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ABSTRACT
Stressful conditions of the tumour microenvironment which overwhelm the folding
capacity of the endoplasmic reticulum (EnR) activate an evolutionary conserved
signalling pathway known as the unfolded protein response (UPR). UPR is mediated by
three molecular sensors, PKR-like ER kinase (PERK), activated transcription factor 6
(ATF6), and Inositol-requiring enzyme 1 (IRE1) present in the membrane of the
endoplasmic reticulum. UPR signalling pathway exhibits both tumour-supporting and
tumour-suppressive roles to modulate their function during cancer development. This
imposes a big challenge for the development of cancer therapies that target UPR
pathway. Work presented in this thesis describes the interplay between UPR pathway
and estrogen signalling in estrogen receptor  (ER)-positive breast cancer and role of
UPR-regulated miRNAs in breast cancer. Invasive breast cancer is a heterogeneous
disease with varied molecular features, behaviour and response to therapy. The Cancer
Genome Atlas consortium reported that most dominant feature of ER-positive breast
cancers is increased mRNA and protein levels of ESR1, GATA3, FOXA1, XBP1 and
MYB. Several studies indicate a crucial role for the IRE1-XBP1 arm of UPR in several
aspects of ER-positive breast cancer. The expression of XBP1 is induced by estrogen
stimulation. XBP1 physically interacts with ER and potentiate ER-dependent
transcriptional activity in a ligand-independent manner. Ectopic expression of XBP1 in
ER-positive breast cancer cells can lead to estrogen-independent growth and reduced
sensitivity to anti-estrogens. Unlike IRE1-XBP1 axis, not much is known about the role
PERK and ATF6 sensors of UPR during estrogen signalling.
The chapter 3 of the thesis reports the crosstalk between UPR and estrogen signalling.
In this study, we demonstrate that induction of nuclear receptor coactivator 3 (NCOA3)
is regulated by XBP1 during UPR, as well as estrogen stimulation in human breast
cancer cells. NCOA3 is required for induction of XBP1 upon estrogen stimulation and
XBP1-mediated endocrine resistance in ER-positive breast cancer. Further, we show
that NCOA3 regulates the expression of PERK. Our results show that NCOA3 regulates
optimal activation of PERK pathway during conditions of UPR. We show that loss of
NCOA3 renders cells hypersensitive to UPR induced cell death. Our results show that
hyperactivation of NCOA3 by MCB-613 leads to enhanced PERK signalling and
knockdown of PERK provided resistance to MCB-613 mediated cell death. Taken
together our results point to NCOA3 as an important determinant in regulating cell fate
during EnR stress, with too little and too much NCOA3 both producing deleterious
effects.
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This thesis describes the functional characterization of two UPR regulated miRNA
clusters namely, miR-17-92 cluster and miR-424(322)-503 cluster. The miR-17-92 is an
oncogenic miRNA cluster that generates six mature miRNAs: miR-17, miR-18a, miR19a, miR-20a, miR-19b and miR-92a. Amplification of 13q31-q32, which is the locus
of the miR-17-92 cluster, have been reported in haematopoietic malignancies, such as B
cell lymphoma. In contrast, MIR17HG was deleted in 21.9% of breast cancers and loss
of heterozygosity at 13q12-q13 was associated with poor prognosis in breast cancer.
The chapter 4 of this thesis describes that expression of MIR17HG is increased in
tissues and cell lines from triple negative breast cancer (TNBC) but decreased in the
tissues and cell lines from the estrogen receptor (ER)-positive breast cancer. Our results
show that ectopic expression of miR-17-92 cluster significantly supressed cell
proliferation, colony formation, migration and invasion of ER-positive (MCF7, T47D)
and HER2-enriched (SKBR3) cells whereas it enhanced cell proliferation, colony
formation, migration and invasion in TNBC (MDA-MB 231) cells. Further, we found
that expression of miR-17-92 cluster sensitized MCF7 cells whereas it rendered SKBR3
cells resistant to chemotherapeutic compounds. Higher expression of five miRNAs of
this cluster was associated with better overall survival (OS) in (miR-17, miR-19a, miR20a, miR-19b and miR-92) Luminal A subtype whereas three miRNAs of this cluster
were associated with poor overall survival (OS) in (miR-17, miR-18a and miR-92)
HER2-enriched and (miR-17, miR-19b and miR-92) TNBC subtypes. Further, we
identified ADORA1, H19, CENPV and PREX1 as the potential targets of miR-17-92
cluster in MCF7 cells. Taken together our results suggest that miR-17-92 cluster acts as
a tumour suppressor in ER-positive and HER2-enriched breast cancer cells but shows
oncogenic role in TNBC.
Global approaches in several cellular contexts have revealed that UPR pathway
regulates the expression of many miRNAs that plays an important role in the regulation
of life and death decisions during UPR. The locus of miR-424(322)-503 cluster is
deleted in approximately 14% of breast cancer and this deletion is associated with the
reduced expression level of mature miR-424 and miR-503. Deletion of miR-424(322)503 cluster promotes breast cancer and provides chemoresistance against anti-cancer
therapy. The chapter 5 of this thesis describes that expression of miR-424(322)-503
cluster is repressed in a PERK-dependent manner. We show that miR-424 decreases the
UPR-mediated activation of transcriptional activity of ATF6 and enhances the RIDD
activity of IRE1. Further, we show that miR-424 reduces the expression of ATF6 acting
via a miR-424 binding site in the 3' UTR of ATF6. Taken together, our study reveals a
novel function of PERK in the regulation of ATF6 activity and RIDD activity of IRE1
through miR-424(322)-503 cluster.
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Chapter 1: Introduction

1. Introduction
1.1 Breast cancer
Breast cancer is a heterogeneous disease considered as a leading cause of cancerassociated death worldwide in women characterized by diverse pathological and
molecular features with the varied clinical outcome and differential response to
therapeutics [1, 2]. In the United States, 3.5 million breast cancer patients were recorded
in 2016 and this cancer type is the topmost cause of mortality among the female cancer
patients for that year [3]. It is anticipated that the number of breast cancer patients will
increase to 4.5 million by the year 2026 [4]. In 2011, breast cancer was found to be the
leading cause of cancer-related death accounting for 14% of all deaths that occurred due
to cancer among women [5]. In the USA, about 12% of women experience breast cancer
during their lifespan [6]. It is reported that breast cancer is the major cancer type and the
occurrence rate was 13.5% of all cancer type in 40 countries of Europe in 2012 [7]. In
the UK, breast cancer is the common cancer type in females accounting for one third
(31%) of all cancer cases in 2013 [8]. In the Ireland, breast cancer is the most frequently
diagnosed cancer type among women. According to the annual report of National
Cancer Registry, in 2013 approximately 2767 Irish cancer patients were newly enlisted
as breast cancer patient. In 2010, a total of 649 Irish women were died after suffering
from this deadly disease [9].

1.1.1 Breast cancer classification
Based on the differential morphological features, breast cancer is broadly categorized as
ductal carcinoma in situ (DCIS) characterized by the proliferation of malignant ductal
epithelial cells within the ducts of breast and invasive breast cancer (IBC) where
proliferation of cells occurs in the ducts as well as outside of the ducts into the
surrounding tissue or other organs of the body [10]. The American Cancer Society
estimated 232,340 invasive breast cancer and 64,640 ductal carcinoma in situ
individuals in a year [11]. Based on the morphological subtype, 70-80% of invasive
breast cancers belong to invasive ductal carcinoma and 10-15% are invasive lobular
carcinoma and <10% are special subtypes with favourable prognosis including
papillary, tubular, medullary carcinoma [12]. Now, it is evident that invasive breast
cancer is a heterogeneous disease with diverse molecular features.
Based on the differential expression (positive or negative) of estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth receptor 2 (HER2), invasive
1
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breast cancers are clinically classified into four major groups commonly termed as
ER+/PR+/HER2+, ER+/PR+/HER2- , ER-/PR-/HER2+ and ER-/PR-/HER2- (triple
negative) [13]. Approximately two-thirds of invasive breast cancers express estrogen
receptor (ER) and the majority of the estrogen receptor (ER) expressing breast cancer
cells also express progesterone receptor (PR) [14, 15]. Expression of estrogen receptor
(ER) is a good prognostic marker for the prognosis of ER+ breast cancer cells. This
cancer type is dependent on estrogen for growth and anti-estrogen compounds (e.g.Tamoxifen and Fulvestrant) are used to treat that improves the clinical outcome.
Effective targeted therapies (e.g-Trastuzumab, Lapatinib) are available for HER2+
breast cancers. In triple negative breast cancer, due to lacking of specific targets this
cancer type is considered as high-risk breast cancer and patients are most likely to die in
a couple of years [16]. Transcription profiling studies using DNA microarrays and gene
expression pattern categorised breast cancer into four major molecular subtypes - i)
ER+/luminal, ii) HER2+ (HER2 enriched), iii) basal-like and iv) normal-like [17].
Subsequent studies included more molecular subtypes based on the differences in largescale gene expression between ER+ (mostly luminal) and ER- breast cancers (mostly
basal-like). Considering the results of different studies breast cancers can be broadly
categorized in six different molecular subtypes- i) luminal A (ER+), ii) luminal B
(ER+/HER2-enriched), iii) HER2+ (HER2-enriched), iv) basal-like, v) claudin-low, vi)
normal-like [18-22]. Luminal A and luminal B are two major molecular subtypes of
ER+ breast cancer. A study carried out on 163 breast cancer patients, Fernandes et al.,
reported that the prevalence of Lumina A, Luminal B, Basal-like and HER2/neu was
35%, 19.4%, 29.1% and 16.4% respectively [23]. Another study showed a similar
distribution of the incidence for breast cancer subtypes where the percentage was 34%,
18%, 25% and 5% in Luminal A, Luminal B and HER2/neu, basal-like and unclassified
subtypes respectively [24]. ER+ breast cancers (luminal A and luminal B) show better
prognosis and long-term survival compare to ER- subtypes (HER2+ and basal-like)
[13]. Among the subtypes, approximately 70% breast cancers are ER+ breast cancer
[25]. Luminal A and luminal B breast cancers show differential response to antiestrogen therapy resulting in varied treatment outcomes [26]. The survival of HER2
enriched breast cancer subtype has been shown to improve with trastuzumab- a targeted
therapy for HER2 expressing breast cancers [27]. Approximately 17% of all breast
cancers represent HER2+ breast cancer and this cancer type is associated with poor
clinical outcome [28, 29]. Typically, HER2+ breast cancers do not express estrogen
2
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receptor (ER), so targeted therapy (trastuzumab) along with cytotoxic chemotherapy is
effective rather than antiestrogen therapy [30]. Basal like and claudin-low molecular
subtypes of breast cancers do not express ER, PR or HER2 and represents the triple
negative breast cancer (TNBC) subtypes [31]. Basal-like subtype of breast exhibits high
proliferation and extremely poor clinical outcomes [28, 32, 33]. This cancer type is
sensitive to preoperative chemotherapy [34]. Markers of epithelial-to-mesenchymal
transition (EMT) and stem cell like and/or tumour initiating cell features are present in
this subtype. Though claudin-like breast cancers are sensitive to some chemotherapeutic
compounds, the patients of this group show poor overall survival outcomes [35]. In
normal like breast cancer type, cancer cells are cluster together with the normal breast
epithelium and this subtype is usually reported in gene expression studies [17]. In 2013,
Carlos Caldas group demonstrated a genome-driven integrated classification where
breast cancer was sub-categorized into 10 integrative clusters (IntClust 1- IntClust 10)
by clustering analysis of genomic alterations and gene expression changes data. These
ten integrative clusters are associated with different clinical features and outcomes
(overall survival & diseases-specific survival) [36]. These clusters provide new clues in
understanding the biology of breast cancer and personalized management of cancer.
1.1.2 Risk factors for the development of breast cancer
Sex and increasing age are the two strongest risk factors that increase the incidence of
breast cancer occurrence. It occurs approximately 100 times more frequently in females
compared to males.

Family history (family members- mother, sister or daughter

experiencing breast cancer) is also a well-established risk factor for breast cancer.
Women with the highest degree of breast density are at 4-6 times higher risk than
normal breast density. Hormonal factors (use of oral contraceptive pills, menstrual
history, menopausal status, reproductive history, exogenous hormone use, hormone
replacement therapy) are also associated with breast cancer risk [37]. Non breast
feeding mothers are at high risk of this cancer type [38]. Personal and life style factors
(alcohol consumption, smoking, less physical activity) have an impact on the onset of
breast cancer. Increased uptake of saturated fatty acids and animal meat is also potential
risk factors for breast cancer [39]. Obesity has also been reported as a potential factor
for breast cancer occurrence [40]. Environmental pollutants and ionization radiation
have also been established as risk factors of breast cancer [41]. Hereditary changes are
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found as one of the major risk factors in developing breast cancer. Ethnic differences is
also a considerable risk factor as this cancer is more common among white people [42].
BRCA1 and BRCA2 are two tumour suppressor genes that take part in the repair of
double-stranded DNA breaks by homologous recombination and keep the cells growing
normally. Mutations in BRCA1 and BRCA2 gene results in altered expression of
BRCA1 and BRCA2, which repairs the DNA damage by non-homologous end joining
error prone pathway rather than homologous recombination acquire the capability of
autonomous cell division without any control and metastatic potential leading to
uncontrolled cell growth [43]. Most of the BRCA1 associated breast cancers are
invasive ductal carcinoma that usually show lymphocytic infiltration and pushing
margins whereas BRCA2 mutated breast cancers do not exhibit a particular pathological
phenotype [44, 45]. BRCA1 associated breast cancers do not express ER, PR or HER2,
thus considered as triple negative breast cancer (TNBC) [46]. The cumulative risk of
breast cancer is 65 % for the inheritance of mutated BRCA1 gene whereas 45 % for
BRCA2 genes by age 70 years [47]. Tp53 is a tumour suppressor gene and gets mutated
in different cancer type including breast cancer [48]. Mutations in ATM gene are
associated with two fold increased risk of breast cancer [49]. Mutation of CDH1 gene is
associated with invasive lobular breast carcinoma. Loss of expression of this gene is
observed in most of the lobular breast carcinoma [50]. Ectopic expression of CDH1
attenuates breast cancer cell proliferation and invasion [51]. Altered expression of
CHEK2 gene through mutation is associated with a wide range of cancer mainly breast
cancer [52]. Mutation of CHEK2 is associated with three fold risk of breast cancer in
women [53].

Mutation or reduced expression of PTEN is associated with the

pathogenesis of breast cancer [54]. Altered expression of RAD50 gene has been
associated with the incidence of breast cancer as the abnormal expression of this gene
inhibits the DNA repair pathway [55]. RAD51c is considered as a breast cancer
susceptible gene since the deleterious mutation of this gene has been reported to observe
in breast cancer [56].

1.1.3 Signalling pathways in breast cancer
Cellular signalling pathways are the prerequisite to maintain cellular and molecular
homeostasis. Dysregulation of different signal transduction pathways due to mutations
ultimately results in tumouregenesis. Among the cancer signalling pathways NF-κB,
Sonic hedgehog (Hh), Wnt/β-catenin, notch, breast tumour kinase (BRK), HER2, RAS
4
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and MAPK signalling pathways play important roles in the pathogenesis of breast
cancer. Understanding different signalling pathways in breast cancer could explore
promising targets for the treatment of this deadly diseases. NF-κB regulates the
expression of different tumour-promoting factors such as- matrix metalloproteinase
(MMP), cyclooxygenase2 (COX2), inducible nitric oxide synthase, inflammatory
cytokines and chemokines, all of these factors have proven role to increase invasion of
cells and angiogenesis. NF-κB also induces overexpression of proto-oncogenes such ascyclin D and c-myc which potentiates cell proliferation in cancer [57]. NF-κB has been
reported to be activated constitutively in different cancer including breast cancer and
mostly contributes to proliferation, angiogenesis and evasion of apoptosis in HER2 and
TNBC subtypes [58]. It is also reported that NF-κB plays a key role in the in the early
steps of tumouregenesis in breast cancer [59]. Sonic hedgehog (Shh) expression is upregulated in breast cancer. Interruption of the downstream transcriptional targets of Shh
such as GLI-2 (glioma-associated oncogene-2) or PTCH-1 (patched homolog-1) genes
results in breast ductal dysplasia in human. Moreover, activation of Shh contributes in
the relapse of breast cancer [60]. Wnt proteins are activated aberrantly in numerous
cancers including breast cancer. Dysregulation of Wnt signalling pathway contributes to
the formation and metastasis of breast cancer [60]. Activation of this pathway increases
the resistance of progenitor cells towards radiotherapy in human breast cancer cell lines
suggesting that Wnt signalling pathway increases resistance towards current anticancer
compounds [61]. Breast tumour kinase (BRK) pathway is shown to be overexpressed in
more than 60 % of patients suffering from breast cancer. It increases EGFR tyrosine
kinase signalling and positively regulates growth and migration of breast cancer cells
[62]. Notch signalling pathway regulates self-renewal and irregular cell division of
normal stem cell and becomes activated to take part in the tumouregenesis of early stage
in cancer [63]. It was reported that NOTCH1 expression is up regulated in breast cancer
expressing CD44+CD24 low/- and associated with the resistance against radiotherapy
based treatment [64]. This signalling pathway of a cancer cell can trigger the activation
of same signalling pathway in neighbouring endothelial cells that eventually promote
angiogenesis [65]. Progression of breast cancer is also associated with the activation of
Ras signalling pathway and some other adapter proteins such as Grb2 and Shc which
forms complex with activated forms of PyVmT and Neu. Ras activation usually recruits
some downstream key molecules including Raf serine kinase, Ras related protein, GRB
associated binding protein, PI-3K required for the progression of breast cancer [57]. H5
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Ras expressing tumour cells show increased expression of Notch1, suggesting that
Notch1 could be a downstream effector of Ras [66]. Activation of HER2 signalling
pathway results in the overexpression of HER2 protein associated with tumour cell
proliferation and cancer progression [67]. Aberrant activity of mitogen activated protein
kinase (MAP kinase) signalling pathway plays a key role in the initiation and
progression of breast cancer [68]. Hence, the signalling pathways associated with
cancer could be the promising target for the effective management of breast cancer.

1.1.4 Treatment of breast cancer
Treatment of breast cancer is complex and involves multidisciplinary approach. The
first approached was introduced on 1882 by W.S. Halsted where he used radical
mastectomy for the treatment of breast cancer. A number of different strategies are
routinely used for the treatment of this deadly disease including- surgery, radiation
therapy, chemotherapy, hormone therapy and targeted therapy.

1.1.4.1 Commonly used treatment options for breast cancer
Surgery: Surgery is the main treatment option for breast cancer that involves removal
of tumour and subsequent analysis for the diagnosis of cancer type, grade and staging.
The type of surgical procedure depends on size, location, type, stage of the breast
cancer. Breast conserving surgery (BCS) also called lumpectomy and mastectomy are
the two common surgical procedures used to remove cancer tissue. Lumpectomy
removes cancer and a margin of surrounding normal breast tissue to confirm the
removal of all cancer tissue along with abnormal tissues, keeping the most of the breast
intact. Fine needle aspiration biopsy is a technique used to aspirate tissues or fluids from
the suspicious area of the breast by using a fine needle to confirm the presence of cancer
[69]. When patients do not meet the criteria for breast conservation surgery due to the
advance stage of the cancer or the cancer is large in size or a multicentric tumour, the
entire breast is removed by a surgical procedure called mastectomy. Axillary lymph
node dissection (ALND) and Sentinel lymph node dissection (SLND) methods are
carried out to eliminate lymph nodes for appropriate staging of breast cancer [69].
Radiotherapy: Radiation therapy uses controlled high energy x-rays or gamma rays or
other types of ionizing radiation to kill the cancer cells by targeting the DNA.
Radiotherapy is recommended to use in conjunction with breast conserving surgery
(BCS) or after mastectomy to destroy remaining cancer cells and in patients with
increased risk of recurrence. Using radiation therapy before surgery is termed as
6
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neoadjuvant radiation to reduce the size of cancer in order to allow complete removal by
surgery. Radiation after surgery to kill the remaining cancer cells and to reduce the risk
of recurrence is called adjuvant radiation. External-beam radiation therapy, internal
radiation therapy called brachytherapy and systemic radiation therapy are used to
deliver radiation to kill cancer cells. Miniature-electron-beam-driven x-ray source called
INTRABEAM is also used to deliver radiation to kill cancer cells [70, 71].
Chemotherapy: Chemotherapy is the use of cytotoxic or anticancer drug aimed to kill
fast growing cells in the body and prevent the growth of cancer cells. This treatment
option is a commonly used treatment tool for cancer. Surgery and radiation therapy are
specific to the site of cancer occurrence whereas chemotherapy is not only tumour
targeted but also effects other tissues and organs of the body as the delivery method is
systemic [72]. The commercially available chemotherapy drugs used to treat breast
cancer includes anthracyclines such as doxorubicin and epirubicin [73]; taxanes such as
paclitaxel and docetaxel [34]. Chemotherapeutic drugs could be administered through
intravenously, intramuscularly, subcutaneously or orally. The main drawback of using
chemotherapy is the toxic side effects on normal cells possessing high proliferative
properties such as gastrointestinal tract, bone marrow, ovaries and testicles along with
targeting cancer cells. The side effects of using chemotherapy depend on co-morbid
conditions of patients, types of drug used, dose and duration of treatment. Among the
side effects nausea, vomiting, hair loss, fatigue are more common along with some
permanent side effects including early menopause and infertility [74].
Endocrine therapy: Endocrine therapy targets breast cancers that are dependent on
estrogen receptor to attain their carcinogenic properties. This therapy works either by
inhibiting the biosynthesis of hormones or blocking the mechanism of action to stop the
growth of cancer cells. Endocrine therapy is effective in breast cancers that are positive
for estrogen receptor expression as estrogen is the key molecules of tumour cell
proliferation in ER-positive breast cancer. Drugs targeting hormone receptors can be
administered alone or in combination with radiotherapy or chemotherapy depending on
the context. Several hormone therapies such as selective estrogen-receptor modulators
(SERMs), selective estrogen-receptor antagonists or down regulators (SERDs),
aromatase inhibitors are commonly used for the management of endocrine sensitive
breast cancers [75]. SERMs prevent the binding of estrogen with estrogen receptor and
selectively bind with estrogen receptors of the cell resulting in stimulation or inhibition
7
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the estrogen receptor activity [76]. Tamoxifen and Raloxifen are the good examples of
SERM, mostly used as antiestrogen for treating ER-positive breast cancer [77].
Tamoxifen also induces apoptosis [78]. Like SERM, SERDs bind to estrogen receptors
and interfere with cellular proliferation of breast cancer by down regulating the
expression of estrogen receptor [79]. Fulvestrant is the FDA approval SERD for treating
ER-positive breast cancer and effective in advanced cancers previously treated with
hormonal therapy [80]. Aromatase inhibitors (letrozole, anastrazole) are used for
treating ER-positive postmenopausal women as initial therapy or after tamoxifen
treatment which prevents the synthesis of estrogen by inhibiting the action of aromatase
enzyme [81]. Ovarian ablation or ovarian suppression is another form of treatment
option for ER positive premenopausal women, usually carried out by surgery or
radiation or administration of the drug such as luteinizing hormone-releasing hormone
(LHRH) agonist such as goserelin [77]. OncotypeDX (panel of 21gene assay) and
Mammaprint (70 gene profile) have been tested in randomized, multicentric clinical trial
to treat estrogen receptor positive breast cancer [82, 83].
Targeted therapy: Targeted therapy also known as biological response modifier
therapy or biological therapy offers improved sensitivity in the treatment of breast
cancer by reducing the common side effects of chemotherapy mediated treatment. This
therapy is directed at specific targets of the body to fight against cancer. One of the best
examples of targeted therapy is HER2/neu directed therapies where monoclonal
antibodies are used separately or in combination with other drugs. Transtuzumab is a
monoclonal antibody has been used as targeted therapy for the treatment of HER2
positive breast cancer that aims to interrupt cell proliferation and promote anti-apoptotic
characteristics of HER2/neu [84, 85]. Targeting vascular endothelial growth factor A
(VEGFA) is another form targeted therapy used to reduce angiogenesis [86].

1.1.4.2 Gene therapy related lab-based studies for breast cancer
Despite using different therapeutic approaches including hormone therapy for endocrine
receptor positive patients, chemotherapy, radiotherapy and other treatment options, the
cure rate of breast cancer is not remarkably increased. So, the researchers and clinicians
have focused on the use of gene therapy as a potential therapeutic option. Four different
strategies are deployed in gene therapy

such as-i) suppression of oncogenes or

activation of tumour suppressor genes , ii) activation of immunological responses, iii)
transfer of suicide genes, iv) protection of bone marrow using drug resistance genes.
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Transfer of gene is usually mediated by three different methods- transduction of naked
DNA for transient expression, transduction of adenoviral or vaccinia viral vector
(transient expression), transduction of retroviral vector for stable expression [87].
Amplification of HER2, c-Myc, cyclin D and mutation of p53 are commonly observed
abnormalities in human breast cancer [88]. p53 adenoviral vectors are locally injected
into skin metastatic lesions or locally advanced breast cancer along with systemic
chemotherapy as a combination therapy of breast cancer [87]. In vitro and in vivo
studies reported that adenovirus type 2 or type 5E1A gene inhibits HER2 expression
and adenovirus mediated 5E1A gene transfer in HER2 overexpressing breast cancer
causes reduction of cancer and enhanced sensitivity towards chemotherapeutic agents
[89]. Transfer of a retroviral vector expressing antisense mRNA to c-myc and c-fos
under the control of mammary tumour virus (MMTV) promoter suppresses the
expression c-myc and c-fos, that represses the tumour formation in the animal model
[90]. Enhancing immunological response to cancer cells is an effective treatment
approach for breast cancer. This can be mediated by the transfer of cytokine genes such
as IL-2, IL-12, Granulocyte-macrophage colony stimulating factor (GM-CSF), TNF-α
or co-stimulatory molecule genes such as T-cell co-stimulatory molecule CD80 or
antigen genes such as MUC1 [91-93]. Suicidal gene therapy is an alternative option to
kill breast cancer cells by transferring a drug activating enzyme gene to cancer cells
followed by the treatment with chemotherapeutic compounds whereby accumulating
increased concentration of drug eventually leads to apoptosis of the cancer cells. Drugresistant gene-transduced hematopoietic stem cell transplantation can be used to protect
the bone marrow cells from the cytotoxic effect of anticancer compounds [87]. Usually,
gene therapy is used to deliver the nucleic acid to induce the expression of target genes.
RNA interference therapy is another gene therapy technique using siRNA or shRNA for
the transient or stable abolition of the target gene expression [94]. In vitro study on
MDA-MB-213 cells reported that delivery of Bcl-2 siRNA along with paclitaxel
enhances the cytotoxicity of the cancer cell [95]. In a mouse xenograft model of
resistant MCF7 cells, delivery of shRNA targeting multidrug resistant gene enhances
sensitivity towards doxorubicin [96].

1.1.4.3 MiRNA related lab-based studies for breast cancer
Since miRNAs are important the regulator in the initiation, development and metastasis
of cancer, this small molecule is now considered as a promising therapeutic tool in the
9
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treatment of cancer either by silencing of oncogenic miRNA or restoring the expression
of suppressive miRNAs [97, 98]. Currently, researchers are attempting to restore the
function of tumour suppressive miRNAs using miRNA mimics or expression vectors
having miRNA sequences (Figure 1.1).

Figure 1.1: miRNA-based therapeutic strategies to treat breast cancer. Upper panel: These
strategies can be used as miRNA targeted therapeutic for targeting oncomiR and tumour suppressor
miRNA in breast cancer. Lower panel: The schematics represent the mechanism of oncogenic
miRNA inhibition and mechanism of tumour suppressive miRNA enrichment in breast cancer.

For example, Let-7 is a tumour suppressive miRNA whose expression is found to be
downregulated in breast cancer plays a critical role in metastasis [99]. It is reported that
lentiviral mediated Let-7 miRNA delivery decreases breast cancer proliferation [100].
Mimics of miR-145 and miR-205 reinstate the function of BRCA1 whose expression is
usually altered in breast cancer due to mutation [101]. Additionally, modification of
epigenetic changes such as methylation of DNA by 5-Azacytidine and histone
modification by HDAC inhibitor can also be used to increase the expression of
miRNAs. Saito et al., reported that 5-Azacytidine and HDAC inhibitors activate the
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expression of miR-127 in MCF7 cells causing a down regulation of its target gene
BCL6- a key proto-oncogene in programmed cell death [102]. Moreover, silencing of
oncomiRs that are overexpressed in breast cancer is another miRNA mediated
therapeutic option mediated by either genetic knockout of miRNAs or using antagomirs
or miRNA sponges. Usually, antagomirs are miRNA antagonists that bind and inhibit
the expression of oncogenic miRNAs and considered as an effective way to treat cancer
[103]. AntagomiR-21 activates the apoptotic pathway and decreases proliferation of
cell by binding to and blocking an oncogenic microRNA such as miR-21 [104]. Antisense oligonucleotides can be used to knock-down oncomiR-21 [105]. Use of lentiviral
plasmid vectors for the transcription of short hairpin RNA (shRNA) is an alternative
option to suppress or knockdown oncomiRs [106]. miRNA sponges have multiple
complementary binding sites on the target miRNA that block all miRNAs of the same
family [107]. It has been shown that sponge miR-9 reduces half of the activity of miR-9
that reduces migration of cells and metastasis [108].

1.2 MicroRNA (miRNA)
DNA, the hereditary element of all living species is transcribed into RNA by
transcription, an important event in the central dogma of molecular biology. RNAs play
a vital role in an extensive range of physiological functions in the living system [109].
A small class of RNA, known as microRNA has evolved in eukaryotes to regulate the
expression of target genes. MicroRNAs (miRNAs) are short, endogenous and
evolutionary conserved RNAs of approximately 20-22 nucleotides in length, noncoding RNAs generated from hairpin-like structure that negatively regulate the
expression of a target gene based on the seed sequence through post transcriptional
mechanisms. MicroRNAs mediate their function through site-specific interaction with
the untranslated region (UTR) at the 3' end of the target mRNA resulting in the
inhibition of translation and/ or degradation of mRNA [110-112].

According to

miRBase (a primary repository for miRNA sequences) sequence database (Release 21),
a total of 28645 hairpin precursor miRNAs are enlisted expressing 35828 mature
miRNAs in 223 species where 2,661 different human miRNAs are annotated in human.
(www.mirbase.org). Earlier it was anticipated that 30 % of the human genes are
regulated by miRNAs, however, studies confirm that most of the human mRNAs are
regulated by miRNA [113, 114]. A single microRNA might have multiple targets (on an
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average approximately 100 conserved target site is predicted for a single miRNA) and
can down regulate multiple mRNA targets [115-117].

1.2.1 Nomenclature of miRNAs
Usually, nomenclature of miRNA is regulated by MicroRNA Registry. A newly
identified microRNA should be archived to assign a name before publication by
MicroRNA registry [118]. Earlier, miRNAs were named according to their phenotypes
(e.g- lin-4, let-7), but now the nomenclature of miRNAs is done numerically (Figure
1.2). The naming of miRNA starts with 3-4 letters that represent species (e.g- hsa-miR17 denotes a miRNA originated from the human, mmu-miR-404 symbolises a miRNA
originated from mouse) followed by either miR (denotes a mature microRNA) or mir
(denotes a hairpin like primary transcript) and numerical numbers [119]. Closely related
mature miRNAs are written with lettered suffix (differ at only one or two position in the
sequence) (e.g- hsa-miR-125a, hsa-miR-125b) [120]. If the mature miRNA is derived
from multiple different loci, then numeric suffixes are added at the end of the miRNA
loci (e.g- hsa-miR-125b-1, hsa-miR-125b-2) [121]. Usually two mature miRNAs are
produced from each locus according to the strand of the precursor. For example when
miR-125a mature microRNA is derived from 5' arm of the hairpin structure named as
miR-125a-5p and when derived from 3' arm named as miR-125a-3p [122]. MiRNAs are
grouped into “miRNA family” based on the identical sequences at the position of
nucleotides 2-8 of the mature miRNA. For example- a miRNA family named let-7 in
human genome contains 14 miRNA loci as they have identical sequences at position 28. A total of 196 miRNA families are conserved among mammals and 34 families are
conserved in C. elegans to human [123, 124].

Figure 1.2: Graphical representation of miRNA nomenclature. Here, hsa represents human;
miR denotes mature microRNA; 92 is a numerical number; lettered suffix means a close related
miRNA sequence; 5p symbolizes miRNA derived from 5' arm of the hairpin structure.
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1.2.2 Genomic organisation of miRNAs
MicroRNAs can be categorised as intergenic, intronic and exonic according to their
genomic locations relative to their positions in an exon or intron (Figure 1.3). Intergenic
miRNAs are located as single miRNA (monocistronic) with their own promoter or in
cluster (polycistronic) with shared promoter in the genomic region discrete from already
identified transcriptional unit. Intronic miRNAs are located as a single or cluster of
miRNAs in the introns of coding or noncoding genes and transcribed from a common
promoter [125]. In vertebrates, a major percentage (40-70%) of miRNAs are intronic
miRNA [126]. Mirtron miRNAs are another class of miRNAs located in the intron,
where intron is the exactly same sequence of the pre-miRNA with splice sites on both
sides. [127]. Exonic miRNAs are the rare type of miRNAs located in the overlapping
region of exon and intron of a noncoding gene [125].

Figure 1.3: Genomic organization of miRNAs. Intergenic miRNAs are organized as monocistronic
or polycistronic with the single promoter or shared promoter respectively. Intronic miRNAs are
positioned in the genome as single or cluster and share a common promoter. Mirtrons are organized
in the intron having splice sites on both sides. Exonic miRNAs are located in the overlapping region
of exon and intron.

1.2.3 History of miRNA discovery
In 1993, the first microRNA, lin-4 was identified in Caenorhabditis elegans during a
genetic screening to investigate defects in the temporal control during post-embryonic
development [128, 129]. They showed that mutation in lin-4 hampered larval
development in C. elegans. Earlier, in C. elegans mutation in Lin-14 was found to be
important for larval development from larval stage 1 to larval stage 2, which was
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opposite to the phenotype of lin-4 mutation [130]. The opposing phenotype for the
mutation of lin-4 and lin-14 suggested that lin-4 could regulate lin-14 [131].
Meanwhile, lin-4 was identified as a noncoding transcript [131]. Subsequent
experimental results revealed that lin-4 transcribes a 22 nucleotide long RNA transcript
having a partial complementarity to the 3'UTR of lin-14 gene and lin-14 was found to
be downregulated at post-transcriptional level [128, 129, 131]. Combining the results of
lin-4 and lin-14, it was concluded that lin-4 encodes a small non-coding RNA transcript
that regulates lin-14 by repressing translational activity through a complementary base
pairing between lin-4 and 3’UTR region of lin-14. Consecutively, let-7 a second
microRNA was discovered that repressed the translation of lin-57 by binding to the
3’UTR region of the lin-57 gene in a similar fashion of lin-4 [132].

1.2.4 Biogenesis of miRNA: Canonical pathway
In brief, biogenesis of miRNA through canonical pathway starts in the nucleus where
miRNA encoding genes are transcribed and get processed by Drosha to generate
primary miRNA followed by subsequent translocation to the cytoplasm to be processed
further by Dicer into ~22 nucleotides long double-stranded miRNA duplex. MicroRNA
duplex is incorporated into an Argonaute (AGO) protein to form RNA-induced
silencing complexes (RISC) where the retained guide miRNA strand serves as a posttranscriptional regulator of the expression of a gene. MicroRNA Biogenesis through
canonical pathway is schematically presented in Figure 1.4.

1.2.4.1 Transcription of miRNA encoding genes
In humans, most of the miRNAs are found in the introns of coding or noncoding
regions, although a small number is traced in the exonic regions of genes. Therefore,
most of the miRNA encoding genes are transcribed as autonomous transcription units
[121, 133]. An additional observation postulate that ~50% of known miRNAs are found
in close proximity to other miRNAs [134] and also, a number of miRNA loci are in
close proximity to each other and it constitutes a single polycistronic transcription unit
[135]. The miRNAs in the similar cluster are usually co-transcribed, but the individual
miRNA can regulate different subset of target mRNA at the post transcriptional level
[136]. Genes encoding miRNA can be transcribed from their own promoters [137, 138].
For most of the miRNA encoding genes, the particular location of the miRNA promoter
is yet to be characterized. The proximal promoters of human miRNAs can be identified
by combining nucleosome mapping with chromatin signatures for promoters [139].
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Transcription of the majority of miRNA encoding genes is carried out by RNA
Polymerase II along with associated transcription factors and regulatory element. The
resulting transcript is known as primary miRNA (pri-miRNA) that are several kilobases
(kb) long with a hairpin structure (stem-loop) and consists of the 7-methylguanylate cap
at the 5' end and poly (A) tail at the 3' ends [137, 138] .

1.2.4.2 Processing in the nucleus
Primary miRNA is over 1kb in length, contains a local hairpin-like structure where the
mature miRNA sequence resides [135]. The stem-loop structure consists of a stalk of
33-35 bp, a terminal loop and single-stranded RNA strands at both of the 3' and 5' ends.
In the nucleus, the initial step of miRNA maturation starts with the cropping of stemloop structure of primary miRNA by RNase III Drosha to release a small hairpin-ike
RNA of ~65 bp in length known as precursor miRNA (pre-miRNA) [140]. The flanking
regions are degraded in the nucleus. Drosha is preserved in animals and it forms a large
complex named microprocessor complex. It is a complex of Drosha and its cofactor, the
DiGeorge syndrome critical region gene 8 (DGCR8) protein that processes primary
miRNA into precursor miRNA [141-143]. Drosha is a protein of ~160 kDa, localized in
the nucleus and plays a key role in the cropping of primary miRNA. It has two tandem
RNase III domains (RIIIDs) and a double stranded RNA binding domain (dsRBD) in
the C-Terminal portion. During primary miRNA processing, two tandem domains
(RIIIDa & RIIIDb) dimerize and form a processing centre in the interface between the
RIIIDs. RIIIDa cleaves the 3' strand and RIIIDb cleaves the 5' strand of primary miRNA
stem to produce two nucleotide long overhang staggered end at 3' end [143-145]. The
cropping position of the Drosha is approximately 11 nucleotides away from the basal
junction (junction between the double-stranded RNA and single-stranded RNA) and 22
nucleotides away from the apical junction (junction between the terminal loop and
double stranded RNA) [146, 147]. The N-terminal portion of Drosha is required for
nuclear localization in cells [148]. DiGeorge syndrome critical region gene 8 (DGCR8)
is a ~90 kDa protein, found in the nucleolus and nucleoplasm have two dsRBDs [149,
150]. The two dsRBDs identify primary miRNAs [146] whereas its carboxyl-terminal
portion interacts with Drosha [150]. The amino-terminal portion plays a role for the
localization in nucleus [150], while the central region facilitates dimerization and its
heme binding domain interacts with ferric ion that is required for efficient processing of
primary miRNA [151-154]. Microprocessor complex is regulated via several nuclear
factors such as Smad, P53 and ERα that also control miRNA processing [155].
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Microprocessor complex also contains a double-stranded RNA binding protein named
Pasha along with Drosha and cofactor DGCR8. Attenuation of the expression of Pasha
in Drosophila or C. elegans was found to interfere with primary microRNA processing
resulting an increase of primary microRNAs and decrease of mature miRNAs level.
Denli et al., speculated that Pasha facilitates positioning of primary miRNA in the
microprocessor complex so that it will be available for Drosha cleavage [141].

1.2.4.3 Nuclear transport of miRNA
Following initial processing in the nucleus by the microprocessor complex, precursor
miRNAs are exported to the cytoplasm to complete the maturation steps and to show its
functional effect on target genes or mRNA through translational repression or the
degradation. Usually, miRNAs are exported through nuclear pore complexes of the
nuclear membrane and the exportation is mediated by a Ran-GTP dependent nuclear
transport receptor, Exportin-5. For translocation Exportin-5 forms a complex by
combining with GTP binding nuclear protein Ran-GTP and pre-miRNA. After
translocation, hydrolysis of GTP disassembles the transport complex to release the premiRNA into the cytosol [156-158].

1.2.4.4 Processing in cytoplasm
Immediately after release into the cytoplasm from nucleus, precursor miRNAs are
processed again by Dicer into ~22 nucleotide long double-stranded miRNA duplex
(miRNA: miRNA) that have both the mature miRNA strand (guide strand) and
complementary strand (passenger strand) [159-163]. Dicer is an RNase III endonuclease
of ~200 kDa that consists of an amino-terminal and a carboxy-terminal region- similar
to Drosha, a PAZ (Piwi-Argonaute-Zwille) domain, a DUF283 domain and a dsRNA
binding domain. The C-terminal portion has two tandem RNase III domains, forming an
intramolecular dimer to construct a catalytic centre for the cleavage of pre-miRNA
[145] . N-terminal portion contains a putative helicase domain, which recognizes premiRNA by interacting with the terminal loop structure [164]. PAZ domain of Dicer
recognizes the two-nucleotide long-3'overhang of the pre-miRNA [165-167]. This
domain has two basic pockets that are arranged in such a way that one pocket can be
occupied by the 5' end and the other by 3' overhang of pre-miRNA. During pre-miRNA
processing, Dicer preferentially binds to 3' overhang of the pre-miRNA by its PAZ
domain and the catalytic domains of RNase III (RIIIDa & RIIIDb) cleaves the premiRNA ~22 nucleotides away from the both termini [168]. Dicer has been found to be
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regulated upon estrogen stimulation. Bhat-Nakshatri et al., showed that Dicer is
upregulated upon estrogen stimulation but another study reported opposite regulation
for estrogen in MCF7 cells suggesting that changes in the expression of Dicer may have
universal outcome on miRNA biogenesis by modifying the processing rate [169, 170].
Dicer is interacting with several proteins including Argonaute (AGO) family protein in
human, RDE-4 in C elegans, R2D2 in D Melanogaster required for miRNA stability,
effector complex formation and action [171-173]. In human, a known Argonaute family
protein- AGO2 was reported to act as slicer enzyme that chops target mRNA [174].

1.2.4.5 Formation of RNA induced silencing complex (RISC)
MicroRNA duplex (miRNA:miRNA) is incorporated into an Argonaute (AGO) protein
to form an effector ribonucleoprotein complex called RNA-induced silencing
complexes (RISC) [134, 171]. To form a functional RISC, the two strands of miRNA:
miRNA duplex are separated and one strand is discarded by a process called strand
selection. The discarded strand is known as ‘passenger strand’ and the retained strand in
RISC is known as the ‘guide strand’. So, the assembly of RISC follows two consecutive
steps: (a) Loading onto RISC, in which small miRNA duplexes are loaded into Ago
proteins; and (b) dissociation of the strands or unwinding, where the two strands of the
duplex are separated within the Ago protein [175]. Typically, AGO protein consists of
an amino-terminal lobe that has N-terminal domain and PAZ domain, a c-terminal lobe
along with a middle domain (MID) and a PIWI domain. A pocket at the interface
between MID and PIWI domain of the AGO is formed and the 5' monophosphate of the
guide strand is tightly anchored with that pocket [176-178]. After incorporation of the
miRNA duplex into AGO protein of the RISC, the passenger strand is removed from the
complex to form a mature functional RISC. Unwinding of the miRNA duplex is
facilitated by mismatches of the guide strand at nucleotide positions 2-8 and 12-15 with
AGO protein [179-181]. Matching at the centre of the duplex with AGO2 protein can
cleave the passenger strand [182-185]. Subsequently, cleaved passenger strand is
degraded by endonuclease C3PO [186, 187]. The selection of the guide strand and the
removal of the passenger strand depend on the relative thermodynamic stability of the
two ends of the miRNA duplex [188, 189]. Between the two strands one is typically
selected as the guide strand that has relatively unstable base pairs at the 5’ end.
Moreover, the nucleotide sequence at position-1 is also a determinant of strand selection
where AGO proteins select the strand as guide that bears U at position 1 of its
nucleotide sequence [133, 190-193].
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Figure 1.4: Biogenesis of miRNA; canonical pathway. MicroRNA biogenesis starts in the nucleus
where miRNA encoding genes are transcribed by RNA polymerase II along with associated
transcription factors to generate hairpin-like transcript known as primary miRNA. The primary
miRNA gets processed by a microprocessor complex consisting of Drosha and DGCR8 to generate
precursor miRNA which is then translocated into cytoplasm by Exportin-5. In cytoplasm, precursor
miRNA is further processed by Dicer into ~22 nucleotide long double stranded RNA duplex.
MicroRNA duplex is incorporated into RNA-induced silencing complexes (RISC) and one strand is
discarded by a process called strand selection. The other strand is retained in RISC which is known
as the guide strand. Depending on the degree of homology between seed sequence and 3′ UTR of the
target sequence, miRNA mediates the regulation of the expression of genes either by repressing the
translation of the target mRNA or by the degradation of the transcript.

1.2.5 Regulation of mRNA translation and stability by miRNA
MicroRNAs serve as post-transcriptional regulators of the expression of gene.
Depending on the degree of homology between the seed sequence (2-8 nucleotides at
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the 5’ end of miRNA) and 3′ UTR of the target sequence, miRNAs mediate the
regulation of the expression of genes either by inhibiting the translation of the target
mRNA or by the degradation of the transcript. Apart from this canonical mechanism, a
non-canonical mechanism has recently been adopted stating that miRNAs could
increase the translation of the target mRNA either by recruiting regulatory protein
complexes at the AU-rich region of target mRNA or by supressing the repressor
proteins [194]. Also, miRNAs can upregulate protein synthesis by enhancing the
biogenesis of ribosomal protein, a key factor for translation [195].

1.2.5.1 MicroRNA mediated repression of the target mRNA
Three major mechanisms are reported to illustrate the miRNA mediated repression of
target mRNA including- i) displacement of Poly A binding protein (PABP) through
GW182, ii) GW182 recruited translational repressors, iii) dissociation of eIF4A from
cap-binding complex eIF4F. MicroRNAs can mediate translational repression of the
target mRNA by interacting with GW182 protein. GW182 protein plays a crucial role in
translational repression of the target mRNA by interacting with C-terminal MLLE
domain of Poly-A binding protein (PABP) through its PAM2 motif. Usually, eIF4G and
PABP interacts to form a close-loop structure to facilitate translation. GW182 mediates
displacement of PABP from the poly A tail of the target mRNA that breaks the closeloop structure resulting in repression of translational initiation. Additionally, miRNAs
impede eIF4G-PABP interaction via GW182 to inhibit initiation of protein synthesis.
By interacting with CCR4-NOT complexes, GW182 displaces PABP from the target
sequence of mRNA [196]. Non polyadenylated target mRNA can be translationally
repressed by GW182 via interaction with CCR4-NOT complex [197]. GW182 can also
recruits translational repressor namely DDX6, a known decapping activator that can
represses protein synthesis at initiation and/or elongation step of translation [198]. 4E-T,
a eIF4E binding protein assembles onto the CCR4-NOT complex through DDX6 limits
general protein synthesis through eIF4E-binding domain [199]. Translational inhibition
of mRNA can also be carried out by miRNAs via displacement of eIF4A, an ATP
dependent RNA helicase from the cap binding complex eIF4F which leads to the
inhibition of the ribosome to bind with mRNA sequences [196].

1.2.5.2 MicroRNA mediated degradation of target mRNA
MicroRNAs (miRNAs) mediate destabilization of the target mRNA by recruiting
deadenylases through GW182 protein. N-terminal Glycine-tryptophan repeat domain of
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GW182 protein interacts with tryptophan binding pockets in the PIWI domain of Ago
protein to promote miRNA mediated decay of the targets [200]. GW182 protein acts as
a host and recruits other factors onto the target mRNAs including Poly A binding
protein (PABP) and two deadenylases complex CCR4-NOT and PAN2-PAN3
complexes [200, 201]
In animals, three steps are usually employed in miRNA-mediated target mRNA
degradation. At first, deadenylation takes place where miRNA/RISC complex recruits
CCR4-NOT and PAN2-PAN3 deadenylases complexes to the target mRNA via GW182
protein to induce shortening of poly A tail. Another factor, TUT4/7 promote
oligouridylation in the deadenylated mRNA to increase general mRNA decay [196].
GW182 also dissociates Poly A binding protein (PABP) from the mRNA that increases
the deadenylation process. Secondly, decapping of the target mRNA occurs by
adjoining decapping activators such as DDX6 onto CCR4-NOT complexes that promote
uncapping of 5'M7G-cap in association with decapping complex DCP2. Finally, 5'-3'
exonucleolytic activity of XRN1 takes place to degrade the target mRNA [196]. Hence,
GW182 is a key player for translational repression or degradation of target mRNAs by
miRNAs.

1.2.5.3 MicroRNA (miRNA) mediated activation of target mRNA
It is well-established that microRNAs dictate their functional outcome either by
translational repression and/or mRNA cleavage depending on the partial base pairing or
perfect base pairing respectively with 3' UTR of the target genes [112]. In addition to
these function, microRNAs and their associated proteins (microRNPs) are reported to
stimulate the expression of target genes post transcriptionally in a direct or indirect
manner [202]. Post transcriptional up-regulation of a target gene is the consequence of
either activation of targets by direct action of miRNAs/microRNPs or relief of
repression where the effect of miRNA or microRNP repression is abolished [203]. For
instance, myocardin expression is up-regulated by miR-145 during muscle
differentiation [204] and Kruppel-like factor 4 (KLF4) mRNA is also up-regulated by
miR-206 in proliferating epithelial cells [205].

1.2.6 Biogenesis of miRNA through non-canonical pathways
Non-canonical miRNA biogenesis pathway is an alternative pathway of miRNA
biosynthesis that bypasses one or more steps of the canonical pathway. The miRNAs
generated through this pathway are therefore termed as non-canonical miRNAs that are
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structurally and functionally similar to canonical miRNA. Similar to the canonical
pathway, Dicer is the key processing molecule for the synthesis of these miRNAs,
however, the two other important microRNA processing molecule Drosha and DGCR8
have no contribution in this biogenesis pathway [206].

1.2.6.1 The mirtron pathway: The first well-known non-canonical miRNA
biogenesis pathway is the Mirtron pathway. This pathway bypasses the microprocessor
(Drosha and DGCR8) processing for the synthesis of precursor miRNA from the
primary transcript as the hairpin-like introns are surrounded by exons at both ends. In
the nucleus, instead of microprocessor processing, the intron gets spliced by a
spliceosome and lariat-disbranching enzymes to synthesize hairpin like precursor
miRNA that merges with the canonical pathway where precursor miRNA is transported
to the cytoplasm by Exportin-5 for the subsequent processing by Dicer to generate
mature miRNA [207]. Two Mammalian Mirtrons such as miR-877, miR-1224 have
been shown to be independent for DGCR8 or Drosha but splicing dependent for their
processing [208, 209].

1.2.6.2 Small nucleolar RNA (SnoRNA) derived miRNA pathway: Small
nucleolar RNAs are a group of noncoding RNAs localized in the nucleolus of the cell
required for modification and maturation of ribosomal RNA. Since, SnoRNAs have
hairpin like structure, therefore they were considered to function as miRNA precursor
[210]. SnoRNAs are independent of Drosha/DGCR8 processing but dependent on Dicer
for the synthesis of miRNAs. The miRNAs derived from these small nucleolar RNAs
(SnoRNAs) take part in the translational repression of the targets [211]. For example,
miR-2 is a Dicer processed miRNA derived from snoRNA GlsR17 that targets 3'UTR of
variant-specific surface protein (VSP) transcripts in Gairdia lamblia [211].

1.2.6.3 Endogenous short hairpin RNA derived miRNA pathway: In the
canonical pathway, regions flanking the hairpin like pre-miRNA are highly conserved
for the binding of microprocessor complex through DGCR8 [146]. But, the flaking
regions of the ShRNA derived pre-miRNAs do not possess any microprocessor binding
sequence. So, the processing of shRNA mediated miRNA biogenesis is independent of
DGCR8 processing. The precursor structure of shRNA derived miRNA seems to
undergo an unknown processing step that makes the precursor suitable for Dicer
processing [212]. For example, miR-320 is a short hairpin RNA derived miRNA which
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is not dependent on DGCR8 but dependent on Dicer for its processing to generate
mature miRNA [212].

1.2.6.4 tRNA derived miRNA pathway: Transfer RNA (tRNA) derived small RNAs
are also considered as miRNAs. These miRNAs are generated as a by-product of tRNA
maturation pathway. Transfer RNA (tRNA) processing enzyme (tRNAse Z) can release
approximately 18-23 nucleotide long pre-miRNA during tRNA maturation. The
generated pre-miRNAs are then processed by Dicer into mature miRNAs. For an
example, pri-mIR-M1-7 get processed by tRNAse Z instead of Drosha to generate
precursor miRNA [213]. Therefore, the processing of tRNA derived miRNA is
independent of Drosha processing.

1.2.6.5 Dicer-independent miRNA pathway: Dicer-independent pathway is an
unexpected non-canonical miRNA biogenesis pathway, where miRNA is generated via
a microprocessor dependent but Dicer independent pathway. In human, mice and
zebrafish, miR-451 is a classic example of Dicer-independent miRNA. In the nucleus,
pri-miR-451 is initially get processed by microprocessor (Drosha/DGCR8) complex to
generate approximately 18 nucleotides long precursor miRNA that is too short for Dicer
processing. This short precursor miRNA is either loaded onto AGO1 or cleaved by an
endoribonuclease at the 3' end and then loaded onto AGO2 as part of the formation of
RISC complex [214].

1.2.6.6 The simtron pathway: Some miRNAs including Mirtrons are generated
through Mirtron pathway where instead of microprocessor processing, intron gets
spliced by a spliceosome. Recent findings depict that two Mirtrons such as miR-1225
and miR-1228 were generated through spliceosome processing instead of Drosha
processing. These miRNAs are termed as splicing independent mirtron-like miRNAs or
simtrons. Biogenesis of simtrons are also independent of DGCR8, Dicer, Exportin5 and
AGO suggest that other protein having RNase activity may have a role in their
maturation [208].

1.2.7 Regulation of miRNA biogenesis
Biogenesis of miRNA is regulated at multiple steps starting from the synthesis of
hairpin like primary transcript to the translational repression and/or target mRNA
degradation. In brief, regulation of miRNA biogenesis takes place at miRNA
transcription level, it’s processing by Drosha in the nucleus, processing by Dicer in the
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cytoplasm, its alteration by editing of RNA, methylation, histone modification,
adenylation, loading of AGO protein and degradation of RNA [168]. In nuclear events
of the biogenesis pathway, known transcription factors such as p53, MYC, ZEB1, ZEB2
and MYOD1 (myoblast determination protein 1) regulate miRNA expression either in a
positive or negative manner [215]. Epigenetic changes (methylation of DNA and
histone modification) also contribute to the regulation of miRNA [216]. Regulation of
microprocessor complex is vital for the abundance of miRNA. The microprocessor is a
complex of Drosha and DGCR8 that works together to generate precursor miRNA from
hairpin like structure primary miRNA. An autoregulation takes place between Drosha
and DGCR8 where Drosha destabilizes DGCR8 mRNA by cutting at a hairpin and
DGCR8 stabilizes Drosha through protein-protein interactions [217]. Additionally,
different post translational modifications such as phosphorylation of Drosha by
glycogen synthase kinase 3β (GSK3β) [218], deacetylation of DGCR8 by histone
deacetylase 1 (HDAC1) [219], phosphorylation of DGCR8 by ERK [220] can regulate
the processing activity of microprocessor which in turn have an impact on miRNA
production. RNA binding proteins such as TDP43 (TAR DNA-binding protein 43), p68,
p72, KSRP (KH-type splicing regulatory protein) also control the processing of primiRNAs [168]. Mutation of Exportin-5 inhibits the transport of pre-miRNA from the
nucleus to the cytoplasm, reducing the processing of mature miRNAs that ultimately
represses the inhibition of target mRNAs [221]. During cytoplasmic processing, Dicer
interacts with TRBP (TAR RNA-binding protein) for the processing of pre-miRNA to
produce double stranded miRNA duplex, which is loaded onto AGO protein
(Argonaute). TRBP and AGO protein are post-transcriptionally modified through
miRNA tailing (tailing of miRNA end using template switching oligos by yeast poly(A)
polymerase) by TUT4 (terminal uridyl transferase 4) and TUT7 (terminal uridyl
transferase 7), RNA methylation by BCDIN3D, RNA editing by ADAR1, RNA
destabilization by MCPIP1 (MCP induced protein 1), phosphorylation of TRBP by
ERK, phosphorylation of AGO by EGFR (epidermal growth factor receptor) and
MAPKAPK2 (MAPK-activated protein kinase 2) resulting in the inhibition of Dicer
mediated processing, vital for the synthesis of mature miRNA [168]. RNA binding
protein KSRP (KH-type splicing regulatory protein) also participate in Dicer-mediated
processing of several miRNAs by interacting with the terminal loop of target miRNA
precursor [222]. AGO proteins are ribosylated by the addition of ADP ribose, inhibit the
repression of the targets [223]. In vitro and in vivo findings demonstrate that miRNA
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target gene (lin-41) acts as ubiquitin ligase that mediate ubiquitylation and degradation
of AGO2 protein [224]. Single nucleotide polymorphism (SNP) in miRNA encoding
genes affect the biogenesis of miRNA and its target specificity [225]. MicroRNA tailing
by adenylation [226] or untemplated nucleotidyl addition at the 3'-end of RNA alters
pre-miRNA and mature miRNAs [227]. RNA editing is a process of the conversion of
adenosine to inosine, catalysed by adenosine deaminases converts the primary miRNA
as a poor substrate for Drosha [228]. Perfect complementarity between target mRNA
and Argonaute 1 bound miRNA in Drosophila triggers miRNA tailing and 3'-5'
trimming of bound miRNA [229].

1.2.8 MicroRNA target prediction
Prediction of miRNA targets and validation are required to uncover miRNA-regulated
signalling pathways in different disease including cancer. Several algorithms have been
developed and used to predict the target genes of miRNAs. Most of the predictions are
based on complementarity between the seed sequence of miRNA and 3' UTR of the
target mRNA [114]. One of the major limitation of using algorithms is getting a high
number of false positives [230]. To overcome this limitation, some other factors are
included to get more accurate results from the algorithms. The extent of seed matching
between miRNA and mRNA, the level of conservation across the species and the level
of thermodynamic stability between mRNA-miRNA duplex are the three included
factors to get more precise result [231]. The following table is representing a list of
currently used algorithm for identifying targets [232]. Among the available algorithms
PicTar, miRanda and TargetScan are widely used for the prediction of a miRNA target.
Unbiased genome level experimental methods are required to make a shortlist of the
algorithm based predicted targets from the list of downregulated and upregulated
targets. Available computational algorithms for miRNA target prediction are listed in
the Table- 1.1.
Table 1.1: List of computational algorithms for miRNA target prediction
Algorithms
PicTar
miRanda
TargetScan
DIANA microT
RNAHybrid
HHMMiR
MiRFinder
Promir
MiRRim
RNAmicro

Features
Seed match, conservation
Seed match, conservation and free energy
Seed match, conservation and free energy
Seed match, conservation and free energy
Thermodynamic stability and statistical model
Seed match, conservation
Seed match, conservation
Sequence
composition,
conservation
and
thermodynamic stability
Sequence composition, conservation and free energy
Sequence
composition,
conservation
and
thermodynamic stability
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Source
http://www.pictar.org/
http://www.microrna.org/microrna/home.do
http://www.targetscan.org/
http://www.diana.cslab.ece.ntua.gr/microT/
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
https://omictools.com/hhmmir-tool
http://www.bioinformatics.org/mirfinder/
https://bi.snu.ac.kr/Research/ProMiR/ProMiR.html
https://omictools.com/mirrim-tool
https://omictools.com/rnamicro-tool
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1.2.9 Biological role of miRNAs
The biological role of miRNAs is global as they regulate a wide range of physiological
and pathological processes depending on the target genes. MicroRNAs are differentially
expressed in different species and take part in the regulation of numerous physiological
and developmental processes [233]. Evidences suggest that miRNAs play a crucial role
in different biological processes such as skeletal muscle proliferation and differentiation
[234], haematopoietic lineage differentiation [235], cardiogenesis [236], brain
morphogenesis [237], spinal cord development [238], neuronal development [239],
unfolded protein response [240], mitophagy [241], apoptosis [242] and so on.
Increasing evidence of the last few years pointed that miRNAs are associated in the
pathogenesis of wide range of disease including diabetes [243], cardiovascular disease
[244],

virus-causing

diseases

[245],

neurodegenerative

disease

(Parkinson’s,

Alzheimer’s diseases) [246, 247] and cancer [248]. In particular, aberrant expression of
miRNAs can lead to the onset and progression of different cancer types including breast
cancer [249], prostate cancer [250], colon cancer [251], lung cancer [252], gastric
cancer [253], liver cancer [254].

1.2.10 miRNA and cancer
miRNAs are now identified as master gene regulators that are involved in various
disease including cancer, diabetes, neurodegenerative disorder, cardiac and respiratory
diseases [255]. With the advancement of cancer research, miRNAs are considered as
key player having active role in the development of tumour where metastasis of the
cancer is categorized according to the expression of individual miRNAs [249, 256].
These small non coding RNAs are found to play a vital role in the formation of cancer
by regulating the growth of cells and program cell death [257]. MiRNAs are categorized
as tumour suppressor miRNA or oncogenic miRNA based on different evidences that
are utilized by miRNAs in the process of tumourigenesis. There is also evidence
suggesting that repression of tumour or acceleration of tumour growth in animal
models, gain or loss of function, finding out the target molecules are related in different
pathways of cancer [258].

1.2.10.1 Oncogenic role of miRNA
Oncogenic miRNAs are small non coding RNAs whose expression is amplified in
cancer and are termed as ‘oncomirs’ [259]. In cancer, oncogenic miRNA encoding
regions of chromosome are amplified that results in up regulation of these miRNAs.
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Increased expression of oncogenic miRNA represses the expression of miRNA targeted
tumour suppressor genes leads to cell proliferation, invasion, angiogenesis and
compromised apoptosis [260, 261]. miR-21 is an extensively studied well-known
oncomiR whose expression is upregulated in a broad range of cancer including breast
cancer, ovarian cancer, lung cancer, colon cancer where increased expression has been
associated with poor prognosis, metastasis and advanced clinical stages [252, 262-265].
Among the targets, miR-21 has been shown to target several genes associated with
tumour growth and metastasis such as TPM1 (topomyosin 1), PDCD4 (programmed
cell death 4), TIMP3 (TIMP metallopeptidase inhibitor 3), PTEN (phosphatase and
tensin homolog) [266-268]. Also, miR-17-92 is a known oncogenic miRNA in human
lung cancer, lymphoma and increased expression of this cluster markedly accelerates
the formation of the lymphoid malignancies in transgenic mice model [260, 269].

1.2.10.2 Tumour suppressive role of miRNA
Tumour suppressive miRNAs are also noncoding tiny RNAs whose expression is
downregulated in cancer. This set of miRNAs are also known as ‘oncosupressor-miRs’.
Normally the expression of these miRNAs is inversely correlated with the progression
rate of cancer [258]. Usually, oncosupressor-miRNAs target key oncogenes required for
growth, proliferation and invasion suggesting a crucial role in the prevention of tumour
formation and progression [270]. These miRNAs are positioned in the regions of
chromosome known as fragile sites. In cancer, changes in these regions by mutation or
omission of these regions result in the reduced expression of tumour suppressive
miRNAs [271]. Reduced expression of tumour suppressive miRNAs ultimately leads to
tumour formation by increasing proliferation, invasiveness, angiogenesis and inhibition
of apoptosis [261]. Let-7 is a good example of tumour suppressive miRNA in breast
cancer and reduced expression of this miRNA is associated with poor prognosis [100].
MicroRNAs generated from miR-15a/16-1 family is a classic example of tumour
suppressor miRNA whose expression has been found to be downregulated in B cell
chronic lymphocytic leukemia (CLL), melanoma, bladder cancer, colon cancer and
some solid tumours. The miRNA members of this family exerts their tumour suppressor
functions by targeting some key oncogenes namely cyclin D1, BCL2 and MCL1 [272].

1.2.10.3 Regulation of carcinogenesis by miRNAs
In cancer, miRNAs regulate a broad range of molecular pathways either by targeting
tumour suppressive genes or oncogenes [259]. Loss of miRNA function has significant
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effect on the regulation of target genes. Dysregulation of miRNA contributes to
tumourigenesis. In cancer, downregulation of tumour supressing microRNAs increase
the expression of oncogenic proteins while upregulation of oncogenic miRNAs decrease
the production of tumour suppressive proteins. Therefore, both oncogenic and tumour
suppressive miRNAs contribute equally in the genesis of tumour. Loss of function due
to mutation in tumour suppressive miRNA and genetic alternation in the target
oncogenic mRNA contributes to tumouregenesis because the regulation of oncogenic
proteins expression has been changed due to mutation. But the loss of function by
mutation in oncogenic miRNA and mutations in tumour suppressive target gene could
increase the translation of tumour suppressor proteins, hence reduces carcinogenesis
[273] (Figure 1.5).

Figure 1.5: miRNA mediated regulation of cancer. Increase expression of oncogenic miRNAs
down regulate the expression of oncosupressor proteins, however reduced expression of tumour
suppressive miRNAs causes increased expression of oncoproteins. Schematic is adopted from Kong,
Y.W., et al. 2012 [273]. (Permission to reproduce this figure has been granted by Elsevier and
Copyright Clearance Center)
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1.2.10.4 Mechanisms of the alternation of miRNA expression in cancer
In cancer, epigenetic changes, genetic alternation, defects in miRNA biogenesis
pathway and transcriptional repression are the four major mechanisms involved in the
altered expression of miRNAs [232]. Methylation of CpG island in the promoter region
of the miRNA encoded genes and histone acetylation are the two epigenetic changes
resulting in the aberrant expression of the miRNA in cancer [102, 274].

Genetic

alternation due to genomic amplification or deletion, mutations, loss of epigenetic
changes and transcriptional activation could increase the expression of oncomiRs or
repress the expression of oncosupressor-miRs. Defects in the biogenesis pathway of
miRNA (reduced expression of dicer, down regulation of Drosha, mutation in Exportin5) results in the altered expression of miRNAs in cancer. [232]. Different transcriptional
factors also play key role in altered expression of miRNAs in feedback loop manner
[275]. Tumour-associated transcription factors such as SMAD, p53 protein family,
ATM and Myc have proven role on the altered regulation of miRNAs [276-279]. In
colon cancer, p53 interacts with Drosha of microprocessor complex through DEAD-box
RNA helicase p68 which facilitates processing of primary microRNA into precursor
miRNA. Mutations in p53 interfere in the assembly of microprocessor complex via
Drosha and p68 resulting in attenuation of microRNA processing [277]. Overexpression
of MYC oncogene is associated with tumourigenesis by regulating gene expression
through multiple mechanisms. MYC through miR-17-92 supresses specific target genes
such as Sin3b, Hbp1, Suv420h1, Btg1, Bim to maintain a neoplastic state [279].

1.2.11 miRNAs and breast cancer
Dysregulated expression of miRNA is a common feature in different cancer type
including breast cancer. Association of miRNAs in breast cancer was first elucidated by
Iorio et al in 2005 where they identified 29 miRNAs that are differentially expressed in
normal breast tissue and breast cancer, among them mir-125b, mir-145, mir-21 and mir155 were significantly dysregulated in breast cancer compared to normal breast tissue
[249]. From recent studies it is identified that a panel of miRNAs- miR-9, miR-10b,
miR-21, miR-27a, miR-29a, miR-96, miR-146a, miR-155, miR-181, miR-191, miR196a, miR-221/222, miR-373, miR-375, miR-520c and miR-589 are up regulated and
some are downregulated namely miR-30a, miR-31, miR-34a, miR-125, miR-126, miR146a, miR-146b, miR-195, miR-200, miR-205, miR-206, miR-221 and let-7 in breast
cancer [280].
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Cancer-initiating cells or cancer stem cells are considered as an important mediator for
the initiation and progression of tumour. It has been reported that properties of cancer
stem cells are regulated by miRNAs [281]. For instance, Let-7 acts a key regulator in
regulating the self-renewal activity of cancer stem cells by inhibiting RAS encoding
genes and de-differentiation of breast cancer cells by supressing high mobility group
AT-hook 2 (HMGA2) encoding genes [100]. Epithelial to mesenchymal transition
(EMT) is one of the important hall mark of breast cancer metastasis that is characterized
by the loss of epithelial features (disruption of intracellular tight junctions and loss of
cell-cell contact) and gain of mesenchymal properties (invasion capability) ultimately
increasing cell migration by the release of cells from the parental epithelial tissue site
[282, 283]. EMT is also associated with cancer cell progression, invasion and metastasis
[284]. Studies suggest that miRNAs are associated in EMT. Gregory et al observed that
members of miR-200 family are selectively downregulated in cells that had undergone
Epithelial to mesenchymal transition (EMT) [285]. A miRNA family, miR-103/107
attenuates Dicer mediated miRNA biosynthesis and increased expression of this family
is associated with metastasis and poor outcome in human breast cancer [286]. Many of
the miRNAs have been recognized as a modulator of metastasis characterized by a
multi-step process that is initiated by vascularization of the tumour, loss of cell-cell
adhesion and gain of invasive properties, all of which points to detachment and
mobilization [287]. Expression of miR-10b is associated with the promotion of
metastasis while some other miRNAs- miR-126, miR-206 and miR-335 are identified as
a suppressor of metastasis in breast cancer [288, 289]. In addition to breast cancer
initiation and metastasis, miRNAs are found to be a vital controller of drug-mediated
resistance or sensitivity based on the response or non-response to different
chemotherapeutic compounds [290, 291]. miR-345 and miR-7 sensitizes MCF7 breast
cancer cells towards cisplatin by targeting MRP-1 [292].

Oncogenic and tumour

suppressive miRNAs also play a key role in breast cancer like other cancers. Oncogenic
miRNAs are overexpressed while the suppressive miRNAs are frequently
downregulated playing an active role in developing important hallmarks of cancer
including- proliferation, migration, invasion and metastasis [259]. For instance, miR-21
promotes cell death by targeting a set of genes including Bcl2 [293]. miR-106b, an
oncomiR initiates invasion and metastasis of tumour by targeting BRMS1 and RB in
breast cancer [294]. On the contrary, miR-130a is a tumour suppressive miRNA that has
been shown to inhibit cell proliferation, invasion and migration in human breast cancer
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by targeting 3'UTR of RAB5A [295]. Also, miR-4728 an important ErbB2 intronic
miRNA identified as a novel tumour suppressor that decreases the growth and
metastasis of breast cancer cells by acting as an antagonist of MAPK [296]. Moreover,
differential expression of the miRNAs is also correlated with stages of a tumour,
expression of endocrine receptors (estrogen, progesterone), proliferation and invasion in
breast cancer [249].

1.2.12 Breast cancer hallmarks and microRNAs
In 2000, Weinberg et al., proposed six major hallmarks of cancer in a review published
in Cell to characterize cancer and its carcinogenesis. The proposed hallmarks are-i)
Sustaining proliferative signalling; ii) evading growth suppressors; iii) resisting cell
death; iv) enabling replicative immortality; v) inducing angiogenesis and vi) activating
invasion and metastasis [297]. In 2011, two immerging hallmarks were included i)
reprogramming of energy metabolism and ii) evading immune destruction with
previously reported six hallmarks [298]. A recent review published in Journal of Cancer
by Xiaofeng Dai reported some dominant breast cancer hallmarks based on identified
biomarkers and associated subtypes that drive breast cancer heterogeneity. The reported
hallmarks are- i) Sustaining proliferative signalling; ii) activating invasion and
metastasis; iii) Evading immune destruction; iv) resisting cell death; v) genome
instability and mutation; vi) deregulating cellular energetics [299]. MicroRNAs play a
diverse and pivotal role in the hallmarks of breast cancer [300]. Oncogenic miRNAs are
highly expressed in cancer cells that promote cell proliferation and anti-apoptosis
activities while tumour suppressive miRNAs are usually downregulated that decrease
cell proliferation and induce apoptosis in cancer cells [258]. A schematic representation
in Figure 1.6 presents a list of miRNAs that are identified to play a role in regulating
major hallmarks of breast cancer.
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Figure 1.6: Schematic representation of miRNAs involved in the major hallmarks of breast
cancer. Tumour suppressor miRNAs are labelled by green colour whereas oncogenic miRNAs are
presented in red colour (Illustration is adopted from P.J. Kaboli et al. 2015) [301]. (Permission to
reproduce this figure has been granted by Elsevier and Copyright Clearance Center)

1.3 Unfolded Protein Response (UPR)
1.3.1 Endoplasmic reticulum (EnR) and EnR stress
The endoplasmic reticulum (EnR) is a multifunctional, specialized organelle of the cell
that regulates homeostasis of secretory proteins by monitoring the biogenesis, proper
folding, assembly and, trafficking of proteins to the proper target sites through the
secretory pathway [302]. Proper protein folding is crucial for cell survival and function.
Different physiological or pathological processes including increased protein synthesis,
deficient autophagy, energy deprivation, compromised ubiquitination and proteosomal
degradation, altered nutritional status, low calcium level, hypoxia and inflammatory
changes can cause ER stress. Cellular stresses that impair proper folding of proteins can
lead to an imbalance between transit and resident proteins in the ER and its ability to
process protein load [240, 303].

1.3.2 Unfolded Protein Response (UPR) pathway
Upon ER stress, the cell initiates a series of complementary, adaptive intracellular signal
transduction pathways to cope with the altered condition characterized as unfolded
protein response (UPR) [302]. Activation of the UPR attempts to restore homeostasis by
activating a set of signalling pathways required for the expansion of EnR luminal space
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to accommodate excess protein load, attenuating global protein synthesis to decrease
protein load and regulating the expression of genes required for the synthesis of EnR
chaperones to enhance the protein folding capacity and endoplasmic reticulum
associated degradation (ERAD) of proteins. When cells undergo irreversible ER stress
or chronic EnR stress persists or cells cannot mitigate ER stress and homeostasis cannot
be restored, this adaptive mechanism switches to UPR-mediated apoptosis [304].
In mammalian cells, three different molecular sensors, present in EnR membrane such
as protein kinase RNA-like ER kinase (PERK), activated transcription factor 6 (ATF6)
and inositol-requiring enzyme 1 (IRE1) respond to the accumulation of unfolded protein
in the EnR lumen [302] (Figure 1.7). During unstressed condition, these sensors are
bound to the luminal ER chaperone molecule BiP (GRP78) and remain inactive. Upon
EnR stress, binding of unfolded proteins to the luminal domain of BiP resulting in the
dissociation of BiP from these sensors leading to their activation. These molecular
sensors ultimately transduce signals to the cytosol and nucleus to restore cellular
homeostasis by enhancing protein folding capacity through different signalling cascade
[304, 305].

1.3.2.1 Inositol-requiring enzyme 1 (IRE1α)
Mammals possesses two IRE1 paralogues, such as IRE1α and IRE1β [306]. IRE1α
possess both endoribonuclease and kinase activity. During the conditions of EnR stress,
IRE1α oligomerizes and becomes phosphorylated leading to a conformational change
which activates the cytosolic RNase domain to function as an unconventional
endoribonuclease [307].
X-box binding protein 1 (XBP1):
Activated IRE1α cleaves a 26 bp nucleotide intron sequence from mRNA sequence
encoding the transcription factor X-box binding protein 1 (XBP1), which is then ligated
by RctB ligase enzyme in mammals [308]. This unconventional splicing event results in
a frame shift in the XBP1 mRNA and leads to the translation of the more stable and
active transcription factor, termed spliced XBP1 (XBP1-S) [304]. Active XBP1-S
translocates to the nucleus to transactivate a subset of downstream target genes,
involved in the synthesis of ER chaperones which aid proper protein folding,
endoplasmic reticulum associated degradation (ERAD), protein transport to the lumen
and protein secretion [309, 310]. XBP1-S expands the EnR membrane to accommodate
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excess EnR protein load by modulating phospholipid biosynthesis during EnR stress
[311].
In addition to the splicing of XBP1, RNAse activity of IRE1α is also reported to
degrade a subset of selected mRNAs that are associated with EnR membrane through a
process termed regulated IRE1 dependent decay (RIDD) [312]. IRE1α has been shown
to retain RIDD activity because mammalian RIDD target genes (CD59, SCARA,
PKD2, PEPD) possesses a cleavage site with a consensus sequence (CTGCAG) and a
predicted secondary structure similar to the conserved IRE1 recognition stem-loop of
the XBP1 mRNA [313]. Moreover, IRE1α signals through the UPRosome, - a
signalling platform comprising adaptor proteins and regulators that control downstream
effector responses [304, 314]. IRE1α induces alarm stress pathways including those
driven by nuclear factor-κB (NF-κB), apoptosis signal-regulating kinase 1 (ASK1) and
JUN N terminal kinase (JNK) by interacting with adaptor protein tumour necrosis factor
(TNF) receptor-associated factor-2 (TRAF-2) [315]. Recently it was shown that miRNA
regulated expression of IRE1α affects is biological function [316]. Sustained RNase
activity of IRE1α results in rapid degradation of some miRNAs such as miR-17, miR34a, miR-93 and miR-125b [317]. IRE1β directly interacts with unfolded proteins
instead of association with BiP [318]. During ER stress, IRE1β inhibits protein
synthesis by cleaving 28S rRNA [306]. 4μ8C is an IRE1 inhibitor that blocks the RNase
activity of IRE1α by binding to IRE1 active site resulting in the selective inactivation of
both IRE1 mediated degradation of mRNA and splicing of XBP1 [305, 319].
STF083010 is a potent IRE1α inhibitor that inhibits RNase activity without affecting the
kinase activity of IRE1α [305].

1.3.2.2 Protein kinase RNA-like ER kinase (PERK)
PERK is a type I EnR transmembrane protein with kinase activity follows the same
pattern of activation as IRE1α by dissociating from BiP, trans-autophosphorylation and
oligomerization upon EnR stress and becomes activated [320, 321]. Activated PERK
phosphorylates

eukaryotic

translation

initiation

factor

2α

(eIF2α)

by

the

phosphorylation of Ser 51. Phosphorylation of eIF2α inhibits eIF2β- a guanine
nucleotide exchange factor that transforms eIF2α in its active GTP bound form to
restore translation, leads to the attenuation of translation resulting inhibition of global
protein synthesis [322]. This inhibitory effect of protein synthesis minimizes EnR stress
by reducing protein load in the lumen [323]. In parallel, phosphorylation of eIF2α
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increases the translation of selective mRNAs that encode for activating transcription
factor 4 (ATF4) having a short open reading frame in the 5-untranslated regions [324].
The transcription factor ATF4 subsequently translocates to the nucleus and regulates the
expression of genes encoded for proteins vital for redox homeostasis, metabolism of
amino acids as well as molecular chaperones and foldases required for proper protein
folding [325, 326]. ATF4 also up-regulates the expression of pro-apoptotic transcription
factor C/EBP homologous protein (CHOP). CHOP down-regulates the expression of
anti-apoptotic protein BCL-2 and induces BH3-only protein expression which regulates
the activation of BAK or BAX to promote apoptosis [327]. ATF4 also induces the
expression of growth arrest and DNA damage inducible 34 (GADD34), which in turn
dephosphorylate eIF2α through a feedback loop mechanism with the aid of protein
phosphatase 1C (PP1C), restoring translation [328]. GADD34 may also induces the
generation of reactive oxygen species (ROS), which combines with altered calcium
homeostasis due to the activation of the IP3 receptor to trigger apoptosis [304].
Activation of PERK also phosphorylates NF-E2-related factor 2 (NRF2) to become
activated which then enters into the nucleus to regulate the expression of cellular
transcripts that relieves the outcome of stress-induced ROS [329].

1.3.2.3 Activated transcription factor 6 (ATF6)
ATF6 is one of the key components of UPR pathway and mammals possesses two
isoforms of ATF6 such as ATF6 α and ATF6β. ATF6α is an EnR transmembrane
protein that possesses a bZIP transcription factor domain in its cytosolic region. Upon
activation of unfolded protein response pathway due to ER stress condition, ATF6α is
packaged into transport vesicles and translocates to the Golgi apparatus for further
processing [330]. In the Golgi apparatus, ATF6α gets processed by site 1 proteases
(S1P) and site 2 proteases (S2P). S1P removes the luminal domain and S2P cleaves the
transmembrane domain to release an active N-terminal cytosolic ATF6 fragment ATF6
(N). This activated ATF6 (N) acts a transcriptional activator that subsequently enters
into the nucleus to upregulate the expression of genes associated with the ERAD
pathway and protein folding [331, 332]. Similar to ATF6 α, ATF6β regulates the
expression of ER stress response genes such as GRP78 that is required for enhanced cell
viability [333].
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Figure 1.7: Unfolded Protein Response Pathway (UPR). In mammals, three EnR transmembrane
proteins IRE1, ATF6 and PERK, respond to the accumulation of unfolded proteins in the EnR
lumen. During EnR stress, luminal chaperone BiP dissociates from these sensors leading to their
activation. When EnR stress occurs, IRE1 oligomerizes and becomes auto phosphorylated, which
activates its function as an unconventional endoribonuclease to excises a 26-nucleotide intron from
the XBP1 mRNA, to generate active transcription factor spliced XBP1 that translocates into the
nucleus to regulate gene expression required for the synthesis of molecular chaperones, ERAD, lipid
biosynthesis. IRE1α also activates its RIDD activity to degrade selected mRNAs. Moreover, IRE1α
activates JNK –ASK1 pathway by binding TNF receptor associated factor 2 to promote UPR
induced apoptosis. Activated PERK phosphorylates eukaryotic eIF2α, which inhibits translation to
decrease the EnR load. However, ATF4 is preferentially translated upon the phosphorylation of
eIF2α that regulates the expression of genes involved in redox homeostasis and amino acid
metabolism. ATF4 upregulates the expression of a proapoptotic factor CHOP. During EnR stress,
ATF6 translocates from the EnR to the Golgi, where it is processed by the site-1 and site-2 proteases
(S1P and S2P), to release cytosolic transcriptional regulatory domain into the cytoplasm that
translocates to the nucleus to regulates the expression of genes with EnR stress response elements
(ERSE) in their promoters.
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1.3.3 UPR regulated cell fate decisions
The UPR primarily works as a prosurvival response to sustain cell life through
activation of UPR signal transduction pathways. However, in the event of
sustained/prolonged ER stress conditions, cells cannot mitigate ER stress through UPR
signalling pathways and this adaptive mechanism switches to UPR-mediated apoptosis
[304, 334]. Therefore, UPR pathway can be either adaptive or apoptotic depending on
the extent of ER stress. Both pro-survival and pro-apoptotic factors are transduced in
parallel to switch between survival and death decision during ER stress.
In the case of pro-survival, cells undergoing ER stress face distinct UPR related
responses in course of time. Initially, after UPR activation, prosurvival signalling
predominates. At first, global protein synthesis is attenuated by inhibiting translation
through PERK-dependent phosphorylation of eIF2α, mRNA decay is activated by the
IRE1 dependent RIDD pathway and autophagy is activated through the IRE1α-JNK
pathway [312, 335, 336]. In the second phase of cellular response, UPR associated
transcription factors such as XBP1-S, ATF4 and ATF6 govern the expression of
different target genes required for adaptation to stress. Upon splicing of the XBP1
mRNA via endoribonuclease activity of IRE1α, the active and stable transcription
factor-spliced XBP1 (XBP1-S) translocates to the nucleus to regulate the expression of
genes for proper folding of the misfolded/unfolded proteins and endoplasmic reticulum
associated degradation (ERAD) [310]. The processed cytosolic fragment of ATF-6
regulates the expression of the genes encoding the components of ERAD for the
degradation of unfolded proteins [337]. PERK dependent phosphorylation of eIF2α
selectively translates ATF4, translocates to the nucleus that regulates the expression of
genes related to protein folding, redox balance and amino acid metabolism [323, 338].
For prolonged ER stress or when the cell cannot endure or mitigate EnR stress UPR
results in programmed cell death. Different experimental studies support that the PERKeIF2α-ATF4 axis is the key pathway determining a switch of cell fate from survival to
apoptosis during UPR [339]. The PERK-eIF2α-ATF4 axis regulates the expression of
the key pro-apoptotic player CHOP to promote apoptosis during sustained ER stress.
Prolonged PERK signalling also up-regulates GADD34 expression and growth arrest.
Up regulation of GADD34 results in the generation of ROS (reactive oxygen species)
[304]. ROS, in addition to altered calcium homeostasis due to the activation of inositol
1,4,5 triphosphate receptor (IP3R), also contributes to the opening of the mitochondrial
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permeability transition pore (PTP) that eventually leads to apoptosis [304]. In addition
to CHOP, ATF4 directs transcriptional up regulation of BH3 only protein during ER
stress [304]. During severe ER stress conditions, activation of the IRE1α pathway leads
to cell death by ASK1 (apoptosis signalling kinase 1) through the interaction with
TRAF2 (tumour necrosis factor receptor associated factor 2) [340]. Activated IRE1α
also sensitizes cells for apoptosis by the degradation of mRNAs encoding chaperones
such as BiP through RIDD [341]. Therefore, IRE1-XBP1 signalling pathway acts as
both pro-apoptotic and pro-survival pathway. The PERK-ATF4-CHOP arm seems to
work as pro-apoptotic signalling pathway whereas ATF6 signalling pathway serves as
pro-survival machinery during UPR conditions.

1.3.5 MicroRNA mediated cell fate decisions during UPR
MicroRNAs (miRNAs) play a crucial, context dependent role in the control of cell
death or cell survival decisions [342]. MicroRNA mediated UPR regulation is the most
recent addition to the study of EnR stress-induced UPR activation. UPR associated
miRNAs are categorized as pro-adaptive and pro-apoptotic miRNAs based on their
expression and specific targets [316]. The pro-adaptive miRNAs lower EnR load and
increase protein folding capacity, enhancing the extent of cell survival, whereas proapoptotic miRNAs contribute to the progression of UPR mediated apoptosis [343].
Studies reveal that miRNAs can either regulate the arms of UPR directly or can be
modulated by EnR stress and play a role in the decision of cell fate. Regulation of
miRNAs during UPR signalling is important in striking a balance between survival and
cell death decisions during EnR stress [344]. Yang et al., reported that overexpression
of miR-122 downregulated EnR stress markers GRP78, p-eIF2α and p-IRE1α during
UPR conditions in hepatocellular carcinoma [345]. Induction of miR-23a-27a-24-2
cluster enhances the activation of PERK signalling arm leading to the enhanced
expression of downstream targets- CHOP and ATF4, suggesting a role for ER stressmediated apoptosis in HEK293T cells [346]. PERK, a key UPR stress sensor has been
shown to regulate the expression of miRNAs during ER stress. For instance, the
expression of miR-30c-2* has been reported to be induced by PERK during ER stress,
that down regulates the expression of pro-adaptive factor-XBP1 during UPR leading to
consequent cell death [347]. Gupta and colleagues demonstrated that the expression of
the miR-106b-25 cluster is repressed by PERK and leads to apoptosis by increasing the
expression of a key apoptotic factor-Bim during ER stress conditions [348]. During the
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initial stages of UPR, XBP1 enhances the expression of miR-346 to reduce protein load
in the ER [349]. Regulation of miRNA expression is also observed for ATF6 during
UPR. ATF6 down regulates the expression miR-455 which boosts ER resident Ca2+
binding protein- calrectulin to increase protein folding capacity by restoring calcium
homeostasis [350]. MiR-211 is a PERK regulated miRNA that directly targets CHOP to
attenuate its expression and inhibits apoptosis [351, 352]. CHOP controls the induction
of miR-708 that targets rhodopsin and neuronatin [352, 353]. Induced expression of
miR-708 attenuates the synthesis of rhodopsin, which in turn inhibits the accumulation
of misfolded rhodopsin in EnR lumen [352]. MiR-708 has also been identified as a
regulator of metastasis by targeting neuronatin [354].

1.3.6 Impact of UPR on human disease
Pathophysiological ER stress-mediated UPR signalling is associated with a diverse
range of human diseases including neurodegenerative diseases, inflammatory diseases,
metabolic disorders, cancers, diabetes, liver dysfunction and heart ischemia [305, 355].
Endoplasmic reticulum dysfunction contributes to the pathogenesis of Parkinson’s
disease by mediating neurodegeneration [356]. ATF6 deficiency induces Parkinson’s
disease by increasing the susceptibility of dopaminergic neurons to neurotoxins in a
mouse model [357]. In amyotrophic lateral sclerosis (ALS) mouse model, activation of
PERK signalling promotes survival whereas deletion of XBP1 delays disease onset by
increasing autophagy [358, 359]. During innate immune response, the UPR also
becomes activated. In macrophages, TLR- dependent spliced XBP1 is required for the
maximal production of proinflammatory cytokines such as IL-6 [360]. On the other
hand, TLR signalling inhibits the activation of ATF6 and PERK as well as signalling of
downstream targets CHOP and ATF4 [361]. Studies on metabolic syndrome reveal that
ER stress can increase different stress signalling and inflammatory pathways to
intensify metabolic disorders such as obesity, insulin resistance, fatty liver and
dyslipidaemia [362]. XBP1 regulates fatty acid biosynthesis by inducing the expression
of stearoyl-CoA desaturase 1 [363]. ATF6α inhibits hepatic glucose output by
competing with cyclic AMP-responsive element binding protein 3 like-protein 3
(CREB3L3; also known as CREBH) [364]. The IRE1-XBP1 axis is required to increase
the expression of the key adipogenic factor C/EBPα [365]. Pancreatic β-cells increase
proinsulin biosynthesis upon glucose stimulation [366]. Phosphorylation of eIF2α plays
an important role in proinsulin biosynthesis and folding to maintain homeostasis of
38

Chapter 1: Introduction
pancreatic β-cells [367]. Ectopic expression of XBP1-S, has been shown to impair
secretion of glucose-stimulated insulin and accelerate β-cell apoptosis [368]. Activated
IRE1α has been reported to degrade proinsulin mRNAs to attenuate insulin production
[369].

1.3.7 Impact of UPR on cancer
The role of the UPR in the development of cancer was first reported on 2004 by Ma and
Hendershot [370]. In recent years studies suggest that all three arms of the UPR
pathway play a significant role in the development of cancer, influencing tumour cell
growth,

migration,

differentiation,

angiogenesis

and

the

inflammatory

microenvironment [305]. IRE1, the conserved core branch of the UPR, accelerates
proliferation of prostate cancer cells by regulating the expression of cyclin A1 through
spliced XBP1 [371]. Increased spliced XBP1 expression is observed in various solid
tumour types and associated with poor survival including breast and colorectal cancer
[372, 373]. IRE1 acts as a key regulator of two important hallmarks of cancer, such as
angiogenesis and invasion in metastatic glioma [374].

Knockdown of the IRE1

downstream target protein XBP1 has been reported to inhibit cell proliferation and
angiogenesis in human pancreatic adenocarcinoma [375]. Overexpression of XBP1in
breast cancer cells supresses apoptosis by increasing the expression of BCL-2 while
treating with antiestrogen [376]. An IRE1α endoribonuclease specific inhibitor STF083010 shows anti-neoplastic effect in a multiple myeloma xenograft mouse model,
suggesting it as a therapeutic target [377].
In vivo study of K-Ras-transformed PERK knock-out MEFs derived tumour mouse
model demonstrated that tumour size was smaller and shows less angiogenesis
compared to integrated stress response derived tumours [378]. MYC activates the
PERK-ATF4 axis of the UPR leading to increased cell survival via the induction of
cytoprotective autophagy [379]. The ATF6 UPR arm has been reported to contribute to
the regulation of tumour cell dormancy and is required for the adaptation of these cells
to nutritional stress, chemotherapy and in-vivo microenvironment [380]. BiP, a key
regulatory component of EnR protein–folding machinery was found to regulate cell
survival, tumour progression, metastasis and resistance to chemotherapy [381]. UPR
also plays a role in blocking tumouregenesis at premalignant stage of cancer [382]. Loss
of XBP1 has been observed to inhibit proliferation and angiogenesis [383]. Upon EnR
stress, activation of IRE1α phosphorylates JNK and attenuates the expression of anti39
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apoptotic molecule BCL-2 which leads to UPR mediated apoptosis [383]. In vitro
and/or in vivo studies suggest that activation of PERK through pharmacological inducer
accelerates growth arrest to inhibit tumour growth, suggesting a tumour suppressive
effect for PERK [384].

1.3.7 UPR as an alternative therapeutics option
Depending on the context, activation of UPR signalling is either pro-apoptotic or prosurvival. Thus, modulation of the sensory components or effector transcription factors
associated with UPR signalling to promote apoptosis in cancer or restore protein folding
capacity in protein misfolding disorders (PMDs) could be exploited as alternative
therapeutic options.

1.3.7.1 Compounds targeting PERK signalling pathway: Structure-guided
optimization screening identified a small molecule known as GSK2606414 that
attenuates phosphorylation of PERK by inhibiting the kinase domain of PERK.
GSK2606414 elicits a reduction of solid tumour growth in human tumour xenograft in
mice [385]. Another PERK kinase inhibitor, GSK2656157 has been reported to
attenuate tumour growth in mouse xenograft model. It inhibits PERK activity by
attenuating stress-induced autophosphorylation. It was observed that several
physiological mechanisms including altered amino acid metabolism, decreased blood
vessel density and vascular perfusion correlated with the antitumour effect of this PERK
inhibitor [386]. Knockdown of PERK, ATF4 and LAMP3 increases the sensitivity of
breast cancer cells towards radiotherapy [387]. Inhibition of PERK-eIF2α-ATF4
signalling pathway significantly compromises metastatic dissemination of epithelial-tomesenchymal transition (EMT) of cancer cells suggest that PERK is required for
malignant phenotype of EMT cancer cells [388]. Moreover, EMT has been found to
significantly associate with PERK in cells that have undergone epithelial-tomesenchymal transition (EMT) [388]. A very recently published paper reveals that
PERK is responsible for the resistance to EnR stress and chemotherapy mediated cell
death via PERK-NRf2-MRP1 axis [389].

1.3.7.2 Compounds targeting IRE1α signalling pathway: A variety of small
molecule inhibitors have been reported to attenuate the activation of IRE1α. Among the
identified inhibitors, 4μ8c binds lysine 907 residue in the catalytic core of the RNase
domain, forming a stable imine that inactivates XBP1 splicing and RIDD activity [319].
Another IRE1α inhibitor, 3-ethoxy-5,6-dibromosalicylaldehyde reversibly inhibited
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cleavage of XBP1 mRNA and RIDD activity [390]. STF-083010 is a potent IRE1α
inhibitor that inhibits endonuclease activity of IRE1, without having any effect on
kinase activity upon ER stress. In xenograft model of human multiple myeloma, STF083010 exhibited remarkable antitumour activity [377]. MKC-3946 was shown to
inhibit the splicing of XBP1 mRNA and attenuate in vivo tumour formation in a
xenograft model of multiple myeloma [391]. It also showed a synergistic effect in
combination with the proteasome inhibitor bortezomib [391]. Toyocamycin, a potent
IRE1α inhibitor, has been shown to specifically block the RNase activity of IRE1α
without affecting its phosphorylation in vitro [392]. Type 1 ATP competitive broad
kinase inhibitors, including sunitinib and staurosporin, interact with the hinge region of
the ATP-binding pocket that stabilizes the active kinase domain. These IRE1α
modulators have been shown to block the activity of IRE1α by inhibiting
autophosphorylation of IRE1α in vitro and XBP1 splicing in vivo [393]. An IRE1α
derived peptide from its kinase domain was observed to stimulate oligomerization of
IRE1α, increasing the splicing of XBP1 mRNA [394]. This peptide inhibited ER stress
mediated JNK activation and RIDD (regulated RNA dependent decay) activity of
IRE1α [394]. XBP1 is overexpressed in estrogen-receptor positive breast cancer cells
making them more resistant towards anti-estrogen compounds and inhibiting cell cycle
arrest [376]. Doxorubicin, a known chemotherapeutic compound was also identified as
an inhibitor of IRE1α/XBP1 axis during UPR [395]. Acridine derivatives 3, 6-DMAD
was identified as IRE1α/XBP1 inhibitor that inhibits both RNase activity and
oligomerization of IRE1α [396]. Both of the inhibitors (Doxorubicin and 3, 6-DMAD)
were observed to be sensitive in ER+ breast cancer cells and triple negative breast
cancer cell lines. The extent of sensitivity towards both of the compounds was found to
be more in triple negative breast cancer compare to ER+ breast cancer cells [397]. STF083010 restores sensitivity towards tamoxifen in endocrine (tamoxifen) resistant breast
cancer cells and co-treatment of tamoxifen and STF-083010 in xenograft mouse tumour
model significantly attenuates breast cancer progression [398].

1.3.7.3 Compounds targeting ATF6 signalling pathway: ATF6 plays a crucial role
in the survival of cells upon ER stress. ATF6α was found to be essential for the survival
of dormant tumour cells [380]. Moreover, in different cancer models, activation of
ATF6 promotes cancer cells survival [399]. Nucleobindin 1 is a novel ATF6 repressor
that supresses S1P-mediated ATF6 cleavage, without affecting the transport of ATF6
from the ER to the Golgi apparatus [400]. Ceapins, is a newly identified ATF6 inhibitor,
41

Chapter 1: Introduction
specifically inhibiting ATF6 signalling without affecting other signalling pathways of
UPR in response to ER stress [399].

1.3.7.4 Modulation of chaperone activity and use of chemical chaperones:
Different experimental approaches suggest that down-regulation or cleavage of BiP at
the transcriptional or post translational level have potential anticancer effects [401,
402]. Heat shock protein 90 (HSP90) is abundantly expressed in most cancers. HSP90
inhibitors such as 17-AAG and radicicol bind to the N-terminal ATP binding domain of
the target leading to cell death [403]. Protein disulfide isomerase (PDI) family proteins
are associated with pathological and physiological processes. PDIA1 inhibitors show
anticancer activity in xenograft model of malignant glioma and melanoma [404, 405].
PACMA 31 (propynoic acid carbamoyl methyl amides), an irreversible inhibitor of
PDIs, has potent tumour targeting capacity, significantly inhibiting the growth of
ovarian cancer cells [406]. Chemical chaperones are low molecular weight chemical
compounds that improve ER homeostasis by attenuating protein misfolding and
subsequently reducing ER stress. The most extensively studied chemical chaperones are
4-phenylbutyrate (PBA) and taurine-conjugated ursodeoxycholic acid (TUDCA).
Treatment with 4-PBA and TUDCA decreased ER stress and improved insulin
sensitivity and glucose homeostasis in a xenograft mouse model of obesity and diabetes
[407]. These chemical chaperones also reduced leptin resistance in a mouse model of
obesity [408]. Administration of 4-PBA improves glucose tolerance in insulin resistant
patients [409] and TUDCA restores insulin sensitivity in obese patients [410]. Thus,
identifying and targeting specific components of the UPR pathway may add additional
therapeutic benefit in the context of different disease conditions.

1.3.7.5 Lab based studies that modulate signalling pathways of UPR: Gene
therapy using recombinant viruses is a relatively new tool to introduce active
components of the UPR in different organs to effectively reduce ER stress levels.
Clinical trials have demonstrated that adeno-associated viruses (AAVs) are a good
choice to deliver therapeutic genes. In a rat model of retinitis pigmentosa, it was
observed that AAV-mediated subretinal delivery of GRP78 reduced ER stress levels
and restored visual function [411]. Introduction of an expression vector using adenoassociated viruses for ectopic expression of the ER foldase PDIA1 into heart acted as
survival factor in cardiomyocyte ischemia [412]. Adenovirus-mediated delivery of
XBP1-S in the liver maintains glucose homeostasis in a diabetes mouse model [413]. In
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the case of cancer, it remains to be elucidated whether or not the local delivery of a gene
therapy virus to knockdown important UPR components has therapeutic potential.

1.4 Brief Introduction on the studied miRNA clusters and NCOA3
1.4.1 Nuclear Receptor Coactivator 3 (NCOA3)
Nuclear receptor coactivators (NCOAs) are members of p160 family of coactivators,
were the first gene family to be identified and classified as coactivators for nuclear
receptors (NRs). The NCOA family consists of three homologous members: NCOA1
(also known as SRC-1), NCOA2 (also known as SRC-2, GRIP1 and TIF2) and
NCOA3. NCOA3 is also named SRC-3 (steroid receptor coactivator-3), AIB1
(amplified in breast cancer 1), ACTR (activator of thyroid and retinoic acid receptor),
pCIP (p300/CBP co-integrator associated protein), RAC3 (RAR-associated coactivator
3) and TRAM1 (thyroid receptor activator molecule 1) [414]. In humans, NCOA1,
NCOA2 and NCOA3 genes are positioned at 2p23, 8q21.1 and 20q12 chromosomal
regions respectively [415]. Structurally, NCOAs comprise three domains; an N-terminal
region, which contains a conserved basic Helix Loop Helix-Per Arnt Sims (bHLH-PAS)
domain, a central region containing a NR interaction domain (NID) and the C-terminal
region consisting of two activation domains (ADs), AD1 and AD2 [416]. Members of
the NCOA family can enhance transcriptional activity of NRs by acting as a bridging
molecule, assisting protein-protein interactions between NRs and multiple other coregulatory factors, thereby facilitating the assembly of the transcriptome complex at the
target gene promoter [417, 418]. Transcription of genes is a precise and regulated
process in which binding of a high-affinity ligand to the respective NR induces a
conformational change that is required for its association with specific DNA sequences
in the promoter region of a target gene [418]. This is followed by the recruitment of
coactivator proteins that mediate chromatin remodelling and facilitate the transcription
of the nuclear receptor target gene [417]
By modulating gene expression, NCOA3 regulates diverse physiological functions such
as normal growth, puberty, development of mammary glands, proper functioning of
female reproductive organs and has been implicated in the development of breast cancer
[414, 415]. According to “oncogene addiction” theory, formation of a tumour is a
multistep process where oncogenes are become activated and tumour suppressors
become inactivated. Accumulating evidence indicates that tumour cells depend on
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continuous activation of NCOA-regulated oncogenes to promote different growth
signalling pathways required for growth and survival of cancer cells [419].

1.4.2 miR-17-92 cluster
Genomic organization of different miRNAs in animals has reported that miRNAs could
be transcribed together as polycystronic primary transcripts and subsequently get
processed into individual mature miRNAs [420]. The miRNA cluster, miR-17-92 is a
prototypical example of a polycystronic miRNA gene. The miR-17-92 cluster is a
known oncogenic miRNA cluster encoding six individual mature miRNAs, namely,
miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a, transcribed from a
polycistronic miRNA gene located in third intron of C13orf25 (~7 kb primary
transcript) at chromosome 13q31. This is considered as an important genomic region
due to loss of heterozygosity and its dysregulation in different cancer types including
breast cancer [421-423].
In mammals, two paralogs of this cluster, named miR-106a-363 and miR-106b-25, have
been identified. The miR-106a-363 cluster is positioned on the X chromosome, whereas
the miR-106b-25 cluster is located in the 13th intron of MCM7 gene. Based on the seed
sequences, the mature miRNAs of these three clusters are grouped into four different
families, miR-17/20a, miR-18, miR-19 and miR-25. The miR-17/20a family comprises
six members, miR-17, miR-20a, miR-20b, miR-106a, miR-106b and miR-93. The miR18 family has two members, miR-18a and miR-18b. The miR-19 family comprises two
members, miR-19a and miR-19b and miR-25 family consists of three members, miR25, miR-92a and miR-363. The mature miRNAs of miR-17-92 cluster and its paralogs
have been shown to play a crucial role, not only in the development of heart, lung and
immune system but also in tumouregenesis [421]. The genomic organization of miR-1792 and its paralogs are schematically presented here (Figure 1.8).
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Figure 1.8: Genomic organization of miR-17-92 cluster and paralogues. (A) Genomic
organization of three homologous miRNA clusters (miR-17-92, miR-106a-363, miR-106b-25). (B)
The homologous miRNA clusters are categorized into four family miR-17/20a family (miR-17, miR20a, miR-20b, miR-106a, miR-106b and miR-93), miR-18 family (miR-18a and miR-18b), miR-19
family (miR-19a and miR-19b) and miR-25 family (miR-25, miR-92a and miR-363).

1.4.3 miR-424(322)-503 cluster
The miR-424 (miR-322 in rodents) and miR-503 are co-transcribed as a polycistronic
primary transcript (pri-miRNA) and thus comprise the miR-424(322)-503 gene cluster.
The miRNAs belonging to miR-424(322)-503 cluster comprise AGCAGC as the seed
sequence and are part of the miR-16 family [424]. In humans, this cluster encodes two
mature miRNAs, miR-424 and miR-503, while in rodents this cluster of miRNA
encodes three mature miRNAs, miR-322, miR-351 and miR-503. This miRNA cluster
is mapped on chromosome Xq26.3 and expressed monoallelically [425]. The role of
miR-424(322)-503 cluster has been investigated in several types of physiological and
pathological conditions, which have revealed the diverse function of miR-424(322) in
different contexts [424, 426]. The miR-424(322)-503 cluster promotes differentiation
and induces G1 arrest by targeting an overlapping set of cell cycle regulators [427, 428].
Expression of miR-503 in human endothelial cells (EC) results in cell cycle delay in G1,
reduced cell proliferation and migratory capacity and impaired EC networking
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capacities, suggesting an anti-angiogenic role for this miRNA cluster [424, 426]. In
mammary epithelial cells, miR-424(322)-503 cluster is transcriptionally regulated by
transforming growth factor β (TGF-β) where it regulates remodelling of the epithelium
in the involution of mammary gland [429, 430]. This cluster of miRNA is upregulated
in mammary epithelial cells, deciding cell fate (cell death or survival) by targeting
BCL2, a key marker of apoptotic cell death and insulin growth factor 1 receptor
(IGF1R) [430]. TGF-β mediated cell cycle arrest in mammary epithelium is effected by
miR-424(322)-503 cluster through the downregulation of CDC25A [429]. This miRNA
cluster is found to be expressed in earliest cardiac progenitor cells and acts as a potent
regulator to trigger robust and precocious cardiomyocytes formation [431]. Members of
this cluster are significantly upregulated during involution after pregnancy [425].
Endoplasmic reticulum Ca2+ store depletion and activation of store-operated Ca2+ entry
significantly reduce miR-322 abundance and the activity of IRE1α during EnR stress
response. Results from experimental models of mice and worms exhibit that ER stress
mediated activation of the UPR pathway correlates with the reduced abundance of miR322 [432].
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1.5 Aims of the study

General Aim:
To investigate the role of miRNA clusters, NCOA3 and UPR in breast cancer.

Individual Aims:


Aim-1: To investigate the role of XBP1-NCOA3 axis in the progression of ER
positive breast cancer and endocrine resistance.



Aim-2: To explore the role of NCOA3 on PERK signalling during UPR.



Aim-3: To characterize the functional properties of miR-17-92 cluster and find
out functionally relevant target for this cluster in breast cancer.



Aim-4: To explore the regulation of miR-424-503 cluster and its role in
Unfolded Protein Response (UPR).
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2.0 Materials and Methods
2.1 Cell culture
Cell culture is a technique to grow cells in a controlled environment in the laboratory to
study biology of the cell. Cells were maintained by ensuring different factors such as
temperature, pH, nutritional factors (sugar, amino acids, vitamins) and growth factors
required for proper and efficient growth of the cultured cells. The medium used for
culturing of cells were supplemented with fetal bovine serum to ensure the presence of
growth factors and antimicrobial compounds to attenuate the contamination of microbes
in the culture. The aseptic condition was maintained throughout the cell culture process
to reduce the risk of contamination, cross-infection within the laboratory environment
and to prevent the researcher from any transmissible disease. To ensure this aseptic
condition, standard personnel protective equipment (PPE) such as laboratory coats and
gloves were used during the processing of cells in laminar air flow hood or biological
safety cabinet and keeping the flasks in the incubator. 70% industrial methylated sprit
(IMS) was used to clean biological safety cabinet and surface of the flasks or
equipment’s placing into biological safety cabinet and incubator to further reduce the
risk of contamination. Cells were cultured either in flasks or wells of the plate (designed
to adhere cells on the surface) where cells were attached and grown as a monolayer.

2.1.1 Cell lines
HEK 293T cells are human embryonic kidney cells having Simian vacuolating virus
(SV40) origin of replication were obtained from Indian University National Gene
Vector Biorepository. Mouse Embryonic Fibroblasts (MEFs) cells are immortalized
fibroblast cell line with SV40 origin of replication. XBP1-/- and wild-type MEFs were a
gift from Dr.Laurie Glimcher, Harvard Medical School, USA. PERK +/+ and PERK-/MEFs were a gift from Dr. David Ron, Institute of Metabolic Science, University of
Cambridge, UK. The embryonic rat cardiac myoblast H9c2 cells, an immortalized cell
line with the cardiac phenotype, were purchased from ATCC. Hela cells are
immortalized cells derived from a cervical carcinoma patient. Hela WT and NCOA3
KO cells were a kind gift from Bert O’Malley, Baylor College of Medicine, USA.
Breast cancer cell lines of different subtypes were purchased from ECACC (Table 2.1).
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Table 2.1: List of breast cancer cell lines used in the subsequent experiments
Breast cancer cell lines

Subtypes

Characteristics

MCF7

Luminal A

ER+, PR+, HER-

T47D

Luminal A

ER+, PR+, HER-

MDA-MB-231

Triple Negative

ER-, PR-, HER-

SKBR3

HER2 overexpressing

ER-, PR-, HER+

2.1.2 Culturing of cells
2.1.2.1 Maintenance of cells
Cells were grown in Dulbecco’s modified medium (DMEM) (Sigma Aldrich; Cat no #
D6429) or McCoy’s 5A medium (Sigma Aldrich; Cat no # M9309) where appropriate
supplemented with 10 % heat inactivated fetal bovine serum (FBS) (Labtech
International; Cat no # FB-1001/500 & Sigma-Aldrich; Cat no # F7524-500ml), NaPyruvate (1mM) (Sigma Aldrich; Cat no # S8636), L- Glutamine (2 mM) (Sigma
Aldrich; Cat no # G7513), 100U/ ml penicillin and 100 mg/ml streptomycin (Sigma
Aldrich; Cat no # P0781) in an incubator maintained with 5 % CO2 and at 37°C
temperature.

2.1.2.2 Passaging/trypsinization of cells
Passaging of cells also known as sub-culturing or splitting of cells where a number of
cells are transferred into a new flask. Cells were cultured in T-75 flask having a surface
area of 75 cm2 with complete culture medium. Usually, the growing cells form
monolayer on the bottom surface of the flask. Cells were observed under inverted
microscope and splitting was carried out in the laminar air flow hood, starting with the
disposal of medium directly by aspiration followed by washing once with Hanks
Balanced Salt Solution (HBSS) (Sigma Aldrich; Cat no # H6648-500ml) to remove
FBS from the flask. Passaging was done when monolayer of the cells became 80-90%
dense, using 0.25% 1X trypsin-EDTA for 3-5 minutes at 37°C temperature or up-to the
required time period for the cells to be rounded and detached from the surface of the
flask. Once cells became detached, fresh pre-warmed complete growth medium
containing 10% FBS was added to inactivate the activity of trypsin and to resuspend the
cells. Gentle pipetting was done to get single cells from the clumps of cell suspension.
Cells were then centrifuged at 400xg for 5 minutes, supernatant discarded and pellet
was resuspended in complete culture medium. The cells were counted appropriately
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with haemocytometer and then required number of cells were seeded into new flasks
(for expansion) or plates (for experiments) and incubated in an incubator supplied with
5 % CO2 at 37°C.

2.1.2.3 Counting of cells
Cells in single cell suspension were counted using a hemocytometer (MARIENFELD,
Germany) by placing 10 μl of cell suspension in each chamber of the hemocytometer
followed by counting of cells in each corner of the chamber manually by a counter.
Finally, the concentration of cells per ml was calculated using the formula: average cell
count of each corner X104 X dilution factor.

2.1.2.4 Cryostorage of cells
Cells within cryovials were preserved under liquid nitrogen to maintain backups or
stocks and to avoid loss of cells due to contamination, genetic changes and aging. For
this purpose, cells were first microscopically checked to confirm absence of any sorts of
contamination. Culture medium was aspirated and flask was washed with Hanks
balanced salt solution (HBSS). Cells were then trypsinized with trypsin-EDTA and
clumps of cells were suspended by pipetting up and down to get single cell suspension.
Activity of trypsin was neutralized by adding FBS containing complete culture media in
the trypsinized cells. Later on, cells were counted by hemocytometer and the cell
suspension was spin down at 1000 g for 5 minutes followed by removal of supernatant
keeping the cell pellet in the tube. Cell pellet was resuspended with preservation or
freezing medium (80% complete medium, 10 % DMSO and 10% FBS) by pipetting up
and down to ensure even mixture and aliquoted 1 ml of resuspended cell suspension
having approximately 1X106 cells in each labelled cryovial. Dimethylated sulphoxide
(DMSO) (Sigma Aldrich; Cat no # D6429) is a type of cryopreservative used in
preservation medium to protect cells from freeze-thawing induced stress and to reduce
crystal formation that lyse the cells. Freezing medium, resuspended cells and cryovials
were kept on ice as DMSO is toxic for cells at 37°C temperature. The required number
of cryovials were placed in Mr FrostyTM and transferred immediately to -20°C freezer
for one hour, followed by overnight at -80°C freezer prior to finally storing in liquid
nitrogen. Mr FrostyTM freezing container is usually filled with isopropyl alcohol that
maintains controlled rate of cooling (-1°C per minute).

51

Chapter 2: Materials and Methods

2.1.2.5 Reviving of cells
Cells were revived by taking out the labelled cryovials from liquid nitrogen and rapidly
thawing in 37°C water bath followed by resuspension of the thawed cells by quickly
pipette out in drop wise in the pre-warmed appropriate cultured medium in T-75 flask.
Post-incubation for 24 h in CO2 incubator, cells were checked to ensure the attachment
at the surface of the flask. Cultured medium was replaced with pre-warmed fresh culture
medium to remove no-adherent cells and replenish nutrients and also to remove DMSO
residues. Any sorts of physical stress (pipetting, centrifugation, mixing and vortexing)
were avoided as the cells are very much prone to mechanical stress during recovery
from cryopreservation stage.

2.3 Treatment of the cell lines or stable subclones
To activate unfolded protein response (UPR) signalling pathway, cells were treated with
numerous pharmacological (thapsigargin, tunicamycin, brefeldin A) and physiological
stressors (2-deoxy-Glucose) for different time points indicated in respective
experiments. Inhibitors of individual UPR arms (IRE1α inhibitor: 4μ8C, STF083010;
PERK inhibitor: GSK2606414) were used to inhibit the activity of respective UPR
arms. To specifically activate PERK signalling, cells were treated with PERK activator
CCT020312. To explore the effect of miRNAs on the sensitivity towards different
chemotherapeutic compounds, cells or stable subclones were treated with bortezomib,
doxorubicin,

5-F-uracil,

docetaxel,

fulvestrant,

tamoxifen.

To

stimulate

the

transcriptional activity of NCOA3, cells were treated with MCB-613 (a potent panstimulator of NCOA3). The concentrations and duration of every single compound are
stated in result chapters in the respective sections. A complete list of compounds along
with their structures and sources is enclosed in the Appendix-1.

2.3.1 Thapsigargin (TG)
Thapsigargin is a potent endoplasmic reticulum (EnR) stress inducer also known as an
inhibitor of SERCA (sarcoplasmic/endoplasmic reticulum Ca2+ ATPase) pump. It binds
irreversibly to and inactivates the SERCA pump that blocks the re-uptake of Ca2+ into
EnR lumen resulting in reduced levels of Ca2+ in EnR. Ca2+ is vital for EnR luminal
chaperones to fold proteins properly. Due to reduced concentration of Ca2+ in EnR
lumen, Ca2+ dependent EnR chaperons loss their function for folding of proteins
properly leading to the accumulation of unfolded or misfolded protein that eventually
activates UPR pathway [433]
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2.3.2 Tunicamycin (TM)
Tunicamycin is an antibiotic that induces EnR stress by blocking N-linked glycosylation
(N-linked glycosylation is a regulated post-translational modification for protein
folding) of proteins. It inhibits N-linked glycosylation by blocking the transfer of Nacetylglucosamine-1-phosphate (GlcNAc-1-P) from UDP-GlcNAc to dolichol-P
(catalysed by GlcNAc phosphotransferase;GTP), thereby reducing the formation of
dolichol-PP-GlcNAc. Impeding of N-linked glycosylation inhibit proteins to be folded
correctly. As a consequence, unfolded proteins start to be accumulated in EnR lumen
that eventually initiates unfolded protein response (UPR) [434-436].

2.3.3 Brefeldin A (BFA)
Brefeldin A is a well-known potent reversible EnR stress inducer that blocks the exit of
folded proteins from endoplasmic reticulum to Golgi apparatus. Properly folded
proteins are transported from EnR to Golgi complex through vesicular tubular clusters
or vesicle. BFA dissociates the coat protein from Golgi complex and trans-Golgi
membrane by targeting

ADP-ribosylation factor (ARF) that is required for the

formation of trans-Golgi vesicle; resulting in the breakdown of the vesicle [437, 438].
Therefore, folded proteins start rapid accumulation into the EnR lumen. Extended
exposure of BFA induces apoptosis [439].

2.3.4 4μ8C
4μ8C is an IRE1 inhibitor that blocks the RNase activity of the IRE1α by binding to
IRE1 active site; thus resulting in the selective inactivation of both IRE1 mediated
degradation of mRNA and splicing of XBP1 [305, 319].

2.3.5 STF083010
STF083010 is a potent IRE1α inhibitor that inhibits RNase activity without affecting the
kinase activity of IRE1α [305].

2.3.6 Activator of EIF2AK3/PERK-CCT020312
CCT020312 is a dihydropyrazol derivative that selectively activates eukaryotic
translation initiation factor2-alpha kinase3 (EIF2AK3) also known as PERK and
increases the phosphorylation of eIF2α at Ser51 [440].
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2.3.7 PERK Inhibitor (GSK2606414)
GSK2606414 is a highly potent selective inhibitor of PERK that attenuates PERKmediated phosphorylation of eIF2α at Ser51 as well as EnR stress induced
autophosphorylation of PERK [385].

2.3.8 Bortezomib
Bortezomib is a ubiquitin inhibitor of 26S proteasome that shows inhibitory effect
through the binding of its boron atom with the active site of 26S proteasome enzyme
leading to cell cycle arrest and programmed cell death [441]. It could protect proapoptotic proteins and promote degradation of anti-apoptotic proteins, resulting in
apoptosis in malignant cancer type [442]. It has been observed to regulate autophagy in
different cancer types including breast cancer [443]. In addition to its anti-proteasome
effect, Bortezomib also inhibits transcription factor nuclear factor-kappa beta (NF-kB)
in multiple myeloma [441].

2.3.9 Doxorubicin
Doxorubicin is a potent cytotoxic anthracycline antibiotic that shows anti-cancer effects
either by intercalation of the planar anthracycline nucleus into DNA double helix and
disruption of Topoisomerase-II mediated DNA repair or by generation of reactive
oxygen species (ROS) and triggering apoptotic signalling pathways of cell death [444].

2.3.10 5-F-uracil
5-F-uracil is an analogue of Uracil having a fluorine atom at C-5 position rather than a
hydrogen primarily works as a thymidylate synthase (TS) inhibitor [445]. 5-F-uracil is
converted into a number of active metabolites such as FdUMP (fluorodeoxyuridine
monophosphate), FdUTP (fluorodeoxyuridine triphosphate) and FUTP (fluorouridine
monophosphate) [446]. During the replication of DNA and repair of DNA damage,
thymidine acts as a key component. Thymidylate synthase enzyme catalyses the
conversion of dUMP (deoxyuridine monophosphate) to dTMP (deoxyuridine
triphosphate) to synthesize thymidine. The active metabolite of 5-F-uracil (FdUMP)
catalytically binds to the active site of thymidylate synthase and forms a stable ternary
complex; thereby blocking the binding of dUMP to the enzyme. This leads to the
inhibition of thymidine synthesis that ultimately disrupts the replication of DNA [447,
448].

Administration of 5-F-uracil in rapidly growing cancer cells results in the
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depletion of dTMP, leading to cell death. This compound is widely used in the
treatment of different cancer types including breast cancer [449].

2.3.11 Docetaxel
Docetaxel is an antimicrotubule agent that promotes the assembly of key cytoskeletal
protein-microtubule and stabilizes the microtubule polymers from depolymerisation;
thus trigger attenuation of microtubule dynamics [450]. This causes significant
reduction in free tubulin monomer that is required for the formation of microtubules;
thus preventing cell proliferation due to the impairment of mitotic cell division and cell
cycle arrest, [451]. Docetaxel not only inhibits microtubule dynamics but also alters the
apoptosis signalling pathways [452] and inhibits angiogenesis [453].

2.3.12 Fulvestrant
Fulvestrant is a potent estrogen receptor antagonist that binds to estrogen receptor (ER)
monomers of the cells. Binding of fulvestrant to estrogen receptor inhibits dimerization
of the receptors, inactivation of activating function 1 (AF1) and activating function 2
(AF2), reduction of the translocation of the receptor to the nucleus and rapid
degradation of estrogen receptor [454].

2.3.13 Tamoxifen
Tamoxifen is a well-known non-steroidal anti-estrogen agent that binds to estrogen
receptor by blocking the binding of 17β-estradiol (E2) to the receptor and attenuate the
promotional effect of E2 in breast cancer. Also, it shows preventive effect by inhibiting
the formation of E1 and E2 epoxide and subsequently the attenuation of breast cancer
initiation [455]. A conformational change in the receptor is induced with the binding of
tamoxifen with the estrogen receptor that ultimately results in the altered expression of
estrogen dependent genes. Tamoxifen binding also results in reduced DNA polymerase
activity, impaired thymidylate utilization and decreased estrogen response to estradiol
[456].

2.3.14 MCB-613
MCB-613 is a potent stimulator of steroid receptor coactivators (SRCs). It super
stimulates the transcriptional activity SRCs (SRC-1, SRC-2 and SRC-3/NCOA3). In
brief, MCB-613 mediated overstimulation of SRCs induces EnR stress leading to the
generation of ROS (reactive oxygen species) that can effectively kills cancer cells [419].
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2.3.15 Actinomycin D
Actinomycin D is a potent inhibitor of transcription that works by intercalating with
DNA thereby stopping the elongation of RNA chain by RNA polymerase [457].

2.3.16 Cycloheximide
Cycloheximide is a known inhibitor of translation in eukaryotes and commonly used
compound in the laboratory to inhibit protein synthesis. It blocks the elongation phase
of translation by binding with the ribosome and inhibiting eukaryotic translation
elongation factor 2 (eEF2) [458].

2.4 Plasmid constructs
A complete list of used plasmids and their features is enclosed in the Appendix-2.

2.5 Transformation of plasmids using E. coli
Transformation is one of the widely used technique to introduce a part of DNA in the
form of the plasmid into competent bacterial cells. For the insertion of the desired
plasmid, heat shock transformation was used in One Shot TOP10 chemically competent
E. coli cells [Biosciences (Invitrogen); Cat no # C404003]. The process was started with
the addition of plasmid DNA (approximately 100 ng) to one vial of one-shot TOP10
competent E. coli cells followed by gentle mixing and incubation on ice for 30 minutes
that makes the cells permeable to uptake the plasmid DNA. The vial having plasmid
was then heat shocked for 30 seconds at 42°C in the water bath without any shaking that
facilitates the entry of the plasmid DNA into the cells by generating a thermal gradient
across the cell membrane of the competent cells. The vial was removed quickly from
the water bath and placed on ice for 2 minutes for recovery. 250 µl of pre-warmed LB
broth media was then added aseptically and grow the cells for 1 h in 37°C incubator
with horizontal shaking at medium speed. The transformed E. coli cells (100μl) were
then spread on LB agar plate containing appropriate antibiotic for the desired plasmid
and grown overnight at 37°C. On the following day, a single colony was picked using a
sterile loop from the LB plate and inoculated into 5 ml of LB broth medium containing
the selective antibiotic. The inoculated liquid medium was then incubated at 37°C for 4
h at in a shaking incubator at medium speed followed by transfer of the whole medium
in 100 ml LB broth maintaining the same condition to grow for overnight to get a large
preparation of bacterial pellet. Bacterial culture became opaque on the next day and was
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centrifuged at 8827 g for 30 minutes to pellet bacterial cells containing the plasmid of
interest. The cell pellet was either stored at -80°C to preserve or started processing for
isolation of plasmid using appropriate kit.

2.6 Isolation of plasmids
Plasmids were isolated using QIAfilter plasmid midi kit as per instructions of the
manufacturer (QIAGEN; Cat no: 12143). In brief, according to the principle of the kit
used, plasmid DNA binds to anion-exchange resin under appropriate low-salt and pH
followed by removal of RNA, proteins, dyes and low-molecular-weight impurities by a
medium-salt wash. Finally, plasmid DNA was eluted in a high-salt buffer and then
precipitated by isopropanol. Bacterial pellet was resuspended by adding 4 ml of buffer
P1 (50 mM TrisCl, pH 8.0; 10 mM EDTA; 100 μg/ml RNase A). After re-suspension, 4
ml of Buffer P2 (200 mM NaOH, 1% SDS) was added, mixed thoroughly by vigorously
inverting the tube for 4-6 times and incubated at room temperature for 5 min. 4 ml of
pre-chilled buffer P3 (3.0 M potassium acetate, pH 5.5) was then added and mixed
thoroughly by vigorously inverting the tube for 4-6 times. The lysate was incubated at
room temperature for 10 min after pouring into the barrel of QIAfilter cartage.
Meanwhile, a QIAGEN-tip was equilibrated by passing 4 ml of QBT buffer (750 mM
NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol; 0.15% Triton X-100) through the
column by gravitational flow. The lysate was filtered using equilibrated QIAGEN-tip
and allowed to enter into the resin by gravity flow. Finally, DNA was eluted with 5 ml
of buffer QF (1.25 M NaCl; 50 mM Tris-Cl, pH 8.5; 15% isopropanol) after two times
washing of the QIAGEN-tip with 10 ml of buffer QC (1.0 M NaCl; 50 mM MOPS, pH
7.0; 15% isopropanol). The plasmid DNA was precipitated by adding 3.5 ml of
isopropanol and centrifugation at 8827 g for 1 h at 4°C. The obtained DNA pellet was
washed with 2 ml of 70% ethanol followed by air drying for 10 min and then dissolved
in a suitable volume of DNAse free TE buffer depending on the size of the pellet.

2.7 Transient transfection/transfection of the cells
Transfection is a process to introduce nucleic acids (DNA in the form of a plasmid,
double-stranded RNA) in eukaryotic cells though non-viral methods. A wide range of
methods and transfection reagents (Table 2.2) are commercially available that are
designed to facilitate delivery of DNA into the eukaryotic cells through the negatively
charged plasma membrane.
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Turbofect transfection reagent (Thermo Scientific; Cat. No #R0531) is a solution of
cationic polymer that can form a compact, stable, positively charged complex with
DNA and thus allow DNA to pass through the cell membrane. This reagent was
frequently used for transient transfection or transfection of MCF7 cells. Cells were
seeded into each well of a 6-well plate in such a way that the well was 50-70% dense on
the day of transfection. For this, 15X104 MCF7 cells were seeded in each well of 6-well
plate followed by transfection with the plasmid of interest and Turbofect in a ratio of
1:2 after 24 h of cell seeding. To maintain this ratio, 2 μg of plasmid DNA was diluted
in serum-free medium DMEM to a final volume of 100 μl (per well) in a tube and 4 μl
Turbofect transfection reagent was also diluted in serum-free DMEM to a final volume
of 100 μl (per well) in another tube. Both of the diluted DMEM was incubated for 5 min
at room temperature. After incubation, diluted Turbofect solution was added with
diluted DNA solution drop wise and mixed by mild vortexing. The solution was then
incubated for 20 min at room temperature for the formation of DNA-lipid complex. The
complex was then added drop wise into the well and mixed by gentle swirling of the
plate. Following four hours of transfection, the medium was replaced with fresh DMEM
medium and cells were allowed to grow for 24 h. Finally, cells were treated with UPR
stressors or selected compounds for different time-points and harvested according to
experimental plans.

jetPEI is another transfection reagent composed of a linear polyethylenimine that forms
a complex by compacting DNA into positively charged particles and thus is capable of
binding to the plasma membrane of the cells and internalized eventually via
endocytosis. The endosome gets ruptured after internalizing into the cell that results in
the release of DNA; thus allows the transport to the nucleus for subsequent
transcription. For the transfection of 293T cells, jetPEI (Polyplus Transfection; Cat. No
#101-10N) provides greater transfection efficacy comparing with other cationic lipids
and polymers. Cells were seeded into each well in a 6-well plate to get 50-70%
confluency on the day of transfection. For this, 0.5X106 293T cells were seeded in each
well followed by transfection with the plasmid of interest and jetPEI at a ratio of N/P
ratio >3. To get a positively charged complex, the N/P ratio should be greater than 3.
For getting the accurate N/P ratio, 1 μg of plasmid DNA was diluted in 150mM NaCl to
a final volume of 100 μl (per well) in a tube and 6 μl jetPEI was also diluted separately
in 150mM NaCl to a final volume of 100 μl (per well) in a separate tube. Both tubes
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were incubated for 5 min at room temperature. The diluted jetPEI solution was then
added to the diluted DNA solution drop wise and mixed by mild vortexing accordingly.
For the formation of DNA-jetPEI complex, the solution was incubated for 20 min at
room temperature. DNA-jetPEI complex was added to the well drop wise and mixed by
gentle swirling of the plate. The transfected plate was incubated for 24 h in a CO2
incubator maintained with 5% CO2 at 37°C. Finally, cells were either harvested or
treated with appropriate compounds for different time-points followed by harvesting
according to experimental plan. A list of transfection reagents is included in table 2.2. In
promoter assays cotransfection was carried out. Cells were seeded in 6-well plate and
transfected with (900 ng) firefly luciferase vectors in combination with (100 ng) Renilla
luciferase vector as internal control.

Table 2.2: List of reagents used for transfection
Name of the
reagent

Source/
purchased from

Cat No

Transfected
cell lines

Turbofect

Thermo Scientific

R0531

MCF7

jetPEI

Polyplus
Transfection

101-10N

293T

Conditions employed
2 μg of plasmid DNA +
4 μl Turbofect transfection
1 μg of plasmid DNA +
6 μl jetPEI

2.8 Generation of stable over expressive or knockdown clones in vitro by
lentivirus
Lentivirus plasmids were used for making over expressive or knockdown clone of cells.
The process started with the generation of lentivirus followed by transduction of the
respective cell line. To generate lentivirus HEK 293T cells were transfected with
specific lentivirus following standard protocol. Desired cell lines were transduced with
generated lentivirus followed by a selection criteria to get stable clones that either
overexpress miRNAs or knockdown target genes. The following protocol was adopted
for the generation of stable or knockdown clone in different cell lines:

2.8.1 Lentivirus preparation & transduction of the cells
Lentiviral plasmids were used to generate viruses for the transduction of different cell
lines to prepare clone or identical population of cells. JetPEI transfection compound was
used for the transfection of HEK 293T cells to generate lentivirus according to the
following procedures:
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Day-1: Seeding of 293T cells for lentivirus production
A semiconfluent T175 flask having healthy parental 293T cells (passage number not
more than 20) was trypsinized and 10X106 cells were seeded in a new T175 flask in 25
ml of DMEM containing high glucose, 10% FBS, 1% glutamine and 1% penicillinstreptomycin and incubated for 24 h.
Day-2: Transfection of the seeded 293T cells
Cells were checked under an inverted microscope for a monolayer of cells (40-50%
density) with a uniform and even distribution before transfection. DMEM medium was
replaced with 20 ml of fresh DMEM medium after 24 h of cell seeding. A total of 10.5
μg of second-generation lentiviral plasmids were used for transfection in a T175 flask.
To obtain a total of 10.5 μg plasmid, three different plasmids were used; lentiviral
transfer plasmid containing the sequence of interest and flanking LTRs (5.25 μg DNA),
second-generation lentiviral packaging plasmids psPAX2 (3.50 μg DNA) and envelop
vector pMD2.G encoding VSV-G (1.75 μg DNA). The required concentrations of these
three plasmids were aliquoted and adjusted to a final volume of 1 ml with 150mM NaCl
in a tube. In parallel, 63 μl of jetPEI transfection reagent was diluted in 150 mM NaCl
solution to a final volume of 1 ml for achieving N/P ratio of 15 ( N/P ratio is a measure
of ionic balance that accounts the number of jetPEI nitrogen residues per
oligonucleotide phosphate). Diluted plasmids and jetPEI solution were then incubated
separately at room temperature for 10 minutes followed by drop wise addition of jetPEI
solution into the diluted plasmid solution and gentle vortexing to mix properly. The
complex was then incubated for 20 min at room temperature without any disruption for
getting jetPEI/plasmid DNA complex. 2 ml jetPEI/plasmid DNA complex was added to
the 293T cells in the T175 flask having 20 ml of medium and homogenized by gentle
swirling of the flask. Finally, the transfected flask was transferred to CO2 incubator to
ensure the growth of the cells.
Day-3: Observation of the transfected cells and replacement of transfected medium
Transfected 293T cells were observed under an inverted microscope to ensure the cells
look healthy, growing well and achieve a density of 60-80%. Following 16 hours of
transfection, the medium was replaced with 25 ml fresh caffeine (4 mM) containing
medium composed of DMEM, 10% FBS, 1% glutamine, 1% penicillin-streptomycin
and 4mM caffeine. In the meantime, a calculated number of cells (cells that were going
to be transduced by the lentiviral vectors) were plated in the T75 flask by maintaining
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appropriate growth condition to achieve 30-40% confluency of cells at the day of
transduction.
Day-4: Observation of the transfected cells
Transfected 293T cells were observed under an inverted microscope to check whether
syncytia of fused cells start to appear. The cells were also checked under fluorescence
microscope (Evos FL Life Technologies) to see the expression of reporter genes
(GFP/RFP) if the reporter gene was encoded with the sequence of interest in the
plasmid. After 24 hours of medium change with caffeine containing medium, first round
of lentiviral vector was harvested by collecting the medium and filtering through a 0.45
μm filter. The transfected cells were again incubated after adding 25 ml of fresh
caffeine (4 mM) containing DMEM medium to harvest second round of lentiviral
vectors. The filtered cell culture supernatant containing first round of lentivirus was
added to the T75 flask (having the desired cell line to be transduced) and cells were
allowed to grow in the CO2 incubator to facilitate the transduction.

Day-5: Harvesting of virus
After 48 h of medium change with caffeine containing medium, the second round of
lentiviral vector was harvested by collecting the crude vector stocks and centrifugation
at 1000xg for 5 min at 25°C followed by filtration through 0.45 μm filter. The filtered
cell culture supernatant containing second round of lentiviral vectors were added to the
already transduced cells by replacing old cell culture supernatant if required or aliquoted
and stored at -80°C.

2.8.2 Generation of in vitro miRNA over expressive clones
HEK 293T control and miR-424 expressing stable subclones were generated by
transducing with lentivirus made using control or miR-424 expression plasmid having a
backbone of pLenti-III-Tet-miR vector (Applied Biological Materials Inc) along with
second-generation lentiviral packaging plasmids (psPAX2) and envelop plasmid
(pMD2.G) using jetPEI transfection reagent (Polyplus transfection, VWR International
Ltd, Dublin, Ireland) according to the manufacturer’s instructions and puromycin
selection (3μg/ml) for 7 days. Upon addition of doxycycline (1µg/ml), these lentivectors
induce GFP expression in control cells and both GFP & miR-424 expression in miR424 overexpressing miRNA clones.
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PCDH Empty and miR-17-92 cluster overexpressing (having the same backbone of the
vector) stable subclones of MCF7, T47D, MDA-MB-231 and SKBR-3 were generated
by transduction of cell lines with lentivirus made using pCDH-CMV- EF1-RFP and
miR-17-92 expressing pCDH-CMV- EF1-RFP vector respectively following the
procedure as described earlier. T47D, MDA-MB-231 and SKBR-3 miR-17-92 cluster
overexpressing subclones were obtained by sorting on the basis of red fluorescent
protein (RFP). High RFP expressing subclones were sorted using FACS (fluorescence
activated cell sorting) Arial II cell sorter (BD Bioscience, Oxford, UK).

2.8.3 Generation of knockdown clones in vitro
MCF7 pTRIPZ and MCF7 pTRIPZ-shNCOA3 stable subclones were generated by
transduction of lentivirus made from tetracycline inducible pTRIPZ empty plasmid or
pTRIPZ-NCOA3 shRNA expressing lentiviral plasmid (V2THS_261936) from Thermo
Scientific (St Leon-Rot, Germany), second-generation lentiviral packaging plasmids
(psPAX2) and envelop plasmid (pMD2.G) in 293T cells using jetPEI transfection
reagent (Polyplus transfection, VWR International Ltd, Dublin, Ireland) following
manufacturers’ instructions and puromycin selection (2μg/ml) for 7 days. Upon addition
of doxycycline (1µg/ml), pTRIPZ-NCOA3 shRNA clones generate shRNA targeting 5’GTCAGATAAGCAGGAGGTA-3’ that eventually knockdown the expression of
NCOA3.
MCF7 PLKO empty, XBP1 KD, PERK KD and ATF6 KD clones were generated by
transducing the cells with respective lentivirus expressing shRNA. Lentivirus
expressing XBP1 shRNA, PERK shRNA and ATF6 shRNA were generated by
transfecting 293T cells by respective lentiviral plasmids [XBP1-targeting shRNA
plasmid (Sigma; Cat# TRCN0000019805), PERK-targeting shRNA plasmid (Gift from
Dr. Piyush Gupta, Massachusetts Institute of Technology at Boston, USA) and ATF6targeting shRNA plasmid (Dharmacon GE Healthcare Life Sciences; Cat#
TRCN0000017853, TRCN0000017855 and TRCN0000017857)] along with packaging
plasmids and envelop plasmid using jetPEI transfection reagent (Polyplus transfection,
VWR International Ltd, Dublin, Ireland) according to manufacturers’ instructions.
MCF7 cells were then transduced with the shRNA lentivirus particles for 24 h followed
by selection for shRNA-positive cells was performed with 2μg /ml puromycin for 7
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days. A list of stable sub-clones generated in our lab or gifted by other lab is enclosed in
Appendix-3.

2.9 Analysis of mRNA and miRNA expression
2.9.1 RNA extraction
RNA is widely used genetic materials to determine the expression of mRNAs and small
RNA molecules such as miRNAs. Total RNA isolation was started with the removal of
the medium from cell culture flask and washed with Hanks Balanced Salt Solution
(HBSS). The required volume of Trizol (500 μl for each well of 6-well plate & T25
flask, 1 ml for T75 flask) (Biosciences; Thermo Scientific, Cat no # 15596018) was
added onto the cell monolayer and incubated for 3-5 minutes to lyse the cells. The
suspension was pipetted for several times, transferred to 1.5 ml Eppendorf tube and
incubate at room temperature for 10 minutes. To separate RNA from the genomic DNA
and proteins, 200 μl of chloroform (Sigma-Aldrich; Cat no # C2432-1L) per ml of
Trizol was added, mixed by inverting the tube for several times and incubated at room
temperature for 10 min. The tube was centrifuged at 15700 g for 15 minutes in a
centrifuge machine pre-cooled at 4°C. The upper clear aqueous phase of the resulted
three phase in the tube was collected carefully in a fresh tube and discarded the
interphase and lower phase. To precipitate RNA, an aliquot of 750 μl isopropanol
(Sigma-Aldrich, Cat no # I9516-500ML) was added, mixed well by shaking and kept at
-20°C for overnight incubation. The tube was then centrifuged at 15700 g for 10
minutes in a precooled centrifuge machine maintaining 4°C. Following centrifugation,
the pellet was kept in the tube by discarding the supernatant carefully and washed with
75% ethanol (Sigma Aldrich, Cat no # E7023-500ML). The RNA pellet was air-dried at
room temperature for 10 minutes. Depending on the size of the pellet, an appropriate
volume of DEPC treated water (~20-50 µl) was added to the pellet to dissolve the RNA
pellet. Tubes were then warmed at 50°C for 10 min to dissolve the pellet properly. The
RNA samples were stored at -80°C or used for reverse transcription (RT) reaction to
synthesize cDNA.

2.9.2 Quantification and checking the quality of RNA
Following isolation of total RNA, the concentration of the total RNA in each sample
was

measured

by

using

Nanodrop

spectrophotometer

(Denovix

DS-11+

Spectrophotometer). For each sample, RNA concentration was quantified in 1 μl of
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sample. The purity of RNA samples was confirmed by noting 260/280 and 230/260 nm
absorbance ratio between 1.8 and 2.2. The ratio of 260/280 indicates whether RNA
sample is free of protein contamination. The ratio of 260/230 indicates the
contamination of organic compounds; ratio lower than 1.8 is the indication of
contamination of RNA with protein or organic compounds respectively. Gel
electrophoresis was then carried out to check the quality or integrity of RNA using band
intensity. For this 1% agarose (Sigma-Aldrich; Cat no # A9539-500G) gel was prepared
using 1X Tris Borate EDTA (Sigma-Aldrich; Cat no # T4415-1L) buffer followed by
addition of 2μl ethidium bromide (Sigma-Aldrich; Cat no # E1510) for the visualization
of RNA under UV. In agarose gel electrophoresis 1μg of RNA was loaded in each well
and run the samples at 115V for 1.5 h. The bands for RNA samples were visualized by
using gel documentation system-gene snap (Syngene).

2.9.3 Reverse Transcription PCR (RT-PCR)
Reverse transcription is a widely used technique for the synthesis of complementary
DNA (cDNA) from the total RNA using reverse transcriptase (RT) enzyme, primer,
dNTPs, reaction buffer and RNase inhibitor. RNaseZap was used to clean the surface of
working area for the complete removal of RNases before starting any experiment with
RNA. Improm-II reverse transcription system (Mybio; Promega, Cat no # A3800) kit
was used for the synthesis of cDNA from RNA samples according to the instruction of
manufactures guidelines. For the synthesis of cDNA from RNA, 2μg of total RNA
along with 1μl of random primer/hexamer (0.5μg/reaction) was added with the required
volume of nuclease-free water for getting a total volume of 8 μl, mixed well and heated
at 70ᵒC for 5 min to denature secondary structure of RNA and then kept at 4ᵒC in a
thermal cycler. 12 μl reverse transcription reaction master mix (Table 2.3) was then
added to the denatured primer/RNA mix, mixed well and loaded into the thermal cycler.
The PCR reaction was performed using thermal cycler by following gene-specific
optimum PCR conditions: 25°C for 5 minutes to anneal primer with RNA, 42°C for one
hour to extend the first strand of cDNA and finally at 70°C for 15 minutes to inactivate
reverse transcriptase enzyme. A RT-negative reaction was included that consisted of RT
master mix without RNA.

64

Chapter 2: Materials and Methods

Table 2.3: Composition of Master Mix for Reverse Transcription PCR (RT-PCR)
Component
5X Reaction Buffer
MgCl2
dNTP
Ribonuclease Inhibitor
Reverse Transcriptase (RT) enzyme
Nuclease-free water
Total

Volume
4.0 μl
2.0 μl
1.0 μl
0.5 μl
1.0 μl
3.5 μl
12.0 μl

2.9.4 Conventional polymerase chain reaction (PCR)
Conventional PCR was done for the amplification of housekeeping gene GAPDH to
confirm equal loading of RNA during RT reaction. Conventional PCR was carried out
by using Master Mix (Table 2.4) composed of 2X green master mix, forward and
reverse primer along with 1μl of cDNA according to manufacturer’s instructions
(Mybio; Promega, Cat no # M7822).
Table 2.4: Composition of Master Mix for conventional PCR
Components
GoTaq G2 Green Master Mix
Forward Primer
Reverse Primer
Nuclease-free water
cDNA
Total

Volume
10 μl
1 μl
1 μl
7 μl
1 μl
20 μl

Primers used to amplify GAPDH were:
GAPDH FWD Primer: 5'-ACCACAGTCCATGCCATC-3'
GAPDH REV Primer: 5'-TCCACCACCCTGTTGCTG-3'
PCR cycle condition for GAPDH gene expression:
94°C for 3 min
94°C for 30 sec
55°C for 30 sec
25 cycles (PCR product 451 bp)
72°C for 30 sec
72°C for 10 min
4ᵒC for ∞
Conventional PCR was also performed to measure the expression of XBP1 qualitatively
by using the designed primer sequences and optimized thermal conditions. For XBP1,
gel electrophoresis was carried out using 4% agarose gel.
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Primers used to amplify XBP1were:
XBP1 FWD Primer: 5'-GGGAATGAAGTGAGGCCAG-3'
XBP1 REV Primer: 5'-TGAAGAGTCAATACCGCCAGA-3'
PCR cycle condition for XBP1 gene expression:
94°C for 3 min
94°C for 30 sec
55°C for 30 sec 30 cycles
72°C for 30 sec
72°C for 10 min
4ᵒC for ∞

Size of PCR product XBP1u-136 bp
XBP1-S-110 bp

2.9.5 miRNA specific reverse transcription PCR (miRT-PCR)
Conventional reverse transcription system does not work for the synthesis of miRNA
specific cDNA from RNA. To synthesize the complementary strand of miRNA, we
used miRNA specific primers that possess stem-loop structure instead of using random
primer or OligodT and TaqMan micro RNA RT kit (Biosciences; Life Technology, Cat
no # 4366597). The primer can specifically recognize each miRNA by binding to
single-stranded mature miRNA with a higher affinity than the conventional primer. To
start, total RNA was diluted to 200 ng/μl. A total of 5μl diluted RNA (~1μg RNA), 7 μl
master mix using the components listed in Table 2.5 and 3 μl of miRNA specific stemloop primer (50 nM) were placed in a PCR tube (Multiple pro 0.2 ml biosphere tube).
MicroRNA specific cDNA synthesis was accomplished through optimized reaction
conditions as programmed in the thermal cycler.
Table 2.5: Composition of Master Mix for miRNA specific reverse transcription
PCR (miRT-PCR)
Component
10X RT reaction buffer
100 mM dNTPs
Nuclease-free water
Multiscribe reverse transcriptase enzyme (50U/ μl)
RNase Inhibitor (20U/μl)
Total

Volume (μl)
1.5
0.15
4.16
1.0
0.19
7.0

Programmed reaction conditions in thermal cycler for miRNA specific RT reaction
16°C for 30 min
42°C for 30 min
85°C for 5 min
4ᵒC for ∞
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2.9.6 Quantitative real-time polymerase chain reaction (Real-Time qRT-PCR)
Quantitative real-time polymerase chain reaction (qRT-PCR) is a sensitive and widely
used technique for the detection and quantification of the expression of a target
sequence in real-time points that enables to differentiate the expression of genes
between samples. Usually, detection is carried out by incorporating DNA binding dye
or probe labelled with fluorescent and quantification is made possible with the cycle
threshold (Ct) value. The reaction consists of the exponential phase, labelling off phase
and plateau phase. In exponential phase, the gene product becomes approximately
double during each cycle of denaturation. In labelling off phase annealing and extension
of the primer occurs and in plateau phase, no more products are accumulated due to the
complete exhaustion of dNTPs and reagents of the reaction mixture. The Ct value is the
cycle number at which fluorescent signal of the reaction crosses the threshold level
whereas the threshold level is the level of signal that reflects a significant increase over
the calculated baseline signal of a PCR reaction. The Ct value is inversely proportional
to the expression of a target sequence; i.e- the more is the Ct value, the less the
expression of the target gene. Among the two different chemistry of qRT-PCR, we used
TaqMan chemistry rather than Syber green chemistry to avoid nonspecific amplification
during the PCR reaction. TaqMan assays consist of forward and reverse primers
designed to amplify the target sequence along with probe which specifically anneal to
the target sequence between two primers. TaqMan probes are made of oligonucleotides
having a fluorescent reporter dye at 5' end, a minor groove binder (MGB) and a nonfluorescent quencher dye at 3' end. Before starting PCR reaction, TaqMan probe
remains in its own structure where the non-fluorescent quencher dye significantly
reduces the fluorescence emitted by fluorescent reporter dye through fluorescence
resonance energy transfer (FRET) due to close proximity. During PCR reaction, 5'-3'
polymerase activity of DNA polymerase starts replication of the target sequence where
the TaqMan probe is bound and also cleaves the bound probe by its exonuclease activity
resulting in the separation of non-fluorescent quencher dye from the fluorescent reporter
dye that permits the release of fluorescence signal. The signal is then detected by the
PCR machine as the non-fluorescent quencher dye could not quench the fluorescence
signal emitted by separated fluorescent reporter dye. For gene expression study, cDNA
was diluted into 1:3 ratio with DNase free water. An aliquot of 3μl of diluted cDNA and
7 μl of master mix (Table 2.6) were dispensed in each well of MicroAmp optical 96well reaction plate (Biosciences; Life Technology, Cat no # N8010560) in triplicate for
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each sample. For miRNA expression study, 3μl of miRNA specific cDNA (synthesized
in early step) and 7 μl of master mix (Table 2.7) were dispensed in each well of
MicroAmp optical 96-well reaction plate in triplicate for each sample. The qRT-PCR
reaction was carried out using 7500 real-time PCR machine (Applied Biosystem) using
the following reaction conditions- hold at 50°C for 2 min, further hold at 95°C for 10
min and then 40 cycles at 95°C for 0.15 min followed by hold at 60°C for 1 min.
Table 2.6: Composition of Master Mix for real-time RT-PCR reaction (gene
expression)
IDT standard primer assay (20X)
TaqMan Universal master mix (2X) No UNG
(Biosciences; Life Technology, Cat no # 4440047)
Nuclease-free water
Total

0.5 μl
5 μl
1.5 μl
7 μl

Table 2.7: Composition of Master Mix for miRNA specific real-time RT-PCR
reaction (miRNA expression)
TaqMan miRNA assay (20x)
TaqMan Universal master mix (2X) No UNG
(Biosciences; Life Technology, Cat no # 4440047)
Nuclease-free water
Total

0.5 μl
5 μl
1.5 μl
7 μl

The relative changes in the expression level of a target gene or miRNA were calculated
using ΔΔCt method by normalizing with a housekeeping gene RPLP0 or SnU6
respectively between vehicle treated and treated or PCDH empty and overexpressed
samples as the expression of these housekeeping genes or small nuclear RNAs remain
constant regardless of the treatment or any other biological changes. The Ct values
obtained from the real-time PCR instrument were in triplicate for each gene or miRNA
(n=3). To start the analysis of the changes in genes or miRNAs expression, individual
Ct value of a sample was subtracted from the maximum Ct value obtained for a specific
gene or miRNA. This value was termed as ΔCt value. The ΔCt value was then
converted to a linear form by multiplying the ΔCt value with 2^ followed by calculating
the average of the fold change for each sample from the triplicate value. Relative
quantification for each sample was then estimated for each gene or miRNA. Finally, the
fold change of the target gene or miRNA was computed by normalizing with the values
of the housekeeping gene or miRNA where applicable.
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A complete list of standard gene assays (sourced from IDT) used for real-time RT-PCR
to measure the expression of genes is enlisted in Appendix 4. Appendix 5 represents a
complete list of miRNA assays (sourced from Applied Biosystems) used for real-time
RT-PCR to measure the expression of miRNAs.

2.10 Analysis of protein expression
2.10.1 Immunoblotting for protein identification/Western blotting (WB)
Western blotting (WB) also named as immunoblotting is a rapid and sensitive technique
for the detection, separation and characterization of the proteins from a pool of protein
based on the size by applying gel electrophoresis in a carrier matrix (SDS-PAGE). In
brief, proteins were separated by SDS-PAGE followed by transfer to nitrocellulose
membrane which then incubated with the primary antibody that specifically binds to the
protein of interest. The membrane was then incubated with horseradish peroxide (HRP)
conjugated secondary antibody that binds to the primary antibody and emits
chemilluminiscent signal upon substrate addition and the signal was immediately
trapped in the x-ray film.

2.10.1.1 Harvesting of cells
The process of protein harvesting was started with the gentle scrapping of the cells to
lift off from the surface of the flask or 6-well plate that were either vehicle treated or
treated with compounds followed by centrifugation at 1000 g for 5 min at 4°C using a
15 ml tube. Later on, pellets were resuspended in 1 ml PBS, transferred to 1.5 ml
Eppendorf tube and spined down again at 13400 g for 60 sec for making the cell pellet.
The pellet was either frozen down at -80°C or started lysis using the lysis buffer.

2.10.1.2 Lysis of the pellet
Harvested cells were lysed by re-suspending the pellet with complete lysis buffer (Table
2.8) containing 10μl of protease inhibitor cocktail per ml (Sigma; Cat no # P8340) and
the pellet was kept on ice for 15 minutes. It was recommended to use 50 μl lysis buffer
for 6-well plate or 100μl for T-25 flasks. Next, cell lysate was spined down at 13400 g
for 10 minutes to remove cell debris. The supernatant was carefully retained in a fresh
tube and stored at -20°C for storage or used for protein quantification. Sodium
orthovanadate (Sigma; Cat no # S6508-10G) at a concentration of 1mM was used to
inhibit protein phosphotyrosyl phosphatases (PTPs).
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2.10.1.3 Quantification of protein
The total protein concentration of the cell lysate was quantified by Bradford assay. A
standard curve of bovine serum albumin (BSA) (Sigma-Aldrich, Cat no # A2153)
protein was plotted using 1 to 5 μg/μl BSA. For standard curve, 1μl of different
concentrations of BSA (1 to 5 μg/μl) was transferred in triplicate into a clear flat bottom
96 well. To measure the unknown concentration of the protein samples, 1μl of cell
lysate was also plated in each well of the same plate in duplicate. 200 μl of Bradford
reagent (Sigma-Aldrich; Cat no # B6916-500 ml) was then added to each selected well
in the plate, swirled gently to mix and read absorbance at 600nm using plate reader. The
unknown concentration of the protein samples was calculated using the equation of
straight line y=mx+b where y = absorbance of the protein sample at 600 nm and x=
protein concentration by Microsoft excel.

Lysis buffer and Laemmli buffer were

prepared according to the measurements below:
Table 2.8: Composition of Lysis buffer
Lysis Buffer
0.5 M Hepes, pH 7.5 (Sigma-Aldrich; Cat no # 41494-100ML)
1 M NaCl (Sigma-Aldrich; Cat no # S7653)
150 mM MgCl2 (Sigma-Aldrich; Cat no # M8266)
100 mM EDTA (Sigma-Aldrich; Cat no # E6758)
100 mM EGTA (Sigma-Aldrich; Cat no # E3889)
10 % IGEPAL (Sigma-Aldrich; Cat no # 18896-50ml)
H2O

Volume for 50 ml
2 ml
17.5 ml
350 μl
250 μl
25 μl
5 ml
24.7 ml

2.10.1.4 Sample preparation
The Bradford assay template calculated the volume of samples required to give 25 μg
protein. Samples were then diluted to an equal concentration of 1μg/μl with required
complete lysis buffer and 5X laemmli buffer (Table 2.9) as calculated in the Bradford
excel template. Later on, the protein samples and an aliquot of protein ladder were
incubated at 95°C for 5 min in a heat blocker to attain the proteins in its linear structure
rather than secondary or tertiary structure. The incubated protein samples were then
spined down for few seconds and kept on ice.
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Table 2.9: Composition of Laemmli buffer
Laemmli Buffer
Tris (1M, pH 6.8)
SDS
Glycerol
Mercaptoethanol
PMSF (100 mM)
Bromphenol blue (0.5%)
H2 O

Volume for 5X
3.1 ml
1.0 gm
2.0 ml
2.5 ml
0.5 ml
1.0 ml
Make up to 10 ml

2.10.1.5 Preparation and running of the polyacrylamide gel
Based on the size of the protein to be analysed, we used either 8% polyacrylamide gel
for large molecular weight proteins (>100 kDa) or 10 % polyacrylamide gel for low
molecular weight proteins (<100 kDa) (Table 2.10). The polymerizing agentammonium persulphate (APS) was freshly prepared every time prior to the casting of
the gel. A stacking gel (Table 2.11) was also made onto the separating gel for preparing
wells to load protein samples. A protein ladder was loaded in the first well of the gel to
confirm the size of the protein being analysed. Approximately, 30-40 μg of protein
sample of interest were also loaded in each well of the gel, appropriate volume of
running buffer (Table 2.12) was added into the electrophoresis chamber and
electrophoresed at 45 mA for a duration of time till loading dye (bromophenol blue)
reached the bottom of the gel or until appropriate separation of desired protein sizes had
occurred. For large size proteins, gel running was continued for the long time period
until 46 kDa proteins were running out of the gel. The gels were cast according to the
following tables:
Table 2.10: Composition of Polyacrylamide gel
Components
H2O
30% acrylamide mix
1.5 M Tris pH 8.8
10 % SDS
10 % Ammonium persulphate (APS)
TEMED
Total

8 % gel
9.2 ml
5.2 ml
5.2 ml
0.2 ml
0.2 ml
0.012 ml
20 ml
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8.0 ml
6.8 ml
5.2 ml
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Table 2.11: Composition of stacking gel
Components

Stacking Gel
6.8 ml
1.7 ml
1.3 ml (1 M Tris)

H2O
30% acrylamide mix
1.5 M Tris pH 8.8
10 % SDS
10 % Ammonium persulphate (APS)

0.1 ml
0.1 ml

TEMED
Total

0.010 ml
10 ml

Table 2.12: Composition of Running Buffer
Components
Tris base
Glycine
SDS
H2O

1X
3 gm
14.4 gm
1 gm
Fill to 1 L

2.10.1.6 Protein transfer onto nitrocellulose membrane
Following SDS gel electrophoresis, proteins were transferred to nitrocellulose
membrane paper either by semi-dry transfer system for small molecular weight protein
(up to 100 kDa) or wet transfer system for large molecular weight proteins (more than
100 kDa) using appropriate 1X transfer buffer (Table 2.13) and a transfer sandwich
made of filter paper, nitrocellulose membrane and gel. Protein transfer was carried out
for 90 minutes at 120 mAmp in case of semi-dry transfer system or 2 h at 100 V for wet
transfer system.
Table 2.13: Composition of transfer buffer
Components
Tris Base
Glycine
SDS
H2O
Components
Tris Base
Glycine
SDS
H2O

Semi-Dry transfer
10x
Components
30.35 gm
H2O
144 gm
10x Transfer Buffer
2 gm
High Purity methanol
Fill up to 1 L
Total
Wet transfer
10x
Components
60 gm
H2O
30 gm
10x Transfer Buffer
18 ml 20% SDS High Purity methanol
Fill up to 1 L
Total
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2.10.1.7 Development of the blot
Following protein transfer nitrocellulose membrane was blocked with appropriate
blocking buffer for the optimized time period stated in the table below. After blocking,
the membrane was transferred to the pre-diluted specific primary antibody for
incubation overnight or appropriate time period. Following primary incubation, the
membrane was washed for three times keeping 5 minutes for each wash in PBS/0.05%
tween to remove unbound antibody. After washing, membrane was incubated with
appropriately diluted HRP conjugated secondary antibody for 2 h at room temperature.
Finally, the membrane was washed twice in PBS/0.05% tween followed by a single
wash in PBS (without tween) for 5 minutes to remove tween that would otherwise
interact with signal generation substrate and generate background. For developing film,
horseradish peroxide detection substrate (Western Lightning Plus-ECL, PerkinElmer
Inc.) was prepared immediately before use by mixing an equal volume of Enhanced
Luminol and Oxidizing reagents. This freshly prepared substrate was added to the
washed membrane and incubated for 3-5 minutes to get the maximum fluorescence
signal to be trapped by the film. The membrane was then placed in between plastic sheet
in the cassette. In the dark room, the membrane was exposed to film for capturing the
emitted signal followed by development and fixation using Develax and Fixaplex
according to manufactures guidelines. For deprobing, the immunoblotted membrane
was washed with 0.2 M NaOH once for 5 minutes then washed with water once for 5
minutes followed by starting from the blocking step of the immunoblotting.

2.10.1.8 Densitometric analysis
The obtained Autorads were quantitatively analysed using densitometric analysis by
Image J software and the relative intensity of the bands was normalized against actin
and results were expressed as relative to vehicle treated sample.
A complete list of used antibodies and optimized conditions for immunoblotting is
listed below in Appendix 6

2.11 Luciferase reporter activity assay
Luciferase reporter assay is a widely used sensitive molecular tool to study the activity
of promoter region of a gene and gene expression at the transcriptional level based on
the bioluminescent measurement of the firefly luciferase along with Renilla luciferase.
Usually, Renilla luciferase is used to normalize the firefly luciferase activity within the
same sample. In principle, luciferase gene encodes 61 kDa enzyme luciferase that
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oxidizes Luciferin into a fluorescent product oxyluciferin in presence of a co-substrate
ATP-Mg2+. The yielded fluorescent signal (light) is measured by a Luminometer and
the intensity of the light emission is proportional to the luciferase activity of the sample.
Luciferase
ATP+ Luciferin+ O2

Oxyluciferin + AMP + PPi + CO2 + Light
2+

Mg

Dual-Luciferase reporter assay (Promega; Cat no # E1910) system was used to carry out
different gene expression analysis. We used three promoter reporter construct having
XBP1 or ATF6 binding site promoter reporter or CHOP promoter reporter. 5xATF6pGL3 (ATF6 pathway reporter) reporter construct has five copies of ATF6-binding sites
CTCGAGACAGGTGCTGACGTGGCGATTC cloned into pOFlucGL3 upstream of
the c-fos minimal promoter (-53 to +45 of the human c-fos promoter) was obtained
from Addgene (Plasmid #11976). pGADD153-luc (PERK pathway reporter) reporter
construct has a 804-bp GADD153 promoter sequence cloned in pGL3-basic was a gift
from Professor Stephen B. Howell, University of California, USA. 4xXBP1-PGL3
(IRE1-XBP1 pathway reporter) reporter construct has 4 copies of XBP-1 binding site
5’-CGCG(TGGATGACGTGTACA)4-3' cloned in the -40-Luc plasmid and was a gift
from Dr. Laurie Glimcher, Harvard Medical School, USA. For NCOA3 promoter
reporter assays, 293T cells were transfected with 1.0 μg of pGL3-NCOA3-WT (wildtype) or pGL3-NCOA3-MT (mutant) reporter constructs in combination with 100 ng
Renilla luciferase vector as an internal control [459]. Twenty four hours posttransfection cells were treated with thapsigargin or tunicamycin for 24h. Firefly
luciferase and Renilla luciferase activities were measured 48 h after transfection using
Lucetta™ Luminometer (Lonza) and then normalized for Renilla luciferase activity. To
test whether NCOA3 modulates the activation of three branches of the UPR, pTRIPZshNCOA3-MCF7 cells were transfected with the UPR pathway reporter constructs
(ATF6-R, CHOP-PR and XBP1-R). Transfected cells were treated with TG (1.0 μM) in
absence and presence of doxycycline for 24 h. In ATF6 3'UTR reporter assays, 293TCTRL and 293T-miR-424 cells were transfected with 1.0 µg of pMirTarget firefly
luciferase vector containing the ATF6 3’UTR (Cat # SC205479 Origene Technologies)
along with 100 ng of Renilla luciferase vector as an internal control [240].
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2.12 Assessment of protein half-life
Hela WT and Hela NCOA3 KO cells were plated (200000 cells/well) in 6-well plate.
After 24 hours, cells were either vehicle treated or treated with cycloheximide (SigmaAldrich; Cat. No: 01810-1G) at a concentration of 100μg/ml for 0h, 4h, 8h, 16h and 24
h. Cells were harvested at 0h, 4h, 8h, 16h and 24 h of post-treatment for protein
isolation. Expression of PERK was measured at protein expression level by western
blotting as described above in section 2.10. Quantitative analysis of PERK protein
expression was carried out using densitometric analysis by Image J software and the
relative intensity of the bands was normalized against actin. Data were presented as
monoexponential decay curve using Microsoft Excel software where vehicle treated was
considered as 100%.

2.13 Assessment of mRNA half-life
Hela WT and Hela NCOA3 KO cells were plated (200000 cells/well) in 6-well plate.
After 24 hours, cells were either vehicle treated or treated with Actinomycin D (1μg/ml)
(Tocris; Cat.no: 1229) for 0.5 – 4 hours. Cells were harvested at 0h, 0.5h, 1h, 2h and 4h
of post-treatment for RNA isolation using Trizol. Expression of PERK was measured at
gene expression level by quantitative RT-PCR normalized with RPLP0 (housekeeping
gene). Data were presented as monoexponential decay curve using Microsoft Excel
software where vehicle treated was considered as 100%.

2.14 Estrogen stimulated cell growth
Cells were synchronized before estrogen treatment by incubation for 72 hours in the
phenol red-free medium supplemented with 1% dextran-coated charcoal-stripped FBS
(DCC-FBS) (Thermo Fisher Scientific; Cat no # 12676029). Charcoal-stripped fetal
bovine serum was used to selectively remove hormones without having any effect on
other components of the serum. After synchronization, cells were treated with 10 nM E2
(Sigma-Aldrich) in 1% DCC-FBS supplemented medium and placed in an incubator
supplied with 5 % CO2 and at 37°C temperature for expansion
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2.15 Cell proliferation assay

2.15.1 MTS cell proliferation assay
MTS cell proliferation assay is a powerful and sensitive colorimetric method to
determine the proliferation of viable cells using spectrophotometric microplate reader.
MTS

compound

[3-(4-5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium] forms a stable solution with an electron coupling reagent
phenazine methosulfate (PMS) and enter into the mitochondria of metabolically active
cells where it is bio reduced to colour compound formazan by mitochondrial
dehydrogenase enzyme that is soluble in tissue culture media. During the conversion of
MTS to formazan, produced NADPH or NADH passes electrons to PMS that enhances
the reduction reaction.
OCH2COOH

OCH2COOH

SO3

N

N

N
N N + S
N

SO3

N
N N H S

CH3

N

CH3

CH3
CH3

Formazan

MTS

CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega; Cat. No:
G1112) reagent was used in this assay procedure. Cells or clones were seeded in 96well flat bottom clear plate (2,000 cells/well). For each cell line or subclones, ten
replicates were set as outlined below. Plates were incubated in CO2 humidified
incubator at 37°C for overnight. On the day of MTS test, 100 μl PMS (0.9mg/ml)
(Sigma-Aldrich; Cat. No: 78830-1G) was added to 1 ml of MTS reagent (2 mg/ml)
immediately before addition to the plate. At set time points (e.g- day-0,1, 2, 3) 20 μl of
the premixed MTS+PMS reagent was added into each well of 96 well assay plate
containing cells in 100 μl culture media. The plate was incubated again for four hours in

CO2 humidified incubator at 37°C. Absorbance was recorded using microplate reader at
490 nm and fold change was calculated with relative to the absorbance at Day 0. The
average absorbance of the nine wells was considered as the reading of one sample. The
absorbance of the formazan is directly proportional to the number of viable cells in the
culture. The same assay was carried out in triplicates to get the reproducible result.
Mean ± SD of the fold change for three individual experiments was plotted against time
and presented in the line graph to show the difference of the cell proliferation over time.
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Figure 2.1: Template of cell plating for MTS assay. Cells/generated subclones were plated in each
well (2000 cells/well) by aliquoting 100 µl cell suspension in a well (10 replicates per sample). The
terminal wells on each side of the plate were filled with 100 µl HBSS. Complete medium was also
aliquoted to measure the absorbance of the medium which was subtracted from the absorbance of the
samples to get accurate result. On the day of MTS test, MTS+PMS was added for 4h and absorbance
was recorded at 490 nm.

2.15.2 Colony formation assay
Colony formation assay also known as clonogenic assay is another useful technique for
determining the ability of a cell to form a colony that symbolises the proliferation
aptitude of the cell [460]. In this method, equal number of cells or stable subclones were
plated in 6-well plate (usually 500 cells/well). After two weeks of incubation in CO2
humidified incubator at 37°C, cells were observed to have formed colonies under
microscope. The incubation period was three weeks for T47D and SKBR3 stable clones
or cell line. Before staining, media was discarded from the plate and cells were washed
with HBSS followed by fixation with 10% formalin. The colonies were then stained
with 1 ml Coomassie brilliant blue or crystal violet solution (0.5 % in distilled water) in
each well and incubated on a shaker for 10 minutes. Stained wells were then washed
with deionized water for three times to remove background staining. Finally stained
colonies were observed visually, quantified by Image J software and compared. Three
sets of the same experiment were carried out to check for consistency of the findings.

2.16 Migration assay
Scratch assay: Scratch assay is a straightforward, convenient and inexpensive procedure
for the analysis of migration potentiality of the cells in vitro [461]. For this technique,
cells or subclones were grown to confluency in a well of 6-well plate. Wound was
created on confluent monolayer of cells/subclones using a P-200 micro pipette tip. The
scratched plate having appropriate complete growth media was then incubated in CO2
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humidified chamber/incubator at 37°C. Migration of cells into the wound was observed
at 12 hour interval using RFP/GFP enabled fluorescence microscope (Evos FL Life
Technologies) and photograph was taken accordingly. The images of the scratched area
were taken using 4x magnification of the microscope. These images were compared to
examine differences in cell migration.

2.17 Invasion assay
Boyden chamber assay: Invasion assay is the most frequently used method that
illustrates the cell’s ability for motility and invasiveness based on a chemo-attractant
gradient through a porous membrane. As a representative of in vivo events, matrigel
invasion assay is the most reliable and widely used technique for determining the
invasive property of the cells [462]. The assay was carried out using cell culture insert
having transparent PET membrane of 8 μm pore size (FALCON). First, matrigel
(100mg/ml) is diluted to a concentration of 1 mg/ml in phenol red-free and serum-free
media. For coating the insert, 100 μl of diluted matrigel (1 mg/ml) was placed on the
inner surface of the insert and left them overnight at 37°C. On the following day,
matrigel coated inserts were washed for three times with phenol red-free and serum-free
media before seeding the cells. Prior to placing the matrigel coated insert in the well of
24–well plate, 500 μl of the complete media supplemented with 10 % serum was
aliquoted in each well (lower chamber). Based on cell lines 50,000 or 100,000 cells
were seeded in each insert (upper chamber) in a final volume of 100 μl of complete
media composed of 1 % serum to make a chemo attractant gradient. The cells in the
transwell plates were incubated at 37°C for 24-48 h (depends on the cell line and type of
experiment). Uninvaded cells were then removed by rinsing both side of the insert with
PBS followed by wiping with cotton bud. The invaded cells were stained by placing the
bottom of the insert into a 1:10 solution of crystal violet (0.05%) made up in PBS for 10
minutes. After staining insert was rinsed with PBS again to wash the stain. Finally,
insert was wiped perfectly with cotton bud to remove the excess crystal violet solution
remaining on the top the insert and allow the insert to dry prior to quantification. The
invaded cells were photographed accordingly under inverted microscope and stained
cells (blue) were counted using Image J software.

2.18 Sensitivity assay towards therapeutic compounds
CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega) reagent was
also used to see the effects of different commonly used chemotherapeutic compounds
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on the sensitivity or resistant pattern of the tested miRNAs in breast cancer. MicroRNA
expressing stable sub-clones were seeded in 96-well flat bottom clear plate (5,000
cells/well). After incubation for 24 hours in a CO2 humidified incubator at 37°C, culture
medium was replaced with medium containing different chemotherapeutic agents
namely doxorubicin, 5-Fluorouracil (5-F-U), bortezomib and docetaxel in four different
ascending concentrations as mentioned in Table 2.14 to investigate the dose-dependent
effect. Cells were incubated again for 48 hours maintaining similar conditions. On the
day of MTS assay, 100 μl PMS (0.9mg/ml) was added to 1 ml of MTS reagent (2
mg/ml) immediately before adding to the plate. 20 μl of the premixed MTS+PMS was
added to each well in the 96 well plate containing 100 μl of culture media. The plate
was again incubated in CO2 humidified incubator at 37°C for 4 hours. Absorbance at
490 nm was recorded using microplate reader. The fold decrease was calculated with
relative absorbance for vehicle treated sample. The average of absorbance for all the
replicates was considered as the reading of one sample. The absorbance of the formazan
is directly proportional to the number of viable cells in the culture. Three individual
repeat was carried out to get reproducibility of the results. Mean ± SD of the fold
changes of the three individual experiments was plotted for ascending concentration of
the compounds and represented in line graph to show the sensitivity or resistance of the
cells when exposed to the compounds during ectopic expression of the tested miRNA.
Table 2.14: List of compounds and concentration used for sensitivity assay
Name of the Compound

Concentrations Used

Doxorubicin

250 ng/ml, 500 ng/ml, 1000ng/ml, 2000 ng/ml

5-F-uracil

1 μg/ml, 10 μg/ml, 100 μg/ml, 250 μg/ml

Bortezomib

1 nM, 5 nM, 10 nM, 50 nM

Docetaxel

10nM, 100nM, 1000nM, 2000nM

Tamoxifen

1 μM, 10 μM, 50 μM, 100 μM

Fulvestrant

1 μM, 10 μM, 50 μM, 100 μM
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Figure 2.2: Template of cell plating for sensitivity assay against chemotherapeutic compounds.
Cells/generated subclones were plated in each well (5000 cells/well) by aliquoting 100 µl of cell
suspension in a well (5 replicates per sample). The terminal wells on each side of the plate were
filled with 100 µl HBSS. Complete media was also aliquoted to measure the absorbance of the
medium which was subtracted from the absorbance of the samples to get an accurate result. Cells
were treated with various chemotherapeutic compounds at different concentrations. MTS+PMS was
added for 4h and absorbance was recorded at 490 nm.

2.19 Site-directed Mutagenesis
Site-directed mutagenesis is a useful in vitro molecular technique to make specific
changes (mutation) in the bases at a site of any gene or DNA sequence using synthetic
oligonucleotides. The quickChange site-directed mutagenesis kit (Aligent Technology;
Cat no # 200519) was used to make a point mutation in the wild-type NCOA3 human
promoter reporter construct (pGL3-ACTR-1.6kb) to generate XBP1-binding site mutant
construct as per manufacturer’s instructions. In brief, NCOA3 human promoter reporter
construct (pGL3-ACTR-1.6kb) was primed with two synthetic oligonucleotide primers
[(NCOA3-MUT-Forward) 5’-CGGAGGGCGTGGCGAATTCGGCTCGTGCGGCCG3’

and

(NCOA3-MUT-Reverse)

5’-

CGGCCGCTCGAGCCGAATTCGCCACGCCCTCCG-3’] having the desired mutation
followed by conventional PCR maintaining optimized thermal conditions using
PfuTurbo DNA polymerase to generate the mutant plasmid containing staggered nicks.
Following PCR amplification the generated mutant was digested with restriction
enzyme Dpn I to digest parental DNA template and to select synthesized mutated
construct. Finally, the mutated construct was transformed into competent E. coli cells to
isolate mutated NCOA3 human promoter reporter construct

for doing luciferase

reporter activity assay. Table 2.15 shows the composition of PCR reagents, PCR
conditions and digestion condition for synthesizing mutant construct.
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Table 2.15: Composition of PCR master mix, thermal condition and composition of
digestion reaction for site-directed mutagenesis
PCR Reaction
PCR components

Thermal condition

Volume
5 μl

10 X reaction
Buffer
Forward Primer

1.25 μl

Reverse Primer

1.25 μl

dNTP mix

1 μl

Template Plasmid
construct
PfuTurbo DNA
polymerase
DMSO

1 μl

DEPC treated
H2O
Total

37.5 μl

PCR Conditions:
95°C for 30 sec
95°C for 30 sec
55°C for 1 min
16 cycles
68°C for 1 min/kb

Digestion reaction
PCR product

35 μl

10x T buffer

10 μl

Dpn I

1 μl

DEPC
treated H2O
Total

54 μl
100 μl

Incubated at 37°C for
4h

1 μl
2 μl

50 μl

2.20 Flow cytometry analysis
Flow cytometry is an analytical cell biology technique developed by Fulwyler in 1965
that utilizes light to count and investigate the physical characteristics of cells in a
heterogeneous fluid mixture based on size, viability, complexity and protein markers
[463]. It becomes a popular method in the research arena of cell biology as it permits
the investigators to collect data in an easier, rapid and accurate way from a
heterogeneous set of cell mixture. For an instance, in the field of immunology, flow
cytometry is used to identify, sort and characterize different subtypes of immune cells
based on size and morphology. It is also a powerful technique to differentiate viable and
dead cells and to analyse the extent and type of cell death (necrosis or apoptosis). Flow
cytometry analysis comprises fluidic system, optic system and electronic system where
fluidic system passes the cell suspensions through a focused stream to allow one cell at
a time to pass a laser beam of light for interrogation, the optic system illuminates the
cells in the sample stream and optical filter directs the resulting light signals to the
appropriate detector, electronic system converts the detected light signals to the
electronic signals to be processed by computer for generating quantitative data in
histogram or dot plot [464]. When a single cell deflects incident laser light, the
scattering of light occurs both as forward scattered light (FSC) and side scattered light
(SSC). FSC and SSC are used to measure the amount of deflection generated by every
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single cell passing through the stream of laser light [464]. FSC is proportional to the
size of the cell or cell surface area, whereas SSC is proportional to cell granularity or
cell complexity. Cell shape, cell surface topography, cell membrane, nucleus and the
intracellular components are the considerable factors for scattering lights. The light
source, fluid lines controlling the liquid stream comprising cell suspensions, the
electronic network for the detection of scattered light are also governing the scattering
of light in flow cytometry analysis.

2.20.1 Cell death analysis by flow cytometry
Programmed cell death also termed as apoptosis is the most common form of cell death
in eukaryotes characterized by the activation of different apoptotic molecules and plays
a fundamental role in the in embryogenesis, tumour regression, development of immune
response and homeostasis of tissue integrity [465]. Apoptosis starts with the shrinkage
of the cell with an intact cell membrane followed by activation of caspase cascade that
leads to the transition of mitochondrial membrane potential along with an intracellular
shift in Ca2+ and pH. During apoptosis, lysosomal membrane pumps loss their function,
endogenous endonucleases become activated and finally, cell disintegrates into
apoptotic bodies [466]. Flow cytometry is a method of choice to study apoptosis for in
vitro experiments. Based on scatter parameters measured by flow cytometry, apoptosis
can be distinguished from necrosis. During the early phase of apoptosis, FSC is
decreased while SSC is increased or remains unchanged as in early apoptotic phase the
cell shrinks and FSC is related to cell size and SSC is related to internal cellular
components. But, in the late apoptotic phase, both FSC and SSC become decreased
[466]. During necrosis, FSC signal is increased immediately while SSC signal is
decreased [467].
Propidium Iodide (PI) - a common nuclear staining fluorochrome is widely used for the
analysis of apoptosis in different experimental models. It is capable of crossing the
apoptotic cell membrane but not the live cell membrane. For this PI is considered as a
useful compound to differentiate between live, apoptotic and necrotic cells [468]. It is
capable of binding and labelling DNA of the apoptotic cells as the apoptotic cells are
characterized by the fragmentation of DNA and subsequently loss of nuclear DNA. The
fluorescence emission is proportional to the DNA content of the cells. Apoptotic cells
display a broad hypodiploid peak in flow cytometry analysis when stained with PI
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whereas the live cells display a narrow diploid peak in the red fluorescence channel
[469].

2.20.1.1 Preparation of cells for flow cytometry analysis
Hela WT and Hela NCOA3 cells were plated in 6- well plate (300x1000 cells per well).
Twenty hours of post seeding cells were either vehicle treated or treated with different
compounds (Tm-1µg/ml, MCB-613- 10 µM) for 24 h and 48 h. In a separate
experiment, Hela WT cells were also seeded in 6-well plate (300x1000 cells per well) to
find out effect of PERK inhibitor (PERKi) in cell death in presence of different EnR
stress inducers. Twenty four hours of post seeding cells were either vehicle treated or
treated with PERKi (GSK2606414)- 100nM, TM, TM+PERKi, MCB-613 and MCB613+PERKi for 48 h (the concentrations used for other compounds were as same as we
used earlier in this section). After the set time points (24 h and/or 48 h) of treatment, the
culturing medium, trypsinized cells were taken into 15 ml tube. The cells were spined
down at 1000 g for 5 minutes to settle down. The cell pellet was resuspended in 1 ml of
the regular medium after discarding the supernatant and transferred to 1.5 ml Eppendorf
tube. Cells were counted manually by using hemocytometer and diluted to the required
concentration (100x1000 cells /100µl). The cells were vortexed hard to get single cell
suspension. An aliquot of 200 µl of cell suspension was aliquoted in each well of 96
well round bottom plate, spined down at 1000 g for 5 minutes, discarded the supernatant
keeping the cell pellet. The cells were again resuspended with 200 µl of FACS running
buffer (composition should be stated) and vortex properly for getting single cell
suspension to avoid clumping of cells in the nozzle and aliquoted into 5 ml FACS tube.
Cell containing FACS tubes were subsequently kept on the ice and protected from light
until further analysis.

2.20.1.2 Experimental steps of Flow cytometry analysis using BD Accuri C6
To determine the percentage of dead cells we measured the mean fluorescence intensity
by using BD Accuri C6 flow cytometer with the assistance of our collaborator Dr.
Islam. A detailed work list was created in the cFlow program that describe001d the
sample location and defined number of events counted. An initial gate was set to
include ∼30,000 cells for each sample acquisition by using linear forward scatter (FSC)
vs. linear side scatter (SSC). This acquisition strategy resulted in ∼50,000 ungated
events being included for each sample analysis. After initial gating on cells and
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exclusion of debris, further gating was set to exclude the doublets from the final
analysis (using FSC-Area in X-axis and FSC-Height in Y-axis). Dot-plot integration for
the determination of FL-2 channel (Propidium iodide channel) fluorescence (in Y-axis)
vs FSC-A (X-axis) was set using unstained cells. The cursors were placed such that
greater than 99% of the unstained cells were contained in the negative FL-2
fluorescence box. This gating remained unchanged when PI-stained cells were analysed.
Cells were stained with 4 µl of PI (10µg/ml) as per manufacturer’s instruction
immediately before flow cytometric analysis. To confirm the cell death, a positive
control was used where cells were treated with BFA prior to PI-based flow cytometric
analysis. All the results from the c-Flow analysis were exported as FCS files and
percentage distributions of dead cells were calculated using Flow Jo analysis software
version 10.0.
2.20.2 Cell sorting
Cell sorting is a process of separating or sorting cells from a heterogeneous mixture of
cells based on specific light scattering and fluorescent characteristics of each cell by
using flow cytometry. A specialized type of flow cytometry technique called
fluorescence activated cell sorting (FACS) is a widely acceptable method for the sorting
of cells. It is considered as a core technique in medicine and biomedical research,
immunology, cancer diagnosis, stem cell differentiation and transplantation, monitoring
of disease progression and therapies as well as plant, microbial and developmental
biology [470]. Cell sorting was carried out using Flow Cytometry Core Facility of NUI
Galway by assigned personnel Dr. Shirley.
Table 2.16: Composition of FACS sorting buffer
FACS Sorting buffer

Volume

Phosphate Buffered Saline (Ca/Mg++ free) (Gibco cat# 14190-094)

480.5 ml

0.5M EDTA (2mM final conc.) (Sigma-Aldrich; Cat no # E6758)

2.0 ml

1M HEPES pH 7.0 (25mM final conc.) (Sigma-Aldrich cat # H0887)

12.5ml

FCS (1% final conc)

5.0 ml

Filtered, sterilized, aliqouted and store a 4°C

2.20.2.2 Assessment of RFP expression prior to cell sorting
Red fluorescence protein (RFP) expressing stable clones (PCDH empty and miR-17-92
expressing MDA-MB-231, T47D and SKBR3 stable subclones) were plated in the T-25
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flask. Cells were trypsinized and the cell pellet was resuspended in FACS sorting buffer
(Table 2.16) followed by staining with sytox red (to exclude dead cells). Percentage of
RFP expressing cells was determined by measuring fluorescence intensity using a BD
FACS Canto-A flow cytometer. Cells were categorised as high, medium and low RFP
expressing cells based on the intensity of RFP expression.
A detailed work list was created in the BD FACS DIVA program that described the
sample location and specified number of events to be counted. An initial gate was set
for each sample acquisition by using 633_660_20 (sytox red) vs linear forward scatter
(FSC). After exclusion of dead cells and debris, further gating was set to exclude the
doublets (FSC-A vs FSC-H). The gate for the analysis was finalized to include ∼20,000
live cells for each sample acquisition using FSC vs SSC scatter plot. Histogram
integration for the determination of 488_585_42 (RFP) fluorescence (in X-axis) vs
counting of cells (Y-axis) were set using unstained cells. The cursors were placed such
that greater than 103 is considered as RFP positive. The RFP positive cells were subgrouped for low-, medium- and high-RFP expression.

2.20.2.3 Preparation of cells for sorting
For sorting, 5X106 cells/ml were prepared for all different miR-17-92 expressing MDAMB-231, T47D and SKBR3 stable subclones. Cells were then pelleted by spinning
down at 1000 g for 5 min and resuspended in FACS sorting buffer. Then the
resuspended cells were mixed up and down using micropipette and further vortexed to
get single cell suspension. Prior to flow cytometry analysis, resuspended cell
suspensions were filtered through 40µ sterile filter and kept on ice. Parental wild-type
cells of the sorted clones were used as mock transfected control (+ sytox red viability
dye). For this purpose, parental cell lines of MDA-MB-231, T47D and SKBR3 were
diluted at a concentration of 0.5X106 cells/ml in FACS sorting buffer (+ sytox red
viability dye).

2.20.2.4 Experimental steps of FACS using BD FACS Aria II cells sorter
Flowcytometric cell sorting was carried out to sort high RFP expressing miR-17-92
breast cancer subclones (MDA-MB-231, T47D and SKBR3) by using BD FACS Aria II
cells sorter equipped with a 488 nm laser and three photomultipliers with band pass
filters of 530 nm (FL1), 550 nm (FL2) and 670 nm (FL3). Sytox Red was excited at 633
nm by a red laser and detected by a 660/20 band pass filter. Excitation of RFP was
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performed by a 488nm blue laser and detected by a 585/42 filter. A total of 50000 cells
were sorted for each clone aseptically. The sorted fraction of cells was collected into
tubes containing 1 ml of sterile complete medium.
Step-by-step gating strategy included:
P1: gating on Sytox red negative cells to exclude dead cells [Sytox red in Y-axis and
Forward scatter (FSC) at X-axis]
P2: doublet exclusion by gating cells from the scatter plot of FSC-Height (Y-axis) vs
FSC-Area (X-axis)
P3: further gating on singlets by a second scatter plot of FSC-Width (Y-axis) vs FSCArea (X-axis)
P4: final gating on live singlet cells from the plot of FSC-A vs Side scatter (SSC-A)
P5: selection of the area in the histogram to gate for high RFP +ve cells.

2.20.2.5 Analysis of FACS data
All observations were made in log mode. Data were acquired by using BD FACS Diva
Software (BD Biosciences, San Jose, CA). To establish optimal instrument settings for
gating and to reduce background noise, negative controls were also used to do proper
gating (cells that are negative or very weakly positive for RFP expressions). Sytox red
+ve cells or RFP +ve cells were used as single positive control.

2.21 mRNA expression profiling by RNA-Seq technology
RNA-Seq technology is a revolutionary tool for mapping and quantifying mammalian
transcriptomes [471]. We sequenced total eight RNA samples where four samples were
from MCF7 PCDH empty and the rest four samples were from MCF7 PCDH miR-1792 expressing cells. The RNA sequencing was carried by Beijing Genomic Institute
(BGI) that provides a wide range of next-generation sequencing services.

2.21.1. Preparation of total RNA samples for sequencing
Total RNA was isolated from MCF7 miR-CTRL (PCDH Empty) and miR-17-92
expressing cells using Trizol according to the instructions of the manufacturer
illustrated in the section 2.9.1. The quality of the resulted RNA sample was checked by
1% agarose gel electrophoresis and quantity was measured by spectrophotometry in
ng/μl using Nanodrop reader. Four sets of RNA samples were prepared from four
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different passage of cultured cells. All four sets of RNA samples were diluted to 500
ng/µl and an aliquot of 25 µl was aliquoted in 1.5 ml Eppendorf tube. The RNA samples
were then shipped to BGI for analysis by keeping the tubes in dry ice.

2.22 Bioinformatics analysis
A wide range of bioinformatics tools was applied to design primers for conventional
PCR, selecting q-PCR assays for real-time PCR and the prediction of miRNA targets.
Quantitative real-time PCR assays were selected from the list of predesigned qPCR
assays from IDT website- https://eu.idtdna.com/site/order/qpcr/predesignedassay.
Online based micro RNA target prediction tools such as miRwalk, targetscan, miRmap,
were used for identifying predicted miRNA targets.

2.23 Statistical analysis
The data were presented as mean ± SD for three independent experiments using
Microsoft Excel software or Graph Pad Prism software where appropriate. Differences
between the groups were assessed by using two-tailed paired student’s t-test. The values
with

a

p<0.05

were

considered
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statistically

significant.
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Role of XBP1-NCOA3 axis in progression
of ER-positive breast cancer and endocrine resistance
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3.1 Background
The results described in this chapter show that NCOA3 is a transcriptional target of
XBP1; NCOA3 is required for XBP1-mediated endocrine resistance and optimal
activation of the PERK-eIF2α-ATF4 axis; MCB-613, a small molecule stimulator of
nuclear receptor coactivators (NCOAs) induces cytotoxic-UPR and PERK-dependent
cell death.
Invasive breast cancer (IBC) is a heterogeneous disease with varied molecular features,
behaviour and response to therapy [36]. Estrogen receptor α (ER) is the primary
therapeutic target in breast cancer and is expressed in 70% of cases. Endocrine therapy
is the mainstay of treatment for patients with ER-positive advanced breast cancer. Onethird of women treated with hormonal therapy for 5 years will have recurrent disease
within 15 years and therefore endocrine-resistant disease may constitute up to onequarter of all breast cancers [472]. The Cancer Genome Atlas (TCGA) consortium
recently reported an integrated analysis of primary breast cancers utilizing a
combination of genomic, transcriptomic and proteomic analyses. The TCGA analyses
revealed that diverse genetic and epigenetic alterations converge phenotypically into
four main breast cancer subtypes and suggests that clinically observed heterogeneity
occurs within and not across, the major subtypes of breast cancer [473]. The TCGA
reported that most dominant feature of Luminal/ER-positive breast cancers is increased
mRNA and protein levels of ESR1, GATA3, FOXA1, XBP1 and MYB. Most notably,
GATA3 and FOXA1 were mutated in a mutually exclusive fashion, whereas ESR1 and
XBP1 were typically highly expressed but infrequently mutated [473]. XBP1-S is a
multitasking transcription factor that is a key component of the UPR [474]. Recent
studies indicate a crucial role for the IRE1/XBP1 pathway in several aspects of ERpositive breast cancer (Figure 3.1). XBP1 is transcriptionally induced during estrogen
stimulation whereby endoplasmic reticulum (EnR) protein is recruited to the enhancer
region of XBP1 gene leading to enrichment of RNA polymerase II at the XBP1
promoter [475]. XBP1 physically interacts with ER and potentiates ER-dependent
transcriptional activity in a ligand-independent manner [476]. XBP1-S expression can
be upregulated following estradiol (E2) treatment of ER-positive human breast cancer
cell lines [475, 477, 478]. Ectopic expression of XBP1-S in ER-positive breast cancer
cells can lead to estrogen-independent growth and reduced sensitivity to anti-estrogens
[376]. Downregulation of XBP1 reduces the survival of transformed human cells under
hypoxic conditions and impairs their ability to grow as tumour xenograft in SCID mice
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[479]. Expression of XBP1-S is significantly associated with clinical outcome of
endocrine-treated breast cancer [373]. Thus accumulating evidence suggests an active
role of the IRE1-XBP1 pathway in estrogen signalling.

Figure 3.1: Schematic summary of regulation of XBP1 expression in breast cancer and its
effect on cancer progression. Hypoxia and glucose deprivation are physiologically important
inducers of endoplasmic reticulum stress in tumour microenvironment. Tumour cells can survive
stressful conditions of microenvironment by an adaptive mechanism called unfolded protein
response (UPR). X-box binding protein-1 (XBP1) is a critical transcriptional activator that is induced
by UPR. XBP1-S can activate a variety of genes involved in protein maturation that enables the cells
to cope with endoplasmic reticulum stress and promote cell survival. In estrogen receptor positive
(ER+) breast cancer cells XBP1 is rapidly induced in response to E2-stimulation. XBP1-S confers
estrogen-independence and anti-estrogen cross resistance.
Analysing the intersection genes in the list of (i) UPR regulated genes, (ii) E2 regulated

genes and (iii) genes having XBP1 binding sites in their proximal promoter region
identified 5 genes. Among them NCOA3 was selected to further investigate as a target
of XBP1 in the context of estrogen signalling (Figure 3.2).

Figure 3.2: Identification of putative XBP1-target gene upregulated during UPR and E2stimulation. E2 GENES, genes upregulated by E2 treatment LogFC >2; XBP1 CHIP, genes with
proximal promoter genomic regions bound by XBP1; UPR GENES, genes upregulated during
conditions of UPR logFC >2.
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Nuclear receptor coactivators (NCOAs) are members of the p160 family of coactivators
that collaborate with multiple nuclear receptors (NR) and other transcription factors to
regulate target gene expression [414]. Because coactivators modulate the transcriptional
activity of several NRs and non-NR types of transcription factors, they exert broad
genome-wide effects on gene expression networks and contribute significantly to a
panorama of physiological and pathological processes [480]. NCOA proteins have been
recognized as key oncoproteins in hormone-dependent cancers due to their interaction
with NRs. Increased expression of NCOA3 and NCOA1 has been reported in prostate
cancers and their high expression level is associated with tumour grade and disease
recurrence [481]. The mRNA levels of all three NCOAs are found to be significantly
increased in endometrial carcinoma and NCOA3 expression is correlated with clinical
stage and poor prognosis [482]. NCOA3 gene is amplified in ovarian cancer and
elevated NCOA3 expression has been reported in 64% of high-grade ovarian cancers
and its levels are associated with tumour progression [483]. NCOA3 is found to be
overexpressed in >60% of primary breast tumours; however, its gene is amplified in
only 5%–10% of breast cancers [484, 485].
NCOAs are an attractive therapeutic target option for the treatment of a wide range of
hormone-dependent and independent cancers. Unlike protein kinases which are
relatively easy to target, coactivators are more difficult to target with small molecules
because of their large size, flexible structure and their reliance on protein-protein
interactions. Approaches to block coactivator molecules include targeting the enzymes
that post-translationally modify the coactivators, thereby altering the stability of the
proteins [486]. However, recent high-throughput screening efforts have identified smallmolecule inhibitors that can interact with these coactivators and promote their
degradation. Some of the reported inhibitors of NCOAs (Gossypol, Verrucarin A,
Bufalin and SI-2) promote the degradation of NCOAs and attenuate cancer cell growth
in vitro and in vivo [486, 487]. Verrucarin A is a selective small molecule inhibitor that
attenuates the function of NCOA3 by interacting with an upstream effector rather than
directly binding to NCOAs [416]. High-throughput screening identified MCB-613, as a
small-molecule stimulator of NCOA3 [419]. MCB-613 selectively and reversibly binds
with RID domain of NCOA3 that stimulates the formation of co-activator complex and
results in induced coactivator transcription activity. Counter-intuitively, overstimulation of NCOAs by MCB-613 leads to the death of cancer cells by the generation
of reactive oxygen species, EnR stress and unfolded protein response [419]. Further
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MCB-613 kills a broad range of human cancer cells and inhibits tumour growth in a
mouse model of breast cancer [419]. However, the molecular determinants of MCB613-induced cell death are not well defined.
Despite the wealth knowledge about the functional consequences of NCOA3 in
different physiological processes and its role in the pathogenesis of cancer, it is not well
understood how it becomes overexpressed in breast cancer and regulate cell fate during
conditions of unfolded protein response. Also, the role of XBP1-S in luminal/ERpositive breast cancer is well-known but not much is known about the molecular
effectors (transcriptional targets) of XBP1-S in context of estrogen signalling. In this
study, we demonstrate that induction of NCOA3 is regulated by XBP1-S during the
conditions of UPR, as well as estrogen stimulation in human breast cancer cells. Our
results show that NCOA3 regulates optimal activation of PERK-eIF2α-ATF4 pathway
during conditions of EnR stress. NCOA3 is required for induction of XBP1 upon
estrogen stimulation. Further, we show that NCOA3 regulates the expression of PERK.
We found that chemical and genetic inhibition of NCOA3 attenuated the expression of
PERK at mRNA and protein level. We show that loss of NCOA3 renders cells
hypersensitive to UPR induced cell death. Our results show that MCB-613 induced cell
death is attenuated in NCOA3 knockout HeLa cells and MCB-613 leads to enhanced
PERK signalling in wild-type HeLa cells. The knockdown of PERK provided resistance
to MCB-613 mediated cell death while knockdown of XBP1 and ATF6 had no such
effect. Therefore, PERK signalling pathway plays a crucial role in MCB-613 mediated
cell death. Taken together our results point to NCOA3 as an important determinant in
regulating cell fate during EnR stress, with too little and too much NCOA3 both
producing deleterious effects.

3.2 Hypothesis
XBP1-NCOA3 axis is a key signalling node during estrogen stimulation with important
regulatory role in resistance to endocrine therapy in ER-positive breast cancer.
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3.3 Aims
 Aim-1: To elucidate the mechanism of NCOA3 upregulation during UPR and
estrogen signalling in breast cancer.
 Aim-2: To elucidate the mechanism of regulation of PERK signalling pathway
by NCOA3

 Aim-3: To explore the regulation of cell fate by NCOA3 during UPR

3.4 Results
3.4.1 Expression of NCOA3 is upregulated during conditions of UPR
Microarray gene expression analysis of the dataset (GSE63252) showed that expression
of NCOA3 was robustly induced (logFC>2) upon treatment with two different
pharmacological stressors of EnR (endoplasmic reticulum) stress. To experimentally
evaluate the upregulation of NCOA3 gene expression during UPR in breast cancer cells,
MCF7 cells were exposed to Thapsigargin (TG), a known endoplasmic reticulum (EnR)
Ca-ATPase family (SERCA) inhibitor [488] that induces EnR stress. Data showed that
the expression of HERP, GRP78, CHOP (bonafide UPR-responsive genes) and NCOA3
mRNA levels were increased in a time-dependent manner (Figure 3.3A & Figure 3.3B).

Figure 3.3: Increased expression of NCOA3 by UPR in human breast cancer cells. (A, B)
MCF7 cells were either vehicle treated (CTRL) or treated with TG (1.0 µM) for indicated time
points. The expression level of UPR-target genes (GRP78, HERP and CHOP) and NCOA3 was
quantified by real-time RT-PCR, normalizing against GAPDH. Error bars represent mean ± S.D.
from three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test
compared with vehicle treated cells.
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3.4.2 Induction of NCOA3 expression by XBP1-S
Next, the role of PERK and IRE1 arms of the UPR in the regulation of the NCOA3
expression was investigated in MCF7 cells. For this MCF7 cells were treated with TG
alone or in combination with the GSK PERK inhibitor [385] and IRE1 inhibitors (4µ8C
and STF083010) [319, 377]. As shown in Figure 3.4A, 4µ8C and STF083010
efficiently attenuated the TG induced production of spliced XBP1. Further, it was
observed that GSK PERK inhibitor (PI) abrogated the TG induced auto-phosphorylation
of PERK (Figure 3.4B). These results confirmed that both PERK and IRE1 inhibitors
were blocking their respective targets. It was observed that both 4µ8C and STF083010
compromised the TG and TM (an inhibitor of N-linked glycosylation of protein)
mediated increase in the expression of NCOA3 (Figure 3.4C), whereas GSK PERK
inhibitor (PI) had no effect on TG mediated increase in the expression of NCOA3
(Figure 3.4D). To determine which mammalian UPR transcriptional activators regulate
NCOA3 expression, MCF7 cells were transfected with plasmids encoding UPR target
gene products (ATF4, ATF6, CHOP, NRF2 and XBP1-S) (Figure 3.4E). Ectopic
expression of the indicated transcription factors was confirmed by immunoblotting
against the respective antibodies (Figure 3.4F). It was observed that ectopic expression
of spliced XBP1 (XBP1-S) resulted in a significant increase in the NCOA3 transcripts
level (Figure 3.4E). Therefore, the data suggest that induction of NCOA3 is dependent
on IRE1-XBP1 axis during UPR.
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Figure 3.4: Induction of NCOA3 during EnR stress is mediated by IRE1-XBP1 pathway. (A)
MCF7 cells were either vehicle treated (CTRL) or treated with TG (1.0 µM) in absence and presence
of IRE1 inhibitors 4µ8C (4U) (10 µM) and STF083010 (STF) (100 µM) for 24 h. Expression of
XBP1 (unspliced and spliced) was analysed by conventional PCR. (B) MCF7 cells were treated with
TG (1.0 M) in absence and presence of (25 nM) GSK-PERK inhibitor (PI) for indicated time
points. Western blotting was performed using PERK antibody. (C, D) MCF7 cells were either
vehicle treated (CTRL) or treated with TG (1.0 µM) and TM (1.0 µg/ml) in absence and presence of
IRE1 inhibitors or TG (1.0 µM) in absence and presence of GSK-PERK inhibitor (PI) (25 nM, 100
nM) for 24 h and expression level of NCOA3 was quantified by real-time RT-PCR, normalizing
against RPLP0. (E) MCF7 cells were either untrasnfected (CTRL) or transfected with pcDNA3FLAG or plasmids expressing indicated UPR transcription factors (ATF4, ATF6, CHOP, NRF2 and
XBP1-S) for 24 h and the expression level of the NCOA3 was quantified by real-time RT-PCR,
normalizing against RPLP0. (F) Western blotting was performed using antibodies against FLAG,
ATF6, spliced XBP1, FLAG-tagged ATF4, FLAG-tagged CHOP and FLAG-tagged NRF2 and βactin. Error bars represent mean ± S.D. from three independent experiments performed in triplicate.
*P < 0.05, two-tailed unpaired t-test compared with CTRL. ‡, P< 0.05 for one-way ANOVA; NS,
not significant at P<0.05.
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3.4.3 Transcriptional activation of NCOA3 by XBP1-S
Bioinformatics analysis of human NCOA3 promoter nucleotide sequence showed a
sequence homologous to the consensus XBP1-binding site at nucleotide position -119 to
-98 relative to the transcriptional start site (Figure 3.5A). An NCOA3 promoter reporter
construct (pGL3-NCOA3-WT) containing this region was activated over 25-fold by
cotransfection with spliced XBP1 in 293T cells (Figure 3.5B). To determine the role of
endogenous XBP1 in regulating NCOA3 promoter, 293T cells were transfected with
NCOA3 promoter-reporter plasmid along with dominant-negative IRE1 (IRE1C) and
after 24 h they were treated with TG for 24 or 48 h. IRE1C mutant of IRE1has been
shown to attenuate EnR stress-induced production of spliced XBP1 [489]. TG treatment
resulted in up to 16-fold increase in NCOA3 promoter activity that was abolished by
cotransfection of IRE1C mutant (Figure 3.5C). Mutation of the putative XBP1-binding
site in the NCOA3 promoter (pGL3-NCOA3-MT) by site-directed mutagenesis
completely abolished its transactivation by ectopic XBP1 (Figure 3.5D) and TG
treatment (Figure 3.5E). These observations suggest that there is only one functional
XBP1-responsive site in this region of the NCOA3 promoter.
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Figure 3.5: NCOA3 is a transcriptional target of XBP1. (A) Schematic representation of wildtype (pGL3-NCOA3-WT) and XBP1-binding site mutant (pGL3-NCOA3-MT) human NCOA3
promoter-reporter constructs. The nucleotide sequence of the human NCOA3 promoter from
position -119 to -98 relative to the transcription start site is shown. (B) 293T cells were transfected
with pGL3-NCOA3-WT along with control (FLAG) or expression plasmid for indicated UPR
transcription factors (ATF4, ATF6, CHOP, NRF2 and XBP1). Luciferase activity was measured 24
h after transfection and normalized luciferase activity (Firefly/Renilla) relative to control is shown
here. (C) 293T cells were transfected with pGL3-NCOA3-WT along control (pcDNA3) and IRE1C (IRE1-DN). After 24 h of transfection, cells were either vehicle treated (UN) or treated with TG
(1.0 μM) for indicated time points. Normalized luciferase activity (Firefly/Renilla) relative to vehicle
treated control is shown. (D) 293T cells were transfected with pGL3-NCOA3-WT or mutant pGL3NCOA3-MT (MT5 and MT7) along with pcDNA3 or spliced XBP1 (S-XBP1) expression plasmid.
Luciferase activity was measured 24 h post transfection and normalized luciferase activity
(Firefly/Renilla) relative to control (pcDNA3) is shown. (E) 293T cells were transfected with pGL3NCOA3-WT or mutant pGL3-NCOA3-MT (MT5 and MT7). 24 h post transfection, cells were either
vehicle treated (UN) or treated with (1.0 μM) TG for indicated time points. Normalized luciferase
activity (Firefly/Renilla) relative to vehicle treated control is shown. Error bars represent mean±S.D.
from three independent experiments performed in duplicate. *P < 0.05, two-tailed unpaired t-test
compared with vehicle treated cells.
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3.4.4 Induction of NCOA3 expression by estrogen is IRE1-XBP1 dependent
To determine whether XBP1 upregulates NCOA3 expression upon estrogen (E2)
treatment, the conditions for the E2-dependent growth and induction of bonafide E2target genes (GREB1, TFF1, EGR, PGR and PDZK) in MCF7 cells were optimized
first. After synchronization for 72 h, MCF7 cells were treated with E2 (10 nM) in 1%
dextran-coated charcoal-stripped fetal bovine serum (DCC-FBS) supplemented
medium. A time-dependent growth of MCF7 cells (Figure 3.6A) and induction of
bonafide E2-responsive genes (Figure 3.6B) under these conditions were observed. The
expression of NCOA3 mRNA and protein levels were significantly increased starting 6
h after the onset of E2-treatment and lasting for 48 h (Figure 3.6C & Figure 3.6D). The
role of IRE1-XBP1 axis in the regulation of the NCOA3 expression upon E2 signalling
was also investigated. The promoter reporter activity of NCOA3 was found to be
upregulated 8-12 fold by E2-treatment in wild-type NCOA3 promoter reporter construct
(pGL3-NCOA3-WT) (Figure 3.6E). This upregulated reporter activity was completely
abrogated in XBP1-binding site mutant NCOA3 promoter reporter construct (Figure
3.6E). Next, we used the control (MCF7-PLKO) and XBP1 knockdown sub-clones
(MCF7-XKD) of MCF7 cells to determine the role of XBP1 in the regulation of the
NCOA3 expression upon E2 signalling. We found that knockdown of XBP1
compromised E2-stimulated expression of XBP1-S, GREB1 and NCOA3 (Figure 3.6F).
Taken together, results suggest that induction of NCOA3 during E2 stimulation is
dependent on IRE1-XBP1 axis.
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Figure 3.6: Induction of NCOA3 expression during estrogen signalling (A) MCF7 cells were
synchronized before estrogen treatment as described in methods section (section 2.14). After
synchronization, cells were either vehicle treated (No E2) or treated with estrogen (E2) (10nM) in
1% DCC-FBS supplemented medium. Line graphs show the absorbance of cells at the indicated time
points after E2 treatment. (B-C) MCF7 cells were synchronized as in A, cells were either vehicle
treated (CTRL) or treated with estrogen (E2) (10nM) and induction of E2-responsive genes
(GREB1, TFF1, EGR, PGR and PDZK) and NCOA3 was quantified by real-time RT-PCR,
normalizing against RPLP0. (D) After synchronization, MCF7 cells were either vehicle treated or
treated with estrogen (E2) and western blotting of total protein was performed using antibodies
against NCOA3, XBP1-S and β-actin. (E) MCF7 cells were transfected with pGL3-NCOA3-WT or
mutant pGL3-NCOA3-MT (MT5 and MT7). Transfected cells were left either vehicle treated
(CTRL) or treated with estrogen (10 nM E2) for 24 h. Normalized luciferase activity
(Firefly/Renilla) relative to vehicle treated is shown. (F) MCF7-PLKO and MCF7-XBP1 knockdown
(XKD) cells were synchronized first. After synchronization, cells were either vehicle treated (0H) or
treated with E2 (10 nM) in 1% DCC-FBS supplemented medium for the indicated time points.
Expression of NCOA3, XBP1-S and GREB1 was quantified by real-time RT-PCR. Error bars
represent mean ± S.D. from three independent experiments performed in triplicate. *P < 0.05, twotailed unpaired t-test compared with vehicle treated cells.
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3.4.5 NCOA3 is required for E2-mediated upregulation of XBP1 and XBP1mediated endocrine resistance
Next, the role of upregulated NCOA3 in estrogen signalling and XBP1 mediated antiestrogen resistance was determined. After synchronization for 72 h, MCF7-NCOA3shRNA cells were treated with E2 (10 nM) in absence and presence of doxycycline (500
ng/ml). We observed that knockdown of NCOA3 expression attenuated the E2stimulated growth as well as expression of XBP1-S, GREB1 and NCOA3 (Figure 3.7A
and Figure 3.7B). To evaluate the role of NCOA3 in XBP1-mediated resistance to antiestrogens pTRIPZ-shNCOA3-MCF7 cells were transfected with XBP1-S expressing
plasmid. Fulvestrant, a selective estrogen receptor down-regulator (SERD) is a pure
competitive antagonist of estrogen receptor alpha [490]. We found that ectopic XBP1-S
provided the resistance to fulvestrant and knockdown of NCOA3 abrogated the
resistance provided by XBP1-S (Figure 3.7C). Results demonstrated that NCOA3
knockdown cells showed increased sensitivity to fulvestrant, further underscoring a role
for NCOA3 in anti-estrogen resistance.
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Figure 3.7: NCOA3 regulates induction of XBP1 upon estrogen signalling and is required for
XBP1-mediated anti-estrogen resistance. (A) pTRIPZ-shNCOA3-MCF7 cells were either vehicle
treated (NO E2) or treated with estrogen (10 nM) in absence and presence of doxycycline (500
ng/ml) for indicated time points. Line graphs show the absorbance of cells at the indicated time
points after the E2 treatment. Error bars represent mean ± S.D. from three independent experiments
performed in triplicate. (B) pTRIPZshNCOA3-MCF7 cells were either vehicle treated (E2 0H) or
treated with estrogen (10 nM) in absence and presence of doxycycline (500 ng/ml) for indicated time
points. The expression level of spliced XBP1 (XBP1-S, GREB1 and NCOA3 were quantified by
real-time RT-PCR, normalizing against RPLP0. Error bars represent mean ± S.D. from three
independent experiments performed in triplicate. (C) pTRIPZshNCOA3-MCF7 cells transfected
with pcDNA3 (Control) or XBP1-S plasmid and were either vehicle treated (DMSO) or treated with
(1µM) fulvestrant in absence and presence of doxycycline (500 ng/ml) for 48 h. MTS assay was
performed to assess the changes in cell density. *P < 0.05, two-tailed unpaired t-test compared with
vehicle treated cells; ** P < 0.05, two-tailed unpaired t-test comparing respective time points.
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3.4.6 NCOA3 modulates integrated stress response during UPR
To test whether NCOA3 modulates the activation of three branches of the UPR we used
synthetic luciferase reporter constructs having ATF6- or XBP1-binding sites and
CHOP-promoter reporter to transfect pTRIPZ-shNCOA3-MCF7 cells. The induction of
the XBP1-binding site reporter and ATF6-binding site reporter in response to
thapsigargin was not affected by knockdown of NCOA3 (Figure 3.8A). In contrast, the
response of the CHOP-promoter reporter to thapsigargin was significantly decreased in
absence of NCOA3 (Figure 3.8A). To understand the mechanisms by which NCOA3
modulates the activation of PERK–eIF2α–ATF4 pathway we evaluated the expression
of proximal mediators of PERK signalling during conditions of UPR in presence and
absence of NCOA3. For this purpose, we used the clones of MCF7 cells expressing
tetracycline-inducible NCOA3 shRNA to evaluate its role in endoplasmic reticulum
(EnR) stress responses. We evaluated the expression of PERK, phospho-eIF2α and
ATF4 proteins in pTRIPZ-shNCOA3-MCF7 cells that were either vehicle treated or
treated with (TG) thapsigargin in absence and presence of doxycycline. As expected a
significant knockdown of NCOA3 protein after the addition of (500 ng/ml) doxycycline
to MCF7-NCOA3-shRNA clone (Figure 3.8B) was observed. It was also observed that
constitutive expression of PERK protein and thapsigargin-mediated induction of
phospho-eIF2α and ATF4 was compromised in absence of NCOA3 (Figure 3.8B). Next,
NCOA3 knockout (KO) and wild-type (WT) parental HeLa cells were used to evaluate
the effect of NCOA3 on PERK signalling. HeLa cells that lack a functional copy of the
NCOA3 gene were generated using a zinc finger nuclease that targets exon 11 of the
NCOA3 gene (Gift from Bert O’Malley, Baylor College of Medicine, USA). Basal
expression of PERK protein and tunicamycin-mediated induction of phospho-eIF2α and
ATF4 was compromised in NCOA3 KO HeLa cells as compared to WT HeLa cells
(Figure 3.8C). In agreement with its effect on PERK-eIF2α-ATF4 axis, TG-mediated
induction of UPR target genes down stream of PERK axis such as CHOP and ATF4
responsive genes VEGFA, LAMP3 was attenuated in NCOA3 KO HeLa cells (Figure
3.9). These results suggest that NCOA3 is required for the optimal activation of PERKeIF2α-ATF4 pathway during conditions of EnR stress.
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Figure 3.8: NCOA3 is required for optimal activation of PERK signalling during UPR. (A)
pTRIPZ-shNCOA3-MCF7 cells were transfected with the indicated UPR pathway reporter
constructs (ATF6-R, CHOP-PR and XBP1-R). Transfected cells were treated with TG (1.0 μM) in
absence and presence of doxycycline for 24 h. Normalized luciferase activity (Firefly/Renilla)
relative to vehicle treated control is shown. Error bars represent mean±S.D. from three independent
experiments performed in duplicate. *P < 0.05, two-tailed unpaired t-test; ** P < 0.01, two-tailed
unpaired t-test. (B) pTRIPZ-shNCOA3-MCF7 cells were either vehicle treated or treated with TG
(1.0 µM) for indicated time points in absence and presence of doxycycline. Western blotting of total
protein was performed using antibodies against NCOA3, PERK, p-eIF2α, ATF-4 and β-actin. (C)
HeLa WT and HeLa NCOA3 KO cells were either vehicle treated or treated with TM (1.0 μg/ml) for
indicated time points. Western blotting of total protein was performed using antibodies against
PERK, eIF2α, p-eIF2α, ATF4, NCOA3 and β-actin.
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Figure 3.9: NCOA3 is required for attenuating targets downstream of PERK during UPR.
HeLa WT and HeLa NCOA3 KO cells were either vehicle treated or treated with TM (1.0 μg/ml) for
3 hr. Cells were harvested for total RNA isolation at the indicated time points followed by
measurement of the expression of target genes down stream of PERK axis such as CHOP and ATF4
responsive genes VEGFA, LAMP3 by real-time RT-PCR, normalizing against RPLP0. Other UPR
target genes expression was also measured by real-time RT-PCR, normalizing against RPLP0.
Results are represented as mean ± S.D. from three independent experiments performed in triplicate.
*P < 0.05, two-tailed unpaired t-test; ** P < 0.01, two-tailed unpaired t-test.
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3.4.7 NCOA3 regulates the expression of PERK
Next, a recently identified small molecule inhibitor of NCOA3, Verrucarin A, which
can selectively promote the degradation of the NCOA3 protein was used to check
PERK expression [416]. Treatment of MCF7 cells with Verrucarin A led to decrease in
the protein and mRNA level of NCOA3 and PERK (Figure 3.10A). In agreement with
our earlier results, NCOA3 KO HeLa cells showed reduced protein and mRNA
expression levels of NCOA3 and PERK (Figure 3.10B). Further, it was observed that
ectopic expression of wild-type NCOA3 in NCOA3 KO HeLa cells rescued the reduced
expression of PERK mRNA and protein (Figure 3.10C). NCOA3 gene was found to be
amplified in human breast cancer tissues as compared with normal tissues in TCGA
datasets (Figure 3.10D). In agreement with the regulation of PERK expression by
NCOA3, we found that PERK mRNA levels correlated well with the transcript levels of
NCOA3 in TCGA cohort of breast cancer (Figure 3.10E). The half-life of PERK protein
and mRNA was not significantly different in NCOA3 KO and WT HeLa cells (Figure
3.11A & Figure 3.11B). These results suggest that NCOA3 regulates PERK expression
by acting as a coactivator for transcription factor(s) required for basal transcription of
PERK.
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Figure 3.10: NCOA3 regulates the expression of PERK. (A) MCF7 WT cells were either vehicle
treated (Un) or treated with Verrucarin A at different concentrations (10 nM, 50 nM, 100 nM) for 24
h. Upper panel, western blotting of total protein was performed using antibodies against NCOA3,
PERK and β-actin. Lower panel, the expression level of NCOA3 and PERK was quantified by realtime RT-PCR normalizing against RPLP0. (B) Upper panel, western blotting of total protein isolated
from HeLa WT and HeLa NCOA3 KO cells was performed using antibodies against NCOA3, PERK
and β-actin. Lower panel, expression level of NCOA3 and PERK was quantified using total RNA
isolated from HeLa WT and HeLa NCOA3 KO cells by real-time RT-PCR normalizing against
RPLP0. (C) HeLa NCOA3 KO cells were transiently transfected with NCOA3 overexpressing
plasmid for indicated time points. Upper panel, western blotting of total protein was performed using
antibodies against NCOA3, PERK and β-actin. Lower panel, expression level of NCOA3 and PERK
was measured by real-time RT-PCR normalizing against RPLP0. Results are represented as mean ±
S.D. from three independent experiments performed in triplicate. (D) The expression level of
NCOA3 in breast cancer subtypes was analyzed using Oncomine Compendium of Expression
Array data. Briefly, the P value for statistical significance was set up as 0.0001, while the fold
change was set at 2 and the gene rank was defined as top 10%. (E) Correlation of NCOA3 and
EIF2AK3 (PERK) was determined using R2. *P < 0.05, two-tailed unpaired t-test; ** P < 0.01, twotailed unpaired t-test.
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Figure 3.11: Half-life of PERK protein and mRNA. (A) HeLa WT and NCOA3 KO cells were
either vehicle treated (Un) or treated with Actinomycin D (1μg/ml) (potent inhibitor of transcription)
for the indicated time points. The expression level of PERK was quantified by TaqMan real-time
RT- PCR, normalizing against GAPDH (upper panel). Line graph shows the fold change at the
indicated time points after treatment (lower panel). (B) HeLa WT and NCOA3 KO cells were either
vehicle treated (Un) or treated with cycloheximide (100μg/ml) (a known inhibitor of translation) for
the indicated time points. Western blotting of total protein was performed using antibodies against
PERK and β-actin (upper panel). Autorads obtained after probing the membrane with PERK and βactin were analyzed using Image J software. Fold change of the expression of total PERK at
different time points after treatment with cyclohexamide in HeLa WT and HeLa NCOA3 KO cells is
shown here normalizing against β-actin by considering the vehicle treated value as 1 (lower panel).

3.4.8 NCOA3-deficient HeLa cells are hypersensitive to EnR stress-mediated
cell death
During UPR, activated PERK phosphorylates eukaryotic translation initiation factor 2
(eIF2), which reduces the global protein synthesis [491]. The PERK-dependent
reduction of protein translation limits nascent protein transport to EnR lumen thereby
reducing the client protein load on the EnR [492]. PERK-/- and catalytically inactive
eIF2 (Ser51Ala) knock-in MEFs are hypersensitive to EnR stress-induced apoptosis
[493]. Flow cytometry analysis demonstrated that NCOA3 KO HeLa cells showed
increased sensitivity to EnR stress induced cell death as compared to WT HeLa cells
(Figure 3.12A & Figure 3.12B). The expression of cleaved caspase-3, a marker of
apoptotic cell death was induced robustly upon TM treatment as compared to HeLa WT
cells suggesting hypersensitivity is mediated via apoptosis (Figure 3.12C). Further, it
was observed that GSK PERK inhibitor sensitized the wild-type HeLa cells to ER
stress-induced cell death (Figure 3.13A & Figure 3.13B). These results suggest that
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attenuated PERK signalling in HeLa NCOA3 KO cells may be responsible for their
hypersensitivity to ER stress-mediated cell death.

Figure 3.12: NCOA3 knockout HeLa cells are hypersensitive to ER stress-mediated cell death.
(A) HeLa WT and HeLa NCOA3 KO cells were either vehicle treated (Un) or treated with TM
(1µg/ml) for 24 h and 48 h. Representative dot plot of PI staining of HeLa WT and HeLa NCOA3
KO cells are shown. (B) HeLa WT and HeLa NCOA3 KO cells staining positive for PI are shown as
dead cells (n=3). Results are represented as mean ± S.D. from three independent experiments. .*P <
0.05 (two-tailed unpaired t-test). (C) HeLa WT and HeLa NCOA3 KO cells were treated as in A and
western blotting of total protein was performed using antibodies against cleaved caspase-3 and βactin.
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Figure 3.13: NCOA3-deficient HeLa cells are hypersensitive to ER stress-mediated cell death.
(A) HeLa WT cells were either vehicle treated (Un) or treated with TM (1µg/ml) for 48h in absence
or presence of 100nM (PERKi) GSK PERK inhibitor (n=3). Representative dot plot of Propidium
iodide (PI) staining of HeLa WT cells are shown. (B) Cells were treated as in A, PI positive cells are
shown as dead cells. Results are represented as mean ± S.D. from three independent experiments.
** P < 0.01 (two-tailed unpaired t-test).

3.4.9 MCB-613 induced cell death is dependent on NCOA3
MCB-613 is a Pan-NCOA3 stimulator [419]. NCOA3 knockout (KO) and wild-type
(WT) parental HeLa cells were used to evaluate the role of NCOA3 in MCB-613
induced cell death. We were able to confirm the previously published observations that
loss of NCOA3 reduced the proliferation of HeLa cells (Figure 3.14A) and NCOA3 KO
HeLa cells were less sensitive to MCB-613 as compared to wild-type HeLa cells
(Figure 3.14B- Figure 3.14C). These results suggest that cell death induced by MCB613 is at least partially dependent on NCOA3 (NCOA1 and NCOA2 are still expressed
in NCOA3 KO cells).
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Figure 3.14: NCOA3 deficient HeLa cells are resistant to MCB-613 mediated cell death. (A)
HeLa WT and HeLa NCOA3 KO cells were plated in 96-well plate (2,000 cells/well). Cell growth
was assessed by MTS cell proliferation assay at different time intervals (Day 0, 1, 2, 3). Absorbance
was recorded using microplate reader at 490 nm and fold change was calculated with relative to the
absorbance at Day 0. (B) HeLa WT and HeLa NCOA3 KO cells were either vehicle treated (Un) or
treated with MCB-613 (10 µM) for 24 h and 48 h. Representative dot plot of Propidium iodide (PI)
staining of HeLa WT and HeLa NCOA3 KO cells are shown. (C) HeLa WT and HeLa NCOA3 KO
cells staining positive for PI are shown as dead cells (n=3). Results are represented as mean ± S.D.
from three independent experiments performed in duplicate. *P < 0.05; ** P < 0.01 (two-tailed
unpaired t-test).
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3.4.10 MCB-613 leads to enhanced activation of PERK signalling
MCB-613 treatment leads to severe EnR stress and UPR downstream of hyper
activation of NCOAs, resulting in paraptotic cell death [419]. NCOA3 activation is
coupled with its turnover and hyper activation of NCOA3 by MCB-613 is accompanied
by reduction in total NCOA3 protein [419]. In agreement with previous result, it was
observed that treatment with MCB-613 resulted in decrease in NCOA3 protein level
(Figure 3.15A). We found that MCB-613 treatment leads to induction of multiple UPR
markers such as PERK, XBP1-S, phospho-eIF2, ATF4 and ATF6 (Figure 3.15A).
Next, the induction of UPR target genes upon treatment with MCB-613 and Brefeldin A
(BFA) (blocks the exit of folded proteins from endoplasmic reticulum to Golgi
apparatus) was compared in MCF7 cells. It was observed that both MCB-613 and BFA
induced the expression of spliced XBP1, GRP78, HERP, PERK and CHOP (Figure
3.15B & Figure 3.15C). BFA was more potent and robust inducer of spliced XBP1,
GRP78 and HERP as compared to MCB-613 whereas MCB-613 showed significantly
higher induction of PERK and CHOP (Figure 3.15C). These results indicate that MCB613 treatment induces UPR with augmented activation of PERK signalling.

Figure 3.15: MCB-613 leads to enhanced activation of PERK signalling. (A) HeLa WT cells
were either vehicle treated (Un) or treated with MCB-613 (10 µM) for 4h, 8h, 16h and 24h. Western
blotting of total protein was performed using antibodies against UPR target proteins (PERK, XBP1S, p-eIF2α, ATF4, ATF6), NCOA3 and β-actin. (B-C) MCF7 cells were either vehicle treated (Un)
or treated with MCB-613 (10µM) or BFA (1 µg/ml) for 24h. The expression level of XBP1 was
measured by conventional PCR and the expression of UPR target genes (GRP78, HERP, PERK and
CHOP) was quantified by real-time RT-PCR, normalizing against RPLP0. Results are represented as
mean ± S.D. from three independent experiments performed in triplicate. *P < 0.05, two-tailed
unpaired t-test; ** P < 0.01, two-tailed unpaired t-test.
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3.4.11 MCB-613 induces PERK dependent cell death
Genetic and pharmacological experiments have demonstrated that PERK signalling can
confer both protective and proapoptotic outcome in the face of EnR stress depending on
the severity of EnR stress [304]. In particular, during chronic EnR stress, persistent
PERK activity contributes to ER stress-induced cell death [494]. Treatment of MCF7
cells with MCB-613 resulted in massive vacuolization in the cytoplasm as of previously
published observations (Figure 3.16A). We reasoned that enhanced PERK signalling
may play a role in MCB-613 mediated cytotoxicity. To identify the responsible arm
(XBP1, PERK and ATF6) for MCB-613 induced cell death, control (MCF7-PLKO),
XBP1 knockdown (MCF7 XBP1-KD), PERK knockdown (MCF7 PERK-KD) and
ATF6 knockdown (MCF7 ATF6-KD) subclones were generated in MCF7 cells using
respective shRNAs. We observed the reduction in the expression (basal and TGinduced) of cognate target genes due to the presence of the corresponding shRNA
(Figure 3.16B – Figure 3.16D). Flow cytometry analysis and MTS assay revealed that
MCB-613 induced cell death in control MCF7-PLKO cells that were specifically
attenuated in MCF7 PERK-KD cells (Figure 3.17A-3.17C). Collectively, these results
suggest that MCB-613 leads to enhanced PERK signalling which contributes at least in
part to MCB-613 mediated cell death.
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Figure 3.16: Successful generation of knockdown clones of UPR targets. (A) Cytoplasmic
vacuolization (indicated arrow) in MCF7 cells treated with MCB-613, a stimulator NCOA3. (B-D)
MCF7 PKLO, MCF7 XBP1 knockdown (XBP1-KD) and MCF7 PERK knockdown (PERK-KD)
and MCF7 ATF6 knockdown (ATF6-KD) clones were generated using respective shRNA and tested
for knockdown either by vehicle treatment (Un) or treatment with (1.0 μM) Brefeldin A (BFA) for
18 h. Western blotting of total protein was performed using the indicated antibodies (XBP1s, PERK,
ATF6). Conventional PCR for XBP1 and real-time RT-PCR for PERK and ATF6 expression were
carried out to confirm the knockdown of respective targets.
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Figure 3.17: MCB-613 induces PERK dependent cell death. (A) MCF7 PLKO, MCF7-XBP1
knockdown (XBP1-KD), MCF7 PERK knockdown (PERK-KD) and MCF7-ATF6 knockdown
(ATF6-KD) cells were either vehicle treated (UN) or treated with MCB-613 (10 μM) for 24 hr.
Representative dot plots of PI staining of cells are shown. (B) MCF7 PKLO, MCF7 XBP1-KD,
MCF7 PERK-KD and MCF7 ATF6-KD cells staining positive for Propidium iodide (PI) are shown
as dead cells (n=3). (C) MCF7 PKLO, MCF7 XBP1-KD and MCF7 PERK-KD cells were plated in
96-well plate. Twenty four hours of post seeding cell were treated with MCB-613 (10 µM) for the
indicated time periods. Cell proliferation was assessed by MTS assay on Day 0, 1, 2, 3, 4. Line
graphs show the percentage of cell viability in compare to control (vehicle treated) at the indicated
time points after the treatment with MCB-613. Data represent here as mean ± S.D. from three
independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test.
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3.5 Conclusions
Members of nuclear receptor coactivator (NCOA) family are considered as master
regulator of systemic metabolite homoeostasis and their dysregulation has been linked
with diverse array of human diseases including several forms of human cancer [480,
495]. The mechanism of the regulation of NCOA3 expression in different metabolic
disruptions and stress responses is not fully elucidated. Our findings elucidate that
upregulation of NCOA3 is dependent on IRE1-XBP1 axis during UPR and estrogen
signalling (Figure 3.4 and Figure 3.6). It was also elucidated that NCOA3 is required for
XBP1-mediated antiestrogen resistance (Figure 3.7). Spliced XBP1 (XBP1-S), a
member of activated transcription factor (ATF) family of transcription factor, is a key
component of the unfolded protein response (UPR) pathway whose expression is getting
induced during EnR stress. In this report we provide evidence that XBP1-S plays an
important role in increased expression of NCOA3 during conditions of UPR and
estrogen stimulation in ER positive breast cancer (Figure 3.18). The expression of
NCOA3 is elevated in human cancers in the absence of gene amplification and
relatively little is known about mechanisms of NCOA3 overexpression [485]. The
stressful conditions in the tumour microenvironment including low oxygen supply,
nutrient deprivation and pH changes activate a range of cellular stress-response
pathways [304]. Cellular adaptation to stress in tumour microenvironment occurs
through multiple mechanisms, including activation of the UPR [496]. Our results show
increased expression of NCOA3 during conditions of UPR in breast cancer cells (Figure
3.3-3.4) provides a mechanism for overexpression of NCOA3 in human cancers.

We noted that XBP1-S upregulates the expression of NCOA3 upon estrogen stimulation
via XBP1-binding site in the promoter of NCOA3 (Figure 3.5). Our recently published
data also reported that NCOA3 is required for the induction of XBP1-S upon E2
stimulation [459]. Carroll et al., have demonstrated that during conditions of E2stimulation, estrogen receptor is recruited to the enhancer region of XBP1 gene leading
to induction of XBP1 mRNA which is then spliced by IRE1 to produce XBP1-S [475].
However, ATF6 induces the expression of XBP1 mRNA during UPR which is then
spliced by IRE1 to produce XBP1-S [497]. We, have shown that NCOA3 is required for
E2 dependent cellular proliferation and induction of XBP1 [459]. In consideration with
our findings and published results suggest that in cells with hyperactive XBP1-S, such
as the case encountered in stressful conditions of tumour microenvironment, there is a
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positive feedback regulatory loop consisting of XBP1-S and NCOA3 to maintain high
levels of NCOA3 and XBP1-S in ER-positive breast cancer. Indeed, a very good
correlation between the transcript levels of NCOA3 and XBP1-S in breast cancer patient
samples was also observed [459]. Overexpression of XBP1-S can confer estrogenindependent growth and resistance to anti-hormonal therapy [376]. Taken together our
findings reveal a key function for the IRE1-XBP1-NCOA3 axis in luminal/ER-positive
breast cancer and indicate that targeting this pathway may offer alternative treatment
strategies for anti-estrogen resistant breast cancer.

Figure 3.18: Schematic representation of XBP1 mediated transcriptional activation of NCOA3
during UPR and Estrogen signalling. Stressful conditions of the tumour microenvironment
activate an adaptive mechanism called the unfolded protein response (UPR). X-box binding protein1 (XBP1) is a critical transcriptional activator that is induced by the UPR. In estrogen receptorpositive (ER+) breast cancer cells XBP1 is rapidly induced in response to E2-stimulation. In luminal
breast cancers estrogen signalling and UPR induce the expression of XBP1-S. Here we show that
XBP1-S upregulates the transcriptional activation of NCOA3 during estrogen signalling and UPR.
NCOA3 is required for the induction of estrogen-responsive and PERK-ATF4-responsive genes. Our
results suggest that XBP1-S regulates growth and proliferation of ER-positive breast cancer cells, in
part, by transcriptional activation of NCOA3.

Our findings uncover a novel non-NR role for NCOA3 in the UPR signalling, where
NCOA3 plays an important role in optimal activation of PERK-eIF2α-ATF4 pathway
(Figure 3.8 and Figure 3.9), but has no significant effect on IRE1-XBP1 or ATF6
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branches of UPR [459]. PERK-ATF4 arm directly upregulates vascular endothelial
growth factor A (VEGFA) and Lysosomal-Associated Membrane Protein 3 (LAMP3)
thereby regulating tumour vascularity and invasion [498, 499]. In line, tumours derived
from K-Ras-transformed embryonic fibroblasts derived from PERK knockout mice
show severely compromised tumour vascularization [378] and PERK-deficient mice
have reduced growth of β cell insulinoma tumours as a result of compromised tumour
vascularization [500]. Indeed, knockout of NCOA3 attenuated the UPR-mediated
increase in the expression of VEGF and LAMP3 (Figure 3.9). Further epithelial to
mesenchymal transition activates PERK-eIF2α signalling, which is required for
invasion and metastasis of primary tumour [388]. Taken together our results suggest a
role for NCOA3 in PERK-dependent effects on malignant transformation.

We show that NCOA3 regulates the expression of PERK mRNA and protein without
affecting their turnover (Figure 3.11). Our findings suggest that NCOA3 regulates
PERK expression by acting as a coactivator for transcription factor(s) required for basal
transcription of PERK. In addition to NRs, NCOA3 is found to act as coactivator for
several other transcription factors [AP-1, PEA3, NF-NB, E2F1, SMADs, HIF1, TP53,
STATs, ETS and HNF4] to control diverse gene regulatory networks [414, 417].
Indeed, bioinformatics analysis has shown the presence of binding sites for AP1 and
NF-kB sites (TFs known to interact with NCOA3) in the promoter region of PERK.
Therefore, NCOA3 mediated regulation of PERK expression could be the result of
coactivation of either AP1 or NF-kB by NCOA3, but this is worth of experimental
proof. In line with regulation of PERK expression by NCOA3 we found enhanced
activation of PERK-ATF4 signalling pathway upon stimulation of NCOA3 by MCB613 treatment (Figure 3.15). UPR stress sensors have been shown to be activated in a
selective manner, such as specific activation of IRE1 by Toll-like receptors in
macrophages [360], specific activation of PERK during epithelial to mesenchymal
transition [388] and specific activation of ATF6 by EnR membrane protein overload
[501].
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Figure 3.19: Graphical representation of NCOA3 mediated compromised PERK signalling and
its effect on cell fate. (B) During normal physiological conditions NCOA3 maintains the basal
expression of EnR stress sensor, PERK. The basal expression of PERK is essential for optimal
PERK signalling and restoring EnR homeostasis during the conditions of UPR. (A) Loss of NCOA3
leads to reduced PERK expression and attenuated PERK signalling during UPR which in turn
renders cells hypersensitive to EnR stress-mediated cell death. (C) Hyper activation of NCOA3
leads to increased expression of PERK and PERK-dependent cell death. Taken together our results
point to NCOA3 as an important determinant in regulating cell fate during EnR stress, with too little
and too much NCOA3 both producing deleterious effects.

PERK signalling pathway plays a dual role depending on the intensity and duration of
the EnR stress. PERK mediates both adaptive, as well as apoptotic responses that results
either survival or death of cells depending on the context [348, 493]. Indeed we
observed that knockout of NCOA3 abrogated PERK signalling (Figure 3.8 & Figure
3.9). In our model, NCOA3 regulated expression of PERK is required for optimal
PERK signalling during UPR, with too little and too much NCOA3 both producing
deleterious effects (Figure 3.19). We found that loss of NCOA3 or co-treatment with
PERK inhibitor sensitized HeLa cells to EnR stress-induced apoptosis which is most
likely due to compromised PERK signalling (Figure 3.12 & Figure 3.13). Indeed,
PERK–/– and ATF4–/– MEFs and eIF2α (Ser51Ala) knock-in MEFs are hypersensitive
to EnR-stress-induced apoptosis [325]. Further liver-specific loss of PERK has been
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shown to increase EnR-stress induced apoptosis in an animal model [502]. Our
observation showing that persistent PERK activity upon MCB-613 treatment impairs
cell viability is consistent with previous reports showing that selective activation of
PERK leads to cell death [503]. Persistent PERK signalling could impair cell viability
via induction of CHOP, a transcription factor that has been shown to contribute to EnR
stress-induced apoptosis in vitro and in vivo [504, 505]. Taken together our findings
suggest that the duration and/or intensity of PERK signalling downstream of NCOA3 is
a key determinant of regulation of cell fate by NCOA3 during UPR (Figure 3.19).
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4.1 Background
The results described in this chapter show that an UPR regulated oncogenic miRNA
cluster, miR-17-92 acts as a context dependent tumor suppressor in breast cancer by
targeting functionally relevant targets such as ADORA1 and PREX1. This miRNA
cluster has been reported as UPR regulated miRNA cluster. Cawley et al., suggests that
miRNAs belonging to this cluster are downregulated during the EnR stress condition
and the downregulation is dependent on PERK-NRF2-ATF4 signaling pathway during
UPR [506].
Experimental evidences reveal that miR-17-92 cluster is differentially expressed in
various cancer types [269, 507, 508]. For instance, expression of miR-17-5p was found
to be downregulated in breast cancer cell lines whereas in lung cancer this cluster
showed up-regulation [509, 510]. In c-Myc induced B-cell lymphomagenesis, miR-1792 cluster contributes to the oncogenic activity of c-Myc by targeting pro-apoptotic
transcription factor PTEN [511, 512]. In prostate cancer tissue and cell lines, the
reduced expression pattern of miR-17-92 was also observed [513]. In addition, this
cluster of miRNA was also showed differential expression in breast cancer subtypes
[514]. Indeed, miRNAs of this cluster is designated as potent oncogenic miRNA
(oncomiR) [260, 421]. In lung cancer, expression of miR-17-92 cluster accelerates cell
proliferation by reducing hypoxia inducible factor 1 α (HIF-1α) [515] and potentiates
cell survival by targeting PTEN though miR-19 [516]. Several independent line of
evidence suggests that this cluster of miRNA not only acts as oncomiR but also behaves
as tumour suppressor [513, 517]. Expression of miR-17-92 cluster reduces cell
proliferation, delays tumourigenicity and inhibits tumour growth in animal model of
prostate cancer [513]. A member of this cluster, miR-18a supresses cell proliferation by
targeting Dicer in bladder cancer [518]. A recent report noted that this cluster inhibits
the progression of colon cancer by targeting angiogenesis [517]. There are conflicting
reports about the role of miR-17-92 cluster in breast cancer. Hongling et al., reported
that miR-17-5p promotes migration and invasion by supressing HMG box-containing
protein 1 (HBP1) in breast cancer [519], while Hossain et al., reported that miR-17-5p
attenuates breast cancer cell proliferation by targeting NCOA3 mRNA [510]. The miR17/20 family inhibits invasion and metastasis of breast cancer by inhibiting secretion of
cytokines [520].

So, these findings suggest that this cluster shows a functional

complexity depending on the cancer types and even in the subtypes of specific cancer.
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The functional role of this cluster in different breast cancer subtypes remains largely
unknown.
In this chapter, we characterized the biological functions of miR-17-92 cluster in three
major breast cancer subtypes namely luminal A, HER2+ and triple negative.
Additionally, we identified potential functionally relevant targets for this cluster in the
cell-based model of luminal A breast cancer. In this study, oncomine datasets were
analysed to determine the expression of MIR17HG in breast cancer. It was observed
that expression of MIR17HG was increased in tissues and cell lines from triple negative
breast cancer (TNBC) but decreased in the tissues and cell lines from the estrogen
receptor (ER)-positive breast cancer. Next, stable sub-clones of MCF7, T47D, SKBR3
and MDA-MB231 cells overexpressing miR-17-92 cluster were generated by
transducing with lentivirus expressing miR-17-92. Cell sorting was performed to sort
the overexpressing clones based on RFP expression by FACS based cell sorter.
Proliferation was assessed by MTS assay and colony forming assay. Cell migration was
tested using scratch method. Invasion potentiality was monitored by using matrigel
Boyden chamber invasion assay. For drug response analysis, control and microRNA
overexpressing sub-clones were exposed to different chemotherapeutic agents at
different concentrations followed by MTS assay at different time points. Kaplan Meier
overall survival analysis was carried out in METABRIC Dataset (largest breast cancer
patient dataset having the information of 2506 breast cancer patients) using an online
tool (KM plotter). To identify functionally relevant targets for this cluster, nextgeneration sequencing (NGS) was performed in MCF7 PCDH empty (Control) and
miR-17-92 expressing cells along with the computational prediction for the binding
sites of the individual miRNAs of this cluster using miRNA prediction tool such as
Targetscan, miRMap. Our results show that ectopic expression of miR-17-92
significantly supressed cell proliferation, migration and invasion of MCF7, T47D and
SKBR3 cells while accelerated cell proliferation, migration and invasion in MDA-MB231 cells. Additionally, we found that expression of miR-17-92 cluster sensitizes MCF7
cells towards DNA damaging compounds such as doxorubicin and 5-Fluoro-uracil
whereas in SKBR3 this cluster show resistance towards bortezomib, docetaxel and 5-Furacil. High expression of all mature miRNAs of this cluster except miR-18a were
significantly associated with good outcome in luminal breast cancer subtypes while high
expression of miR-17, miR-18a and miR-92a were significantly associated with poor
outcome in HER2+ breast cancer and in triple negative breast cancer subtype high
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expression of miR-17, miR-19b and miR-92a were significantly associated with poor
outcome. ADORA1, H19, CENPV and PREX1 could be the potential targets for the
mature miRNAs of this cluster in luminal A breast cancer. Therefore, the findings
indicate that miR-17-92 cluster decreases cell proliferation, migration and invasion in
ER-positive and HER2-enriched breast cancer cells but accelerates these properties in
triple negative breast cancer.

4.2 Hypothesis
Since miR-17-92 cluster shows differential expression among the cancers types, it is
hypothesized that biological function may also vary depending on the context.

4.3 Aims
 Aim-1: To characterize the functional properties of miR-17-92 cluster in
subtypes of breast cancer.
 Aim-2: To find out the association of this cluster with outcome in the subtypes
of breast cancer
 Aim-3: To find out functionally relevant targets for miR-17-92 cluster

4.4 Results:
4.4.1 MIR17HG (the miR-17-92 cluster host gene) is differentially expressed
in breast cancer
The Cancer Genome Atlas (TCGA) breast data set was analysed using online tooloncomine (data mining platform) to evaluate the expression of MIR17HG (the miR-1792 cluster host gene) in different breast cancer subtypes compared to normal breast
tissue. It was observed that median expression of MIR17HG was relatively low in
different breast cancer subtypes compare to normal breast tissue (Figure 4.1). Further,
analysis of three different datasets (TCGA, Stickler and Bittner) and one cell line based
dataset (Hoeflich cell line) showed that expression of MIR17HG is increased in tissues
and cell lines from triple negative breast cancer (TNBC) but decreased in the tissues and
cell lines from the estrogen receptor (ER)-positive (Figure 4.2 – Figure 4.3) subtypes.
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Figure 4.1: Expression of MIR17HG in breast cancer dataset. (A) MIR17HG expression was
analysed in TCGA dataset to compare between normal and breast cancer tissue type by using online
data mining platform-oncomine. The box plots represent the 25th through 75th percentile. The
horizontal line represents the median. Here, no value is defined by the number of patients that were
not included in the selected group.
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Figure 4.2: Expression of MIR17HG in breast cancer subtypes using TCGA and Stickler
dataset. The expression level of MIR17HG in breast cancer was analysed using oncomine datasets
such as TCGA and Stickler. Upper panel shows the expression level MIR17HG in ER+ and ERbreast cancer subtypes; middle panel shows the expression level MIR17HG in HER2+ and HER2breast cancer subtypes and lower panel shows the expression level MIR17HG in TNBC. The box
plots represent the 25th through 75th percentile. The horizontal line represents the median value.
Here, no value is defined by the number of patients that were not included in the selected group.
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Figure 4.3: Expression of MIR17HG in breast cancer subtypes using Bittner dataset and
Hoeflich cell line dataset. (A) Upper panel shows the expression level MIR17HG in ER+ and ERbreast cancer subtypes; middle panel shows the expression level MIR17HG in HER2+ and HER2breast cancer subtypes and lower panel shows the expression level MIR17HG in TNBC. Here, no
value is defined by the number of patients which were not included in the selected group. (B) The
expression level of MIR17HG in breast cancer was analysed in Hoeflich cell line database. The box
plots represent the 25th through 75th percentile. The horizontal line represents the median value.
Here, no value is for MCF10A.

4.4.2 Generation and characterization of the stable clones expressing miR-17-92
cluster
The expression of mature miRNAs of this cluster was investigated at endogenous level
in cell based models of breast cancer subtypes such as MCF7, T47D. SKBR3 and MDA
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MB 231 cell lines by real-time RT-PCR. Result suggests that expression of the mature
miRNAs of this cluster was low in MCF7 cells, moderate in T47D and SKBR3, high in
MDA MB-231 cells (Figure 4.4).

Figure 4.4: Endogenous expression of miR-17-92 cluster in a panel of breast cancer cell lines.
Expression of miRNAs belonging to miR-17-92 cluster was determined by real-time RT-PCR in
MCF7, T47D, SKBR3 and MDA-MB231 cell lines.

Hoeflich cell line dataset (51 cell lines) was also analysed using online tool- oncomine
to evaluate the expression of MIR17HG in different cell based model of breast cancer.
It was observed that median expression of MIR17HG was relatively low in MCF7,
T47D, SKBR3 and MDA MB-231 compare to other cell lines (Figure 4.5).

Figure 4.5: Relative expression of MIR17HG in cell lines using Hoeflich cell line dataset.
MIR17HG expression was analysed in Hoeflich dataset to investigate the relative expression among
the cell lines using online data mining platform-oncomine.
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To evaluate the functional properties of miR-17-92 cluster in the subtypes of breast
cancer, control (PCDH Empty) and miR-17-92 cluster overexpressing stable sub clones
of MCF7 (MCF7 PCDH Empty, MCF7 PCDH miR-17-92), T47D (T47D PCDH
Empty, T47D PCDH miR-17-92), SKBR3 (SKBR3 PCDH Empty, SKBR3 PCDH miR17-92) and MDA-MB-231 (MDA-MB-231 PCDH Empty, MDA-MB-231 PCDH miR17-92) were generated. For this purpose MCF7, T47D, SKBR3 and MDA-MB-231 cells
were transduced with lentivirus prepared using PCDH empty and miR-17-92 cluster
expressing PCDH plasmid (Figure 4.6A). Expression of RFP (pre-sorting and/or post
sorting, where appropriate) in the generated stable sub clones was observed under
fluorescence microscope indicated that plasmids co-expressing RFP and miRNA
sequence have been transduced successfully and actively expressed in the clones
(Figure 4.6B – Figure 4.6D). The relative expression of the six mature miRNAs
belonging to miR-17-92 cluster in the overexpressing subclones of breast cancer cell
lines was measured by real-time RT-PCR (Figure 4.6B – Figure 4.6D). A significant
ectopic expression of all mature miRNAs was observed only in MCF7 clones (MCF7
PCDH miR-17-92) compare to controls (MCF7 PCDH Empty) (Figure 4.6B). Though,
the subclones of T47D, SKBR3 and MDA-MB-231 cells were expressing RFP but
miRNA specific quantitative real-time RT-PCR results showed no significant difference
in miR-17-92 transduced subclones as compared to controls (PCDH Empty). Therefore
to enrich for miR-17-92 expressing cells, we categorized the clones into low, medium
and high RFP expressing cells based on the intensity of RFP by FACS analysis using
BD FACS Canto-A flow cytometer (Figure 4.7, Figure 4.8 and Figure 4.9). Next we
sorted the high RFP expressing cells using BD FACS Aria II cells sorter. Purity of the
high RFP expressing cells (post-sort) were checked by FACS analysis (Figure 4.7C,
Figure 4.8C and Figure 4.9C). After sorting, miR-17-92 expressing T47D, SKBR3 and
MDA-MB-231 subclones showed remarkable expression of the mature miRNAs (Figure
4.6B- Figure 4.6D). These MCF7, T47D, SKBR3 and MDA-MB-231 (PCDH empty,
PCDH miR-17-92) subclones were used in subsequent experiments.
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Figure 4.6: Generation and characterization of the stable breast cancer clones expressing miR17-92 cluster. (A) Sketch of lentiviral vector used to generate miR-17-92 cluster over expressing
stable subclones. (B-D) Expression of miRNAs belonging to miR-17-92 cluster was determined by
real-time RT-PCR and RFP was observed in control (PCDH Empty) and miR-17-92 expressing
subclones of MCF7, T47D, SKBR3 and MDA-MB231 cells. Error bars represent mean ± SD from
three independent experiments performed in triplicate. *P< 0.05, two-tailed unpaired t-test as
compared to control (PCDH Empty).
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Figure 4.7: The miR-17-92 expressing T47D stable subclones were sorted based on RFP
expression. (A) Gating was set for T47D miR-CTRL (PCDH Empty) and miR-17-92 expressing
subclones. An initial gating was set by using 633_660_20 (sytox red) vs linear forward scatter
(FSC). After exclusion of dead cells and debris, further gating was set to exclude the doublets (FSCA vs FSC-H). The gate for the analysis was finalized to include ∼20,000 live cells for each sample
acquisition using FSC vs SSC scatter plot. Histogram integration for the determination of
488_585_42 (RFP) fluorescence (in X-axis) vs counting of cells (Y-axis) were set using unstained
cells. (B) Flow cytometry analysis was carried out for determining the percentage of low, medium
and high RFP expressing cells. Red fluorescence protein (RFP) expressing T47D-miR-17-92 stable
subclones were plated in T-25 flask, harvested by trypsinization, membrane integrity was allowed to
be restored for 15 min at 37°C. Cells were collected by centrifugation and resuspended in FACS
buffer followed by staining with sytox red (to exclude dead cells). Percentage of RFP expressing
cells was determined by measuring fluorescence intensity using a BD FACS Canto-A flow
cytometer. Cells were categorised as high, medium and low RFP expressing cells based on the
intensity of RFP expression. (C) Left panel represents gating strategies for RFP expressing T47D
miR-17-92 clones to be sorted and the right panel represents the purity check after sorting using BD
FACS Aria II cells sorter.
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Figure 4.8: The miR-17-92 expressing SKBR3 stable subclones were sorted based on RFP
expression. (A) Gating was set for SKBR3 miR-CTRL (PCDH Empty) and miR-17-92 expressing
subclones as of Figure 4.7A. (B) Flow cytometry analysis was carried out for determining the
percentage of low, medium and high RFP expressing cells. Red fluorescence protein (RFP)
expressing SKBR3-miR-17-92 stable subclones were plated in a T-25 flask, harvested by
trypsinization, membrane integrity was allowed to be restored for 15 min at 37°C. Cells were
collected by centrifugation and resuspended in FACS buffer followed by staining with sytox red (to
exclude dead cells). Percentage of RFP expressing cells was determined by measuring fluorescence
intensity using a BD FACS Canto-A flow cytometer. Cells were categorised as high, medium and
low RFP expressing cells based on the intensity of RFP expression. (C) Left panel represents the
gating strategies for RFP expressing SKBR3-miR-17-92 clones to be sorted and the right panel
represents the purity check after sorting using BD FACS Aria II cells sorter.
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Figure 4.9: The miR-17-92 expressing MDA-MB-231 stable subclones were sorted based on
RFP expression. (A) Gating was set for MDA-MB-231 miR-CTRL (PCDH Empty) and miR-17-92
expressing subclones. (B) Flow cytometry analysis was carried out for determining the percentage of
low, medium and high as of Figure 4.7A. RFP expressing cells. Red fluorescence protein (RFP)
expressing MDA-MB-231-miR-17-92 stable subclones were plated in a T-25 flask, harvested by
trypsinization, membrane integrity was allowed to be restored for 15 min at 37°C. Cells were
collected by centrifugation and resuspended in FACS buffer followed by staining with sytox red (to
exclude dead cells). Percentage of RFP expressing cells was determined by measuring fluorescence
intensity using a BD FACS Canto-A flow cytometer. Cells were categorised as high, medium and
low RFP expressing cells based on the intensity of RFP expression. (C) Left panel represents the
gating strategies for RFP expressing MDA-MB-231 miR-17-92 clones to be sorted and the right
panel represents the purity check after sorting using BD FACS Aria II cells sorter.
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4.4.3 miR-17-92 cluster supresses cell proliferation in luminal A and HER2+
breast cancer cells but accelerates cell proliferation in TNBC cells.
To investigate the functional role of miR-17-92 cluster on cell proliferation in breast
cancer subtypes, two commonly used in vitro techniques MTS cell proliferation assay
and colony forming assay were carried out for the generated clones. Data demonstrated
that overexpression of miR-17-92 cluster significantly accelerated cell growth in MDAMB-231 cells as compared to control (PCDH Empty) (Figure 4.10D). In contrast,
overexpression of this cluster significantly reduced cell growth in MCF7, T47D,
SKBR3 cells (Figure 4.10A – Figure 4.10C). This observation was further validated by
colony formation assay. Visual inspection after staining with crystal violet and counting
of colonies using image J software revealed that miR-17-92 cluster significantly
increased the number of colonies in MDA- MB-231 cells while the number colonies in
MCF7, T47D and SKBR3 cells were reduced (Figure 4.11A– Figure 4.11D) compare to
respective controls (PCDH Empty). Taken together the findings of both experiments
indicated that mature miRNAs of miR-17-92 cluster strikingly promote cell
proliferation in the cell based model of triple negative breast cancer, while it attenuates
cell growth in luminal A and HER2+ breast cancer subtypes.

Figure 4.10: Effect of miR-17-92 cluster on the growth of breast cancer cells. (A-D) miR-17-92
cluster expressing MCF7, T47D, SKBR3 and MDA-MB-231 subclones and respective control
(PCDH Empty) subclones were plated in 96-well plate (2,000 cells/well). Cell proliferation was
assessed by MTS assay at different time points (Day 0, 1, 2, 3). Absorbance was recorded using
microplate reader at 490 nm and fold change was calculated with relative to the absorbance at Day 0.
Error bars represent mean±S.D. from three independent experiments performed in triplicate.
Statistical analysis was performed either by Microsoft Excel or Graph Pad Prism software. *P <
0.05, **P < 0.001, **P <0.0001, two-tailed unpaired t-test compared with control cells.
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Figure 4.11: Effect of miR-17-92 cluster on colony formation of breast cancer cells. (A-D) miR17-92 cluster expressing MCF7, T47D, SKBR3 and MDA-MB-231 subclones (500 cells/well) and
respective control (PCDH Empty) subclones were plated in each well of 6-well plate and allowed to
grow for 14 days. Colonies were then stained with crystal violet solution (0.5 % in distilled water).
Stained colonies were counted using image J software and compared with the respective control
(PCDH Empty). Error bars represent mean±S.D. from three independent experiments performed in
triplicate. Statistical analysis was performed either by Microsoft Excel or Graph Pad Prism software.
*P < 0.05, **P < 0.001, **P <0.0001, two-tailed unpaired t-test compared with control cells (PCDH
Empty).
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4.4.4 miR-17-92 cluster inhibits migration in luminal A and HER2+ breast
cancer but accelerates in TNBC.
Migration potentiality is one of the important hallmarks of cancer. To determine
whether miR-17-92 cluster has any effect on migration of breast cancer cells, in vitro
scratch assay/wound healing assay was performed using the subclones (PCDH empty
and PCDH miR-17-92) of MCF7, T47D, SKBR3 and MDA-MB-231 cells. The bright
field images of the wound healing clearly depicted that the rate of wound healing was
faster in miR-17-92 cluster expressing MDA-MB-231 subclones as compared to control
while in miR-17-92 expressing subclones of MCF7, T47Dand SKBR3 cells, the healing
rate was slower than control (PCDH Empty). According to the published report of
ATCC (American Type Culture Collection), doubling time of MCF7, T47D, SKBR3
and MDA-MB-231 cells are 38h, 43h, 48-72 h and 25-30h respectively. Therefore,
healing of the wound in miR-17-92 expressing MCF7 and MDA-MB-231 cells was
mainly due to migration whereas in T47D and SKBR3 this effect was the combination
of both migration and proliferation. These observations suggested that miR-17-92
cluster supresses cancer cell migration in luminal A and HER2+ breast cancer subtypes,
but accelerates cell migration in triple negative breast cancer (Figure 4.12A- Figure
4.12D)

4.4.5 miR-17-92 cluster inhibits invasion in luminal A and HER2+ breast
cancer but accelerates in TNBC.
To evaluate the effect of miR-17-92 cluster in breast cancer cell migration and invasion,
transwell matrigel Boyden chamber assay was performed in the subclones (PCDH
empty and PCDH miR-17-92) of MCF7, T47D, SKBR3 and MDA-MB-231 cells.
Staining of the invaded cells with crystal violet and subsequent counting of the stained
cells using image J software indicated that the invasiveness of miR-17-92 expressing
MDA-MB-231 was significantly higher (~2.5 fold) in compare to control (PCDH
Empty) (Figure 4.13D). However, miR-17-92 expressing MCF7, T47D and SKBR3
cells showed significantly lower invasion as compared to their respective control
(PCDH Empty) (Figure 4.13A – Figure 4.13C). Hence, these findings reveal that miR17-92 cluster promotes invasion in triple negative breast cancer cells while reduces the
invasive ability of luminal and HER2+ breast cancer cells.
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Figure 4.12: Effect of miR-17-92 cluster on the migration of breast cancer cells. (A-D) Role of
miR-17-92 cluster in migration of different cell lines was tested by wound healing assay. Scratch
was done in a confluent monolayer of miR-17-92 cluster expressing MCF7, T47D, SKBR3 and
MDA-MB-231 subclones and the respective control (PCDH Empty) subclones by P-200 tip and
migration of cells into the wound was observed at 12 h interval using fluorescence microscope.
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Figure 4.13: Effect of miR-17-92 cluster on the invasion of breast cancer cells. (A-D) Transwell
matrigel Boyden chamber assay was carried to test the invasive potentiality of miR-17-92 cluster in
breast cancer subtypes. A total of 105 cells (MCF-7 PCDH Empty and MCF7 miR-17-92 subclones)
were plated using 1% serum-containing medium in a pre-coated matrigel (1 mg/ml) insert. The
insert was then placed in a well of 24 well plate having 500 μl 10 % serum-containing medium
followed by incubation at 37°C for 36 h. After washing with PBS the invaded cells were stained
with crystal violet and photographed accordingly. For other subclones (T47D, SKBR3 and MDAMB-231 cells) and corresponding control clones, 50000 cells were plated in each insert and
incubated for either 24 h (MDA-MB-231 clones) or 48 h (T47D and SKBR3 clones).The stained
cells were counted using image J software and compared with the respective control (PCDH Empty).
Statistical analysis was performed by Graph Pad Prism software. **P<0.01, ***P<0.001, two-tailed
unpaired t-test compared with control (PCDH Empty) cells.
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4.4.6 miR-17-92 cluster sensitizes ER+ breast cancer cells towards antiestrogens
Next, the effect of miR-17-92 cluster on the efficacy of anti-estrogen compounds in
ER+ breast cancer cells was evaluated. For this, MCF7 and T47D clones expressing
miR-17-92 or control (PCDH Empty) clones were treated with anti-estrogen compounds
such as fulvestrant and tamoxifen. Results of the anti-estrogen treatment as shown in
line graph clearly demonstrated that expression of miR-17-92 significantly increased
sensitivity towards fulvestrant in MCF7 cells, not in T47D cells (Figure 4.14C and
Figure 4.14D). No change was observed in the sensitivity against tamoxifen neither in
miR-17-92 expressing MCF7 nor in T47D cells (Figure 4.14A and Figure 4.14B). The
findings demonstrate that miR-17-92 enhance sensitivity towards fulvestrant only in
MCF7 cells.

Figure 4.14: Effect of miR-17-92 cluster on the sensitivity of ER+ breast cancer cells against
anti-estrogens. MCF-7 and T47D (PCDH Empty and miR-17-92 expressing subclones) clones were
plated (5000 cells/well) in 96-well plate. After 24 h of seeding, the medium was replaced with antiestrogen such as Tamoxifen (A, B) and Fulvestrant (C, D) containing medium in four different
ascending concentrations and let the cells to grow for 48 h. The proliferation of the cells was
assessed by MTS assay and fold change was calculated at 490 nm with relative to vehicle treated
one. The extent of cell death for miR-17-92 cluster relative to the control is shown here. Data
represents here as mean ± SD of three independent experiments. **P < 0.001, two-tailed unpaired ttest compared with control (PCDH Empty) cells.
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4.4.7 miR-17-92 sensitizes ER+ breast cancer cells against chemotherapeutic
compounds
Next, the effect of miR-17-92 cluster on drug sensitivity against commonly used
chemotherapeutic compounds was investigated. The miR-17-92 expressing MCF7 and
T47D subclones and their respective control (PCDH Empty) clones were either vehicle
treated or exposed to four different compounds, bortezomib, doxorubicin, 5-F-uracil,
docetaxel for 48 h. Treatment of miR-17-92 expressing MCF7 subclones with
doxorubicin and 5-F-uracil showed a significant reduction in cell viability as compared
to MCF7 control (PCDH Empty) subclones (Figure 4.15A & Figure 4.15B). Though
miR-17-92 expressing MCF7 cells showed increased cell death with bortezomib
treatment but it was not statistically significant (Figure 4.15C). For docetaxel, no
change was observed in terms of sensitivity (Figure 4.15D). The miR-17-92 expressing
T47D subclones did not show any sensitivity or resistance towards any of the tested
compounds (Figure 4.15E – Figure 4.15H). Therefore, these observations suggest that
miR-17-92 cluster increases the sensitivity towards DNA damaging compounds in
MCF7 cells.

139

Chapter 4: Role of miR-17-92 cluster in subtypes of breast cancer

Figure 4.15: Effect of miR-17-92 cluster on the sensitivity of luminal A breast cancer against
chemotherapeutic compounds. The control (PCDH empty) and miR-17-92 expressing MCF7
(Figure 4.15A-4.15D) and T47D (Figure 4.15E-4.15H) stable subclones were plated (5000
cells/well) in 96 well plate. On the following day, cells were either vehicle treated or treated with
commonly used chemotherapeutic agents such as doxorubicin, 5-F-uracil, bortezomib and docetaxel
in four ascending concentrations and let the cells to grow for 48 h. The proliferation of the cells was
assessed by MTS assay at 48 h of treatment and fold change was calculated with relative to the
absorbance at Day 0. The extent of cell death for miR-17-92 cluster relative to the control (PCDH
Empty) is shown here. Data represents here as mean ± SD of three independent experiments. *P <
0.05, **P < 0.001, two-tailed unpaired t-test compared with control cells (PCDH Empty).
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4.4.8 miR-17-92 provides resistance to HER2+ breast cancer cells against
chemotherapeutic compounds
Next, the effect of miR-17-92 cluster on drug sensitivity was examined in HER2+ cellbased model of breast cancer. Treatment of control (PCDH Empty) and miR-17-92
expressing SKBR3 subclones with the same chemotherapeutic compounds (bortezomib,
doxorubicin, 5-F-uracil, docetaxel) showed a significant increase in cell viability for
miR-17-92 expressing cells against docetaxel, 5-F-uracil and bortezomib while no
change for was observed for doxorubicin compare to control (PCDH Empty) (Figure
4.16). The findings illustrate that miR-17-92 provides resistance towards docetaxel, 5F-uracil and bortezomib in SKBR3 cells.

Figure 4.16: Effect of miR-17-92 cluster on the sensitivity of HER2+ breast cancer against
chemotherapeutic compounds. The control (PCDH empty) and miR-17-92 expressing SKBR3
stable subclones were plated (5000 cells/well) in 96 well plate and on following day cells were either
vehicle treated or treated with doxorubicin, 5-F-uracil, bortezomib and docetaxel for 48 h. The
viability of the cells was assessed by MTS assay at 48 h of treatment and fold change was calculated
with relative to the absorbance at Day 0. The extent of cell death for miR-17-92 cluster relative to
the control (PCDH Empty) is shown here. Data represents here as mean ± SD of three independent
experiments. *P < 0.05, **P < 0.001, two-tailed unpaired t-test compared with control cells (PCDH
Empty).
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4.4.9 miR-17-92 has no effect on sensitivity of triple negative breast cancer cells
against chemotherapeutic compounds
Triple negative breast cancer is the most aggressive form of breast cancer subtypes and
no specific treatment option is available to treat this subtype. In order to get an
additional clue for a better treatment for this subtype, the same chemotherapeutic
compounds (bortezomib, doxorubicin, 5-F-uracil and docetaxel) were tested in control
(PCDH Empty) and miR-17-92 expressing MDA-MB-231 subclones. No difference
was observed at the level of cell death for miR-17-92 in triple negative breast cancer
subtypes in presence of these compounds (Figure 4.17). The results suggest that miR17-92 cluster neither enhances sensitivity nor provides resistance in triple negative
breast cancer cells against commonly used chemotherapeutic compounds.

Figure 4.17: Effect of miR-17-92 cluster on the sensitivity of triple breast cancer against
chemotherapeutic compounds. The control (PCDH Empty) and miR-17-92 expressing MDA-MB231 stable subclones were plated (5000 cells/well) in 96 well plate and on following day cells were
either vehicle treated or treated with commonly used chemotherapeutic agents such as doxorubicin,
5-F-uracil, bortezomib and docetaxel in four ascending concentrations and let the cells to grow for
48 h. The proliferation of the cells was assessed by MTS assay at 48 h of treatment and fold change
was calculated with relative to the absorbance at Day 0. The extent of cell death for miR-17-92
cluster relative to the control (PCDH Empty) is shown here. Data represents here as mean ± SD of
three independent experiments.
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4.4.10 miR-17-92 expression is associated with good outcome in Luminal A but
poor outcome in HER2+ and TNBC
Since it was noticed that ectopic expression of miR-17-92 cluster increases cell
proliferation, migration and invasion in cell based model of triple negative breast cancer
subtype. Also, miR-17-92 overexpression provides resistance towards chemotherapeutic
compounds to cell-based model of HER2+ breast cancer subtype. Therefore, we
predicted that increased expression of miR-17-92 cluster might be a marker of poor
prognosis or outcome in triple negative and HER2+ breast cancer subtype. However,
ectopic expression of miR-17-92 cluster represses cell proliferation, migration and
invasion in cell-based model of luminal breast cancer subtype and enhances sensitivity
towards chemotherapeutic compounds to cell based model of luminal breast cancer
subtype. Therefore, it was hypothesized that increased expression of miR-17-92 cluster
might be an indicator of good prognosis or outcome in luminal breast cancer subtype.
To test this prediction, the association of this cluster was assessed with the outcome in
the molecular subtypes of breast cancer. Kaplan Meier overall survival analysis was
carried out in METABRIC Dataset (largest breast cancer patient dataset having the
information of 2506 breast cancer patients) using online tool KM plotter. We found that
the high expression of all mature miRNAs of this cluster except miR-18a were
significantly associated with good outcome in luminal breast cancer subtypes (Figure
4.18) while high expression of miR-17, miR-18a and miR-92a were significantly
associated with poor outcome in HER2+ breast cancer (Figure 4.19) and in triple
negative breast cancer subtype high expression of miR-17, miR-19b and miR-92a were
significantly associated with poor outcome (Figure 4.20). Table 4.1 shows the p values
of overall survival analysis for all mature miRNAs of this cluster in three different
subtypes of breast cancer.

143

Chapter 4: Role of miR-17-92 cluster in subtypes of breast cancer

Figure 4.18: Association of miR-17-92 with the outcome in Luminal A breast cancer. Kaplan
Meier overall survival analysis was carried out for the mature miRNAs of miR-17-92 cluster in
METABRIC Dataset (largest breast cancer patient dataset having the information of 2506 breast
cancer patients) using an online tool (e.g-KM plotter) to assess the statistical significance of survival
difference. Molecular subtype- Luminal A (ER+/HER2-/Ki67-) and 546 patients were selected for
the analysis.
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Figure 4.19: Association of miR-17-92 with the outcome in HER2+ breast cancer. Kaplan Meier
overall survival analysis was carried out for the mature miRNAs of miR-17-92 cluster in
METABRIC Dataset (largest breast cancer patient dataset having the information of 2506 breast
cancer patients) using an online tool (e.g-KM plotter) to assess the statistical significance of survival
difference. Molecular subtype HER2+/ER- and 80 patients were selected for the analysis.
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Figure 4.20: Association of miR-17-92 with the outcome in triple negative breast cancer.
Kaplan Meier overall survival analysis was carried out for the mature miRNAs of miR-17-92 cluster
in METABRIC Dataset (largest breast cancer patient dataset having the information of 2506 breast
cancer patients) using an online tool (e.g-KM plotter) to assess the statistical significance of survival
difference. Molecular subtype- TNBC and 203 patients were selected for the analysis.
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Table 4.1: Significance level of Kaplan Meier overall survival analysis of mature
miRNAs in breast cancer subtypes.

4.4.11 MicroRNAs of miR-17-92 cluster target ADORA1, H19, CENPV and
PREX1 in MCF7 cells
MicroRNAs mediate their function through site-specific binding to the 3’UTR region of
the target genes resulting in the attenuation of translation and/or degradation of the
target gene [111]. Here, we identified the potential functionally relevant targets of miR17-92 cluster in luminal A breast cancer. For this purpose, a gene expression profiling
of RNA samples from miR-17-92 overexpressing MCF7 and control (PCDH Empty)
MCF7 cells was outsourced to Beijing Genomic Institute (BGI). Figure 4.21A shows
ectopic expression of individual miRNA expression of miR-17-92 cluster in MCF7
clones compare to control that were used for NGS. Analysis of gene expression data
showed overexpression of the encoded miRNAs of this cluster in all four sets of MCF7
miR-17-92 overexpressing samples (Figure 4.21B). Later on, a list of 14 genes was
selected from the list of genes downregulated in miR-17-92 expressing MCF7 cells
based on the fold change in expression, novelty and function (Figure 4.21C). The
shortlisted genes were then tested by real-time RT-PCR and it was observed that
overexpression of miR-17-92 in MCF7 cells significantly reduced the expression of
ADORA1, H19, CENPV and PREX1 (Figure 4.21D). Computational prediction of
targets based on seed sequence conservation identified conserved target sites for
members of this cluster in the 3’UTR of ADORA1 (Figure 4.22A) and PREX1 (Figure
4.22F). Indeed, overall survival analysis using Kaplan Meier analysis showed low
expression of ADORA1 was significantly associated with good outcome in endocrinetreated luminal A breast cancer (Figure 4.23). Considering the results together, PREX1
and ADORA1 could be the potential functionally relevant targets for miR-17-92 in
luminal breast cancer.
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Figure 4.21: MicroRNAs of miR-17-92 cluster targets ADORA1, H19, CENPV and PREX1 in
MCF7 cells. (A) Expression of miR-17-92 cluster was confirmed by real-time RT-PCR in four sets
of MCF7 control and miR-17-92 overexpressed RNA sample, sent for RNA-seq analysis. (B) Log2
ratio values for individual miRNAs of miR-17-92 cluster in four sets of analysed samples. (C) List
of shortlisted target genes whose expression was found to be downregulated in the microarray data.
(D) MCF7 PCDH empty and miR-17-92 expressing cells were harvested for RNA isolation and
Real-time RT-PCR was performed to measure the expression of indicated genes. Data represents
here as mean ± SD of three independent experiments. *P < 0.05 two-tailed unpaired t-test.
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Figure 4.22: Identification of binding site in 3’UTR of ADORA1 and PREX1. (A) The panel
shows binding sites of the members of miR-17-92 family in the 3'UTR of ADORA1 (miRMap). (B)
The panel shows binding sites of the members of miR-17-92 family in the 3'UTR of PREX1 (Target
scan).
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Figure 4.23: Association of ADORA1 with the outcome in Luminal A breast cancer. Kaplan
Meier overall survival analysis was carried out in METABRIC dataset using an online tool (e.g.-KM
plotter) to assess the statistical significance of survival difference. Kaplan-Meier curves for overall
survival of ADORA1 in endocrine-treated (without chemotherapy) luminal A breast cancer is shown
here.

4.5 Conclusions
Accumulating evidences suggest that miRNAs contribute to tumourigenesis by
exhibiting either oncogenic or tumour suppressive role by attenuating tumour
suppressor genes or oncogenes respectively [258, 259]. In the present study, we
characterized the functional properties of miR-17-92 miRNA cluster in three major
subtypes of breast cancer such as luminal A, HER2 and triple negative breast cancer.
Analysis of TCGA and other dataset revealed that expression of MIR17HG (host gene
of miR-17-92 cluster) is increased in tissues and cell lines of triple negative breast
cancer (TNBC) but decreased in the estrogen receptor (ER)-positive breast cancer
(Figure 4.1). Hossain et al., reported that the expression of miR-17-5p was significantly
decreased in MCF7 cells which further supports our result [510]. A recently published
study reported a completely opposite result where the authors showed that miR-17 is
frequently upregulated in breast cancer [521]. Indeed, an increased expression of this
miRNA cluster was also found in lung cancers and B-cell lymphomas [269, 522]. In
prostate cancer tissues and cell lines the expression of miR-17-5p and miR-17-3p were
found to be significantly reduced [523, 524]. Since there is a controversy in the
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expression level of individual miRNAs of this cluster, it warrants further experimental
proof.
Since miR-17-92 cluster shows differential expression among the cancers types, it is
hypothesized that biological function may also vary depending on the context. MiR-1792 cluster is a known oncogenic microRNA cluster plays a crucial role in a wide range
of cancer including breast cancer. Our results demonstrated a context dependent role of
miR-17-92 cluster in cell based model of breast cancer subtypes considering their role
in cell proliferation, migration and invasion. It was observed that ectopic expression of
miR-17-92 cluster in MCF7, T47D and SKBR3 cells significantly reduced cell
proliferation, migration and invasion while overexpression of this cluster accelerated
these functional characteristics in MDA-MB-231 cells (Figure 4.10- Figure 4.13). A
recently published report also stated that ectopic expression of miR-17 increased cell
proliferation and promotes tumour growth in breast cancer [521] that opposes our
findings. The explanation for opposite findings could be the involvement of other
microRNAs of this cluster that may play a crucial role in regulating these hallmarks.
Indeed, this cluster has been shown to act a tumour suppressor in some cancers. In
prostate cancer, miR-17-92 cluster delayed tumourigenicity, reduced tumour growth and
inhibited cell migration and EMT [513]. This cluster was observed to inhibit the
progression of colorectal cancer [517]. Our findings and already published reports
suggest that miR-17-92 cluster is a context dependent microRNA cluster acts as either
tumour suppressor or oncogene. Our observations underscore the functional complexity
of miR-17-92 in a context dependent and cell type-dependent manner and more
experimental investigations are warranted to fully explore the functional complexity of
miR-17-92 in subtypes of breast cancer.
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Figure 4.24: Schematic representation of the role of miR-17-92 in breast cancer. Ectopic
expression of miR-17-92 attenuates cell growth, migration and invasion in cell based model of
luminal A (MCF7, T47D) and HER2+ (SKBR3) breast cancer subtypes while strikingly promotes
cell proliferation in cell based model of triple negative breast cancer (MDA-MB-231) compare to
respective control cells. ADORA1, H19, CENPV and PREX1 could be the potential functionally
relevant targets for miR-17-92 in luminal breast cancer whose expression was found to be
downregulated in miR-17-92 overexpressing MCF7 cells.

A number of target genes have been identified for miR-17-92 cluster in various model
systems. Indeed, NCOA3 (nuclear receptor coactivator 3) was already identified as a
target for miR-17-5p in breast cancer reduces cell proliferation [510]. HBP1 (HMG box
containing protein 1) is also identified as a target of miR-17-5p that were found to be
supressed to promote cell migration and migration in breast cancer [519]. PTEN
(phosphatase and tensin homolog) and E2F were the first validated targets for miR-1792 among the identified targets in cancer [525, 526]. Members of TGF-β signalling
pathways were also found to be the targets of miRNAs of this cluster. In particular,
miR-17 and miR-20a directly target TGFBRII (TGF-β receptor II), while miR-18a
targets two key component of this signalling pathway such as Smad2 and Smad4 [527].
The miR-17-92 cluster targets FDG4, LIMK1, SSH1 and cyclin D that were found to be
overexpressed in advanced prostate cancer [513]. In the current study, NGS results and
validation of the predicted genes by real-time-PCR provide evidence that ADORA1,
H19, CENPV and PREX1 could be the potential target for miR-17-92 in MCF7 cells
(Figure 4.21 & Figure 4.22). Further investigations are required to validate our proposed
genes as functionally relevant target genes for this miRNA cluster in breast cancer.
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In the present study, overexpression of miR-17-92 sensitizes MCF7 cells towards
fulvestrant, doxorubicin and 5-F-uracil while this cluster in SKBR3 cells provides
resistance against 5-F-uracil, bortezomib and docetaxel. On the contrary, miR-17-92
overexpression neither showed sensitivity nor resistance towards any of the tested
compounds in MDA-MB-231 cells (Figure 4.15-Figure 4.17). Published reports on
different miRNAs support their role in chemosensitivity or chemoresistance towards
different known anticancer compounds. For an instance, overexpression of miR-200c
displayed a higher sensitivity towards doxorubicin in MDA-MB-436 cells [528] while
this microRNA increases 5-F-uracil resistance in hepatocellular carcinoma [529].
Ottman et al., illustrated that expression of miR-17-92 cluster sensitizes LNCap104-S
cells (andogen-dependent) towards casodex, docetaxel as monotherapy or combination
therapy in prostate cancer [513]. We propose that increased sensitivity of miR-17-92
cluster expressing MCF7 cells to Fulvestrant is mediated by reduced expression of
Adenosine A1 receptor (ADORA1) since ADORA1 is a target and regulator of ERα
[530] and it was found to be downregulated in miR-17-92 expressing MCF7 cells
(Figure 4.21D). The enhanced sensitivity of miR-17-92 expressing MCF7 cells towards
Doxorubicin is possibly mediated by the targeting of PREX1, since PREX1 increases
the activation of MEK/ERK signalling pathway and activated MEK signalling leads to
the resistance of the cells towards Doxorubicin [531, 532].
It is important to identify the association between miRNAs and clinical outcomes to
explore the prognostic significance of miRNAs in cancer. We evaluated overall survival
using METABRIC dataset for breast cancer. Analysis revealed that overexpression of
miR-17-92 was associated with good outcome in luminal breast cancer subtypes but it
was associated with poor outcome in HER2+ and triple negative breast cancer. Hossain
et al., reported that MIR17HG was deleted in 21.9% of breast cancers [510] and loss of
heterozygosity at 13q12-q13 was associated with poor prognosis in breast cancer.
Published reports also support that miRNAs are associated with overall survival of
cancer patients including breast cancer. For instance, higher expression of miR-711 is
associated with poor overall survival in breast cancer, miR-221 expression is associated
with

poor

overall

survival

in

patients
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5.1 Background
In this chapter, the mechanism of downregulation of miR-424 (322)-503 cluster during
EnR stress condition and its impact on UPR are presented. Global approaches in several
cellular contexts have revealed that unfolded protein response (UPR) pathway regulates
the expression of many miRNAs that play important role in the regulation of life and
death decisions during EnR stress [348, 535]. Also, miRNAs play a crucial role in the
regulation of key regulatory functions in UPR pathways by taking part in controlling
both apoptotic and adaptive mechanisms [343]. In our preliminary experiments, the
relative abundance of miRNAs comprising the Sanger miRBase database (Release 11.0)
were analysed by microarray (LC sciences, Houston, TX, USA) using RNA from H9c2
cardiomyocytes during conditions of EnR stress [535]. Thapsigargin, (an inhibitor of the
sarcoplasmic/ endoplasmic reticulum Ca2+-ATPase (SERCA) pump) and tunicamycin,
(an inhibitor of N-linked glycosylation) both lead to accumulation of misfolded proteins
in the EnR and initiate UPR. Microarray analysis revealed robust downregulation of all
three miRNAs of miR-424(322)-503 cluster in H9c2 cells treated with thapsigargin
(TG) or tunicamycin (TM). Deregulation of miR-424(322)-503 cluster is commonly
observed in several tumour types, however, there are conflicting results regarding its
prognostic role [536, 537]. In colon cancer cell lines the expression of miR-424/503 is
greatly reduced that normally contributes to the progression of cancer by promoting
tumour growth and invasion via the upregulation of mTORC2-specific component
Rictor [538]. Reduced expression of miR-424(322) has significant contribution in the
progression of cervical cancer [539]. In breast cancer, this miRNA cluster acts as a
tumour

suppressor

where

loss

of

miR-424(322)-503

expression

accelerates

tumouregenesis and increases chemoresistance by up regulating BCL2 and IGF1R
[425]. Moreover, in chronic myeloid leukaemia, ectopic expression of miR-424
suppresses cell proliferation and augments apoptosis also suggests tumour suppressor
property for this microRNA [540]. Additionally, in human, the expression of miR-424
and miR-503 is downregulated and serves as tumour suppressor in ovarian cancer [541],
lung cancer [542], renal cancer [543], osteosarcoma [544], bladder cancer [545],
hepatocellular carcinoma [546], acute myeloid leukaemia [547]. On the contrary, miR424 was found to be upregulated in pancreatic cancer, suggesting that depending on the
context this miRNA also acts as tumour promoter [548]. In neuroblastoma, miR-424-5p
and miR-503-5p are differentially expressed both in the tissue sample and cell lines
[549]. MiR-424 also contributes in epithelial to mesenchymal transition (EMT) and
155

Chapter 5: miR-424(322)-503 cluster and its role in UPR

plays a key role in the invasion of a wide range of cancer [549]. Hence, depending on
the context the microRNAs of this cluster may act either as tumour suppressor or
tumour promoter in human cancer.
Since the three miRNAs (miR-322, miR-351 and miR-503) are derived from the
primary transcript of the miR-424(322)-503 gene, we reasoned that miR-424 (322)-503
gene is transcriptionally regulated during EnR stress. Since miRNAs belonging to miR424(322)-503 cluster have important functions in different physiological and
pathological processes and the underlying molecular mechanisms are still unclear,
therefore, we decided to investigate the molecular mechanism of the regulation of this
miRNA cluster during EnR stress conditions and its impact on the UPR pathway.
Our data indicate that expression of miRNAs belonging to miR-424(322)-503 cluster is
reduced during conditions of EnR stress in a variety of cell types. Results suggest that
miR-424(322)-503 cluster is repressed in a PERK-dependent manner. The miR-424
regulates the EnR stress-mediated activation of transcriptional activity of ATF6 and
RIDD activity of IRE1. Additionally, miR-424 regulates the expression of ATF6 via a
miR-424 binding site in the 3' UTR of ATF6. Taken together, our study reveals a novel
function of PERK in the regulation of ATF6 activity and RIDD activity of IRE1
through miR-424(322)-503 cluster.

5.2 Hypothesis
Since the expression of miR-424(322)-503 cluster is robustly downregulated in rat
cardiomyocytes during the conditions of UPR, therefore this cluster may have a crucial
role in regulating cell fate upon EnR stress.

5.3 Aims
 Aim 1: To elucidate the mechanism of miR-424(322)-503 cluster repression
during the conditions of UPR.
 Aim 2: To determine the effect of miRNA-424 overexpression in the
regulation of the UPR
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5.4 Results
5.4.1 miR-424(322)-503 cluster is downregulated during chemically induced
UPR conditions
The expression of miR-424(322)-503 primary transcript as well as mature miRNAs
(miR-322, miR-351 and miR-503) belonging to the miR-424(322)-503 cluster was
evaluated in rat cardiomyocytes. Treatment of H9c2 cells with the TG (Figure 5.1A) or
TM (Figure 5.1B) induced mRNA levels of GRP78, a bonafide UPR-target gene.
Expression of miR-424(322)-503 primary transcript as well as mature miRNAs (miR322, miR-351 and miR-503) were repressed in both TG and TM treated H9c2 cells
(Figure 5.1A & Figure 5.1B). In order to confirm that regulation of the miR-424 (322)503 cluster during EnR stress was not restricted to H9c2 cells, we examined levels of
miR-424 and miR-503 during conditions of EnR stress in 293T cells. Treatment of
293T cells with TG or TM induced mRNA levels of GRP78 and HERP, bonafide UPR
target genes (Figure 5.1C) while expression levels of miR-424 and miR-503 were
repressed in both TG and TM treated 293T cells (Figure 5.1C). So, data suggest that
miR-424 (322)-503 cluster is downregulated during UPR conditions irrespective of cell
type.
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Figure 5.1: Downregulation of miR-424(322)-503 cluster during conditions of EnR stress. (AB) H9c2 cardiomyocytes were either vehicle treated (untreated) or treated with TG (1.0 μM) or TM
(1.0 μg/ml) for 6, 12, 24 and 48 h. The change in expression levels of EnR stress marker GRP78 and
primary transcript of miR-424(322)-503 cluster were quantified by real-time RT-PCR, normalizing
against GAPDH. The expression levels of miRNAs belonging to miR-424(322)-503 cluster (miR322, miR-351 and miR-503) were quantified by real-time RT-PCR, normalizing against snoRNA.
(C) HEK 293T cells were either vehicle treated (untreated) or treated with TG (1.0 μM) or TM (1.0
μg/ml) for 16 h. The change in expression levels of GRP78 and HERP were quantified by real-time
RT-PCR, normalizing against GAPDH. The expression levels of miRNAs belonging to miR424(322)-503 cluster (miR-322 and miR-503) were quantified by real-time RT-PCR, normalizing
against snoRNA. The expression levels relative to the vehicle treated control are shown. Error bars
represent mean ± S.D. from three independent experiments performed in triplicate. *P < 0.05, twotailed unpaired t-test as compared to vehicle treated control.
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5.4.2 miR-424(322)-503 cluster is also downregulated during conditions of UPR
induced by physiological inducers
Glucose deprivation is one of the crucial physiological condition leading to UPR
activation, which is associated with several human diseases including tissue ischemia
and cancer [550]. H9c2 cells were subjected to a combination of serum and glucose
deprivation by changing the serum and glucose containing DMEM to serum and
glucose-free DMEM or 2-deoxyglucose (1mM) for 24-48 h. It was observed that
deprivation of glucose induced the expression of GRP78 and HERP (UPR target genes),
thereby confirming the induction of UPR (Figure 5.2A) upon glucose deprivation.
Micro RNA based quantitative real-time PCR data suggests that conditions of glucose
deprivation reduced the levels of primary transcript as well as mature miRNAs of miR424(322)-503 cluster in H9c2 cells (Figure 5.2A & Figure 5.2B). Therefore, it is evident
that mature miRNAs of miR-424(322)-503 cluster is also downregulated in
physiological EnR stress conditions.

Figure 5.2: Downregulation of miR-424(322)-503 cluster during conditions of systemic EnR
stress. (A-B) H9c2 cells were either vehicle treated (untreated) or treated with 2-deoxyglucose (1
mM) for 24 h and 48 h along with serum and glucose deprivation. (A) The change in expression
levels of GRP78, HERP and primary transcript of miR-424(322)-503 cluster were quantified by realtime RT-PCR, normalizing against GAPDH. (B) The expression levels of miRNAs miR-322, miR351 and miR-503 were quantified by real-time RT-PCR, normalizing against snoRNA. The
expression levels relative to the vehicle treated are shown. Error bars represent mean ± S.D. from
three independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as
compared to vehicle treated control. (SFM, serum-free medium; 2DG, 2-deoxyglucose).
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Therefore, in vitro experimental findings presented in this section confirm that miR424(322)-503 cluster is downregulated during the conditions of EnR stress.

5.4.3 Repression of miR-424(322)-503 during UPR conditions is independent of
XBP1 but PERK-dependent
Next, the roles of IRE1 and PERK were evaluated in the down regulation of miR424(322)-503 cluster during UPR. H9c2 cells were either vehicle treated or treated with
TG in absence and presence of IRE1 inhibitor (4μ8C). First, the effect of 4μ8C on
induction of spliced XBP1 was evaluated. As shown in Figure 5.3A, 4μ8C efficiently
attenuated the production of spliced XBP1. This confirms that 4μ8C is blocking the
RNase activity of IRE1. However, under similar conditions, 4μ8C had no effect on the
down-regulation of miR-322, miR-351 and miR-503 (Figure 5.3B). Next, wild-type
(WT) and XBP1 knockout mouse embryonic fibroblasts (MEFs) were treated with TG
for different time points. It was observed that repression of miR-322, miR-351 and miR503 was comparable in WT and XBP1 knockout MEFs (Figure 5.3C). These results
suggest that down-regulation of miR-322, miR-351 and miR-503 during UPR is
independent of IRE1-XBP1 axis.

To determine the role of PERK in the repression of this cluster, a selective activator of
EIF2AK3/PERK signalling output (CCT020312) was tested [440]. H9c2 cells were
either vehicle treated or treated with CCT020312 or TG. First, the effect of CCT020312
on induction of ATF4 and CHOP (downstream genes of EIF2AK3/PERK) was
evaluated. Consistent with its reported activity, CCT020312-treatment resulted in
induction of ATF4 and CHOP (Figure 5.4A). Further induction of ATF4 and CHOP by
CCT020312 was comparable to that of TG. After confirming the specific activation of
EIF2AK3/PERK by CCT020312, its effect was evaluated on the expression of miR322, miR-351 and miR-503. A significant repression of miR-322, miR-351 and miR503 by CCT020312 (Figure 5.4A) was observed. Next, wild-type (WT) and PERK
knockout mouse embryonic fibroblasts (MEFs) were treated with TG. It was observed
that repression of miR-322, miR-351 and miR-503 was abrogated in PERK knockout
MEFs (Figure 5.4B). These results suggest that down-regulation of miR-322, miR-351
and miR-503 during UPR is dependent on PERK signalling.
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Figure 5.3: Downregulation of miR-424(322)-503 cluster during EnR stress is independent of
IRE1-XBP1 axis. (A-B) H9c2 cells were either vehicle treated (untreated) or treated with TG (1.0
μM), 4μ8C (50 mM) alone, TG and 4μ8C for 24 h. Cells were harvested and XBP1 gene expression
was analysed by PCR followed by gel electrophoresis. The expression levels of miR-322, miR-351
and miR-503 were quantified by real-time RT-PCR, normalizing against snoRNA. (C) Mouse
Embryonic Fibroblasts (MEFs) cells from wild-type or XBP1 knockout mouse were either vehicle
treated (untreated) or treated with TG (1.0 μM) for 6, 12 and 24 h and the expression levels of miR322, miR-351 and miR-503 were analysed by real-time RT-PCR. The expression of miRNA was
relative to snoRNA. The expression levels relative to vehicle treated control are shown. Error bars
represent mean ± S.D. from three independent experiments performed in triplicate. *P < 0.05, twotailed unpaired t-test as compared to vehicle treated control.
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Figure 5.4: PERK-dependent regulation of miR-424(322)-503 cluster during conditions of EnR
stress. (A) H9c2 cells were either vehicle treated (untreated) or treated with TG (1.0 μM) for 24 h or
CCT030312 (10 μM) for 6 h. The change in expression levels of ATF4 and CHOP were quantified
by real-time RT-PCR, normalizing against GAPDH. The expression levels of miR-322, miR-351
and miR-503 were quantified by real-time RT-PCR, normalizing against snoRNA. The expression
levels relative to the vehicle treated control are shown here. (B) MEFs cells from wild-type or PERK
knockout were either vehicle treated (untreated) or treated with TG (25 nM) for 6, 12 and 24 h and
the expression levels of miR-322, miR-351 and miR-503 were analysed by real-time RT-PCR. The
expression of miRNA was relative to snoRNA. Error bars represent mean ± S.D. from three
independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test as compared
to vehicle treated control; ** P < 0.05, two-tailed unpaired t-test comparing the induction in WT and
PERK -/- MEFs.
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5.4.4 Successful generation of miR-424 overexpressing stable sub-clones of
293T cells
To evaluate the effect of miR-424 on UPR, the control (293T-CTRL) and miR-424
(293T-miR-424) overexpressing subclones of 293T cells were generated using empty
vector and miR-424 expressing lentiviral plasmid respectively. For this purpose, 293T
cells were transduced with tetracycline-inducible lentivirus engineered to produce GFP
and miR-424 upon addition of tetracycline and co-expression of the tetracycline
regulatory protein, TA3 (Figure 5.5). However, some transcriptional leakage was also
observed even in the absence of doxycycline inducer in 293T-CTRL (Empty vector) and
293T-miR-424, as determined by the expression of GFP in the absence of doxycycline
(Figure 5.5B). Twenty-four hours after induction with doxycycline 293T-miR-424 cells
exhibited significant expression of miR-424 as compared to 293T-CTRL cells (Figure
5.5C). Therefore 293T-CTRL (Empty vector) and 293T-miR-424 clones supplemented
with doxycycline (1μg/ml) were used in subsequent experiments.

Figure 5.5: Generation of stable overexpressing clone of miR-424 in 293T cells. (A) Schematic
representation of lentiviral vector used to generate miR-424 expressing clones. (B) Expression of
GFP was monitored in 293T-control (Empty vector) and 293T-miR-424 cells after treatment with
doxycycline (1.0 μg/ml) for 24 h using fluorescence microscope. (C) 293T-control (Empty vector)
and 293T-miR-424 cells were treated with doxycycline (1.0 μg/ml) for 24 h and expression levels of
miR-424 was quantified by real-time RT-PCR, normalizing against snoRNA. Error bars represent
mean ± S.D. from two independent experiments performed in triplicate. *P < 0.05, two-tailed
unpaired t-test comparing the expression in 293T-control (Empty vector) and 293T-miR-424 cells.
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5.4.5 miR-424 modulates the transcriptional activity of ATF6 axis
In order to test whether miR-424 modulated the activation of the UPR branches,
synthetic luciferase reporter constructs having ATF6 or XBP1-binding sites and CHOPpromoter reporter were used. The induction of the XBP1-binding site and CHOP
promoter reporter in response to thapsigargin was not affected by miR-424 expression
(Figure 5.6A). In contrast, the response of the ATF6-binding site reporter to
thapsigargin was significantly decreased in 293T-miR-424 cells (Figure 5.6A). Next,
the expression levels of UPR proteins was examined to determine if differences existed
between 293T-CTRL (Empty vector) and 293T-miR-424 cells. Levels of ATF6, PERK,
phospho-eIF2α (P-eIF2α), total-eIF2α (T-eIF2α), GRP78 and XBP1-S were examined
by western blotting. No difference in UPR protein expression between 293T-CTRL
(Empty vector) and 293T-miR424 cells was observed, with the notable exception of
processed N-terminal fragment of ATF6 and GRP78 whose levels were decreased in
293T-miR-424 cells (Figure 5.6B). Since ATF6 exists as a full length protein (ATF6-F)
in the EnR membranes and processed (ATF6-N) isoform in the cytoplasm and nucleus
[304]. Therefore to determine the effect of miR-424 on the expression of ATF6, we
quantitated the expression of ATF6 (F) and ATF6 (N) in the control (Empty vector) and
miR-424 expressing cells using image J software. We found that there was a reduction
in the total ATF6 protein in miR-424 expressing cells as compared to the control
(Empty vector) cells (Figure 5.6C). We also quantitated the expression of GRP78 in the
control (Empty vector) and miR-424 expressing cells using image J software and we
observed a reduction in the expression of GRP78 protein in miR-424 expressing cells as
compared to the control (Empty vector) cells (Figure 5.6D).These results suggest that
miR-424 does not affect the PERK or IRE1-XBP1 pathway but suppressed ATF6
activity in response to EnR stress.
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Figure 5.6: Effect of miR-424 on UPR in HEK 293Tcells. (A) 293T-control (Empty vector) and
293T-miR-424 cells were transfected with the indicated UPR pathway reporter gene (ATF6, CHOP,
XBP1) and 24 h post transfection cells were treated with TG (1.0 μM). Normalized Firefly luciferase
activities (Firefly/ Renilla) relative to vehicle treated control (Empty vector) are shown. *P < 0.05,
two-tailed unpaired t-test comparing the increase in luciferase activity in 293T-control (Empty
vector) and 293T-miR-424 cells. (B) 293T-control (Empty vector) and 293T-miR-424 cells were
either vehicle treated (untreated) or treated with (1.0 μM) TG for indicated time points and
immunoblotting of total protein was performed using antibodies against ATF6, spliced XBP1,
PERK, GRP78, phospho-eIF2α, total eIF2α and α-actin. (C, D) Autorads obtained after probing the
membrane with ATF6 antibody were analysed using Image J software. Relative intensity of band
representing total ATF6 [ATF6 (F) +ATF6 (N)] and GRP78 in 293T-miR-424 cells comparative to
293T-CTRL (Empty vector) cells after normalizing against actin is shown. Error bars represent mean
± S.D. from three independent experiments. *P < 0.05, two-tailed unpaired t-test.
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5.4.6 miR-424 modulates the regulated IRE1-dependent decay (RIDD) activity
of IRE1 axis
In addition to splicing of XBP1, IRE1 has been reported to cleave a subset of mRNAs
that are associated with the EnR membrane [312]. In these cases, unlike XBP1, IRE1mediated cleavage is followed by degradation, a process that has been termed regulated
IRE1-dependent decay (RIDD) [312]. In mammalian cells, RIDD targets are enriched
for mRNAs containing a cleavage site with a consensus sequence (CTGCAG) and a
predicted secondary structure similar to the conserved IRE1 recognition stem-loop of
the XBP1 mRNA [313]. To evaluate the effect of miR-424 on the RIDD activity of
IRE1 we determined the expression of CD59 [551], SCARA [312], PKD2 [313] and
PEPD [313] (bonafide substrates of RIDD activity). First, the decay of CD59, SCARA,
PKD2 and PEPD during UPR is dependent on RNase activity of IRE1 was confirmed
(Figure 5.7A) by quantitative RT-PCR. A time-dependent decay in mRNA levels of
CD59, SCARA, PKD2 and PEPD was observed upon TG treatment (Figure 5.7B).
Interestingly, decay in mRNA levels of CD59, SCARA, PKD2 and PEPD in 293T-miR424 cells was significantly enhanced as compared to 293T-CTRL (Empty vector) cells
(Figure 5.7B). PDIA6 is a known target of miR-424(322) [432]. Also, ATF6 has been
found to regulate the expression of GRP78 during the conditions of UPR [552]. Since
miR-424 modulates the transcriptional activity of ATF6, we tested whether ectopic
expression of miR-424 has any effect on the expression of these two transcription
factors. Analysis of gene expression profiles by quantitative RT-PCR revealed that
induction of GRP78 and PDIA6 was significantly attenuated in 293T-miR-424 cells as
compared to 293T-CTRL (Empty vector) cells (Figure 5.8). Taken together, these
observations suggest that miR-424 specifically regulates EnR stress signalling through
the modulation of the transcriptional activity of ATF6 and RIDD activity of IRE1
during the UPR.
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Figure 5.7: Effect of miR-424 on RIDD activity of IRE1. (A) 293T cells were either vehicle
treated (0H) or treated with TG (1.0 μM) in absence or presence of 4µ8C (IRE1 inhibitor) (50 mM)
for indicated time points. The change in expression levels of CD59, SCARA, PEPD and PKD2 were
quantified by real-time RT-PCR, normalizing against GAPDH. The expression levels relative to the
vehicle treated are shown. (B) 293T-control (Empty vector) and 293T-miR-424 cells were either
vehicle treated (0H) or treated with TG (1.0 μM) for indicated time points in presence of
Doxycycline. The change in expression levels of CD59, SCARA, PEPD and PKD2 (RIDD target
genes) were quantified by real-time RT-PCR, normalizing against GAPDH. The expression levels
relative to the vehicle treated control are shown. Error bars represent mean ± S.D. from three
independent experiments performed in triplicate. *P < 0.05, two-tailed unpaired t-test comparing the
mRNA expression in 293T-control and 293T-miR-424 cells. *P < 0.05, two-tailed unpaired t-test
comparing the mRNA expression in 293T-control and 293T-miR-424 cells.
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Figure 5.8: Effect of miR-424 on GRP78 and PDAI6 expression. 293T-control (Empty vector)
and 293T-miR-424 cells were treated with TG (1.0 μM) for indicated time points. The change in
expression levels of GRP78, HERP, CHOP, PDIA6 and spliced XBP1 were quantified by real-time
RT-PCR, normalizing against GAPDH. The expression levels relative to the vehicle treated control
are shown. Error bars represent mean ± S.D. from three independent experiments performed in
triplicate. *P < 0.05, two-tailed unpaired t-test comparing the mRNA expression in 293T-control
(Empty vector) and 293T-miR-424 cells.

5.4.7 ATF6 is a target for miR-424
Computational prediction of targets based on seed sequence conservation identified a
conserved target site for miR-424 in the 3′ UTR of ATF6 (Figure 5.9A & Figure 5.9B).
In order to investigate the targeting of ATF6 by miR-424, we used a commercially
available pMIRTarget vector having a portion of the ATF6 3′ UTR containing the
predicted wild-type binding site cloned downstream of a luciferase reporter gene. It was
observed that basal luciferase activity of ATF6 3′ UTR construct was significantly
reduced in 293T-miR-424 cells as compared to 293T-CTRL (Empty vector) cells
(Figure 5.10A). Moreover, treatment with EnR stress-inducing agents- TG and TM
caused an increase in the luciferase activity of ATF6 3′ UTR construct in 293T-CTRL
(Empty vector) cells but not in 293T-miR-424 cells (Figure 5.10A). A recent study
using quantitative mass spectrometry and microarray analysis to determine the global
effect of miRNAs on the abundance of proteins reported that for more highly repressed
targets, mRNA destabilization usually comprises the major component of repression
[553]. Next, the expression of mRNA levels of ATF6 was examined in 293T-CTRL
(Empty vector) and 293T-miR-424 cells. It was noted that basal as well as UPR-induced
expression of ATF6 was significantly attenuated in 293T-miR-424 cells as compared to
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293T-CTRL (Empty vector) cells (Figure 5.10B). These results suggest that miR-424
regulates the induction of ATF6 during UPR by targeting the miR-424 binding site in
the 3′ UTR of ATF6 mRNA.

Figure 5.9: Identification of a conserved miR-424 binding site in the 3’ UTR of human ATF6.
(A) The panel shows miR-424 binding site in the 3’ UTR of ATF6 (Targetscan). (B) Alignment of
human ATF6 3’UTR with several mammalian species highlights the evolutionary conservation of
the miR-424 binding site.
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Figure 5.10: Effect of miR-424 on the expression of ATF6 at basal as well as during UPR. (A)
293T-CTRL (Empty vector) and 293T-miR-424 cells were transfected with an ATF6 3’UTR
reporter plasmid containing binding sites for miR-424. Twenty four hours after transfection cells
were left either vehicle treated (untreated) or treated with TG (1.0 μM) and TM (1.0 μg/ml) for 16 h.
Luciferase activity was measured 48 h after transfection using the Dual-Glo assay system and
normalized luciferase activity (Firefly/ Renilla) is shown. (B) 293T-control (Empty vector) and
293T-miR-424 cells were either vehicle treated (0H) or treated with TG (1.0 μM) for indicated time
points. The change in expression levels of ATF6 was quantified by qRT-PCR, normalizing against
RPLPO. Error bars represent mean ± S.D. from three independent experiments performed in
triplicate. *P < 0.05, two-tailed unpaired t-test comparing the mRNA expression in 293T-control
(Empty vector) and 293T-miR-424 cells.
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5.5 Conclusions
This study elucidates the mechanism of miR-424(322)-503 repression and interrogated
the effect of this miRNA cluster on UPR during the conditions of EnR stress. The
findings demonstrate that PERK-dependent repression of miRNAs belonging to the
miR-424(322)-503 cluster plays an important role in the EnR stress-response through
regulation of the ATF6 and IRE1 arms of UPR (Figure 5.11).

Figure 5.11: Schematic representation of PERK-mediated downregulation of miR-424-(322)503 cluster that regulates optimal activation of IRE1 and ATF6 during UPR. In mammals, three
EnR transmembrane proteins IRE1, ATF6 and PERK, respond to the accumulation of unfolded
proteins in the EnR lumen. Our results suggest that expression of miRNAs belonging to miR424(322)-503 is reduced during conditions of EnR stress in a PERK-dependent manner. The miR424(322) down regulates the expression of ATF6 via a miR-424 binding site in the 3' UTR of ATF6
and represses the EnR stress-mediated increase in transcriptional activity of ATF6. The miR424(322) regulates the RIDD activity of IRE1 but has no significant effect on induction of spliced
XBP1. Taken together our results suggest that PERK-mediated downregulation of miR-424(322)503 cluster regulates optimal activation of IRE1 and ATF6 during conditions of EnR stress.

PERK is a key transcription factor of UPR pathway gets activated by several stress
stimuli such as endoplasmic reticulum stress, starvation of amino acid, DNA damage or
exposure to nitric oxide [348]. Several studies have revealed a role for PERK regulated
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miRNAs in the mediation of UPR [348, 351]. PERK has been implicated in the
induction as well as downregulation of certain miRNAs during UPR. For example,
expression of miR-708 and miR-211 is induced during UPR by C/EBP homologous
protein (CHOP) by targeting 5'UTR of CHOP [351, 353]. The expression of miR-106b25 cluster and miR-199a-214 is repressed in a PERK-dependent manner during UPR
[348, 554]. In this work, we have identified the miR-424(322)-503 cluster as miRNAs
that respond to EnR stress in a PERK-dependent fashion (Figure 5.4). The most likely
mechanism is transcriptional repression by PERK-regulated transcription factors.
Walter and colleagues have reported downregulation of miR-424(322)-503 cluster in
wild-type and CHOP-/- MEFs during conditions of UPR, thereby ruling out the role of
CHOP [353]. Bajic’s group has identified binding sites for transcription factors such as
RUNX1, E2F3, SP3, YY1, NFE2L2, CREB1, ATF2, USF2, ELK1, CEBPB and
HOXA4 in the promoter region of miR-424-503 cluster [555]. Further time-lagged
expression correlation analysis demonstrated that NFE2L1 and ATF2 were negatively
correlated to miR-424 during monocytic differentiation [555]. Interestingly, the activity
of ATF2 and NFE2L2 is regulated by PERK during UPR [304]. We propose that ATF2
and NFE2L2 might play a role in repression of miR-424(322)-503 cluster during UPR.
However, further work is required to elucidate the molecular details of miR-424(322)503 cluster downregulation during UPR.

This report provides evidence that miR-424(322) regulates the EnR stress-mediated
induction of transcriptional activity of ATF6 and RIDD activity of IRE1. Moreover, our
results show that miR-424 directly regulates the ATF6 expression via a miR-424
binding site in the 3' UTR of ATF6. These results underscore the importance of
posttranscriptional modifications in regulating the optimal activation of ATF6 and IRE1
arms of UPR during EnR stress. The UPR-associated miRNAs can fine tune the UPR,
depending on their expression profile changes, specific targets and tissue type that is
involved [348, 535, 556]. Byrd and colleagues reported a miRNA connection between
PERK and IRE1-XBP1, where miR-30c-2* is up-regulated during UPR in a PERKdependent manner and targets the 3′UTR of XBP1 mRNA [347]. Further XBP1(s)
induced miR-346 has been shown to regulate the EnR antigen transporter TAP1 and
decrease the expression of this ER peptide transporter [349]. This inhibition of TAP1
expression inhibited MHC class I assembly in the EnR, thereby reducing the EnR
protein load [349].
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Our results suggest that miR-424(322) expression can potentiate the RIDD of activity of
IRE1. RIDD targets in mammalian cells exhibit a wide range of subcellular localization
and biological functions and varied in different cell types [312]. A growing number of
studies demonstrate that RIDD plays a role in drug and lipid metabolism in the liver
[557], neural regulation of vascular regeneration [558], antigen presentation function of
CD8α+ dendritic cells [559], insulin synthesis in β-cells [560] and EnR stress-induced
cell death [341]. The molecular mechanisms regarding the regulation of RIDD activity
by miR-424(322) needs further investigations. One possible mechanism for miR424(322) to regulate the RIDD activity of IRE1 could be via regulating the expression
of EnR oxidoreductase PDIA6 (Protein disulphide isomerase family A, member 6).
PDIA6 is a known target of miR-424(322) and modulates the duration of IRE1
signalling by physical interaction with IRE1 [432, 561]. There have been conflicting
reports regarding the role of PDIA6 in regulating the activity of IRE1. PDIA6 has been
shown to increase RNase activity of IRE1 [432]. However Argon and colleagues have
shown that PDIA6 limits the duration of IRE1 activity and PDIA6-deficient cells
exhibit sustained phosphorylation of IRE1 and splicing of XBP1 mRNA during EnR
stress [561]. In addition, PDIA6 has been shown to negatively regulate RIDD activity of
IRE1 [562]. In agreement with the finding of Argon’s group our results show that
expression level of PDIA6 is reduced in miR-424 expressing cells, which also show
enhanced RIDD activity (Figure 5.8).
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6.0 General Discussion
The endoplasmic reticulum (EnR) is a multifunctional cytoplasmic signalling organelle
that controls a wide range of cellular processes including proper folding of membrane
and secreted proteins, posttranslational modification of these proteins, synthesis of
lipids, sterols and storage of free calcium [302, 563]. Cellular stresses that impair proper
folding of proteins can lead to an imbalance between the load of resident and transit
proteins in the EnR and the organelle’s ability to process that load. During EnR stress
conditions, endoplasmic reticulum responds to restore the homeostasis by activating a
process called unfolded protein response (UPR). UPR is a dynamic signal transduction
pathway that aims to restore EnR homeostasis by inhibiting global translation to reduce
misfolded or unfolded protein load and activating different transcription factors that
coordinate transcriptional induction of molecular chaperones to fold proteins properly
and genes associated with EnR associated degradation (ERAD) to degrade misfolded
and unfolded proteins [240].

Work presented in this thesis describes the interplay between UPR pathway and
estrogen signalling in estrogen receptor  (ER)-positive breast cancer and role of UPRregulated miRNAs in breast cancer. In chapter 3, we illustrated the role of XBP1NCOA3 axis in the progression of ER-positive breast cancer and endocrine resistance.
We also demonstrated the regulation of PERK signalling pathway by NCOA3 and role
of PERK in cell death induced by hyperactivation of NCOA3. In chapter 4, we
characterized the function of a known oncogenic miRNA cluster miR-17-92 that acts as
growth suppressor in breast cancer. We also elucidated a mechanism for the
downregulation of miR-424(322)-503 cluster where PERK was shown to regulate this
cluster and fine-tunes activation of IRE1 and ATF6 during conditions of UPR (Chapter
5).

6.1 Role of UPR in endocrine resistant breast cancer
EnR stress and defects in UPR signalling are emerging as key contributors to a
growing list of human diseases, including immune disorders, cardiovascular
diseases, diabetes, neurodegeneration and cancer [304, 564]. Among different cancer
types, UPR has been shown to play a key role in breast cancer. Accumulating
evidences suggest that activation of UPR signal transduction pathway is one of the
possible molecular mechanism of endocrine resistance in luminal or ER+ breast
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cancer [474, 565]. Up to 30% of ER+ breast cancer patients develop resistance
towards commonly used endocrine therapies such as anti-estrogen (Tamoxifen,
Fulvestrant) or aromatase inhibitor (Anastrozol, Lentrozol) within 15 years of
treatment [472]. The molecular mechanisms of endocrine resistance in breast cancer
needs to be elucidated to get additional therapeutic benefit without any recurrence.
Targeting UPR pathway could be a potential and effective intervention to minimize
endocrine resistance. In breast cancer cells UPR sensors become highly activated
that helps to survive during stressful conditions of tumour microenvironment such as
hypoxic and glucose deprivation condition [373, 566, 567].

6.1.1 XBP1 and NCOA3 mediate endocrine resistance in breast cancer
XBP1 is a prosurvival transcription factor and enhancer of adaptive UPR activity which
is activated not only during the conditions of UPR but also in many cancers [568].
Scriven et al., reported an association between both XBP1 and GRP78 with estrogen
receptor positivity in the clinical samples of breast cancer [567].

XBP1-S is

overexpressed in anti-estrogen resistant breast cancer cells and increased expression of
XBP1-S is associated with poor clinical outcome [373]. Perou et al., demonstrated that
XBP1 expression is one of the prognostic marker for the diagnosis of ER+ breast cancer
[17]. Gomez et al., have shown that increased expression of XBP1 confers resistance to
endocrine therapy [376]. Moreover, ectopic expression of XBP1-S in MCF7 xenograft
breast tumour model exhibited resistance towards tamoxifen mediated hormonal therapy
also supports the role of XBP1 in endocrine resistance [569]. In breast cancer, both of
the isoforms of XBP1 such as XBP1u (unspliced XBP1) and XBP1-S (spliced XBP1)
modulate NFkB activity through ERα dependent signalling pathway. XBP1-S directly
interacts with P65/Rel1 subunit of NFkB to modulate NFkB signalling pathway and
cellular proliferation [570].

Expression of NCOA3 is correlated with the development and/or progression of several
other cancers besides breast cancer, including lung cancer, prostate cancer, meningioma,
colorectal cancer and pancreatic cancer [414, 417]. In NCOA3 overexpressing
transgenic mice model, ectopic overexpression of NCOA3 induced tumourigenesis in
several organs, even when a canonical nuclear hormone receptor signalling was absent
[571]. Further, NCOA3-deficient mice inhibited tumourigenesis induced by multiple
different carcinogens. Both in vitro and in vivo studies have demonstrated that NCOA3
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is involved in many cancer processes through several mechanisms [417, 572]. NCOA3
not only functions to promote breast cancer development, it also participates in
resistance to anti-hormonal therapy [573]. Increased expression of NCOA3 is strongly
correlated with shorter disease-free and overall survival in breast cancer [574]. A
number of gene expression profiling studies have revealed that XBP1-S induces the
expression of a core group of genes involved in the constitutive maintenance of
endoplasmic reticulum function in almost all cell types [575]. Our findings clearly
demonstrate that IRE1-XBP1 axis is responsible for upregulation of NCOA3 during
UPR and estrogen signalling and NCOA3 is required for XBP1-mediated anti-estrogen
resistance in ER-positive breast cancer. NCOA3 has been shown to play an important
role in the tumourigenesis and progression of hormone-dependent as well as hormoneindependent cancers [414, 576]. NCOA3 interacts with I kappa B kinase (IKK) and is
phosphorylated by the IKK complex [577]. Further phosphorylated NCOA3 potentiates
NF-B mediated gene expression [577]. Thus, activation of NCOA3 and NF-B by
XBP1 can act in a concerted manner to regulate anti-estrogen responsiveness.

6.1.2 Hyperactivation of NCOA3 induces PERK-dependent cell death
Accumulating evidences incriminate UPR-induced cellular dysfunction and cell death
as major contributors in the pathogenesis of cancer, making modulators of UPR
pathways an attractive targets for therapeutic interventions [578, 579]. Moreover,
several in vitro and in vivo studies have demonstrated that induced expression of
NCOA3 is implicated in a wide range of cancer through several mechanisms [417, 572].
So, our results provide a rationale for evaluating the recently described NCOAs
targeting compounds to modulate UPR pathways. Since members of NCOAs are found
as a causal player in the onset of various diseases, small molecules were identified that
modulate the activity of NCOAs [486, 487]. Pharmacological hyper activation of
NCOA3 by MCB-613 has been shown to attenuate cancer cell growth in vitro and in
vivo [419]. Our results provide novel insights into the mechanism of MCB-613 induced
cell death whereby MCB-613 leads to enhanced PERK signalling that eventually
contributes to MCB-613 mediated cell death. PERK is a pro-death transcription factor
which is required for the activation of ATF4 to regulate the expression of pro-apoptotic
transcription factor CHOP in cells experiencing ER stress. More importantly, we report
that knockdown of PERK expression provides resistance to MCB-613 mediated cell
death. PERK has been shown to be a haploinsufficient tumour suppressor in melanomas
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where mono-allelic deletion of PERK is required for tumour progression [580].
Furthermore, hypomorphic mutants of PERK (A422V, T428A, H436Y, Y474C, P483Q,
P993R, 911fs) have been reported to act as dominant inhibitor of wild-type PERK and
contribute to the progression of melanoma [580]. Genomic Data Commons Data Portal
at National Cancer Institute lists 254 mutations spread throughout PERK coding exons
and distributed across 22 different types of cancers. Interestingly the dominant negative
mutations of PERK identified in human melanomas [580] are also present in several
other human cancers. As the efforts to develop small molecule stimulators of nuclear
receptor coactivators for cancer treatment progress, an open question emanates from our
work about the role of hypomorphic PERK mutations in providing resistance to such
therapy.

6.2 Role of miRNAs in UPR and breast cancer
Increasing evidences reveal that UPR pathway regulates the expression of many
miRNAs during the conditions of ER stress that play a key role in the regulation of life
and death decisions [348, 535]. Also, miRNAs have been found to modulate the
transcriptional activity of the proximal UPR sensors [343]. Byrd et al., reported that
PERK mediated expression of miR-30c-2p targets 3'UTR of XBP1 mRNA to modulate
the transcriptional activity of XBP1 [347]. Also, PERK has been reported to regulate the
expression of miR-211 that targets 3'UTR of CHOP [351]. Ectopic expression of miR204 sensitizes cells towards UPR mediated apoptosis by modulating the transcriptional
activity of CHOP and BiP [581]. Therefore, UPR regulated miRNA expression and role
of miRNA expression on UPR arms are two general events happen during the
conditions of ER stress. MiRNAs are considered as a useful tool for better
understanding of the biology of breast cancer and identifying novel biomarker for early
diagnosis and for better management. Global profiling of normal verses cancer tissue
revealed that a list of miRNAs is deregulated in different cancer types including breast
cancer. Among the dysregulated miRNAs in breast cancer, a list of miRNAs such as
miR-21, miR-17-92, miR-155, miR-9, miR-144, miR-128a, miR-210, mir-373 and miR21a are upregulated and a list of miRNAs such as miR-31, miR-126, miR-150, miR206, miR-125b, miR-195, miR-497, miR-26a, miR-335 are downregulated and have
been implicated in the pathogenesis and progression [582].
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6.2.1 Oncogenic miR-17-92 cluster acts as a context-dependent tumour
suppressor in breast cancer
Our group reported that PERK dependent repression of miR-106b-25 cluster targets
Bim (Bcl2 homology 3 family member) to promote cell survival [348]. A paralog of
miR-106b-25 cluster, miR-17-92 is also a UPR regulated miRNA cluster (Unpublished
data of our group). Here, we have focused to characterize the functional properties of
this cluster in subtypes of breast cancer. Based on the target genes, miR-17-92 cluster
has been reported as oncogenic miRNA cluster in a wide range of cancer including
lymphomas [260], leukemia [583], retinoblastoma [584], colon cancer [585], head and
neck cancer [586], pancreatic cancer [587], breast cancer [521], ovarian cancer [588]
and lung cancer [589] but recent publications regarding this cluster reveal that members
of the cluster behave as tumour suppressor in different cancer types such as prostate
cancer, colon cancer, breast cancer [510, 513, 517, 590]. Mature miRNAs of this cluster
were found to be differentially expressed in different cancer type and even in the
subtypes of a breast cancer [514]. In the present study, oncomine analysis of TCGA and
other dataset revealed a differential expression of MIR17HG in subtypes of breast
cancer. The expression of MIR17HG was found to be increased in tissues and cell lines
of triple negative breast cancer (TNBC) but decreased in estrogen receptor (ER)positive and HER2+ breast cancer. Here, our findings are supported by a previous report
where miR-17-5p, miR-18a-5p and miR-20a-5p were differentially expressed in triple
negative and luminal A breast cancer tissue samples [514]. While characterizing the role
of this cluster on the major hallmarks of cancer, it was observed that ectopic expression
of miR-17-92 cluster significantly reduced cell proliferation, migration and invasion in
ER positive and HER2+ breast cancer subtypes, but overexpression of this cluster
accelerated these functional characteristics in TNBC. A similar pattern of tumour
suppressive role was reported earlier in ER+ breast cancer cell lines but they showed
these effect only for miR-17-5p [510]. A study from Zuoren lab also suggests an
inhibitory role in the proliferation of breast cancer cells by targeting and repressing of
the translation of cyclin D1 for miR-17-92 cluster [591].

6.2.2 PERK dependent miR-424(322)-503 fine tunes activation of IRE1 and
ATF6
During EnR stress conditions (physiological as well as pathological stress stimulus),
UPR attempts the recovery of cellular homeostasis by arresting protein synthesis and
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activating different transcription factor that eventually leads to the increased production
of molecular chaperones and degradation of unfolded or misfolded proteins. EnR stress
which when overwhelming can lead to the apoptotic death of the damaged cell [592].
MicroRNAs regulate a wide range of cellular regulatory processes to alter gene
expression via modification of chromatin, RNAi induced silencing complex [593].
Usually miRNAs act as a negative regulator of gene expression, however, in some cases
they act as positive regulator to induce the transcription of target genes [115, 203].
Experimental findings in different cellular contexts have revealed that during EnR stress
condition the expression of miRNAs become dysregulated [352, 535]. Among the
dysregulated miRNAs, the microRNA members of miR-322-503 cluster in rodent was
found to be significantly downregulated during the conditions of UPR [535]. Our
findings demonstrate that PERK-dependent downregulation of miRNAs belonging to
the miR-424(322)-503 cluster play an important role in the ER stress-response through
activation of ATF6 and IRE1 arms of UPR. Several members of the miR-16 family
have been shown to be involved in human cancers [594]. Interestingly, miR-424(322)503 cluster is located in a chromosomal region that has been shown to harbour deletions
in 8% of luminal breast cancer [595]. Thus, one unanswered question is whether
downregulation of miR-424(322)-503 due to activation of UPR in the tumour
microenvironment is involved in development of breast cancer. Indeed miR-424(322)503-KO female mice develop alveolar hyperplasia, associated with increased
proliferation and reduced apoptosis [430]. A very recent finding by Ruth RodriguezBarrueco et al., observed that this cluster of miRNA is commonly lost in breast cancer
while analysing a set of nonmetastatic primary invasive breast cancer patient samples.
Analysis of METABRIC and TCGA dataset revealed that locus of miR-424(322)-503
cluster is deleted in approximately 14% of breast cancer and this deletion is associated
with the reduced expression level of mature miR-424 and miR-503 [425]. Deletion of
this miRNA cluster not only promotes breast cancer but also induces chemoresistance
against anti-cancer therapy by up regulating two targets- BCL2 and IGF1R suggest a
tumour suppressive role for this cancer type [425]. However, several other studies
reveals that miR-424 (322) and miR-503 could function as both tumour suppressor and
tumour promoter depending on cancer type [596-599].

6.3 Limitations of the study and future directions
The general aim of this study was to investigate the role of UPR in breast cancer,
specifically the role of IRE1-XBP1 axis in ER-positive breast cancer and role of miR180
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17-92 cluster in subtypes of breast cancer. Despite our best efforts to apply a robust
experimental plan, study design, like every study, has its limitation. To explore the role
of XBP1-NCOA3 axis in the progression of ER-positive breast cancer and endocrine
resistance, most of the work was carried out MCF7 cells. Carrying out the same
experimental strategies in another ER-positive cell line such as T47D, ZR-75-1 would
be supportive of our findings. Luminal breast cancer patient samples could be included
in our study to explore the role of XBP1-NCOA3 in endocrine resistance. Patient-driven
xenograft (PDX) mouse model of ER-positive breast cancer could be used to find out
the role of XBP1 in endocrine resistance by treating with IRE1i along with tamoxifen,
fulvestrant or hyperactivation of NCOA3 in tumourigenicity by treating with MCB-613.
Another limitation was using only HeLa NCOA3 KO cells to test whether NCOA3 has
any effect on PERK signalling and MCB-613 mediated hyperstimulation of NCOA3
induces cell death. Since HeLa NCOA3 KO cells were a kind gift from another lab and
no such model was available for breast cancer cell lines to use. Also, generating MCF7
NCOA3 KO may not be feasible considering the role of NCOA3 in cell growth. We
could have used few more breast cancer cell lines with NCOA3 shRNA to test the role
of NCOA3 on PERK signalling pathway. More work can be carried out to test the
implications of this pathway in other cancers.
We have characterized the functional properties of miR-17-92 cluster in subtypes of
breast cancer and identified ADORA1, H19, CENPV and PREX1 as the potential
targets of miR-17-92 cluster in MCF7 cells by transcriptomic analysis of the genes,
target prediction by bioinformatics analysis and real-time RT-PCR. Western blotting
(WB) of these short listed targets should be carried out for further confirmation.
Identification of miR-17-92 binding site at 3'UTR of these target genes by luciferase
reporter assay is an ideal technique for further confirmation. Since these target genes are
downregulated upon miR-17-92 overexpression, we can overexpress the genes to rescue
the phenotype of miR-17-92 overexpression in MCF7 cells. We carried out in vitro
experiments in cell-based models of three major subtypes of breast cancer to explore the
functions of miR-17-92 cluster. In addition to MTS assay for drug sensitivity, FACS
analysis could be an alternative technique to validate the results. One of the limitation
was not using any xenograft study to observe the effect of miR-17-92 on tumour growth
which could strengthen the findings of in vitro studies. Further transcriptomic analysis
for the targets of miR-17-92 in triple negative and HER2+ breast cancer cell lines along
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with computational prediction and confirmation of dysregulation by real-time RT-PCR
and WB can be performed.
PERK-dependent miR-424 (322)-503 cluster regulates the expression of ATF6 and
RIDD activity of IRE1. Recently, it was reported that this cluster acts as a tumour
suppressor whose loss promotes chemoresistance. Further work will be required to
determine the role of downregulation of miR-424(322)-503 due to activation of UPR in
the tumour microenvironment for the development of breast cancer.

6.4 Final Conclusions


NCOA3 is a transcriptional target of XBP1 in breast cancer.



NCOA3 is required for XBP1 mediated endocrine resistant in ER-positive
breast cancer.



NCOA3 regulates PERK signalling pathway.



Hyperactivation of NCOA3 induces PERK-dependent cell death.



PERK dependent repression of miR-424(322)-503 cluster regulates
optimal activation of ATF6 and RIDD activity of IRE1 during UPR.



miR-17-92 cluster decreases cell proliferation, migration and invasion in
ER-positive and HER2-enriched breast cancer cells but accelerates these
functional characteristics in TNBC.



ADORA1, H19, CENPV and PREX1 could be the potential targets of
miR-17-92 cluster in ER-positive subtype.
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8.1 Appendix-1:
List of the chemicals or compounds used to treat the cell lines or stable
subclonesChemicals/
Inhibitors/
Compounds

Source/
purchased
from

Structure

Cat No

Solvent
used

Thapsigargin
(Tg)

Tocris
Bioscience

1138

DMSO

Tunicamycin
(Tm)

Tocris
Bioscience

3516

DMSO

Brefeldin A
(BFA)

SigmaAldrich

B6542

DMSO

IRE1 inhibitor4μ8C

Tocris
Bioscience

4479

DMSO

STF 083010

Tocris
Bioscience

4509

DMSO

Activator of
EIF2AK3/PERKCCT020312

MERCK
Millipore

324879

DMSO

PERK Inhibitor
GSK2606414

MERCK
Millipore

516535

DMSO
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Chemicals/
Inhibitors/
Compounds

Source/
purchased
from

Structure

Cat No

Solvent
used

Bortezomib

SigmaAldrich

17932469-7

DMSO

Doxorubicin

Selleckchem

S1208

DMSO

5-F-uracil

SigmaAldrich

F6627

DMSO

Docetaxel

Selleckchem

S1148

DMSO

17β Estradiol

Cayman
Chemical

10006315

DMSO

Fulvestrant

SigmaAldrich

I4409

DMSO

Tamoxifen

SigmaAldrich

T5648

DMSO

Promega

G3582

PBS

OCH2COOH

MTS

SO3

N

N
NN+ S
N

CH3
CH3
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Chemicals/
Inhibitors/
Compounds

Source/
purchased
from

Structure

Cat No

Solvent
used

MCB-613

Cayman
Chemical

CAY18315

DMSO

Actinomycin D

Tocris
Bioscience

1229

DMSO

Cycloheximide

SigmaAldrich

01810-1G

Ethanol

Verrucarin A

SigmaAldrich

V48771MG

DMSO

Puromycin

SigmaAldrich

P7255100MG

H2O

213

Chapter 8: Appendices

8.2 Appendix-2:
List of Plasmid constructs:
Here is the list of plasmid constructs used for either transient transfection or generating
stable sub-clones in different cell lines1. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Promoter
Source

: miR-Control
: 11.3 kb
: pLenti-III-Tet-miR
: Lentiviral
: None
: Puromycin
: GFP
: UbC
: Applied Biological Materials Inc

2. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Promoter
Source

: miR-424
: 11.3 kb
: pLenti-III-Tet-miR
: Lentiviral
: Homo sapiens miR-424 stem-loop
: Puromycin
: GFP
: UbC
: Applied Biological Materials Inc

Common vector map of pLenti-III-Tet-miR:

3. Plasmid Name
Plasmid size
Vector
Insert
Stable selection marker
Reporter Gene
Promoter
Source
Vector Map

: 3’UTR clone of ATF6 reporter plasmid
: 7.9 kb
: pMIR-Target
: ATF6 3’UTR sequence is inserted
downstream of luciferase reporter gene
: None
: RFP
: SV40
: ORIGENE
:
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4. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Reporter Gene
Promoter
Source

: PCDH control
: 7.3 kb
: pCDH-CMV-EF1-RFP Plasmid
: Lentiviral
: None
: RFP
: CMV
: System Bioscience

5. Plasmid Name
Plasmid size
Vector
Vector Type
Insert
Reporter Gene
Promoter
Source

: PCDH miR-17-92 cluster
: 7.3 kb
: pCDH-CMV-miR-17-92-EF1-RFP Plasmid
: Lentiviral
: Homo sapiens miR-17-92 cluster stem-loop
: RFP
: CMV
: System Bioscience

Common vector map of pCDH-CMV-EF1-RFP Plasmid:

eRFP

eRFP

6. Plasmid Name
Plasmid size
Vector
Insert
Mature Sequence
Stable selection marker
Reporter Gene
Promoter
Source

: pTRIPZ control
: 13.4 kb
: pTRIPZ
: None
: None
: Puromycin
: None
: Tetracycline inducible promoter
: Thermo Scientific

7. Plasmid Name
Plasmid size
Vector
Insert

: pTRIPZ NCOA3 shRNA
: 13.4 kb
: pTRIPZ
: Short hairpin RNA (shRNA) sequence
targeting NCOA3 for knockdown
: Puromycin
: None
: Tetracycline inducible promoter
: Thermo Scientific

Stable selection marker
Reporter Gene
Promoter
Source
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Common vector map of pTRIPZ Plasmid:

8. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Promoter
Source

: pLKO Empty
: 7052 bp
: pLKO.1-puro
: Lentiviral
: None
: Puromycin
: None
: U6
: Sigma Aldrich

9. Plasmid Name
Plasmid size
Vector
Vector type
Insert

: XBP1 shRNA
: 7052 bp
: pLKO.1-puro
: Lentiviral
: Short hairpin RNA (shRNA) sequence
targeting XBP1 for knockdown
: Puromycin
: None
: U6
: Sigma Aldrich

Stable selection marker
Reporter Gene
Promoter
Source
10. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Promoter
Source
11. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Promoter

: ATF6 shRNA
: 7052 bp
: pLKO.1-puro
: Lentiviral
: Short hairpin RNA (shRNA) sequence
targeting ATF6 for knockdown
: Puromycin
: None
: U6
: Dharmacon GE Healthcare Life Sciences
: PERK sh RNA
: 7052 bp
: pLKO.1-puro
: Lentiviral
: Short hairpin RNA (shRNA) sequence
targeting PERK for knockdown
: Puromycin
: None
: U6
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Source

: Gift from Dr. Piyush Gupta, Massachusetts
Institute of Technology at Boston, USA
Common vector map of pLKO empty and shRNA plasmids

12. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Source

: pBMN Empty
: 6332 bp
: pBMN-I-GFP
: Lentiviral
: None
: None
: GFP
: Dr. Joseph Brewer (University of South Alabama USA)

13. Plasmid Name
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Source

: pBMN-hATF6(373)-I-GFP
: pBMN-I-GFP
: Lentiviral
: Amino acid 1-373 of human ATF6α
: None
: GFP
: Dr. Joseph Brewer (University of South Alabama USA)

14. Plasmid Name
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Source

: pBMN-hXBP1 (S)-I-GFP
: pBMN-I-GFP
: Lentiviral
: Full length human XBP1
: None
: GFP
: Dr. Joseph Brewer (University of South Alabama USA)
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Common vector map of pBMN-I-GFP plasmids

15. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Promoter
Source

: pRK-ATF4
: 8047 bp
: pRK5-A20
: Expression
: FLAG tagged ATF4 sequence
: None
: None
: CMV
: Yihong Ye (Addgene plasmid # 16114)

16. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Promoter
Source

: NC16 pCDNA3.1-FLAG-NRF2
: 6834 bp
: pcDNA3.1
: Expression
: FLAG tagged NRF2 sequence
: None
: None
: SV40
: Randall Moon (Addgene plasmid # 36971)
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17. Plasmid Name
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Source

: pcDNA-FLAG-CHOP
: pcDNA3.1
: Expression
: FLAG tagged CHOP sequence
: None
: None
: Dr. Wolfgang Dubiel (Humbolt University, Germany)

18. Plasmid Name
Vector
Insert
Stable selection marker
Reporter Gene
Source

: pGL3-ACTR-1.6 kb
: pGL3-Basic
: DNA fragment containing 1st exon of NCOA3
: None
: None
: Dr. Hongwu Chen (University of California, USA)

19. Plasmid Name
Plasmid size
Vector
Vector type
Insert

: 5xATF6GL3 (Reporter plasmid)
: 5065 kb
: pGL3
: Luciferase Reporter
: 5 copies of ATF6 binding sites were cloned
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Reporter Gene
Promoter
Source

20. Plasmid Name
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Source
21. Plasmid Name
Plasmid size
Vector
Vector type
Insert
Stable selection marker
Reporter Gene
Source

into pOFlucGL3 upstream of c-fos minimal
promoter
: Luciferase
: SV40
: Addgene Plasmid # 11976

: 4xXBP1 GL3 (Reporter plasmid)
: pGL3
: Luciferase Reporter
: Four copies of XBP1 binding sites were
cloned in the SV-40 luciferase plasmid.
: None
: Luciferase
: Dr. Laurie Glimcher, Harvard Medical School, USA
: pGAD153-Luc (Reporter plasmid)
:
: pGL3
: Luciferase Reporter
: 804 bp GADD153 promoter sequence were
cloned in pGL3-basic plasmid
: None
: Luciferase
: Prof. Stephen B. Howell, University of California, USA.
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8.3 Appendix-3:
List of stable sub-clones generated in our lab or gifted by other lab
Name of the clones

Key feature

HEK 293T miR-Control

Control

HEK 293T miR-424

Expression of
miR-424

Plasmid/Technique used
hsa-miR-Control
(pLenti-III-Tet-miR)
hsa-miR-424
(pLenti-III-Tet-miR)

Control

-

Knockout of
XBP1

MEF-tet-off cells with the TREhygdn-XBP plasmid

Control

-

Knockout of
PERK

Positive–negative selection vector
replacing 1.6 kb of DNA containing
the transmembrane domain

MEF XBP +/+ (Gifted by Dr.
Laurie Glimcher, Harvard
Medical School, USA)
MEF XBP1-/- (Gifted by Dr.
Laurie Glimcher, Harvard
Medical School, USA)
MEF PERK +/+ (Gifted by Dr.
David Ron, Institute of Metabolic
Science, University of
Cambridge, UK)
MEF PERK-/- (Gifted by Dr.
David Ron, Institute of Metabolic
Science, University of
Cambridge, UK)
MCF7 PCDH Empty
MCF7 PCDH miR-17-92
MDA MB-231 PCDH Empty
MDA MB-231 PCDH miR-17-92
T47D PCDH Empty
T47D PCDH miR-17-92
SKBR3 PCDH Empty
SKBR3 PCDH miR-17-92
MCF7 PLKO Empty
MCF7 PLKO XBP1 KD
MCF7 PLKO PERK KD
MCF7 PLKO ATF6 KD
MCF7 TRIPZ Control
MCF7 TRIPZ NCOA3 KD
HeLa (Gifted by Bert O’Malley,
Baylor College of Medicine,
USA)
HeLa NCOA3 KO (Gifted by
Bert O’Malley, Baylor College of
Medicine, USA)

Control
Expression of
miR-17-92
Control
Expression of
miR-17-92
Control
Expression of
miR-17-92
Control
Expression of
miR-17-92
Control
Knockdown of
XBP1
Knockdown of
PERK
Knockdown of
ATF6
Control
Knockdown of
NCOA3

pCDH-CMV- EF1-RFP
pCDH-CMV-miR-17-92-EF1-RFP
pCDH-CMV- EF1-RFP
pCDH-CMV-miR-17-92-EF1-RFP
pCDH-CMV- EF1-RFP
pCDH-CMV-miR-17-92-EF1-RFP
pCDH-CMV- EF1-RFP
pCDH-CMV-miR-17-92-EF1-RFP
pLKO Empty
pLKO sh-XBP1
pLKO sh-PERK
pLKO sh-ATF6
pTRIPZ
pTRIPZ-sh NCOA3

Control

Zinc Finger Nuclease

Knockout of
NCOA3

Zinc Finger Nuclease
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8.4 Appendix-4:
List of standard assays used to measure the expression of different genes by realtime RT-PCR (IDT)
Gene &
Assay name

RPLP0
(RPLP0 Hs)

NCOA3
(N006534.1.pt.NCOA3)

HERP
(N014685.1.pt.HERPUD1)

GRP78
(N005347.1.pt.HSPA5)

XBP1-S
(spXBP1 Hs)

PERK (EIF2AK3)
(Hs.PT.58.26540335)

CHOP
(N004083.CHOP Hs)

ATF4
(N182810.ATF4 Hs)

ATF6
(Hs.PT.56a.26620554)

VEGFA
(Hs.PT.58.1780230)

Primer/
Probe

Sequence

Primer 1

5'-GGTGTAATCCGTCTCCACAG-3'

Primer 2

5'-GAAACTCTGCATTCTCGCTTC-3'

Probe

5'-/56-FAM/CCAGGACTC/ZEN/GTTTGTACCCGTTGAT/3IABkFQ/-3'

Primer 1

5'-GACTAGACACTCGACCAAAGG-3'

Primer 2

5'-CTCCTAATGTGACTGCTTCCC-3'

Probe

5'-/56-FAM/CAGGACCCA/ZEN/CAATGCCACAAGC/3IABkFQ/-3'

Primer 1

5'-ACGTTGTAAATCAGGACCCC-3'

Primer 2

5'-GCCATGCTGTGCTCATAAAG-3'

Probe

5'-/56-FAM/TCTGCTCGC /ZEN/CATCTAGTACATCCCT/3IABkFQ/-3'

Primer 1

5'-TTAGGCCAGCAATAGTTCCAG-3'

Primer 2

5'-CTGCCATGGTTCTCACTAAAATG-3'

Probe

5'-/56-FAM/TCTTTCCCA/ZEN/AATAAGCCTCAGCGGT/3IABkFQ/-3'

Primer 1

5'-CCAGAATGCCCAACAGGATA-3'

Primer 2

5'-AAGCCAAGGGGAATGAAGT-3'

Probe

5'-/56-FAM/TGCTGAGTC/ZEN/CGCAGCAGGTGCAG/3IABkFQ/-3'

Primer 1

5'-CAGGATGAGGAAGAGCAGAC-3'

Primer 2

5'-TGTCCACTTTATGAGAATAGCTGT-3'

Probe

5'-/56-FAM/ATGCCAGAC /ZEN/ACACAGGACAAGTAGG/3IABkFQ/-3'

Primer 1

5'-GTACCTATGTTTCACCTCCTGG-3'

Primer 2

5'-TGGAATCTGGAGAGTGAGGG-3'

Probe

5'-/56-FAM/AAGCCAGAG/ZEN/AAGCAGGGTCAAGAG/3IABkFQ/-3'

Primer 1

5'-ATCCATTTTCTCCAACATCCAATC-3'

Primer 2

5'-CCAAGCACTTCAAACCTCATG-3'

Probe

5'-/56-FAM/TGACCAACC/ZEN/CATCCACAGCCA /3IABkFQ/-3'

Primer 1

5'-GTGCCTCCTTTGATTTGCAG-3'

Primer 2

5'-CGAAGAGTTGTCTGTGTGATGA-3'

Probe

5'-/56-FAM/TCCTGTTCC/ZEN/AACATGCTCATAGGTCC/3IABkFQ/-3'

Primer 1

5'-GCTGTAGGAAGCTCATCTCTC-3'

Primer 2

5'-AGTCCCAACATCACCATGCAG-3'

Probe

5'-/56-FAM/TCAAACCTC/ZEN/ACCAAGGCCAGCA/3IABkFQ/-3'
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Gene &
Assay name

LAMP3
(Hs.PT.58.19369169)

CD59
(Hs.PT.58.41084400)

PKD2
(Hs.PT.58.21203444)

SCARA3
(Hs.PT.58.26664148)

PEPD
(Hs.PT.58.20685312)

PDIA6
(Hs.PT.58.39980399)

EDEM3
(Hs.PT.58.19234888)

DNAJB9
(Hs.PT.58.19679)

GAPDH
(Hs.PT.58.589810.g)

SEL1
(Hs.PT.58.26289930)

SEC63
(Hs.PT.58.39998006)

Primer/
Probe

Sequence

Primer 1

5'-ATAAGGCAGAGACCAACCAC-3'

Primer 2

5'-CCTTTGATTTTGAAGATGACCACT-3'

Probe

5'-/56-FAM/ATTGTGCTT/ZEN/CCTGTGATTGGGGC/3IABkFQ/-3'

Primer 1

5'-GATTCCCATTGTGATTGTCCAC-3'

Primer 2

5'-CGAGGCTGGAAGAGGATCT-3'

Probe

5'-/56-FAM/CGCCGCCAG/ZEN/TCTTTAGCACCA/3IABkFQ/-3'

Primer 1

5'-CTCCTGGATGGTCTGGTAGT-3'

Primer 2

5'-ACCTGCAGCTCTTCTCCAT-3'

Probe

5'-/56-FAM/TGCCTGTCT/ZEN/ACAACAAGTCAGCCTG/3IABkFQ/-3'

Primer 1

5'-CTTCTGAATTCCCTCCAGCTC-3'

Primer 2

5'-TGTGTTAATGCAGAAAAATCTCCAG-3'

Probe

5'-/56-FAM/ATCCGAAAG/ZEN/CCCTGAACAACTGCT /3IABkFQ/-3'

Primer 1

5'-CAGGTGGATGCGGTCAG-3'

Primer 2

5'-AAGTTCACTGCAGACCAGAAG-3'

Probe

5'-/56-FAM/ACCTGGCTT/ZEN/CATGGCACCCA/3IABkFQ/-3'

Primer 1

5'-TCCCAAGGCTCTCTCTCAA-3'

Primer 2

5'-CTTCAGTGAGCAAGGCATCA-3'

Probe

5'-/56-FAM/AGCTCTCTT/ZEN/TTGGGCGTGGCT/3IABkFQ/-3'

Primer 1

5'-CTTTCCATCACCTGCCATCT-3'

Primer 2

5'-TGATACAAAGAGGACAGTGCAT-3'

Probe

5'-/56-FAM/CCACCAATG/ZEN/GCTCCAGCATTCTG/3IABkFQ/-3'

Primer 1

5'-ACTAGTAAAAGCACTGTGTCCA-3'

Primer 2

5'-CATGAAGTACCACCCTGACAA-3'

Probe

5'-/56-FAM/TCAGAGAGA/ZEN/TTGCAGAAGCATATGAAACACTC/3IABkFQ/-3'

Primer 1

5'-AGGGTGGTGGACCTCAT-3'

Primer 2

5'-TGAGTGTGGCAGGGACT-3'

Probe

5'-/56-FAM/CAGCAAGAG/ZEN/CACAAGAGGAAGAGAGA/3IABkFQ/-3'

Primer 1

5'-TGAATTAACACCAAGTCCAGAGG -3'

Primer 2

5'-AGCGAGAGAGATGTTTGAGAAG -3'

Probe

5'-/56-FAM/AAAGCCAAG /ZEN/AGCAGTCTGTCCCTT /3IABkFQ/-3'

Primer 1

5'-GAAACTTCAGCTCTACCTCCTC -3'

Primer 2

5'-CTGTGTATAGCCTTTACTTTCCTG -3'

Probe

5'-/56-FAM/TCCTATCTG /ZEN/CAATGTAAAGCCACCACC/3IABkFQ/-3'
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Gene &
Assay name

Primer/
Probe

Sequence

Primer 1

5'-GGCAGAAAATTGAGGATGTGG-3'

Primer 2

5'-ATCAATCGCAGGTCACAGTAC-3'

Probe

5'-/56-FAM/TGAAGATCA/ZEN/GGATGCAAGGCAGACC/3IABkFQ/-3'

Primer 1

5'-AGAACAAGGTGATCTGCGC-3'

Primer 2

5'-TTATTTGCACACTGGGAGGG-3'

Probe

5'-/56-FAM/CAGAGACGT/ZEN/GTACAGTGGCCCC/3IABkFQ/-3'

Primer 1

5'-TCGGTAGTCCATTACAATCAGATG-3'

Primer 2

5'-CTTTCCCAAGTAGGTCACGG-3'

Probe

5'-/56-FAM/ACCAACGAG/ZEN/AAGCCCAACCCG/3IABkFQ/-3'

Primer 1

5'-GTGTTTGGTCTAGGATGGAGATC-3'

Primer 2

5'-GACAAACTCCTGTGGGATCTG-3'

Probe

5'-/56-FAM/ACGTCAGTG/ZEN/GGCAGATGCTGTATT /3IABkFQ/-3'

Primer 1

5'-CTTTCACTTAAATGCGATTCGGG-3'

Primer 2

5'-TTCATCTAGCACATTCACCCC-3'

Probe

5'-/56-FAM/ATCCTCATC/ZEN/CTCTAGCCCAGCCA/3IABkFQ/-3'

Primer 1

5'-CACTCAGATTGTTCCAGCCA-3'

Primer 2

5'-GTCAAGATCCCTCTCCGGTA-3'

Probe

5'-/56-FAM/ CTGGATCCT/ZEN/CTCCTTCGTGGTGG/3IABkFQ/-3'

Primer 1

5'-GCTGTTCCGATGGTGTCTT-3'

Primer 2

5'-CTTTACAACCACTGCACTACCT-3'

Probe

5'-/56-FAM/TGTTGGGCT/ZEN/GATGAGGTCTGGTTC/3IABkFQ/-3'

Primer 1

5'-CAGAGAAGTGACAAAGAGGAGT-3'

Primer 2

5'-TCAAGTTTAGGCCTTTGTCCAG-3'

Probe

5'-/56-FAM/ AGAATCCAC/ZEN/ACTCTCTGCTCCTGC/3IABkFQ/-3'

Primer 1

5'-CCTCATTCTCCATGATACACGTA-3'

Primer 2

5'-TCTCAAGTCTTTAATTAGAATGTCTCAC-3'

Probe

5'-/56-FAM/TGCATGCCT/ZEN/GTGTCAAAACATCTCAC/3IABkFQ/-3'

Primer 1

5'-CACAGTGCCCTCATCCAG-3'

Primer 2

5'-TGAGCACATAACGACTTACACG-3'

Probe

5'-/56-FAM/ACTCACAAA/ZEN/GCCCAGCATACCTTCTG/3IABkFQ/-3'

Primer 1

5'-CAATCCAGCAGCATAATGGC-3'

Primer 2

5'-TGCGAAGGACCAATGAGAG-3'

Probe

5'-/56-FAM/CCGAGTATC/ZEN/AAGAGCGACAGCACC/3IABkFQ/-3'

GREB1
(N014668.1.PT.GREB1)

TFF1
(N003225.1.pt.TFF1)

EGR
(EGR Hs)

PGR
(PGR Hs)

PDZK
(PDZK Hs)

ADORA1
(Hs.PT.56a.2656919.g)

H19
(Hs.pt.58.2694336.g)

CENPE
(Hs.PT.58.20289276)

KIF20B
(Hs.PT.58.21037329.g)

CENPV
(Hs.PT.58.23158246)

AREG
(Hs.PT.56a.38817860)
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Gene &
Assay name

BTC
(Hs.pt.56A.3511718)

EPGN
(Hs.PT.58.45400648.g)

EGF19
(Hs.PT.58.27249369)

IGFBP5
(Hs.PT.58.40822515)

RGL1
(Hs.PT.58.39964935)

TXK
(Hs.PT.58.39985419)

PREX1
(Hs.pt.58.5043114)

RASGRP1
(Hs.PT.58.3506053)

Primer/
Probe

Sequence

Primer 1

5'-GCTGTTTTCCTGAGACACATTC-3'

Primer 2

5'-TGAAGATATTGAAGAGACAAATATTGCT-3'

Probe

5'-/56-FAM/ACTTTGCAG/ZEN/CTTGCCACCAACC/3IABkFQ/-3'

Primer 1

5'-AGAACAGACATTGTAAGGCGAT-3'

Primer 2

5'-ATGTGAATAGCAGTGTAGACCTC-3'

Probe

5'-/56-FAM/AGACACCCC/ZEN/ACATGAATCCATGATTGAA/3IABkFQ/-3'

Primer 1

5'-TCCTCGAAAGCACAGTCTTC-3'

Primer 2

5'-GCTGGAGATCAAGGCAGTC-3'

Probe

5'-/56-FAM/CATGCAGAG/ZEN/GTACCGCACGCT/3IABkFQ/-3'

Primer 1

5'-CACTGAAAGTCCCCGTCAA-3'

Primer 2

5'-TGTACCTGCCCAATTGTGAC-3'

Probe

5'-/56-FAM/CTTCATCCC/ZEN/GTACTTGTCCACGCA/3IABkFQ/-3'

Primer 1

5'-GCAGTTTCACTTGTTCTTCCAT-3'

Primer 2

5'-AGCTGGTGCAGGTCATCT-3'

Probe

5'-/56-FAM/TCAAAGTTC/ZEN/ACTTGGCTGTTCATGGC/3IABkFQ/-3'

Primer 1

5'-GATGACTCTTTGGGTTGGCA-3'

Primer 2

5'-CCTGGCACCAATGTCCATA-3'

Probe

5'-/56-FAM/AGCTGCTGG/ZEN/CATGAGAAACCTGA/3IABkFQ/-3'

Primer 1

5'-CCAAATCCCAGCTCCAGAG-3'

Primer 2

5'-GCGAGTCAAGGACCAGATG-3'

Probe

5'-/56-FAM/CTGAACACC/ZEN/CAAATGCCCCACG/3IABkFQ/-3'

Primer 1

5'-CCATTTGAGCTAAGACATGATTGC-3'

Primer 2

5'-CTGCCTACCTACCAAGAACTG-3'

Probe

5'-/56-FAM/TGCACAGAA/ZEN/GAAAATAGAATCCCTCCAGC/3IABkFQ/-3'
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8.5 Appendix-5
List miRNA assays used for miRNA specific real-time RT-PCR (Applied
Biosystems)
miRNA
Assay Name

Mature miRNA sequence

Assay ID

U6 SnRNA

001973

mmu-miR-322

GTGCTCGCTTCGGCAGCACATATACT
AAAATTGGAACGATACAGAGAAGAT
TAGCATGGCCCCTGCGCAAGGATGA
CACGCAAATTCGTGAAGCGTTCCAT
ATTTT
AAACAUGAAGCGCUGCAACA

001059

mmu-miR-351

UCCCUGAGGAGCCCUUUGAGCCUG

001067

mmu-miR-503

UAGCAGCGGGAACAGUACUGCAG

002456

hsa-miR- 424

CAGCAGCAAUUCAUGUUUUGAA

000604

hsa-miR- 503

UAGCAGCGGGAACAGUUCUGCAG

001048

mmu-mir-503

UAGCAGCGGGAACAGUACUGCAG

mm04227730_pri

hsa-miR-503

GGGGUAUUGUUUCCGCUGCCAGG

Hs03304160_pri

hsa-miR-17

CAAAGUGCUUACAGUGCAGGUAG

Hs03295901_pri

hsa-miR- 17

CAAAGUGCUUACAGUGCAGGUAG

002308

hsa-miR- 18a

UAAGGUGCAUCUAGUGCAGAUAG

002422

hsa-miR- 19a

UGUGCAAAUCUAUGCAAAACUGA

000395

hsa-miR-19b

UGUGCAAAUCCAUGCAAAACUGA

000396

hsa-miR- 20a

UAAAGUGCUUAUAGUGCAGGUAG

000580

hsa-miR- 92a

UAUUGCACUUGUCCCGGCCUGU

000431
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8.6 Appendix-6
Optimized conditions for the immunoblotting of tested proteins
Antibody
and % of Gel
used
NCOA3
(SRC-3)

Size

Supplier

160 kDa

Cell Signalling
Technology
#2126

140 kDa

Cell Signalling
Technology
#3192

140 kDa

Cell Signalling
Technology
#3179

8% gel run

PERK
8% gel run

p-PERK
8% gel run

Source

Blocking
Solution

Rabbit

5 % milk and
1% BSA in
PBS/0.05 %
Tween for 2h

Rabbit

5 % BSA in
PBS/0.05 %
Tween for 2h

Rabbit

5 % BSA in
PBS/0.05 %
Tween for 2h

Rabbit

5 % milk in
PBS/0.05 %
Tween for 2h

Mouse

5 % milk in
PBS/0.05 %
Tween for 2h

XBP1
10 % gel

55 kDa

ATF6

90 kDa
(F)

10% gel

50 KDa
(N)

Actin
42 kDa
10 % gel

M2 Flag HRP

17kDa

Cell Signalling
Technology
#9661

30 kDa

Santa Cruz
Biotechnology
#sc-793

38 kDa

Santa Cruz
Biotechnology
#sc-200

10 % gel
ATF4
(CREB-2)
10 % gel

Cell Signalling
Technology
#8457

Sigma
#A8592

10 % gel
CHOP
(GADD153)

Abcam
#ab122897

55 kDa
10 % gel

Cleaved
Caspase-3

Bio Legend
#619501

Rabbit

5 % milk in
PBS/0.05 %
Tween for 2h

Rabbit

5 % milk and
1% BSA in
PBS/0.05 %
Tween for 2h

Rabbit

5 % milk in
PBS/0.05 %
Tween for 2h

Rabbit

1 % milk in
PBS/0.05 %
Tween for 2h

Rabbit

5 % milk in
PBS/0.05 %
Tween for 2h

227

Primary
Incubation
1:500 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C
1:2000 in 5 %
BSA in
PBS/0.05 %
Tween for
overnight at
4°C
1:1000 in 5 %
BSA in
PBS/0.05 %
Tween for
overnight at
4°C
1:1000 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C
1:1000 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C
1:2000 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C
1:2000 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C
1:1000 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C
1:800 in 1 %
Milk in
PBS/0.05 %
Tween for 2 h
at room
temperature
1:1000 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C

Secondary
Incubation
Anti-Rabbit
Ab (1:5000) in
5 % Milk in
PBS/0.05 %
Tween for 2h
Anti-Rabbit
Ab (1:10000)
in 5 % BSA in
PBS/0.05 %
Tween for 2h
Anti-Rabbit
Ab (1:10000)
in 5 % BSA in
PBS/0.05 %
Tween for 2h
Anti-Rabbit
Ab (1:10000)
in 5 % Milk in
PBS/0.05 %
Tween for 2h
Anti-Mouse
Ab (1:5000) in
5 % Milk in
PBS/0.05 %
Tween for 2h
Anti-Rabbit
Ab (1:10000)
in 5 % Milk in
PBS/0.05 %
Tween for 2h
No need to
incubate with
secondary Ab
as this is a
peroxidase
conjugated Ab
Anti-Rabbit
Ab (1:5000) in
5 % Milk in
PBS/0.05 %
Tween for 2h
Anti-Rabbit
Ab (1:5000) in
1 % Milk in
PBS/0.05 %
Tween for 2h
Anti-Rabbit
Ab (1:5000) in
5 % Milk in
PBS/0.05 %
Tween for 2h
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Antibody
and % of Gel
used

Size

Total eIF2α
38 kDa

Cell Signalling
Technology
#9722

38 kDa

Cell Signalling
Technology
#9721

78 kDa

Stressgen
PA1-014A
Thermo fisher
11501432

10 % gel

p-eIF2α
10 % gel

GRP78
10 % gel

NRF2
8 % gel

Supplier

95-110
kDa

Santa Cruz
Biotechnology
#sc-13032

Source

Blocking
Solution

Rabbit

5 % BSA in
TBS/0.1 %
Tween for 2h

Rabbit

2 % Milk in
TBS/0.1 %
Tween for 2h

Rabbit

5 % milk in
PBS/0.05 %
Tween for 2h

Rabbit

5 % milk in
PBS/0.05 %
Tween for 2h

228

Primary
Incubation
1:2000 in 5 %
BSA in
TBS/0.1 %
Tween for
overnight at
4°C
1:1000 in 2 %
milk in
TBS/0.1 %
Tween for
overnight at
4°C
1:1000 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C
1:1000 in 5 %
Milk in
PBS/0.05 %
Tween for
overnight at
4°C

Secondary
Incubation
Anti-Rabbit
Ab (1:5000) in
5 % BSA in
TBS/0.1 %
Tween for 2h
Anti-Rabbit
Ab (1:5000) in
2 % milk in
TBS/0.1 %
Tween for 2h
Anti-Rabbit
Ab (1:5000) in
5 % Milk in
PBS/0.05 %
Tween for 2h
Anti-Rabbit
Ab (1:5000) in
5 % Milk in
PBS/0.05 %
Tween for 2h
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8.7 Appendix-7
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