a few studies that determined miRNA expression profiles in whole blood of

breast cancer patients, which used miR-16 as the reference miRNA [14, 35].

Based on previously published studies, we chose ten circulating miRNAs previously identified as
being dysregulated in breast cancer (miR-195, miR-16, miR-21, miR-451a, miR-486, miR-181a,
miR-145, miR-155, miR-10b and miR-205) to investigate the luminal A breast cancer subtype [13-
15, 34, 36-38]. Of these, miR-205 and miR-10b were eliminated from our analysis because of their
high Cy values (> 38). Mitchell et al. (2008) also reported that the miR-205 was not detectable in
the serum of prostate cancer patients using an absolute RT-gPCR assay [39]. A few studies have
reported that these two miRNAs were dysregulated in breast cancer patients. For instance, Liu
et al. (2013) found that miR-205 was upregulated in the serum of breast cancer patients [40]. In
another study, Filho and colleagues reported that miR-205 was downregulated in tissue samples

obtained from luminal A and triple negative breast cancer patients [41]. Anfossi et al. (2014),
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observed the upregulation of miR-10b in the blood of breast cancer patients [42]. Furthermore,
Mangolini and colleagues investigated the expression level of some miRNAs in the serum of two
independent cohorts of breast cancer patients. They found that the upregulation of miR-10b is

associated with poor prognosis in patients [43].

Of the seven miRNAs analysed by relative quantification, three miRNAs were found to be
dysregulated in Luminal A breast cancer patients. Two miRNAs were upregulated (miR-155 and
miR-486) and one (miR-195) was downregulated. None of the other miRNAs (miR-145, miR-451a,

miR-21 and miR-181a) were found to he dysregulated by this method (P > 0.05).

On the other hand, for absolute quantification of miRNAs, standard curves were generated using
synthetic miRNAs to enable the absolute copy number of each miRNA to be determined. MiR-

205 and miR-10b were eliminated from our analysis because of the high Cr values (> 38).

Of the eight miRNAs that had their absolute copy number determined, seven were found to he
dysregulated in Luminal A breast cancer. Six of these were upregulated (miR-16, miR-145, miR-
155, miR-451a, miR-21 and miR-486) and one was downregulated (miR-195). MiR-181a was not

found to be differentially expressed between patients and controls (P > 0.05).

The expression levels of miR-155 and miR-486 were found to be significantly increased in the
patient group compare to healthy controls, using both absolute and relative guantification
methods. Chan et al. (2013) reported that miR-486 was upregulated in the serum of breast
cancer patients using miR-103 and miR-191 as endogenous controls [15]. However, in contrast,
a few studies have found that miR-486 is downregulated in breast tissue, using small nuclear

RNAs as normaliser [29, 44, 45].
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MIiR-155 is known as a multifunctional miRNA which is over-expressed in a number of different
cancers, including; Acute Myeloid Leukaemia [46], Hodgkin's Lymphoma [47], Colon cancer [48],
Cervical cancer [49] and Lung cancer[50]. Several studies have also described the function and

upregulation of miR-155 in breast cancer tumours and serum [26, 30, 37, 51].

MIiR-195 was found to be downregulated in the whole blood of patients by both methods in our
study. Zhao et al. (2014) reported the downregulation of miR-195 in plasma of breast cancer
patients using miR-16 as an endogenous control [52]. Several groups have also found that miR-
195 is downregulated in breast tumours compare to healthy controls [13, 37, 53, 54]. However,
Heneghan et al. showed that miR-195 is upregulated in blood sample of breast cancer patients

[33].

Using absolute quantification, we found that miR-451a was increased in the whole blood of
luminal A patients compared the control group. Hu et al. (2012) and Ng et al. (2013) reported
that miR-451a was upregulated in the serum and plasma of breast cancer patients [55, 56].
However, using relative quantification, we did not find that miR-451a was differentially

expressed.

MiR-21 is a well-known oncomir and various studies have found that it is upregulated not only in
breast cancer [11, 42, 56, 57] but also in a wide range of other cancers [48, 58-60]. Here, we
observed upregulation of miR-21 in whole blood of luminal A breast cancer patients by the

ahsolute quantification method.
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We showed that miR-145 was upregulated in patients versus healthy controls using the absolute
qPCR method. In two separate studies, Heneghan et al. (2010) and Park et al. (2014) found that

miR-145 transcription was increased in the blood of breast cancer patients [33, 34].

McDermott et al. (2014) found that miR-181a was downregulated in luminal A breast cancer
patients [14]. Here, we also observed that miR-181a was downregulated but its expression level

was not statistically significant (P > 0.05).

Our absolute RT-qPCR assay showed that miR-16 was upregulated in patients versus healthy
controls. Stuckrath and colleagues (2015) reported that miR-16 was upregulated in the plasma
of different subtypes of invasive breast cancer before and after chemotherapy [61]. In another
study by Shin et al. (2015), they found that the expression level of miR-16 is higher in plasma of
none triple negative breast cancer (none TNBC) patients compare to healthy controls [62]. Ng et
al. (2013) and Chan et al. (2013) also found that miR-16 was upregulated in plasma and serum of
breast cancer patients using RNU6B and miR-103/miR-191 as reference genes [15, 28]. In another
study, which was carried out by Filho et al. (2014), miR-16 was found to be upregulated in tumour

samples from triple negative and luminal A breast cancer patients [41].

In this study, we used miR-16 as an internal normalisation control for relative quantification
qPCR, based on previous published reports [34-36, 52, 63]. To date, only miR-16 has been
evaluated as a stable control in whole blood of breast cancer patients and healthy controls. Two
separates studies have found miR-16 to be stably expressed in whole blood [33, 36]. In another
study, McDermott et al. (2013) carried out a more in-depth study specifically concerned with the

identification of appropriate miRNA endogenous controls for use in whole blood miRNA
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quantification [64]. Of 377 human miRNAs, they concluded that miR-16 and miR-425 were the
most stably expressed miRNAs in whole blood samples from breast cancer patients and healthy
controls. All these studies used microarray and relative RT-qPCR assays to evaluate miRNA
expression profiles. In our study, we found that miR-16 was increased (P =0.0023) in the whole
blood of luminal A breast cancer patients compare to healthy controls using our absolute
quantification assay. Absolute quantification permits the generation of highly reproducible and
sensitive data for the expression profiling of miRNAs [22, 23]. As the standard curve is generated,
the exact copy number of target genes is determined which allows a comparison of target gene
expression between patient and control groups directly without the requirement to know the

cDNA synthesis efficiency.

Conclusions

Using relative quantification, we observed the upregulation of two miRNAs (miR-155 and miR-
486) and downregulation of one miRNA (miR-195) in the luminal A breast cancer versus healthy
controls. When combined, these three miRNAs were found to have an AUC of 0.657 with

diagnostic 65% sensitivity and 69% specificity.

Six miRNAs (miR-16, miR-145, miR-155, miR-451a, miR-21 and miR-486) were found to be
upregulated and one miRNAs (miR-195) was found to be downregulated when analysed using
absolute quantification. The combination of miR-145, miR-195 and miR-486 resulted in the best
diagnostic value (AUC=0.875, sensitivity=76% and specificity=81%) for luminal A breast cancer.

Importantly, we found that miR-16 is upregulated in patients compared to the control group by
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363  the absolute quantification method. Consequently miR-16 is not a suitable normaliser for the

364  relative expression profiling of miRNAs in luminal A breast cancer patients.
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613 Supporting information

614 S1 Table. Patient and control characteristics.

Luminal A (n=38) Controls (n=20)
Mean Patient Age (yr) 59.13 66.15
Menopausal Status
Pre 13 8
Post 25 12
Histological Subtype
Inv. Ductal 28
Inv. Lobular 10
Nodal Status
- 18
+ 20
Tumor Grade
2 29
3 9
UICC Stage
1A 9
2A 7
3A 12
1B 3
2B 7
Hormone Receptor
ER + 38
PR+ 38
HER2/neu + 0

615 Yrs, Year; Inv, Invasion; UICC, Stage of breast tumor according to the International Union Against Cancer
616 staging criteria; ER, Estrogen receptor; PR, Progesterone receptor; HER2/heu, Human epidermal growth
617 factor receptor; —, negative; +, positive; *All control subjects had no personal or family history of breast
618 or ovarian cancer and were clinically well at the time of sampling.
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626 S1 Figure. Standard curve for ten synthetic miRNA oligonucleotides (A-J).
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629

630

S2 Table: MiRNA-specific primer sequences for RT-gPCR assay.

MicroRNAs MirBase accession no. Primer sequences (5' to 3')
hsa-miR-16 MIMATO0O000069 TAGCAGCACGTAAATATTGGCG
hsa-miR-486 MIMATO0004762 CGGGGCAGCTCAGTACAGGAT
hsa-miR-145 MIMATO0000437 GTCCAGTTTTCCCAGGAATCCCT
hsa-miR-451a MIMATO0001631 AAACCGTTACCATTACTGAGTT
hsa-miR-21 MIMATO000076 TAGCTTATCAGACTGATGTTGA
hsa-miR-195 MIMATO0000461 TAGCAGCACAGAAATATTGGC
hsa-miR-205 MIMATO0000266 TCCTTCATTCCACCGGAGTCTG
hsa-miR-155 MIMATO0000646 TTAATGCTAATCGTGATAGGGGT
has-miR-181a MIMATO0000256 AACATTCAACGCTGTCGGTGAGT
hsa-miR-10b MIMATO0004556 ACAGATTCGATTCTAGGGGAAT
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6-16. Results for two uncompleted projects.

| carried out two other projects in Dr Sanjeev Gupta’s laboratory including;
1- Regulation of mitophagy receptors during UPR.
2- Regulation of DCLK1 gene expression during UPR.
The results from these two projects are addressed here, a. All raw data and results are also

documented in my laboratory notebook (number 1837).
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B HCT116-WT. TM 24HR 1.48 171 124 223 2.25 B RKO WT TM 24HR 167 2.79 253 183 157
B HCT116-WT. TG 24HR 196 226 2.10 424 791 = RKO WT TG 24HR 243 165 3.69 2.0 1.90
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Expression profile of five autophagy receptor mMRNAs in four cancer cell lines treated with 1uM of Tg, 500
ng/ml of Tm, 500ng/ml of Bfa for 24 h. Data are presented as the mean * standard deviation, (n=3, * P <
0.05).
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Expression profile of five autophagy receptor mRNAs in A) HCT116. PERK.KD cells, B) HCT116.
XBP1.KD cells and C) HCT116. ATF6.KD cells treated with 500ng/ml of Bfa for 24 h. Data are presented
as the mean * standard deviation, (n=3, * P < 0.05).
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Expression profile of some UPR and five autophagy receptor mRNAs in HCT116 cells treated with
500ng/ml of Bfa, 100nM, 300nM and 600nM of GSK PERK inhibitor for 24 h.
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Expression profile of DCLK1 and TUG1 mRNAs in arental HCT116, Dicer mutant HCT116 and HCT116.
PERK.KD cells treated with 500ng/ml of Bfa for 4, 8, 16 and 24 h. Data are presented as the mean +
standard deviation, (n=3, * P < 0.05).
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