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ABSTRACT

Stressful conditions of the tumour microenvironment which overwhelm the folding
capacity of the endoplasmic reticulugEnR) activate an evolutionary conserved
signalling pathwaknown as the unfolded protein response (UPR). UPR is mediated by
three molecular sensors, PKiRe ER kinase (PERK), activated transcription factor 6
(ATF6), and Inositekequiring enzyme 1 (IRE1) present in the membranehef
endoplasmic reticulum. UPRgsalling pathway exhibits both tumesupporting and
tumoursuppressive 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 thedmsscribes the interplay between UPR pathway
and estrogen signalling in estrogen receptdER)-positive breast cancer and role of
UPR-regulated miRNAs in breast cancdénvasive breast cancer is a heterogeneous
disease with varied molecular features, avébur andresponse to therapy. The Cancer
Genome Atlas consortium reported that mosminant feature of EfRositive breast
cancers is increased mRNA and protein levels of E&RIA3, FOXA1, XBP1 and
MYB. Several studies indicate a crucial role for tRE1-XBP1 arm of UPR in several
aspectof ER-positive breast cancefhe expression of XBP1 is inducég estrogen
stimulation XBP1 physically interacts with ER and potentiate -d#pendent
transcriptional activity in a liganthdependent manneEctopic expression of XBP1 in
ER-positive breast cancer cells can lead to estraggependent growth and reduced
sensitivityto antrestrogens. UnlikéRE1-XBP1 axis, not much is known about the role
PERK and ATF6 sensors of UPR during estrogen signalling.

The chapter 3of the thesis reports the crosstalk between UPR and estrogen signalling.
In this study we demonstrate that induction mdiclear receptor coactivator RCOAJ)

is regulated by XBP1 during UPR, as well as estrogen stimulation in human breast
cance cells. NCOA3 is required for induction of XBP1 upon estrogen stimulation and
XBP1-mediated endocrine resistance in-gésitive breast cancer. Furtheve show

that NCOA3 regulates the expression of PERK. Our results show that NCOAS3 regulates
optimal actvation of PERK pathway during conditions of UPR. We show that loss of
NCOAZ3 renders cells hypersensitive to UPR induced cell death. Our results show that
hyperactivation of NCOA3 byMCB-613 leads to enhanced PERK signalling and
knockdown of PERK providedesistance to MCB13 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 thesisdescribes thdunctional characterization of two UPR regulated miRNA
clusters namelymiR-17-92 cluster andniR-424(322)503cluster.The miR-17-92is an
oncogenic MiRNA cluster that genemasix mature miRNAs: miRL7, miR18a, miR

19a, miR20a, miR19b and miR-92a Amplification of 13931932, which is the locus

of the miR17-92 cluster, have been reported aematopoietic malignancies, such as B
cell lymphoma. In contrasMIR17HG was deleted in 21.9% of breast cancers and loss
of heterozygosity at 139i@13 was assmated with poor prognosis in breast cancer.
The chapter 4of this thesis describes that expressainMIR17HG is increased in
tissues and cell lines from triple negative breast cancer (TNBC) but decreased in the
tissues and cell lines from the estrogereptor (ER)positive breast cancer. Our results
show that ectopic expression of miR-92 cluster significantly supressed cell
proliferation, colony formation, migration and invasion of-gésitive (MCF7, T47D)
and HERZenriched (SKBR3) cells whereas it hemced cell proliferation, colony
formation, migration and invasion in TNBQMDA-MB 231) cells. Further, we found
that expression of m#27-92 cluster sensitized MCF7 cells whereas it rendered SKBR3
cells resistant to chemotherapeutic compounds. Higheessipn of five miRNAs of
this cluster was associated wiiktteroverall survival (OS)n (miR-17, miR19a, miR

20a, miR19b and miR92) Luminal A subtype whereas three miRNAs of this cluster
were associated with poaverall survival (OS)in (miR-17, miR18a and miR92)
HER2enriched and (miR7, miR19b and miR92) TNBC subtypesFurther we
identified ADORA1L, H19, CENP\and PREX1 as the potential targets of riR-92
cluster in MCF7 cellsTaken together our results suggest that+hr®2 cluster actssa

a tumour suppressor in Epdsitive and HER2nriched 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 importarihrtile regulation

of life and death decisions during UPR. The locus of -A2R(322)503 cluster is
deleted in approximately 14% of breast cancer and this deletion is associatédewith
reduced expression level of mature riiR4 and miR503. Deletion of nR-424(322)

503 cluster promotes breast cancer and provides chemoresistance agairesticanti
therapy.The chapter Sof this thesis describes that expression of & (322)503
cluster is repressed in a PERIEpendent manner. We show that AMiB4 decreses the
UPR-mediated activation of transcriptional activity of ATF6 and enhances the RIDD
activity of IRE1. Furtherwe show that miRi24 reduces the expression of ATF6 acting
via a miR424 binding site in the 3' UTR of ATF6. Taken together, our studyatese
novel function of PERK in the regulation of ATF6 activity and RIDD activity of IRE1
through miR424(322)503 cluster.
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Chapter 1: Introduction

1. Introduction

1.1 Breast ancer

Breast cancer is a heterogeneous disease consideredeadirgg Icause of caneer
associated death worldwide in women characterized by diverse pathological and
molecular features withthe varied clinical outcome and differential response to
therapeutic$l, 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
patierts for that yeaf3]. It is anticipated that the number of breast cancer patients will
increase to 4.5 million by the year 20[8. In 2011, breast cancer was found to be the
leading cause of canceelated death accounting for 14% of all deaths that occurred due
to cancer among womé¢h]. Inthe USA, about 12% of women experience breast cancer
during their lifespari6]. It is reported that breast cancer is the major cancer type and the
occurrence rate wak3.5% of all cancer type in 40 countries of Europe in 4012In

the UK, breast cancer is the common cancer type in females accounting for one third
(31%) of al cancer cases in 2018]. In thelreland, breast cancer is the most frequently
diagnosed cancer type among women. According to the annual report of National
Cancer Registry, in 2013 approximately 2767 lasincer patients were newly enlisted

as breast cancer patient. In 2010, a total of 649 Irish women were died after suffering
from this deadly diseag46)].

1.1.1 Breast cancer classification

Based on the differential morphological features, breast cancer is broadly categorized as
ductal carcinoma in situ (DCIS) charactedzey 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 b§tl§]. The American Cancer Society
estimated 232,340 invasive breast cancer and 64,640 ductal carcinoma in situ
individuals in a yeafl11]. Based on the morphological subtype;&@b6 of invasive
breast cancers belong to invasive ductal carcinoma arib%Oare invasive lobular
carcinoma and <10% are special subtypesh wiavaurable prognosis including
papillary, tubular, medullary carcinonfd2]. 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 humanepicl 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 ERPR-/HERZ (triple
negative)[13]. Approximately twethirds of invasive breast cancers express estrogen
receptor (ER) antdhe majority of the estrogen receptor (ER)pexssing breast cancer
cells also express progesterone receptor (RR)15]. Expression of estrogen recept

(ER) is a good prognostic marker for the prognosis of ER+ breast cancer cells. This
cancer type is dependent on estrogen for growth anekstntigen compounds (e.g.
Tamoxifen and Fulvestrant) are used to treat that improves the clinical outcome.
Effective targeted therapies (elgastuzumab, Lapatinibare available for HER2+
breast cancers. In triple negative breast cancer, due to lacking of specific targets this
cancer type is consided as higkrisk breast cancer and patients are most likely tandie

a couple of yearEL6]. Transcription profiling studies using DNA microarrays and gene
expression pattern categorised breast cancer into four major molecolgpes i)
ER+/luminal, ii) HER2+ (HER2 enriched), iii) baddte and iv) normalike [17].
Subsequent studies included more molecular subtypes based ondlenddt in large

scale gene expression between ER+ (mostly luminal) andoEgRst cancers (mostly
basallike). Considering the results of different studies breast cancers can be broadly
categorized in six different molecular subtyp@&sluminal A (ER+), ii) luminal B
(ER+/HER2enriched), iii) HER2+ (HERz2nriched), iv) basalike, v) claudirlow, vi)
normatlike [18-22]. Luminal A and luminal B are two major hegular subtypes of

ER+ breast cancer. A study carried out on 163 breast cancer patients, Feenaiges
reported that the prevalemof Lumina A, Luminal B, Basdlke and HER2/neu was
35%, 19.4%, 29.1% and 16.4% respectivEhd]. Another study showea similar
distribution of the incidence for breast cancer subtypes where the percentage was 34%,
18%, 25% and 5% in Luminal A, Luminal &d HER2/neu, baséike and unclassified
subtypes respectivel24]. ER+ breast cancers (luminal A and luminaldBpw better
prognosis and lonterm survival compare to ERsubtypes (HER2+ and badie)

[13]. Among the subtypes, approximately 70% breast cancers are ER+ breast cancer
[25]. Luminal A and luminal B breast cancers shdlifferential responsdo antt
estrogen therapy resulting in varied treatment outco@€s The survival of HER2
enriched breast cancer subtype has been shown to improve withunaatua targeted
therapy for HER2 expressing breast cand@@d. Approximately 17% of all breast
cancers represent HERDreast cancer and this cancer type dsoaiated with poor

clinical outcome[28, 29]. Typically, HER2+ breast cancers do not express estrogen
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receptor(ER), so targeted therapy (trastuzumab) along with cytotoxic chemotherapy is
effective rather than amstrogentherapy[30]. Basal like and claudifow molecular
subtypes of breast cancers do not express ER, PR or HER2 and represents the triple
negative breast cancer (TNBC) subtyp&}. Basallike subtype of breast exhib high
proliferation and extremely poor clinical outcomes8, 32, 33]. This cancer type is
sensitive to preoperative chemotherd®d]. Markers of epitheliato-mesenchymal
transition (EMT) and stem cell like and/omtour initiating cell features agresent in

this subtype. Thougblaudirtlike breast cancers are sensitive to some chemotherapeutic
compounds, the patients of this group show poor overall survival outc@8esin

normal like breast cancer type, cancer cells are cluster together with the normal breast
epithelium and this subtype is usually reported in gene expression gtlidiels 2013,

Carlos Caldas group demonstrated a gendmen integrated classification where
breast cancer was swahtegorized into 10 integrative clug€éntClust x IntClust 10)

by clustering angkis of genomic alterations and gene expression changes data. These
ten integrative clusters are associated with different clinical features and outcomes
(overall survival & diseasespecific survival)36]. These clusterprovide 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
breas cancer occurrence. It occurs approximately 100 times more frequently in females
compared to males. Family history (family membemsother, sister or daughter
experiencingbreast cancer) is also a webtablished risk factor for breast cancer.
Women wih the highest degree of breast density are-@ttdnes higher risk than
normal breast density. Hormonal factors (use of oral contraceptive pills, menstrual
history, menopausal status, reproductive history, exogenous hormone use, hormone
replacement thergp are also associated with breast cancer [BH. Non breast
feeding mothers are at high risk of this cancer {\g8. Personal and life style factors
(alcohol consumption, smoking, less physical activity) have an impacteoanset of

breast cancer. Increased uptake of saturated fatty acids and animal asgtosential

risk factos for breast cancgB9]. Obesity has also been reported as a potential factor
for breast cancer occurren¢é0]. Environmental pollutants and ionization radiation

have also been established as risk factors of breast ddidfeHereditary changes are
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found as one of the major risk factors in developing breast cartbeic Elifferences is
also a considerable risk factor as this cancer is more common among white{$8ople

BRCAL1 and BRCA2 are two tumour suppressor genes that takenpidue repair of
doublestranded DNA breaks by homologous recombination and keep the cells growing
normally. Mutations in BRCA1 and BRCA2 gene results in altered expression of
BRCA1 and BRCAZ2, which repairs the DNA damage by-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 casicare
invasive ductal carcinoma that usually show lymphocytic infiltration and pushing
margins whereas BRCA2 mutated breast cancers do not exhibit a particular pathological
phenotypdq44, 45]. BRCA1 associated breast cancers do not express ER, PR or HER2,
thus considered as triple negative breast cancer (TNB&) The cumulative risk of
breast cancer is 65 % for the inheritanéenutated BRCAL1 gene whereas 45 % for
BRCA2 genes by age 70 yeq#s]. Tp53 is a tumour suppressor gene and gets mutated
in different cancer type including last cancef48]. Mutations in ATM gene are
associated with two fold increased risk of breast capt@r Mutation of CDH1 gene is
associated with invasive lobular breast carcinoma. lobssxpression of this gene is
observed in most of the lobular breast carcindB(@. Ectopic expression of CDH1
attenuates breast cancer cell proliferation and invagidh Altered expression of
CHEK2 gene through mutation is assded with a wide range of cancer mainly breast
cancer[52]. Mutation of CHEK?2 is associated with three fold risk of breast cancer in
women [53]. Mutation or reduced expression of PTEN is associated wigh th
pathogenesis of breast cand&d]. Altered expression of RAD50 gene has been
associated with the incidence of breast cancer as the abnormal expressioryefiehis
inhibits the DNA repair pathway55]. RAD51c is considered as a breast cancer
susceptible gene since the deleterious mutation of this gene has betedr&pobserve

in breast cancdb6].

1.13 Signalling pathways in breast cancer

Cellular signalling pathways arthe prerequisite to maintain cellular and molecular
homeostasis. Dysregulation of different signal transduction pathwaysodmutations
ultimately results intumouegenesis. Among the cancer signalling patys NFa B ,
Soni c hedge h-oatenin, mdtch, breasvtumaurtkinase (BRK), HER2, RAS
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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 diseasess RF r egul at es
expression of different tumoyoromoting factors such asnatrix metalloproteinase
(MMP), cyclooxygenase2 (COX2), inducible nitric oxide synthase, inflammatory
cytokines and lkemokines, all of these factors have proven role to increase invasion of
cells and angiogenesis. NFB al so i nduces oeoncegereesguahass si o
cyclin D and emyc which potentiates cell proliferation in canfgr]. NFFe B has bee
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 subtypeg58]. It is also reportedthat N& B pl ays a key rol e
steps otumouegenesis in breast cang&g]. Saic hedgehog (Shh) expression is up
regulated in breast cancer. Interruption of the downstream transcriptional targets of Shh
such as GLR (gliomaassociated oncogei®) or PTCH1 (patched homolced) genes

results in breast ductal dysplasia in human. édeer, activation of Shh contributes in

the relapse of breast cand@&0]. Wnt proteins are activated aberrantly in nhumerous
cancers including breast cancBysregulation of Wnt signalling pathway contributes to

the formation and metastasis of breast caf@@r Activation of this pathway increases
theresisance of progenitor cells towards radiotherapy in human breast cancer cell lines
suggesting that Wnt signalling pathway increases resistance towards current anticancer
compoundg61]. 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 sedfiewal and irregular cell division of
normal stem cell and becomes activated to take part tutheuegenesi®f early stage

in cancel[63]. It was reported that NOTCH1 expression is up regulated in breast cancer
expressing CD44+CD24 lowAnd associated with the resistance against radiotherapy
based treatmerni64]. This signalling pathway of a cancer cell can trigger the activation

of same signalling pathway in neighbouring endothelial cells that eventually promote
angiogenesi§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 actated forms of PyVmT and Neu. Ras activation usually rexruit
some downstream key molecules including Raf serine kinase, Ras related protein, GRB

associated binding protein,-BK required for the progression of breast carjb&}. H-
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Ras expressing tumour cells show increased expression of Notchl, suggesting that
Notchl could be a downstream effector of R@§]. Activation of HER2 signalling
pathway results in the overexpression of HER2 protein associated with tumour cell
proliferation and cancer progressi@Y]. Aberrant activity of mitogen activated protein
kinase (MAP kinase) signalling pathway plays a key role in the initiation and
progression of breast cancggg]. Herte, the signalling pathways associated with

cancer could béhe promising target for the effective management of breast cancer.

1.14 Treatment of breast ancer

Treatment of breast cancer is complex and involves multidisciplinary approach. The
first appoached was introduced on 188¥% 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 includinggery, radiation

therapy, chemothapy, hormone therapy and targeted therapy.

1.14.1 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 camerdsade 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 tissogpedtomy
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 tistuigs drom

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 surgicabqadure 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 ¢&8jcer

Radiotherapy: Radiation therapy uses controlled high energays or gamma rays or
other types of ionizing radiationotkill 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 radiatioerdipy before surgery is termed as
6
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neoadjuvant radtion to reduce the size cdncer 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 radiatidexternalbeam radiation therapy, internal
radiation therapy called brachytherapy and systemic radiation therapy are used to
deliver radiation to kill cancer cellMiniature-electronbeamdrivenx-ray source called
INTRABEAM is also used to deliver radian to kill cancer cell$70, 71].

Chemotherapy: Chemotherapy is the use of cytotoxic or anticancer dnugéito 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 tothe site of cancer occurrence whereas chemotherapy is mpttemour
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 anthracyws such as doxorubicin and epirubifii3]; taxanes such as
paclitaxel and docetax¢B4]. Chemotherapeutic drugs could be administered through
intravenously, intramuscaitly, 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 cellsThe side effects of using chemotheraggpendon camorbid
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 imcling early menopause and infertil[&4].

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 @ncer cells. Endocrine therapy is effective in breast cancers that are positive
for estrogen receptor expression as estrogen is the key molecules of toefour
proliferation in ERpositive breast cancer. Drugs targeting hormone receptors can be
administeed alone or in combination with radiotherapy or chemotherapy depending on
the context. Several hormone therapies such as selective esteagptor modulators
(SERMS), selective estrogeaceptor antagonists or down regulators (SERDS),
aromatase inhibiter are commonly used for the management of endocrine sensitive
breast cancerg5. SERMs preventhe bindng of estrogen with estrogeeceptor and

selectively bindwith estrogen receptors of the cell resulting in stimulation or inhibition
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the estrogen receptor activity6]. Tamoxifen and Raloxifen are the good exarnplie
SERM, mostly used sa antiestrogen for treating Epositive breast cancef77].
Tamoxifen also induces apopto§is]. Like SERM, SERDs bind to estrogen eptors

and interfere with cellular proliferation of breast cancer by down regulating the
expression of estrogen recepid®]. Fulvestrant is the F®approvalSERD for treating
ER-positive breast cancer and effective in advanced cancers previously treated with
hormonal therapy{80]. Aromatase inhibitors (letrozole, astazole) are used for
treating ERpositive 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 dhe drugsuch aduteinizing hormoneeleasing hormone
(LHRH) agonist such as gosereljii7]. OncotypeDX (panel of 21gene assay) and
Mammaprint (70 gene profile) have been tested in randomized, multicentric clinical trial

to treat estrogen receptor positive breast cai@&83].

Targeted therapy: Targeted therapy also known as biological response modifier
therapy or biological therapy offers improved sensitivity in the treatment oftbreas
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
example 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 promoiapamtiotic
characteristics of HER2/nd®4, 85]. Targeting vascular endothelial growth factor A
(VEGFA) is another fan targeted therapy used to reduce angiogeh@glis

1.14.2Gene therapyrelated 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 bbreast 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 suel) asppression of oncogenes or
activaion 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 methmatssduction of naked

DNA for transient expression, transduction of adenoviral or vaccinia viral vector
(transient expression), transduction of retroviral vector for stable expre&ipn
Amplification of HER2, eMyc, cyclin D and mutation of p53 are commonly observed
abnormalities in human breast canf@8]. p53 adenoviral vectorare locally injected

into skin metastatic lesions or locally advanced breast cancer along with systemic
chemotherapy as a combination therapy of breast cdB8cgrIn vitro andin vivo
studies reported that adenovirus type 2 or type 5E1A gene inhibits HER2 expression
and adenovirus mediated SE1A gene transfer in HER2 overexpressing breast cancer
causes reduction of cancer and enhanced sensitivity towards tleeapatutic agents

[89]. Transfer of a retroviral vector expressing antisense mRNAmya and efos

under the control of mammary tumour virus (MMTV) promoter papses the
expression gnyc and efos, that represses the tumour formatiortha 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 cytokineughnes s
as 1-2, IL-12, Granulocytenacrophage colony stimulating factor (G88F), TNF-U

or costimulatory molecule genes such ascéll costimulatory molecule CD80 or
antigen genes such as MUQA1-93]. Suicidal gene therapy is an alternativei@pto

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 cancddrogis.
resistant gen&ransduced hematopoietic stem cell transplantation can be used to protect
the bone marrow cells from the cytotoxic effect of anticancer compd@ifsUsually,

gene therapy is used to deliver the nucleic acid to induce the expression of target genes.
RNA interference therapy is another gene therapy technigue using siRNA or shRNA for
the transient or stable abolition of the target gene segme[94]. In vitro study on
MDA-MB-213 cells reported that delivery of B2l sSiRNA along with paclitaxel
enhances the cytotwity of the cancer cel[95. In a mouse xenograft model of
resistant MCF7 cells, delivery of shRNA targeting multidrug resistant gene enhances

sensitivity toward doxorubicin96.

1.14.3 MiRNA related lab-based studies fotbreast cancer
Since miRNAs are importarihe regulator in the initiation, developmeand metastasis

of cancer, this small molecule is now considered as a promising therapeutic tool in the
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treatment of cancer either by silencing of oncogenic miRNA or restoring the expression
of suppressive miIRNAE97, 98]. Currently, researchers are attempting to restore the
function of tumour suppressive miRNAs using miRNA mimics or expression vectors

having miRNA sequeres(Figure 1.).

Cancer
Up-regulation of 1—r|—‘—n—l—l—l—l Down-regulation of tumor
oncogenic miRNA J II | I I I l ! ‘ | 1 suppressor miRNA

T .|-A];oomi[{ Suppression of s Replacement of

miRNA miRNA

miR Sponge 2 microRNA
- - - il
miR LNA oligos " mimics
miRNA based
treatment
Double stranded
microRNA mimics
Targeting oncomiRs i —
TIIT 1T ’— "
AntagomiR miR Sponge I I Agoz
Antag T IO, v, "I

miR LNA oligos
mrTn

02

u-ﬂm]]-umiKV_i: AntagomiR ic
miRNA: miR Sponge u,.\.l-l-‘“‘"”

miRNA: miR LNA oligos

Enhanced Increased
Translational repression mRNA cleavage
—— | ana ol P
—
> A= =
- ORF  RISC ORF  RISC
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Figure 1.1 miRNA-based therapeutic strategies to treat breast cancetJpper panel: These
strategies can be used as miRNA targeted therapeutic for targeting oncomiR and tumour suppressor
miRNA in breast cancer. Lower panel: The schematics repretbeninechanism of oncogenic
miRNA inhibition and mechanism of tumour suppressive miRNA enrichment in breast cancer.

For example, Le¥ is a tumour suppressive miRN#hose expression is found to be
downreguéted in breast cancptaysa critical role in metastasj99]. It is reported that
lentiviral mediated Le? miRNA delivery decreases breast cancer prolifendtiO0g.
Mimics of miR-145 and miR205 reinstate the function of BRCA1 whose expression is
usually altered in breast cancer due to mutafitdd]. Additionally, modification of
epigenetic changes such as methylation of DNA bpjz&acytidine and histone
modification by HDAC inhibitorcan also be used to increase the expression of

mMiRNAs. Saitoet al, reported that B\zacytidine and HDAC inhibitors activate the
10
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expression of miRL27 in MCF7 cells causing a down regulation of its target gene
BCL6- a key proteoncogene in programmed cell deftl®Z]. 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 miRNAagonists that bind and inhibit

the expressionf oncogenic miRNAsnd considered amn effective way to treat cancer
[103. AntagomiR21 activates the apoptotic pathway and decreases proliferation of
cdl by binding to and blocking an oncogenic microR8Ach agniR-21[104]. Anti-

sense oligonucleotides cae used to knocklown oncomiR21[105. Use of lentiviral
plasmid vectors for the transcription of short hairpin RNA (shRNA) is an alternative
option to suppress ocknockdown oncomiRg106. miRNA sponges have multiple
complementary binding sites on the target miRNA that block all miRNAs of the same
family [107]. It has beershown that sponge miR reduces half of the activity of mi®
thatreducesnigration of cells and metasta$i©§g.

1.2Micro RNA (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. RIS
avital rolein an extensive range ghysiologicd functions in the living systerfi.09.

A smallclass ofRNA, known as micrBNA hasevolved in eukaryotes to regulate the
expression oftarget genes MicroRNAs (miRNAs) are short, endgenous and
evolutionary conserved RNAs dadpproximately 222 nucleotidesin length non
coding RNAs generatedfrom hairpirtlike structure that negatively regulate the
expression of daarget genebased on the seed sequeticeugh post transcriptional
medanisns. MicroRNAs medate their function through sigpecific interaction with

the untanslated region (UTR) at the 8hd of the target mRNA resulting in the
inhibition of translation and/ or degradation of mMRNA1G-112. According to
miRBase(a primary repository for miRNA sequencegquence database (Release 21),
a total of 28645 hairpin precursor miRNAs are enlisted expressing 35828 mature
mMiRNAs in 223 speieswhere 2,661 different human miRNAs are annotated in human.

(www.mirbase.oryy Earlier it wasanticipated that 30 % of the human genes are

regulated by miRNAs, howevestudies confirmthat most of the human mRNAse

regulated by miRNA113 114. A single microRNA might have multiple targets (on an

11
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average approximely 100 conserved target site is predicted for a single miRNA) and
can down regulatmultiple mRNA target$115117).

1.21 Nomenclature of miRNAs

Usually, nomaclature of miRNA is regulated by MicroRNA Registry. A newly
identified microRNA should be archived to assign a name before publichjion
MicroRNA registry[118]. Earlier, miRNAswerenamed according to their phenotypes
(e.g lin-4, let7), but now the nomenclature of miRNAs is daneamerically (Figure

1.2). The naming of miRNA startsith 3-4 letters that represespecies (e-ghsamiR-

17 denotes a miRNA originated frotine human, mmemiR-404 symbolises a miRNA
originated from mouse) followed by either miR (denotes a mature micrRNAIr
(denotes a hairpin like primary transcript) and numerical nunjté&. Closely related
mature miRNAsare written with lettered suffix (differ at only one or two position in the
sequence) (e-chsamiR-125a, hsaniR-125b)[12(q. If the mature miRNA is derived

from multiple different loci, then numeric suffixes are added at the end of the miRNA
loci (e.g hsamiR-125b1, hsamiR-125b-2) [121]. Usually two mature miRNAs are
produced from each locus according to the strand of the precti@oexamplevhen
miR-125a mé&ure microRNA is derived from 5arm of the hairpin structure named as
miR-125a5p andwhen derived from 3rm named as mi®25a3p [122). MiRNAs are
grouped into dAmi RNA fami |l y & athhe pasiion afn t h
nucleotides B of the mature miRNA. For exampla miRNA family named [e7 in
human genome contains 14 miRNA loci as they have identical sequences at pesition 2
8. A total of 196 miRNA families are conserved among mammals and 3didarare

conserved irC. elegango human123 124].

Species Lettered suffix
‘T‘_T '\H/
hsa-miR-92a-5
-\:l.;/.-"'-,l " |"“"-~.h
A

Mature Numerical Origin of
miRNA  number arm

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 hairpictste

12
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1.22 Genomic organisation of miRNAs

MicroRNAs can be categorised as intergenic, intronic and exaamicording to their
genomic locations relative to their positions in an exon or infffayure 1.3) Intergenic
MiRNAs are locatecs single miRIA (monocistronic) with their own promoter or in
cluster (polycistronic) with shared promoter in the genomic regjiseretefrom already
identified transcriptional unit.intronic miRNAs are located a& single or cluster of
mMiRNAs in the introns of codin@r noncoding geneand transcrib@ from acommon
promoter[125. In vertebrates, a major percentage-{8%o) of miRNAs are intronic
mMiRNA [12§. Mirtron miRNAs are another class of miRNAs located in the intron,
where intron is the exactly same sequence of theniRNA with splice sites ofboth
sides. [127]. Exonic miRNAs areghe rare type of miRNAdocated in the overlapping
region of exon andntron of a noncoding gerjé2g.

Intergenic m

Intergenic,
Clustered

miR-A miR-B miR-C

Intronic
Exon 1 miR-A Exon 2

Intronic,
Clustered
Exon 1 miR-A miR-A miR-A Exon 2

Mirtron

Exon 1 miR-A Exon 2

Exonic
Exonl miR-B Exon 2

Figure 1.3 Genomic organization of miRNAs Intergenic miRNAsreorganized as monocistronic

or polycistronic withthe single promoter or shared promoter respectiviijronic miRNAs ae
positioned in the genome as single or cluster and share a common promoter. Mirtrons are organized
in the intron having splice sites on both sidexonic miRNAs are located the overlapping region

of exon and intron.

1.2 3 History of miRNA discovery

In 1993, the first microRNA, li# was identified inCaenorhabditis eleganduring a

genetic screening to investigate defects in the temporatol during posembryonic
development[128 129. They showed that mutation in lird hamperedlarval

development irC. elegansEarlier,in C. elegangnutation inLin-14 was found to be

important for larval developmerftom larval stage 1 to larval stage 2, which was
13
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oppositeto the phenotype of lind mutation[130. The opposingphenotype for the
mutation of lind and linl4 suggested that h4 could regulate I¥i4 [131].
Meanwhile, lind was identified as a noncoding transcript3l]. Subsequent
experimental results revealed thatditranscribes 22 nucleotide long RNA transcrip
having a partial complementarity the 3UTR of lin-14 geneand lin14 was found to
be downregulated at pestnscriptional leve]128 129, 131]. Combining the results of
lin-4 and lirl4, it was concluded that Hh encodes a small naroding RNA transcript
that regulates I#14 by repressing translational activity through a complementary base
pairing between lik  and 30 UTR -14. €gnsecutivelyoldt-7 d second
microRNA was discoverethat repressethe translation of lir67 by bindingto the
30 UTR r thglin®/menanfa similar fashion adlin-4 [132.

1.24 Biogenesis of miRNA Canonical pathway

In brief, biogenesis omMiRNA through canonical pathway staisthe nucleus where
miRNA encoding genes are transcribed and get procdsgeDrosha to generate
primary miRNA followed by subsequent translocationti@ cytopasm tobe processd
further by Dicer into ~22 nucleotiddong doublestranded miRNA duplex. MicroRNA
duplex is incorporated into an Argonaute (AGO) protein to form RMAuced
silencing complexes (RISC) whetige retained guide miRNA strand serves as a-post
transcriptional regulator of the expressionaofiene.MicroRNA Biogenesis through
canonical pathway is schetically presented in Figure 1.4

1.24.1Transcription of miRNA encoding genes
In humans,most of themiRNAs are foundin the introns of coding or noncoding
regions although a small number is traced in thenic regions ofyenes.Therefore,
mostof the miRNA encodinggenes are transcribed as autonomibas<ription units
[121, 133. An additionalobservatiorpostulatethat ~50% of known miRNAs are found
in close proximity to other miRNAS134 and aso, a number of miRNA loci are in
close proximity to each oth@nd itconstituts a single polycistronic transcriptn unit
[135. The miRNAs in thesimilar cluster arausually cetranscribed, but the individual
MIiRNA can regulateifferent subset ofarget mMRNA at the post transcriptional level
[136. Genes encodiniRNA can be transcribed from theiwn promoter$137, 13§.
For most of he miRNA encoding genes)e particulatocation of themiRNA promoter
is yet to becharacterizedThe proximal promoters of human miRNAs can be identified
by combining nucleosome mapping with chromatin signatures for promdqt3§.

14
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Transcription ofthe majority of miRNA encoding genes is caéd out by RNA
Polymerase |l along witlssociated transcription factors and regulatory elem&hée
resultingtranscrip is known as pmarymiRNA (pri-miRNA) that are severdilobases
(kb) long with a hairpin structure (stelmop) andconsists othe 7-methylguanylate cap
at the 5' end and poly (A) tail at theeBids[137, 13§ .

1.24.2Processing in the ncleus

PrimarymiRNA is over 1kb in éngth, contains a local hairgiike structure wher¢he
mature miRNA sequence residgs35. The stemloop structure consists @f stalk of
33-35bp, a terminal loop and sing&ranagtd RNAstrands at both of the 3' andebids.

In the nucleus, the initial step of mMIRNA maturation starts with the crappinstem
loop structure of primaryniRNA by RNase Il Dosha to release a small hairke
RNA of ~65 bp in lengttknown as precursor miRN(premiRNA) [14(0. The flanking
regions are degraded in the nuclddsosha is preserved in animals antbitms a large
compkx named microprocessor complexslia complex of Drosha and its cofactor, the
DiGeorge syndrome critical region gene 8 (DGCRS8)tgirothat processes primary
MIiRNA into precursormiRNA [141-143. Drosha is a protein of ~160 kDa, localized in
the nucleusind play a key role in the cropping of primamiRNA. It has two tandem
RNase Il domains (RIIIDs) and a double stranded RNA binding doesiRBD)in
the GTerminal portion During primary miRNA processing two tandemdomains
(RIlIDa & RIIDb) dimerize and form a processing centre in the interface betvirgen t
RIIIDs. RllIDa cleaves the 3trand and RIIIDb cleaves thesbtard of primarymiRNA
stem to producéwo nucleotide long overhargjaggeredend at 3'end[143-145. The
cropping position of the Drosha is approximately 11 nucleotitesy from the basal
junction (unction between the doub$tranded RNA rad singlestranded RNA) and 22
nucleotids away from the apical junctiounction between theterminal loopand
double stranded RNWA[146, 147]. The Nterminal portion of Drosha is required for
nuclear localization in cellgl48. DiGeorge syndrome critical region gene 8 (DGCRS)
is a ~90 kDa protein, founith the nucleolus and nucleoplasrave two dBRBDs[149,
150. The two dsRBDs identify primargniRNAs [144 whereas itarboxytterminal
portion interacts with Droshfl5(0. The amineterminal portion plays a role for the
localization in nucleu$150, while the central region facilitates dimerization and its
hene binding domain interacts with ferric ion that is requifedefficient processing of
primary miRNA [151-154]. Microprocessor complex is regulated viavesaal nuclear

factors such as Smad, P53 and ERBH. t hat
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Microprocesso complex also contains a dousiFanded RNA binding protein named
Pasha along with Drosha and cofactor DGCR8. Attenuatidheoéxpression dPasha

in Drosophila orC. elegansvas found to interfere with primary microRNA processing
resulting an increasef 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 cledudde

1.24.3Nuclear transport of miRNA

Following initial processing in the nucleus bye microprocessor coplex, preursor
mMIiRNAs are exportetb the cytoplasm to complete the maturation stepstarshowits
functional effect ontarget genes or mRNAhrough translational repression or the
degradation Usually, miRNAs are exported through nuclear pore complexes of the
nuclear membrane and the exportation is mediated by aGRBndependent nuclear
transport receptor, Exportih For translocation Exportid forms a complex by
combining with GTP binding nuclear protein RGTP and premiRNA. After
translocation, hydrolysis of GTP disassembles the transport congpieleasethe pre-
MiRNA into the cytsol [156-15§).

1.24.4Processing in gtoplasm

Immediately afterrelease into thecytoplasm from nucleus, precursamnRNAs are
processedagain by Dicer into ~22 nucleotidelong doublestrandedmiRNA duplex
(miRNA: miRNA) that have both the mature miRNA strafguide strand)and
complementary stranghassenger stranf)59-163. Dicer is an RNasBl endonuclease
of ~200 kDathat consists of an amirsterminal and acarboxyterminal regior similar
to Drosha a PAZ (PiwtArgonauteZwille) domain, a DUF283 domaianda dsRNA
binding domainThe Gterminal portion hasvo tandem RNase Il domains, foimg an
intramolecular dimer to construct a catalytic centre for the cleavage ohipeA
[145 . N-terminal portioncontains a ptative helicase domaimwhich recognizes pre
mMIiRNA by interacting with the terminal loop structur®64. PAZ domain of Dicer
recognizesthe twanucleotide longB'overhangof the premiRNA [165167. This
domain hadwo basic pockets that are arranged in such a way that one pocket can be
occupiedby the 5' end and the other byo®erhang of preniRNA. During premiRNA
processingDicer preferentially binds to 3verhang ofthe premiRNA by its PAZ
domainand the ctlytic domains of RNase II{RIlIDa & RIIIDb) cleaves the pre
MIRNA ~22 nucleotides away from the both terniit6g. Dicer has been found to be
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regulated upon estrogen stimulatioBhatNakshatri et al., showed that Dicer is
upregulatedupon estrogen stimulatiobut another study reportegpposite regulation

for estrogen in MCF7 cells suggesting that changes in the expression of Dicer may have
universal outcome on MiRNA biogenesis ropdifying the processing ratgl69 17Q.

Dicer is interacting with several proteins including Argonaute (AGO) family protein in
human, RDE4 in C elegansR2D2 in D Melanogasterequired for miRNA stability,
effector complex formatio and actiorf171-173. In human, a known Argonaute family

protein AGO2 was reported to act as slicer enzyme that chops target MRMA

1.24.5Formation of RNA induced slencing complex (RISC)

MicroRNA duplex (miRNA:miRNA) is incorporated into argonaute AGO) protein

to form an effector ribonucleoprotein complegalled RNA-induced silencing
complexes (RIST[134, 171]. To form a functional RISC, the two strands oRNA:
MIiRNA duplex are separated and one straisddiscardedby a process called strand
selection The discarded strandksown asd p a s s e n gaad theetaimredstradddn

RISC isknownags h e ¢ g u i Sb,ehe assemblyndilSCfollows two consecutive

steps: (# Loading ontoRISC, in which smalimiRNA duplexes ardoaded into Ago
proteins; and (bdissociation of the strands unwinding,wherethe two strandsf the
duplexare separated within the Ago prot¢itvy. Typically, AGO protein consists of

an amineterminal lobe that has-&rminal domain and PAZ domaincgerminal lobe

along with a middle domain (MID) and a PIWI domai.pocket at the interface
betweerMID and PIWI domain of the AG@s formed andhe 5'monophosphate of the
guide strand is tightly anchoreudth that pocket[176-178. After incorporation of the
miRNA duplex into AGO protein ahe RISC, the passenger strand is removed from the
complex to form a mature functional RISCOnwinding of the miRNA duplex is
facilitated by mismatches of the guide strand at nucleotide positi8reng12-15 with

AGO protein[179-181]. Matching atthe centre of the duplex with AGO2 protein can
cleave the passenger straftiB2185. Subsequently, leaved passenger strand is
degradedoy endonuclease C3P[@86, 187]. The selection othe guide strand and the
removal of the passenger strand depend on the relative thermodynamic stability of the
two ends of the miRNA duplekl88 189. Between the two strands one is typically
selected aghe guide strand that hasel|l ati vely wunstabl e bas
Moreover, he nucleotide sequence at positibis also a determinant of strandesgion

where AGO proteins select the strand as guide that bears U at position 1 of its
nucleotide sequeng&33 190-193.
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Figure 1.4: Biogenesis of miRNA; canonical pathwayMicroRNA biogenesis starts in the nucleus

where miRNA encoding genes are transcribed by RNA polymerase Il along with associated

transcription factors t@enerate hairpifike transcript known as primary miRNA. The primary
miRNA gets processed by a microprocessor complex consisting of Drosha and BaG@R@&rate
precursor miRNA which is then translocated into cytoplasm by Expbriim cytoplasm precursao
miRNA is further processedby Dicer into ~22 nucleotide long double stranded RNA duplex.
MicroRNA duplex is incorporated into RNiduced silencing complexes (RIénd one strand is
discarded by a process called strand selection. The other straralrisden RISC which is known

as

the guide strand. Depending on the
target sequence, miRNA mediates the regulation of the expression of genes either by repressing the

translation of the target mRN@r by the degradation of the transcript.

1.25Regulation of mRNA translation and stability by miRNA

degr ee

MicroRNAs serve asposttranscriptional regulater of the expression of gene.

Depending on the degree of homology betwtdenseed sequence-@ nudeotides at
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the 50 end of mi RNA) and RIRNAUMeiateothe t h e
regulation of the expression of genes either by inhibiting the translation of the target
MRNA or bythe degradation ahetranscript Apart from this canonical mechams a
nontcanonical mechanism has recently been adopted stating that miRNAs could
increase the translation of the target mRNA either by recruitagylatory protein
complexes at the Aldich 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 transldtios).

1.25.1MicroRNA mediatedrepressionof the target mMRNA

Three majomechanisms are reported to illustrate the miRNA mediated repression of
target mMRNA includingi) displacement of Poly A binding protein (PABP) through
GW182, ii) GW182 recru@d translational repressors, iii) dissociation of elF4A from
capbinding complex elF4AFMicroRNAs can mediate translational repression of the
target mMRNA by interacting with GW182 prote@W182 proteirplays a crucial role in
translational repression ohé target mRNA by intecsing with Gterminal MLLE
domain of PolyA binding protein (PABPjhrough its PAM2 motifUsually, elF4G and
PABP interacts to form a clodeop structure to facilitate translation. GW182 mediates
displacement of PABP from the pofytail of the target mRNAhat breaks the close
loop structure resulting inepressn of translational initiation. Additionally, miRNAs
impedeelF4GPABP interaction viadGW182 to inhibit initiation of protein synthesis
By interacting with CCRINOT compkxes, GW182 displaces PABP from the target
sequence of mMRNA196. Non polyadenylated targehRNA can betranslationally
repressed bsW182via interaction withCCR4NOT complex[197]. GW182canalso
recruits translational repressaramely DDX6,a known decapping activatohat can
represssprotein synthesis at iti@tion and/or elongation step of translat[@9§. 4E-T,

a elF4E binding protein assembles onto the GCRA complex through DDX6 limits
general protein syntlses through elF4#inding domaif199. Translational inhibition

of MRNA can also be carried out by miRNAs via displacement of elF4A, an ATP
dependent RNA helicase from the cap binding compleXdFlwhich leads to the
inhibition of the ribosome to bind with mRNA sequenfEsq.

1.2.5.2MicroRNA mediated degradation oftarget mMRNA

MicroRNAs (miRNAs) mediate destabilization of the target mRNA by recruiting

deademglases through GW182 protein-tdrminal Glycinetryptophan rpeat domain of
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GW182 protein interacts wittryptophan binding pockets in the PIWI domainAgo
protein to promote MiRNA mediated dgoaaf the target$200. GW182 protein acts as

a host and recruits other factors onto the target mRNAs including Poly A binding
protein (PABP) and two deadaylases complex CCRMOT and PAN2PAN3
complexeg200, 207

In animals, three stgpare usually eployed in miRNAmediated target mRNA
degradationAt first, deadenylation takes place whentRNA/RISC complexrecruits
CCR4NOT and PAN2PAN3 deadenylases complexes to the target mRNA via GW182
protein to indice shortening of poly A tailAnother factor, TUT4/7 promote
oligouridylation in the deadenylated mRNA itacreasegeneral mRNA decay196q.
GW182 also dissociates Poly A binding protein (PABP) from the Rt increases

the deadenylation process. Secondly, decapping of the target mRNA occurs by
adjoiningdecapping activatorsuch aDDX6 onto CCR4NOT complexes that promote
uncapping of M7G-cap in &sociation with decapping compl®CP2. Finally,5-3'
exonucleolytic activity of XRN1 takes place to degrade the target mRR#&. Hence
GW182 is a keylayerfor translational repression or degradation of targRNAs by
MiRNAs.

1.25.3MicroRNA (miRNA) mediated activationof target mMRNA

It is well-established that microRNAs dictate their functional outcome eiliyer
translational repression aond/mRNA cleavage depending on the partial base paaning
perfectbase pairingespectivelywith 3' UTR of the target gend4.17. In addition to
these function, microRNAs and their associated proteins (microR&Esgported to
stimulate the expression of target genes post transcriptiomablydirect or indirect
manner[202. Post transcriptional upegulation of a target gene is the consequence of
either activationof targets by direct action of miRNA/microRNPs or relief of
repression where the effect miRNA or microRNPrepressions abolished203. For
instance, myocardin expression is -tggulated by miRL45 during muscle
differentiation[204] and Kruppetlike factor 4 KLF4) mRNA is also p-regulated by
miR-206in proliferating epithelial cell§205.

1.2.6 Biogenesis of miRNA through norcanonical pathways
Non-canonical miRNA biogenesis pathwag an alternative pathway of miRNA
biosynthesis that bypassone or more steps of the canonical pathway. The miRNAs

generated through this pathway are therefore termed asamamical miRNAs that are
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structurally and functionally similar to canonical miRNSimilar to thecanonical
pathway, Diceris the key processing molecule for the synthesis of these miRNAs
however thetwo other importantmicroRNA processing molecule Drosha and DGCR8

have no contribution in thisiogenesis pathwgp0§g.

1.26.1 The mirtron pathway: The first weltknown noncanonical miRNA
biogenesis pathway ike Mirtron pathway This pathway bypasses the microprocessor
(Drosha and DGCRS8) peessing for the synthesis of precursoiRNA from the
primary transcript as the hairplike introns are surrounded by exons at both ends. In
the nucleus, instead of microprocessor processing,intron gets spliced bya
spliceosome andariat-disbranchig enzymesto synthesize hairpin like precursor
mMiRNA that merges witlthe canonical pathway where precursoRNA is trangorted

to the cytoplasm by Exportid for the subsequent processing by Dicer to generate
mature MiIRNA[207]. Two MammalianMirtrons such as miRB77, miR1224 have
been shown to bmdependent foDGCR8 or Drosha but splicing dependént their
processing208 209.

1.2.6.2 Small nucleolar RNA (SnoRNA) derived miRNA pathway Small
nucleolar RNAs are a group of nonaogl RNAs localized in the nucleolus of the cell
required for modification and maturation of ribosomal RNA. Since, SnoRNAs have
hairpin like structuretherefore they wereonsidered to function as miRNA precursor
[210. SnoRNAs are ingpendent of Drosha/DG@Rprocessing but dependeant Dicer

for the synthesis of miRNAs. The miRNAs derived from these small nucleolar RNAs
(SnoRNAs) take part in the translational repression of the taf@els For example,
miR-2 isaDicer processed miRNA derived frasnoRNAGIsR17that targets 8 TR of

variantspecific surface protein/SP) transcriptdn Gairdia lamblia[211]].

1.26.3 Endogenous short hairpin RNA derived miRNA pathway. In the
canonical pathway, regions flanking the hairpin like-mi&NA are highly conserved

for the binding of microprocessor compléxough DGCR8[146. But, the flaking
regions of the ShRNA ded premiRNAs do not possesmsy microprocessor binding
sequence. So, the processing of sShRNA mediated miRNA biogenesis is independent of
DGCRS8 processing. The precursor struetwf shRNA daeved miRNA seems to
undergoan unknown processing step that makes the precursor suitable for Dicer

processing217. For example, mik820 is a sbrt hairpin RNA derived miRNA which
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is not dependent on DGCRS8 but dependent on Dicer for its processing to generate
mature miRNA[217.

1.26.4tRNA derived miRNA pathway: Transfer RNA (tRNA) derived small RNAs
arealsoconsidered as miRNAShese miRNAsre generated as a-pyoduct of tRNA
maturation pathwaylransfer RNA (RNA) processing enzymeéRNAse 2 canrelease
approximately 183 nucleotide longpremiRNA during tRNA maturation The
generated preniRNAs are then processed by Dicer into mature miRNA® an
example,pri-mIR-M1-7 get processed by tRNAse idstead of Drosha to generate
precursor miRNA[213. Therefore the processing of tRNAderived miRNA is

independent of Drosha processing.

1.26.5 Dicer-independent miRNA pathway Dicerindependent pathway is an
unexpected necanonical miRNA biogenesis pathway, where miRNA is generated via
a microprocessor dependent buic® independent pathwayn human, mice and
zebrafish miR-451 is aclassicexample of Diceindependent miRNA. In the nucleus,
pri-miR-451 is initially get processed by microprocessor (Drosha/DGCR8) complex to
generate appramately 18 nucleotides longg@cursomiRNA thatis too short foDicer
processing. This short precursoiRNA is either loaded onto AGOL1 or cleavied an
endoribonuclease at the&\d and then loaded onto AG@8 part of the formation of
RISC compleX214.

1.26.6 The simtron pathway. Some miRNAs including Mirtrons are generated
through Mirtron pathway where instead of microprocessor processing, intron gets
spliced bya spliceosome. Receiffindings depictthattwo Mirtrons such asniR-1225

and miR1228 were generated througbpliceosomeprocessing instead obrosha
processingThese miRNAs artermed as splicing independent mirtidce miRNAS or
simtrors. Biogenesis of simtrons are also @méndent of DGCRS8, Dicer, Exportiahd

AGO suggst that other protein having RBE& activity may have a role in their
maturation 20§ .

1.27 Regulation of miRNA biogenesis

Biogenesis of miRNAIis regulatedat multiple steps startingrém the synthesis of
hairpin like primary transcript to the translational repression and/or target mRNA
degradation In brief, regulation of mMIRNA biogenesis takes place at miRNA

transcription level, @ processing by Drosha in the nucleus, processingi¢sr in the
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cytoplasm, its alteration by editing of RNA, methylation, histone modification,
adenylation, loading of AGO protein and degradation of HN&§. In nuclear events
of the biogenesis pathwalgnown transcription factors such as p53, MYC, ZEB1, ZEB2
and MYOD1 (myoblast determination proteinrégulatemiRNA expression either ia
positive or negative manndl15. Epigenetic changes (methylation of DNA and
histone modificationplso contribute tdhe regulation of miRNA[216]. Regulation of
microprocessor complex is vital for the abundance ofM#RThe microprocessors a
complexof Drosha and DGCRS8 that worksgetherto generatgrecursormiRNA from
hairpin like structure primarmiRNA. An autoregulation takes place between Drosha
and DGCR8where Drosha destabilizes DGCR8 mRNA by cutting atagpn and
DGCRS8 stabilizes Drosha through protgirotein interactiong217]. Additionally,
different post translational modifications such as phosphorylation of Drosha by
gl ycogen synt has e[21§,ideaaetylation30d DGCRSS by Shistpne
deacetylase 1 (HDACIR19, phosphorylation oDGCRS8 by ERK[22( can regulate
the processing activity of microprocessshich in turn have an impact amiRNA
production.RNA binding proteins such as TDP4BAR DNA-binding protein 43), p68,
p72, KSRP (KHtype splicing regulatory protein) also control the processing ef pri
mMiRNAs [16§. Mutation of Exportinr5 inhibits the transport of pm@iRNA from the
nucleus tothe cytoplasm, reducinghe processing of mature miRNAs that ultimately
represses the inhibition of tasgmRNAs[221]. During cytoplasmic processin@icer
interacts with TRBP (TAR RN#Ainding protein) for the processing of preRNA to
produce double stranded miRNAduplex which is loaded onto AGO protein
(Argonaute) TRBP and AGO protein are pesanscriptionally modifiedthrough
miRNA tailing (tailing of miRNA endusing template switching oligos by yeast poly(A)
polymerase)by TUT4 (terminal uridyl transferase 4and TUT7 (terminal uridyl
transferase 7) RNA methylation by BCDIN3D, RNA editing by ADAR1, RNA
destabilization by MCPIPIMCP induced protein 1)phosphorylation of TRBP by
ERK, phosphorylation of AGO by EGFRepidermal growth factor receptognd
MAPKAPK2 (MAPK-activated protein kinase 2gsulting in the inhibition oDicer
mediatedprocessing, vital for the synthesis of mature miRN&8. RNA binding
protein KSRP (KHtype splicing regulatory protein) also participate in Dicexdiated
processing of several miRNAs by interacting with the terminal lofofargetmiRNA
precursof222. AGO proteinsareribosylatedby the addition of ADP ribose, inhiliite

repression of the targef223. In vitro andin vivo findings demonstrate that miRNA
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target gene (liMll) 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 specif2§]. MicroRNA tailing

by adenylationf226 or untemplated nucleotidyl addition at theeBd of RNA alters
premiRNA and mature miRNA§227]. RNA editingis a process of the conversion of
adenosine to inosine, catalysed by adenosine deamio@asests the primary miRNA

as a poor substrate for Drosf28§. Perfect complementarity between target mRNA
and Argonaute 1 bound miRNA in Drosophila triggers miRNA tailing ané' 3'
trimming of boundmiRNA [229.

1.2.8 MicroRNA target prediction

Prediction ofmiRNA targets and validatioare required to uncover miRN#egulated
signalling pathways in differémisease including cancer. Several algorithms have been
developed and used to predict the target genes of msRM@Ast of thepredictions are
based orcomplementarity betweeré seed sequence of miRNA andUdR of the
target MRNA[114]. One of tle major limitation of usinglgorithms is getting high
number of false positige[230. To overcome this limitation, some other factors are
included to get more accurate results from the algoritfifme.extent of seed matching
between miRNA and mRNA, the level of conservation across theespand the level

of thermodymamic stability between mRNMMIRNA duplex are the three included
factors to get more precise res[#31]. The following table is representing a list of
currently usedalgorithmfor identifying target§232. Among the available algorithms
PicTar, miRanda and TargetScan are widely used for the prediction of a miRNA target.
Unbiased genome level experimental methodsremeired to make a shortlist of the
algorithm based predicted targetom the list of downregulated and upregulated
targets Available computational algorithms faniRNA target prediction arésted in
theTable 1.1

Table 1.1: List of computational algprithms for miRNA target prediction

Algorithms Features Source

PicTar Seed match, conservation http://www.pictar.org/

miRanda Seed match, conservation and free energy http://www.microrna.org/microrna/home.do

TargetScan Seed match, conservation amelef energy http://www.targetscan.org/

DIANA microT | Seed match, conservation and free energy http://www.diana.cslab.ece.ntua.gr/microT/

RNAHybrid Thermodynamic stability and statistical model https://bibiserv.cebitec.utiielefeld.de/rnahybrid

HHMMIR Seal match, conservation https://omictools.com/hhmmiool

MiRFinder Seed match, conservation http://www.bioinformatics.org/mirfinder/

Promir Sequence composition, conservation @ https://bi.snu.ac.kr/Research/ProMiR/ProMiR.htn
thermodynamic stability

MiRRim Sequence composition, conservation and free energ] https://omictools.com/mirrirtool

RNAmicro Sequence composition, conservation g https://omictools.com/rnamictimol
thermodynamic stability

24



Chapter 1: Introduction

1.29 Biological role of miRNAs

The biological role of nRNASs is global as theyegulatea wide range of physiological

and pathological processdspending on the target genkBcroRNAs are differentially
expressed in different species and take part in the regulation of numerous physiological
and developmentadrocesse$233. Evidences suggesthat miRNAs play a crucial role

in different biological processes such as skeletal musoldgguation and differentiation

[234], haematopoietic lineage differentiatiof235, cardiogenesis[236, brain
morphogenesig237], spinal cord developmeri38g, neuronal developmeri239,
unfolded protein respons@24(, mitophagy [241], apoptosis[242 and so on
Increasing evidence of the laflgw years pointed thaniRNAs are associated in the
pathogenesis of wide range of disease including dialp24¥, cardiovascular disease
[244), virus-causing diseases[24Y, neurodegener ati ve di
Al z hei mer 2416 2147] and @asce[34y. In particular, aberrant expression of
mMiRNAs can leado the onset and progression of different camgeesincludingbreast
cancer[249, prostate cancef25(, colon cancef25]], lung cancer[252, gastric
cancel[253, liver cancef254.

1.2.10miRNA and cancer

mMiRNAs are now identifiedas master gene regula®that are involved in various
disease includingancey diabetes, neurodegenerative disorder, cardiac and respiratory
diseass [255. With the advancement of cancer reseamstiRNAs are considered as
key player having active role in the development of tumehere metastasis of the
cancer is categorized according to the expression of individual miRRAS 256 .
These small non coding RNAse found to play a vital role in the formation of cancer
by regulating the growth of cells and program cell d¢287]. MiRNAs arecategorized

as tumar suppressomiRNA or oncogenic miRNAbased on different eviderséhat

are utilized bymiRNAs in the process ofumouigenesis There is also evidence
suggestingthat repression oftumour or acceleration oftumour growth in animal
mockls, gain or loss ofunction,finding out the target molecules are related in different

pathways of cancgf5§|.

1.210.10ncogenic role of mMiIRNA
Oncogeit MiRNAs aresmall non coding RNA whose expressioiis amplified in
cancerand are terme& s 0 o n R%YmIn cander, oncogenic MIRNA encoding

regions of chromosome are amplified tmesults inup regulation of these miRNAs.
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Increased expression of oncogenic miRNA represses the expression of miRNA targeted
tumour suppressor geneteads to cell proliferation, invasion, angiogenesis and
compromised apoptosif260, 261]. miR-21 is an extensively studied wdéihown
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 prognesimetastasis and advanced clinical st4882 262-265.

Among the targets, m#21 has been shown torgat several genes associated with
tumaur growth and metgasis such as TPM1 (topomyosih PDCD4 (programmed

cell death 4), TIMP3 (TIMP metallopeptidase inhibitor 3), PTEN (phosphatase and
tensin homolog]266-269. Also, miR-17-92 isa knownoncogenic miRNA in human

lung cancer, lymphoma and increased expression of this cluster markedly accelerates

the formation of the lymphoid malignancies in transgenic miceehj@é0, 269.

1.210.2Tumour suppressive role of miRNA

Tumour suppressive miRNAs are also noncagitiny RNAs whose expressiolis
downregulatedn cancer This set of miRNAs aralsok n own as 6 ami cRossbu p r
Normaly the expression of theseiRNAs is inversely correlated with the progression
rate of cancef258. Usually, oncosupressoniRNAs targetkey oncogenes required for
growth, proliferation and invasion suggestegrucial role in theprevention oftumour
formation and progressiof27(0. These miRNAs are positioned in the regions of
chromosome known as fragile sites.clncer, changes in these regions by mutation or
omission of these regions result in the reduced expressidnnodur suppressive
MiRNAs [27]]. Reduced expressn oftumoursuppressive miRNAs ultimately leads to
tumourformation by increasing proliferation, invasiveness, angiogenesis and inhibition
of apoptosig261]. Let-7 is a good example diimour suppressive miRNA in breast
cancer and reduced expression of this miRNA is associated with poor prddrgkis
MicroRNAs generated from miR5a/161 family is a classic example oftumour
suppressor miRNAvhose expressiohas been found to be downregulated in B cell
chronic lymphocytic leukemia (CLL), melanoma, bladder cancelpn cancer and
some solid tumours. The miIRNA members of this family exerts their tumour suppressor

functions by targeting some key oncogenes namely cyclin D1, BCL2 and [2ZP[L

1.2.10.3Regulation of carcinogenesis by miRNAs

In cancer, miRNAgegulatea broad range of molecular pathways either bgetang

tumoursuppressive genes or oncogef&sd. Lossof miRNA function has significant
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effect on the regulation of target genddysregulationof miRNA contributes to
tumouigenesisin cancer, downregulation of tumogupressing microRNAs increase
the expression of oncogenic proteins while upregulatiomodgenic miRNAglecrease
the productionof tumour suppressive protein3.herefore both oncogenic andumour
suppressive miRNAs contribuggjuallyin the genesis otumour Loss of function due
to mutation intumour suppressive miRNA and genetic alternation the target
oncogenic mMRNA contributes tmouregenesis becaudke regulation of oncogenic
proteinsexpression has beerhanged due to mutatioBut the loss of functiorby
mutation in oncogenic MiIRNA and mutationstumour suppressive target geneutd
increase the translation ¢fimour suppressor proteindience reduces carcinogenesis
[273 (Figure 1.5.

Oncogenic Tumour-suppressing
miRNAs miRNAs

mom mom

Mutations Mutations
Loss of function Loss of function
Oncogenic miRNA Tumour-suppressing miRNA
i ; g
3 5e3 5 3 BLiiie oMy
i S 11 mx” 1K
— I AAA — I AAA
Tumour-suppressor MRNA Oncogene mRNA
miRNA resistance miRNA resistance
3 CHB' I
3rrm® 3mrm® 1
— < AAA — < AAA
Tumour-suppressor MRNA Oncogene mRNA
v v
Upregulation Downregulation
» More transcription « Lesstranscription
+ Gene amplification « Genomicdeletion
+ Hypomethylation « Hypermethylation
— I MA —— (OO ) «—— — I AMA
Tumour-supressor mMRNA @a Oncogene mRNA

Tumorigenesis

Figure 1.5 miRNA mediated regulation of cancer.Increase expression of oncogenic miRNAs
down regulate the expression of onquessor proteins, however reduced expression of tumour
suppressive miRNAs causes increased expression of oncoprotdiamadic is adopted from Kong,
Y.W., et al 2012[273. (Permission to reproduce thigure has been granted Hlsevier and
Copyright Clearance Center)
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1.2104 Mechanisns of the alternation of miRNA expression in cancer

In cancer, epigenetic changes, genetic alternatdmiects in miRNA biogenesis
pathwayand transcriptional repressi@me the four major mechanisms involved e t
altered expression of mMiRNA&327. Methylation of CpG island in the promoter region

of the miRNA encoded genes and histone acetylation are the two epigenetic changes
resulting in the aberranexpressionof the miRNA in cancer[102 274. Genetic
alternationdue to genomic amplification or deletion, mutations, loss mgenetic
changes and transcriptional activation could increase the expression of oncomiRs or
repress the expression of oncosupressidts. Defects in the biogenesis pathway of
mMiRNA (reduced expression of dicer, down regulation of Drosha, mutation irrtiExpo

5) results in the altered expression of miRNAs in carje82]. Different transcriptional
factorsalso play key role inaltered expression of miRNAs in feedback loop manner
[279. Tumourassociated transcription factors suat SMAD, p53 protein family,
ATM and Myc have proven role on the altered regulation of miRINA6-279. In
colon cancer, p53 interacts with Drosha of microprsaesomplex through DEA{DOX

RNA helicase p68vhich facilitates processing of primary microRNA into precursor
mMiRNA. Mutations in p53 interfere in the assembly of microprocessor complex via
Drosha and p68 resulting in attenuation of microRNA proceg&ng. Overexpression

of MYC oncogene is associated witimourgenesisby regulating gene expression
through multiple mechanisms. MYC through lR-92 supresses spific target genes
such as Sin3b, Hbpl, Suv420h1, Btgl, Bim to maintain a neoplasti¢2téte

1.211 miRNAsand breast cance

Dysregulated expression of miRNA & common feature irifferent cancer type
including breast canceAssociation of miRNAs in breast cancer was first elucidated by
lorio et alin 2005 wherdgheyidentified 29 miRNAsthatare differentially expressed in
normalbreast tissuand breastancer, among them mil25b, mir145, mir21 andmir-
155 were significantly dysregulated in breast cancer cordgaraormal breast tissue
[249. From recent studies it is identified that a panel of mMiIRNAER-9, miR-10b,
miR-21, miR27a, miR29a, miR96, miR146a, miR155, miR181, miR191, miR
196a, miR221/222, miR373, miR375, miR520c and mik589 are up regulated and
some aralownregulated namely miB0a, miR31, miR34a, miR125, miR126, miR
146a, miR146b, miR195, miR200, miR205, miR206, miR221 and lef/ in breast
cancel[280.
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Cancerinitiating cells or cancer stem cells are consideredramportant mediator for

the initiation and progression @imour. It has beerreportedthat propertiesof cancer
stem cells areegulatedby miRNAs[281]. For instance Let-7 acts a key regulator in
regulating the selfenewalactivity of cancer stem cellgy inhibiting RAS encoding
genes and ddifferentiation of breast cancer celly supressindiigh mobility group
AT-hook 2 (HMGA2) encoding genegl0(. 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
increasingcell migration by the release of cells from the parental epithelsldisite
[282 283. EMT is also associated with cancer cell progression, invasidmetastasis
[284). Studies suggest that miRNAs are associated in EMT. Gregaipbserved thia
members of miRR00 family are selectively downregulatedcellsthat had undergone
Epithelial to mesenchymal transition (EMT285. A miRNA family, miR-103407
attenuates Dicer mediated miRNA biosynthesis and increased expression of this family
is associateavith metastasis and poor outcome in human breast cpz&gr Many of

the miRNAs have been recoged as a modulator of metastasis characterized by a
multi-step process that is initiated by vascularization ofttimeour, loss of celicell
adhesion and gain of invasive propertiedl of which points to detachent and
mobilization [287]. Expression of miRLOb is associated with the promotion of
metastasis while some other miRNASiIR-126, miR-206 andmiR-335 are identified as

a suppressor of metastasis in breast caf@®8 289. In additionto breast cancer
initiation and metastasis, mMiRNAs are foutadbe a vital controller ofdrugmediated
resistance or sensitivity based on the response orresponse to different
chemotherapeutic compounf90, 291]. miR-345 and miR7 sensitizes MCF7 breast
cancer cells towards cisplatin by targeting MRP297. Oncogenic andumour
suppressive miRNAs also play a key role in breast cdikeeother cancers. Oncogenic
MiRNAs are overexpressed while the suppressive miRNAs are frequently
downregulatedplaying an active role in developingmportant hallmarks of cancer
including proliferation, migration, invasioandmetastasi$259. For instance, miR1
promotes celldeathby targetinga set of genes including Bcf293. miR-106b, an
oncomiRinitiates invasionand metastasis ofumour by targeting BRMS1 and RB in
breast cancdi294]. On the contrary, miR30a is a tumour suppressive miRmathas

been shown to inhibit cell proliferation, invasion and migration in human breast cancer
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by targeting 3'UTR of RAB5A295. Also, miR-4728 an important ErldB intronic
mMiRNA identified as a novetumour suppressorthat decreases the growth and
metastasis of breast cancer cells by acting as an antagonist of 288K Moreover,
differential expression of the miRNA®& also correlated with stageof a tumour,
expression of endocrine receptors (estrogeogesterone), proliferaticand invasionn
breast cancqd49.

1.212 Breast cancer hallmarks and microRN/As

In 2000, Weinbergt al, proposed six major hallmarks of cancer in a review published
in Cell to characterize cancer and its carcinogenesis. The proposed halarei)ks
Sustaining proliferative signalling; ii) evading growth suppressors; iii) resisting cell
death; iv) enabling replicative immortality; v) inducing angiogenesis and vi) activating
invasion and metastasj297. In 2011, two immerging hallmarks were included i)
reprogramming of energy metabolism and ii) evading immune destruction with
previously reported six hallmark298. A recent review published in Journal of Cancer
by Xiaofeng Dai reported some dominant breast cancer hallmarks based on identified
biomarkers and associated subtyfied 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) dereguiag cellular energeticf299. MicroRNAs playa
diverse and pivotal role in thellmarks of breast cancg300. Oncogenic miRNAs are
highly expressed in cancer cells that promote cell proliferation aneapmypitosis
activities whiletumour suppressive miRNAs are usually downregulated that decrease
cell proliferation and induce apoptosis in cancer ¢@. A schematic representation

in Figure 1.6 presents dist of miRNAs that are identified to play a rola regulating

major hallmarks of breasancer.
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Figure 1.6. Schematic representation ofmiRNAs involved in the major hallmarks of breast
cancer. TumoursuppressomiRNAs are labelled by green colour whereas oncogenic miRNAs are
presented in red colouHl@stration is adoptedfrom P.J. Kaboliet al. 2015)[30]]. (Permisfon to
reproduce thigigure has been granted IBlsevier and Copyright Clearance Center)

1.3Unfolded Protein Response (UPR)

1.3.1 Endoplasmic reticulum (EnR) and EnR stress

The endoplasmic reticulum (fR) is a multifunctionglspecialized organelle of eéhcell

that regulates homeostasis s#cretoryproteins by monitoring the biogenesis, proper
folding, assemblyand trafficking of proteinsto the proper target sites througjine
secretory pathwalB802. Proper proteiffiolding is crucial forcell survival and function
Different physiological or pathological processes including increased protein synthesis,
deficient autophagy, energy deprivati@mompiomised ubiquitination and proteosomal
degradation alterednutritional status, lowcalcium level, hypoxia and inflammatory
changegancause ER stress. Cellular stresses that impair proper folding of proteins can
lead toan imbalance between transitd resident protesnin the ER andts ability to
process proteifoad[240, 303.

1.3.2 Unfolded Protein Response (UPR) pathway

Upon ER stresshecell initiates a series of complementaagaptiveintracellular signal
transduction pathways to cope withe altered conditioncharacterizedas unfolded
protein response (UPR30Z. Activation ofthe UPR attempts to restore homeostésis

activatinga set of signalling pathways required tbie expansion oEnR luminalspace
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to accommodatexcess prein load,attenuating global protein synthesisdecrease
protein loadand regulatingthe expression of genes required for the synthesisnBf E
chapeross to enhance the protein folding capaciand endoplasmic reticulum
associated degradation (ERAD) mioteins When cells undergo irreversible ER stress
or chronic EBIR stresgersistor cells cannomitigate ER stress arftbmeostasisannot

be restoregdthis adaptive mechanism swiggio UPR-mediatedapoptosig304.

In mammalian cellsthree different molecular sensopsesent in EnR memhmna such
asprotein kinase RNAike ER kinase (PERK), activated transcription factor 6 (ATF6)
andinositolrequiring enzyme 1 (IREXespondo the accumulation of unfolded protein
in the DR lumen[3027 (Figure 1.7) During unstressed condition, these sensors are
bound to the luminal ER chapemmoleculeBiP (GRP78) and remain inactive. Upon
EnR stress, binding of unfolded proteins to the lumih@nain ofBiP resulting in the
dissociation of BiPfrom these sensors leading to their activatibhese molecular
sensorsultimately transducesignals tothe cytosol and nucleuso restorecellular
homeostas by enhancingrotein folding capacity throdmgdifferent signalling cascade
[304, 305.

1.3.2.1Inositol-requiring enzyme 1 (IRE1)

Mammalspossessesvo IRE1 paraloguess uch as | RE1306. aRH1 U RE
possas both endoribonucleaaead kinase activity. During the conditions afFEdress,

| RE1U oligomeri zes a nleading & cammuoensatiopahchangeh o r y
which activates the cytosolic RNa@e domain to function as an unconventional

endoribonucleasf807)].
X-box binding protein 1 (XBP1):

Activated | RE1U cleotide invoa sequance2frdomRblA sequence
encodingthe transcription factor Xox binding proteirl (XBP1), whichis then ligated

by RctB ligase enzyme in mammgB08. 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 factortermed spliced XBP1XBP1-S) [304. Active XBP1-S
translocates to the nucleus to transactivate a subset of downstream target genes,
involved in the synthesis of ER chapeesnwhich aid proper proteinfolding,
endoplasmic reticulum associated degradation (ERAD), prir@nsport tothe lumen

ard protein secretiofi309, 31(. XBP1-S expandghe EnR membrane to accommodate
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excess BR protein loadby modulating phospholipid bsynthesis during BR stress

[317.

In addition to the splicing isalso repdtedlio RN,
degradea subset of selected MRNAs that are associated wihnkEembrane through a
process termed regulated IRE1 dependent decay (RIBI). IREIJU has been s
to retain RIDD activity because mammali&iDD 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 recognitiodosteraf

the XBP1 mRNA[313. Mor eover , | RE1 UthesUPRosomg sa t hr o
signalling platform comprising adaptor priote and regulators that contrdbwnstream

effector responsef304, 314). | RE 1 @ aldarnm strass pathways including those
drivenby nuclear factee B (e NBRapoptosis signalegulating kinase 1 (ASK1) and

JUN N terminal kinase (JNKBy interacting with adaptor proteiumournecrosis factor

(TNF) receptorassociated facte2 (TRAFR-2) [315. Recently it was shown that miRNA

regul ated expressi on odnctidn BESL Sustained RNase s |
activity of | RE1U results in raplv,dniRdegr a
34a, miR93 and miR125b [317. | RE1Db di r ect | yfoldedngrodemsaact s
instead of association with Bif31§. Duri ng ER stress, | RE1

synthesis by cleaving 28SrRN80§.4 ¢ 8 C i s an | RE1 inhibito
activityofIRELU by binding to | RE1 active site |
both IRE1 mediated degradation of mRNA and splicing of XBB05 319.
STF083010 is a potent I RE1U inhibitor th;
kinase act[305.ty of | RE1U

1.32.2Protein kinase RNA-like ER kinase (PERK)

PERK is a type | BR transmembrane protein with kinase activity follows the same
pattern of activati on a $srandalRdpHosphobylatiordands s o ¢
oligomerization upon BR stress and becomes activaj8@0, 321]. Activated PERK
phosphoryl ates eukaryotic transl ation
phosphorylation of Ser 51. Bbs phor yl ati on of - @ puarind i nr
nucl eotide exchange factor t hat transf or
restore translation, leads to the attenuation of translation resulting inhibition of global
protein synthesif322. This inhibitory effect of protein synthesis minimizesREstress

by reducing protein load ithe lumen[323. I n parall el phospt
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increases the translation of selee MRNAs tha encodefor activating transcription
factor 4 (ATF4) having a short open reading frame in thtBanslated region$824.

The transcription factor ATF4 subsemtly translocates to the nucleus and regulates the
expression of genes encoded for proteins vital for redox homeostasis, metabolism of
amino acid as well as molecular chaperones and foldases required for proper protein
folding [325 326. ATF4 also upregulates the expression of gapoptotic transcription

factor C/EBP homologous protein (CH). CHOP dowsregulates the expression of
antrapoptotic protein BCi2 andinduces BH3only protein expressiowhich regulates

the activation of BAK or BAX to promote apoptosig327]. ATF4 also induces the
expression of growth erst and DNA damage inducible 34 (GADD3which in turn
dephosphoryl ate el F2U through a feedbacetk
phosphatase 1C (PP1Ggstoringtranslation[328. GADD34 may also induces the
generation ofreactive oxygen species (ROS), whicombines with altered calcium
homeostasis due to the activation tbe IP3 receptorto trigger apoptosis[304].
Activation of PERK also phosphorylatéé--E2-related factor 2 NRF2) to become
activated which then enters into the nusleto regulate the expression of cellular

transcripts that relieves the outcome of stirdsiced RO$329.

1.3.2.3Activated transcription factor 6 (ATF6)

ATF6 is one of the key componendf UPR pathway and mammals possesses two
isoforms of ATF6 such a& TF 6  UATR6m ATF6U is an EnR transmembrane
proteinthat possesses bZIP transcription factor domain in its cytosolic region. Upon
activation ofunfolded protein respongeathway due to ER stress condition, ATF6
packaged into transport vesisland translocates tthe Golgi apparatus for further
processing330. In the Golgi apparatus ATF6U gets processed by site 1 proteases
(S1P) and site 2 proteases (SZP)P removethe luminal domain and S2P cleavite
transmembrane domain to release an actiterMinal cytosolicATF6 fragment ATF6

(N). This ativated ATF6 (N) acts a transcriptional activator that subsequently enters
into the nucleus to upregulate the expression of genes associatethevHRAD
pathway and protein folding[331, 332. Similar to ATF6 U, ATF6b regu
expression of ER stress response genes such as @rR®&8required foenhanced cell
viability [333.
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Figure 1.7: Unfolded Protein Response Pathway (UPRM mammals, three EnR transmembrane
proteins IRE1, ATF6 and PERK, respond to the accumulation of unfolded proteins in the EnR
lumen. During EnR stressyminal chaperon®iP dissociates from these sers leading to their
activation. When EnR stress occurs, IRE1 oligomerizes and becomes auto phosphorylated, which
activates its function as an unconventional endoribonuclease to exciseaiel&gide intron from

the XBP1 mRNA, to generate active tranguion factorspliced XBP1 thatranslocates o the

nucleus to regulate gene expressiequired for the synthesis of molecular chaperones, ERAD, lipid

bi osynt hesi s. |l RE1U also activates its RIDD ac
activaes JNKTASK1 pathway by binding TNF repeor associated factor & promote UPR
induced apoptosis. Activated PERK phosphoryl at
decrease the EnR load. However, ATF4 is preferentially translated tingophoghorylation of

e | F 2 U regulates ttheexpression ofgenes involved in redox homeostasis and amino acid
metabolism. ATF4upregulates the expression of a proapoptotic factor CHOP. During EnR stress,
ATF6 translocates from the EnR to the Golgi, whereprigcessed by the sieand site2 proteases

(S1P and S2P)o release cytosolid¢ranscriptional regulatory domain into theytoplasm that
translocates to the nucletsregulates the expression of genes with EnR stress response elements
(ERSE) in their ppmoters.
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1.3.3UPR regulated cell fate decisions

The UPR pimarily works as a prosurvival response sustain cell life through
activation of UPR signal transduction pathwaysHowever, in the event of
sustainefprolonged ER stressonditions,cells cannommitigate ER stress throughPR
signalling pathway and this adaptive mechanism switches to Wiiliated apoptosis
[304, 334. Therefore UPR pathway carbe either adaptive or apoptotaepending on
the extent of ER stresBoth prosurvival and preapoptotic factors are transduced in
parallelto switch between survival and death decislanngER stress

In the case of praurvival, cells undergoing ER stress face distinct UPR related
responses in course ofte. Initially, after UPR activation, prosurvival signalling
predominatesAt first, global protein synthesis is attenuated by hiting translation
through PERKdependent phosphorylation ofFel , MRNA decaythes ac
IRE1 dependenRIDD pathway and autophagy is activatéusioughthe | R E-INK
pathway[312 335 33€. In the second phase of cellular response, UPR associated
transcription factors such asBP1-S, ATF4 and ATF6 govern the expression of
different target genes required fadaptationto stress.Upon splicing of the XBP1

MRNA via endoribonuclease activity of I
factorspliced XBP1 XBP1-S) translocates to the nucleus to regulate the expression of
genes for proper folding of the misfolded/unfolded proteins and endoplasmicueticul
associated degradation (ERAD310. The pocessed ytosolic fragment of ATF6

regulats the expression of the genemcoding the components &RAD for the
degmadation ofunfolded proteing337]. PERK dp e nden't phosphoryl a
selectively translateATF4, translocates to the nucleus that regsldie expression of

genes related to protein folding, redox balance and amino acid meta[2#i3r83§.

For prolonged ER stressr whenthe cell cannot endure or mitigatenR stressJPR
results inprogrammedtell deathDifferent experimental studies supptratthe PERK-

e | FARTB4 axis is the key pathwadetermining a switch of cell fate from survival
apoptosis during UPR339. The PERK-e | FATB4 axis regulates thexpression of
the key proapoptotic playelCHOP to promote apoptosiduring sustained ER stress.
Prolonged PERK signalling also upgulates GADD34 expression and growth arrest.
Up regulation of GADD34esults inthe generation of ROS (reactive oxygen $g&c
[304]. ROS in addition toalteredcalcium homeostasis due to the activationnafsitol

1,4,5 triphosphate receptdP{R), also contributes to the opening of the mitochondrial
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permeability transition pore (PTP) that eventually leads to apog®@G&. In addition

to CHOP, ATF4 directs transcriptional up regulation of BH3 onlytgin during ER
stresg304. During sevee ER stress conditisnactivation othel RE1 U pat hway
to cell death by ASK1 (apoptosis signalling kinase 1) through the interaction with
TRAF2 (tumour necrosis factor receptor associated factof3. Act i vat ed | F
also sensitizes cell®r apoptosidhy the degradation of mMRNAs encoding chaperones

such as BiP through RID[B41]. Therfore, IREXXBP1 signalling pathwayacts as

both preapmtotic and presurvival pathway.The PERK-ATF4-CHOP armseens to

work as preapoptotic signalling pathway whereas ATF6 signalling pathway serves as
pro-survival macmery during UPR conditions.

1.3.5MicroRNA mediated cell fate decisiongluring UPR

MicroRNAs (miRNASs) play a crucial context dependenble in the control of cell
death or cell survival decisiof8342. MicroRNA mediatedJPR regulatio is the most
recent addition tahe study of BR stressnduced UPR activationUPR associated
mMiRNAs are categorized as pemlaptiveand preapoptotic WRNAs based on their
expression andpecific target§316. The preadaptive miRNAdower EnR load and
increase protein folding capacity, enhancthg extent of cell survivalWwhereas pro
apoptotic miRNAs contribute to the progression of UPR mediated apop8sds
Studies reveal that miRNAsan either regulate the arms of UPR directly can be
modulated by BR stess and play a role in the decision of cell fate. Regulation of
miRNAs during UPR signallingis importantin strikinga balance between survival and
cell death decisions duringnR stresg[344]. Yanget al, reported that overexpression
of miR-122 downregulated iR stress markers GRP78epl F2 U -l &RrEdL Up dur i |
UPR conditions in hepatocellular carcinorf349. Induction of miR23a27a24-2
cluster enhances the activatioof PERK signalling arm leading to the enhanced
expression oflownstream targetsCHOP and ATF4suggeshg a rolefor ER stress
mediated apoptosis in HEK293T cel®16. PERK a key UPR stress sendms been
shown to regulate the expression ofRINAs during ER stress. Fanstance, the
expression of miKB0Oc2* has been reported to be induced by PERK duER stress,
that down regulatethe expression of pradaptive factorXBP1 during UPReading to
consequentell death[347]. Gupta and colleagues demonstrated that the expression of
themiR-106b-25 cluster is represddby PERKandleads to apoptosis by increasing the

expression of a key apoptotic factBim during ER stress conditiei34§. During the
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initial stages of UPR, BP1 enhances the expression of i3#®6 to reduce protein load

in the ER [349. Regulation of mIRNA expression is also observed for ATF6 during
UPR. ATF6 davn regulates the expression mdR5 which boosts ER resident Ca2+
binding protein calrectulin to increase protein folding capacity by restoring calcium
homeostasi§35(. MiR-211 is a PERK regulated miRNA that directly targets CHOP to
attenuate its expression and inhibits apoptf&s4, 352. CHOP controls the induction

of miR-708 that targets rhodopsin and neuron§882 353. Induced expression of
miR-708 attenuates the synthesis of rhodopsin, which in turn inhibits the accumulation
of misfolded rhodopsin in EnR lumdi852. MiR-708 has also been identified as a
regulator of metastasis by targeting neuroni&i].

1.3.6Impact of UPR on human disease

Pathophysiological ER stressediated UPR signalling is associated with a diverse
range of human diseases including neurodegenerative diseases, inflammatory diseases,
metabolic disorders, cancers, diabetegrlidysfunction and heart ischenjz05 355.
Endglasmic reticulum dysfunctiortontributesto the pathogems i s of Par ki
disease by mediating neurodegenerafi®dg. ATF6 deficiencyi nduces Par ki
disease by imeasing the susceptibility of dopaminergic neurons to neurotoximas

mouse mode]357]. In amyotrophic lateral sclerosis (AL&)ouse modelactivation of

PERK sgnalling promotes survival wheredgletion ofXBP1 delays diseasensetby
increasing autophagy358 359. During innate immune responséhe UPR also
becomesactivated. In macrophages, TLRependent spliced XBP1 is required for the
maximal production of proinflammatory cytokines such as61[36(. On the other

hand, TLR signallingnhibits the activation of ATF6 and PERK as well as signalling of
downstream targets CHOP and AT[RB$61]. Studies on metabolic syndrome reveal that

ER stress can increase different stress signalling and inflammatory pathways to
intensify metabolic disorders such as obesity, insulin teewie, fatty liver and
dyslipidaemia[362. XBP1 regulates fatty acid biosynthesis by inducing the expression

of stearoylCoA desaturase 1363. ATF6U inhibits hepatic
competing with cyclic AMP-responsive element binding protein 3 Hietein 3
(CREB3L3; also known as CREBIH}64]. The IRE1-XBP1 axis is requiretb increase

the expression ahek ey adi p o ge ni [865fPaacntcorrecald IncgdsdU
proinsulinbiosynthesis upon glucose stitation[366.Ph os phor y| aplayson of

an important role in proinsulibiosynthesisand folding to maintain homeostasis of
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pancreaticb-cells [367]. Ectopic expression oKBP1-S, has been shown to impair
secretion of glucosstimulated insulin and accelerabecell apoptsis [36§. Activated

| R E hab beemeported to degraderoinsulinmRNAs to attenuate insulin production

[369.

1.3.7Impact of UPR oncancer

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
microenvionment[309. IRE1, the conserved core branch tok UPR, accelerate
proliferation of prostate cancer cells by regulating the expression of cyclin A1 through
spliced XBP1[371]. Increased spliced XBP1 expressiorolsserved in various solid
tumourtypes andassociated withpoor 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 glioj8@4. Knockdown of the IRE1l
downstream target protein XBP1 has been reported to inhibit cell proliferation and
angiogenesis in human pancreatic adenocarcin@ng. Overexpression of XBP1in
breast cancer cells supresspoptosisby increasing the expression of BQLwhile
treating with antistrogen[37¢. An1 RE1U endori bonucl $TeEse sy
083010shows antneoplastic effect in a multiple myeloma xenograft mouse model,

suggesting it as a therapeutic targt7].

In vivo study of KRastransformed PERK knoekut MEFs derivedtumour mouse
model demonstrated thaumour size was smaller and shows less angiogenesis
compared to integrated stress response derivetbus [378. MYC activatesthe
PERK-ATF4 axis ofthe UPR leading to increased cell survival via the induction of
cytoprotective autophad879. 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 anevivo microenvironmen{380. BiP, a key
regulatory component of iR proteini folding machinery was found to regulate cell
survival, tumour progression, metastasis and resistance to chemothg3afly UPR
alsoplays a role in blockingumouegenesis at premalignant stage of cafi8®@?. Loss

of XBP1 has been observed to inhibit proliferation and angioge[8&% Upon EnR
stress, activation of | eRuBtésUhe pxipressighlardgi-r y | a t
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apoptotic molecule BC2 which leads to UPR mediated apopto€83. In vitro
and/orin vivo studies suggest thattivation of PERK through phaacological inducer
accelerates growtharrest to inhibittumour growth, suggesting aumour suppressive
effect for PERK384].

1.3.7UPR as analternative therapeuticsoption

Depending on the context, activation of UPR signalling is eitheilapoptotic or pre
survival. Thus, modulation of the sensory components or effector transcription factors
associated with UPR signalling to promote apogtasicancer 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: Structureguided
optimization screening identified a small decule known asGSK2606414 that
attenuatesphosphorylation of PERK bynhibiting the kinase domairof PERK.
GSK2606414elicits a reduction of solitumourgrowth in humartumour xenograft in

mice [385. Another PERK kinase inhibitor, GSK265613¥as beenreported to
attenuatetumour growth in mouse xenograft model. It inhibits PERK activity by
attenuating stressduced autophosphorylation. It was observed that save
physiological mechanisms including altered amino acid metabolism, decreased blood
vessel density and vascular perfusion correlated with theiauatiireffect of this PERK
inhibitor [386. Knockdown of PERK, ATF4 and LAMP3 increases the sensitivity of
breast cancer cells towards radiotherg®87]. Inhibition of PFERK-e | FATB4
signalling pathway significantly compromises metastatic dissemination of eptoelial
mesenchymal transition (EMTQf cancer cells suggest that PERK is required for
malignant phenotype of EMT cancer c€l&88. Moreover, EMT has been found to
significantly associate with  PERK in cells that have undergone epithelial
mesenchymal transition (EMT888. A very recenly published paper reveals that
PERK is responsible for the resistance to EnR stress and chemotherapy mediated cell
death via PERKNRf2-MRP1 axig[389.

1.372Compounds targeting | R R lvatietysof gmala | | i r
molecule inhibitorshavebeen reported to attenudte activatonof RE1 U. Among
identified inhibitors 4 ¢ &indslysine 907 residue in the catalywore of the RNase
domain, forminga stable imine that inactivates XBP1 splicing and RExivity [319.

Another | R E 1-&thoxiySpitibroniosalicylajdehyBereversiby inhibited
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cleavageof XBP1 mRNA and RIDD activityf390. STR083 010 i s a pot
inhibitor that inhibits endonuclease activity of IRE1, without having any effect on
kinase ativity upon ER stresdn xenograft model of human multiple myeloma, STF
083010 exhibited remarkable aotnour activity [377. MKC-3946 was shown to

inhibit the splicing of XBP1 mRNA andttenuatein vivo tumour formation in a
xenograft model of mujple myeloma[39]]. It also showed a synergistic effect in
combindion with the proteasome inhibitor bortezonji®©1]. Toyocamycin, a potent

| RE1U inhibitor, has been shown to spec
without affecting its phosphorylatiom vitro [392. Type 1 ATP competitive broad

kinase inhibitors, including sunitinib and staurosporin, interact with the hinge region of

the ATRbi ndi ng pocket t hat stabilizes t he
modul ator s have been shown t v inhibiting ¢ k t
aut ophosphor ylinaitd amch XBRIf spli¢ingEVivo [393. An | RE1 U
derived peptide from its kinase domain was observed to stimulate elig@tion of

| RE1 U, i ncreasi ng t h[894.sThid peptide bibited fER 3{r8&P 1 m
mediated JNK activation and RIDD (regulated RNA dependkstay) activity of

| RE [394. XBP1 is overexpressed in estrogeseptor positive breast cancer cells
making them more resistant towards agirogencompounds and inhibiting cell cycle
arrest[376. Doxorubicin, a knowrchemotherapeutic compound walsoidentified as

an inhibitor of | R E B/ AtRliRel derivativess, 6BDMADI ng U
was identi fied a s thatRifhibitd /bitB RNse activityiabnd t o r
ol i gomer i z a[B9F0Both of the ihhPibrs (Doxorubicin and B:DMAD)

were observed to be sensitive BR+ breast cancer cells and triple negative breast
cancer cell lins. The extent of sensitivity towards both of the compounds was found to

be more in triple negative breast cancer compare to ER+ breast canci8a#I/ISTF

083010 restores sensitivity towards tamoxifen in endocrine (tamoxifenjargsseast

cancer cells and emeatment of tamoxifen and STB3010 in xenograft mousemour

model significantly attenuates breast carpregressiof39§).

1.3.7.3Compounds targeting ATF6 signalling pathway:ATF6 plays acrucial role

in thesurvivalof cellsupon ER strese TF6 U was found to be ess
of dormanttumour cells [380. Moreover,in different cancer modelsactivation of

ATF6 promotescancer cellsuvival [399. Nucleobindin 1lis a novel ATF6 repressor

that supresses SdRediated ATF6 cleavagevithout affecting the trasport of ATF6

from the ER tothe Golgi apparatu$40(). Ceapins, is aewly identified ATF6 inhibitor,
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specifically inhibitingATF6 signallingwithout affectingother signalling pathwayof
UPR in response to ER strd899.

1.3.7.4 Modulation of chaperone activity and use of chemical chaperones
Different experimental approaches suggest tleatn-regulation or cleavage of BiP at

the transcriptional or post translational level have potential anticancer efi#@ls

407). Heat shock protein 90 (HSP90) is abundantly expressed in most cafhSe30
inhibitors such a& 7-AAG and radicicol bind to the fterminal ATP binding domain of

the targefeadingto cell deatqH403. Protein disulfide isomerase (PDI) family proteins
are associated with pathological and physiological proce$d@k1 inhibitors show
anticancer activity in xenograft model of malignant glioma and melarjidGva 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 cellf406. Chemical chaperones are low molecular weight chemical
compounds that improvéeR homeostasis by attenuating protein misfolding and
subsequently reducing ER stress. The reatgnsively studied chemical giexones are
4-phenylbutyrate FBA) and taurineconjugated ursodeoxycholiacid (TUDCA).
Treatment with 4°BA and TUDCA decreased ER stress and improved insulin
sensitivity and glucose homeostasis in a xenograft mouse moole¢sity and diabetes
[407). These chemical chaperones also reduced leptin resistance in a mouse model of
obesity[408. Administration of 4PBA improves glucose tolerance in insulin resistant
patients[409 and TUDCA restores indin sensitivity in obese patienfg¢1(. Thus,
identifying and targeting specific components of the UPR pathway may add additional

therapeutic benefit in the caxt of different disease conditian

1.3.7.5Lab based studies that modulate signalling pathways of UPRGene
therapy using recombinant viruses is a relatively new tool to introduce active
components of the UPR in different organs to effectively redtiRestress levels.
Clinical trials have demonstrated that ad@ssociated viruses (AAVS) are a good
choice to deliver therapeutic genes. In a rat model of retinitis pigmentosa, it was
observed that AAvmediated subretinal delivery of GRP78 reduced ER sti@gels

and restored visual functig@l1]]. Introduction of an expression vector using adeno
associated viruses for ectopic expression of the ER foldase1PiDté heart acted as
survival factor in cardiomyocyte ischem[@12. Adenovirusmediated delivery of
XBP1-Sin the liver maintains glucose homeostasis in a diabetes mouse [#bgeln
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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 clustes and NCOA3

1.4.1 Nuclear Receptor Coactivator 3 (NCOA3)

Nuclear receptor coactivators (NCOAs) are members of p160 family of coactjvators
were the firstgene familyto be identified and classified as coactivators rfaclear
receptors IRs). The NCOA family consists of three homologous members: NCOAl
(also known as SRQ), NCOA2 (also known as SRZ GRIP1and TIF2) and
NCOA3. NCOAS3 is also named®dRC-3 (steroid receptor coactivat8), AIB1l
(amplified in breast cancer 1),CAR (activator of thyroid and retinoic acid receptor),
pCIP (p300/CBP cintegrator associated protein), RAQ3AR-associated coactivator

3) and TRAML1 (thyroid receptor activator molecule 1414. In humais, NCOA1,
NCOA2 and NCOA3 genes are positionad2p23, 8g21.1 and 20g12 chromosomal
regions respectiveljd15. Structurally, NCOAs comprise three domains; ateNninal
region, which contains a conserved basic Helix Loop Heéx Arnt Sims (bHLHPAS)
domain, a central region containing a NR interactiomain (NID)andthe Gterminal
region consisting of two activation domains (ADs), AD1 and AB26. Members of

the NCOA family can enhance transcriptional adivof NRs by acting as a bridging
molecule, assisting proteprotein interactions between NRs and multiple other co
regulatory factorsthereby facilitating the assembly of the transcriptome complex at the
target gene promotddl7, 418. Transcription of genes is a precise and regulated
process in which binding of a higiffinity ligand to the respective NR indeg a
conformational change that is required for its association with specific DNA sequences
in the promoter region of a target ggd@d.§. This is followed by the reaitment of
coactivator proteins that mediate chromatin remodelling and facilitate the transcription
of the nuclear receptor target g¢Aé 7|

By modulating gene expression, NCOA3 regulates diverse physiological functions such
as normal growth, puberty, development of mammary glapbper functioning of

female reproductive orgamnd has been implicated in the development of breast cancer
[414 419. According to Aoncogene adudcauristdi ono
multistep process where oncogenes beeome activated andtumour suppressors

becomeinactivated. Accumulating evidence indicates that tumour cells depend on
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continuous activation of NCO#egulated oncogenes to promote different growth
signalling pathways required for growth and survival ofceartells[419.

1.4.2 mR-17-92 duster

Genomic organization of different miRNAs in animals has reported that miRNAs could
be transcribed together as polycystoomrimary transcripts and subsequently get
processed into individual mature miRNA&20. The miRNA cluster, miRL7-92 is a
prototypical example of a polycystronic miRNA gene. The hiF92 clwster is a
known oncogenic miRNA cluster encoding six individual mature miRNAs, namely,
miR-17, miR18a, miR19a, miR19b, miR20a and miR-92a, transcribed from a
polycistronic miRNA gene located in third intron of C13orf25 (~7 kb primary
transcript) at clomosome 13q31. This is considered as an important genomic region
due to loss of heterozygosity and its dysregulation in different cancer types including
breast cancgi21-423.

In mammals, two paralogs of this cluster, named-&iBa363 and miRL06b 25, have
been identified. The miR06a363 cluster is positioned on the X chromosome, whereas
the miR106b-25 cluster is located in the 13th intron of MCM7 genesdgbon the seed
sequences, the mature miRNAs of these three clusters are grouped into four different
families, miR17/20a, miR18, miR19 andmiR-25. The miR17/20a family comprises
six members, miRL7, miR20a, miR20b, miR106a, miR106b and miRA3. The miR-

18 family has two members, miE8a and miRL8b. The mR-19 family comprises two
members, miRL9a and miRL9b and miR-25 family consists of three members, miR
25, miR92a and miR363. The mature miRNAs of miR7-92 cluster and its paralogs
have been shan to play a crucial role, not only in the developmeiheart, lung and
immune systenbut also intumouegenesi$421]. The genomic organization of miRr/-

92 andits paralogs are schematically presented here (Fig8ye 1
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Figure 1.8 Genomic organization of miR17-92 cluster and paralogues.(A) Genomic
organization of three horfegous miRNA clusters (miR7-92, miR106a363, miR106b-25). (B)
The homologous miRNA clusters are categorized into four famiiR-17/20a family (miR17, miR
20a, miR20b, miR106a, miR106b and miR93), MiR 18 family (miR18a and miRL8b), miR19
family (miR-19a and miRL9b) and miR25 family (miR-25, miR92a and miR363).

1.4.3 mR-424(322)503 cluster

The miR-424 (miR322 in rodents) and mHR03 are cetranscribed as a polycistronic
primary transcript (pfmiRNA) and thus comprise the mi#R4(322)503 gene cluster.
The miRNAs belonging to mi&24(322)503 cluster comprise AGCAGC as the seed
sequence and are part of the rii® family [424]. In humans, thE cluster encodes two
mature miRNAs, miRi24 and miR503, while in rodents this cluster of miRNA
encodes three mature miRNAs, 822, miR351 and miR503. This miRNA cluster

is mapped on chromosome X(g26.3 and expressed monoalleliéaBy The role of
miR-424(322)503 cluster has been investigated in several types of physiological and
pathological conditions, which have revealed the diverse funofioniR-424(322) in
different context§424, 426. The miR424(322)503 cluster promotes differentiatio
and induces G1 arrest by targeting an overlapping set of cell cycle reg{d&nr428.
Expression omiR-503 in human endothelial cells (EC) results in cell cycle del&yii,
reduced cell proliferatio and migratory capacityand impaired EC networking
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capacities, suggesting an aatigiogenic role for this miRNA clustga24, 42¢. In
mammary epithelial cells, mi#&24(322)503 cluster is transcriptionally regulated by
transfor mi ng g rbowheré it régalatas cemoddiling(offti@& Fepithelium

in theinvolution of mammary gland429, 43Q. 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 deatimd insulin growth factor 1 receptor
(IGF1R)[430.TGFb medi at ed <cel | cycle arrest in
mMiR-424(322)503 cluster through the downregulation of CDCZ829. This miRNA

cluster is found to be expressedearliest cardiac progenitor celisd acts as a potent
regulator to trigger robust and precocia@asdiomyocytesormation[431]. Members of

this clusterare significantly upregulated during involution after pregnarié2g.
Endoplasmic reticulum Castore depletion and activation of staneeratedCa* entry
significantly reducaniR-322 abundance and t henRateessi vi t
response. Results from experimental models of mice and worms exhibit tisteSR
mediated activation dhe UPR pathwaycorrelateswith thereduced abundance of miR
322[437.
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1.5Aims of the study

General Aim:

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

Individual Aims:

A Aim-1: To investigate theale of XBPENCOAS3 axis inthe progression of ER
positive breast cancer arddocrine resistance.

A Aim-2: To explore theale of NCOA3 orPERK signalling during UPR.

A Aim-3: To characterize the functional properties of MiR92 cluster and find

out functionally relevant target for this cluster in breast cancer.

A Aim-4:. To explore the egulation of miR424-503 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 ofthe cell. Cells were matained 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 supplementadth fetal bovine serum to ensure the presence of
growth factors and antimicrobial compounds to attenuate the contamination of microbes
in the cultureThe aeptic condition was maintained throughout the cell culture process

to reduce he risk of contamin#on, crossinfection 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 theopessing of cells in laminar air flow hood or biological
safety cabinet and keeping the flaskghaincubator. 70% industrial methylated sprit
(IMS) was used to clean biological safety cabinet and surface of the flasks or
equi pment 6s p lca safety gabinetnahdoincubatar to dugher reduce the
risk of contamination. Cells were cultured either in flasks orsaadithe plate(designed

to adhere cells on the surface) where cells were attached and grown as a monolayer.

2.1.1 Cdl 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 afeplication. XBP¥/- and wildtype MEFs were a

gift from Dr.Laurie Glimcher, Harvard Medic&chool, USA. PERK +/+ and PERK
MEFs were a gift from Dr. David Ron, Institute of Metabolic Science, University of
Cambridge, &. 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 fronB e r t O6Mall ey, Bayl or Col |
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

Cell s were grown imediud (DMBEM) ¢SgmadAddricmCdtind# e d
D6429) or McCoyds 5A medium (Sigma Al dri
supplemented with 10 % heat inactivated fetal bovine serum (FBS) (Labtech
International; Cat no # FR001/500 & Sigm&Aldrich; Cat no # F784-500ml), Na
Pyruvate (ImM) (Sigma Aldrich; Cat no # S8636}, 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 % @@d at 37°C

temperatue.

2.1.2.2 Passaging/trypsinization of cells
Passaging of cells also known as -sulturing or splitting of cells where a number of
cells are transferred into a new flask. Cells were cultureddb flask having a surface
area of 75 crh with complete cliure 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 aspiratidollowed by washing once with Hanks
Balanced Salt Solution (HBS$pigma Aldrich; Cat no # H664800ml) to remove
FBS from the flaskPassaging was done when monolayer of the cells beca®@80
dense, using 0.25% 1X trypsiEDTA for 3-5 minutes aB7°Ctemperaturer upto the
required time period for the cells to be rounded and detached from the surface of the
flask. Once cells became detached, fresh-waemed complete growth medium
containing 10% FBS was added to inactivate the activity of trypsirnicaresuspend 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 wereedoappropriately
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with haemocytometer and then required number of cells were seeded into new flasks
(for expansion) or plates (for experiments) and incubatesh imcubator supplied with
5% CQat37°C

2.1.2.3 Counting of cells

Cells in single celsuspension were counted using a hemocytometer (MARIENFELD,
Ger many) by placing 10 ¢l of cell susper
followed by counting of cells in each corner of the chamber manually by a counter.
Finally, the concentration ofetls per ml was calculated using the formula: average cell

count of each corner X$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 deecontamination, 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 wehen trypsinized with tryps#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 weteunted by hemocytometer and the cell
suspension was spin dowh1000 gfor 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 % DM&W@ 10% FBS) by pipetting up

and down to ensure even mixture and aliquoted 1 ml of resuspended cell suspension
having approximately 1XZfocells in each labelled cryovial. Dimethylated sulphoxide
(DMSO) (Sigma Aldrich; Cat no # D6429f a type of cryopresvative used in
preservation medium to protect cells from fredzawing 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 temperaiinre required number

of cryovials were placed in Mr Frosty and transferred immediately t80°C freezer

for one hour, followed by overnight a80°C freezer prior to finally storing in liquid
nitrogen. Mr Frost}M freezing container is usually filled witisopropyl alcohol that

maintains controlled rate of coolingl{C per minute).
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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 ofttiagved cells by quickly
pipette out in drop wise ithe prewarmed appropriate cultured medium i3 flask.
Postincubation for 24 h in C@incubator, cells were checked to ensure the attachment
at the surface of the flask. Cultured medium was repladbdonewarmed fresh culture
medium to remove nradherent cells and replenish nutrients and also to remove DMSO
residues. Any sorts of physical stress (pipetting, centrifugation, maqakgyortexing)
were avoided as the cells are very much prone to miethasiress 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,ehief A) and physiological
stressors (@leoxyGlucose) for different time points indicated in respective
experi ments. |l nhi bitors of i ndi v0880moa I UP
PERK inhibitor: GSK2606414) were used to inhibit the activity of eefpe UPR
arms. To specifically activate PERK signalling, cells were treated R&ERK activator
CCT020312.To explore the effect of miRNAs othe sensitivity towards different
chemotherapeutic compounds, cells or stable subclones were treated witbrbiirtez
doxorubicin, 5F-uracil, docetaxel, fulvestrant, tamoxifen. To stimulate the
transcriptional activity of NCOA3, cells were treated with MGB3 (a potent pan
stimulator of NCOAS3). The concentrations and duration of every single compound are
stated inresult chapters in the respective sections. A complete list of compounds along

with their structures and sources is enclosed in the Appdndix

2.3.1 Thapsigargin (TG)

Thapsigargin is a potent endoplasmic reticulum (EnR) stress inducer also knawn as
inhibitor of SERCA (sarcoplasmic/endoplasmic reticuluni*@arPase) pump. It binds
irreversibly to and inactivates the SERCA pump that blocks thuptake of C& into

EnR lumen resulting in reduced levels of°Cim EnR. C&" is vital for EnR luminal
chaperones to fold proteins properly. Due to reduced concentration %firCEnR
lumen, C&" dependent EnR chaperons loss their function for folding of proteins
properly leading to the accumulation of unfolded or misfolded protein that eventually
activatedJPR pathway433
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2.3.2 Tunicamycin (TM)

Tunicamycin is an antibiotic that induces EnR stress by blockihgked glycosylation
(N-linked glycosylation is a regulated pdgstnslational modification for protein
folding) of proteins. It inhibits Ninked glycosylation by blodkg the transfer of N
acetylglucosamind-phosphate (GIcNAd-P) from UDRGIcNAc to dolicholP
(catalysed by GIcNAc phosphotransferase;GTP), thereby reducing the formation of
dolicholPR-GIcNAc. Impeding of Nlinked glycosylation inhibit proteins to be tdd
correctly. As a consequence, unfolded proteins start to be accumulated in EnR lumen

that eventually initiates unfolded protein response (UBB3434].

2.3.3 Brefeldin A (BFA)

Brefeldin A is a welknown 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 vesitwibular clusters

or vesicle. BFA dissociates the coat protein from Golgi complex and-®alys
membrane by targeting ADfbosylation factor (ARF) that is required for the
formation of transGolgi vesicle; resulting in the breakdown of the vesjdig7, 439.
Therefore, folded proteins start rapid accumulation into the EnR lumen. Extended

exposure of BFA iduces apoptosig39.

2.3.4 4¢8C¢C

4¢8C is an | RE1 inhibit orthetl IR&Etl Ublbgc kbs ntdt
IRE1 active site; thus resulting ithhe selective inactivation of both IRE1 mediated
degradation of mRNA and splicing of XBIP305, 319.

2.35 STF083010
STF083010 is a potent I RE1U inhibitor th;
kinase act[305.ty of | RE1U

2.3.6 Activator of EIF2AK3/PERK-CCT020312

CCT020312 is a dihydropyrazol derivagivthat selectively activates eukaryotic
translation initiation factoralpha kinase3 (EIF2AK3) also known as PERK and
increases the phosph#&@.yl ati on of el F2U ai
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2.3.7 PERK Inhibitor (GSK2606414)

GSK2606414 is a highly potent selective inhibitor of PERK that attenuates PERK
medi ated phosphorylation of el F2U at
autophosphorylation of PERK38Y.

2.3.8 Bortezomib

Bortezomib is aubiquitin inhibitor of 26S proteasome that shows inhibitory effect
through the binding of its boron atom with the active site of g@ffeasome enzyme
leading to cell cycle arrest and programmed cell déé#]. It could protect pro
apoptotic proteins and promote degradation of-apbiptotic proteins, resulting in
apoptosis in malignant cancer typetZ. It has been observed to regulate autophagy in
different cancer types including breast caréerd. In addition to its antprateasome
effect, Bortezomib also inhibits tramgation factor nuclear factekappa beta (NFkB)

in multiple myelomdg441].

2.3.9 Doxorubicin

Doxorubicin is a potent cytotoxic anthracycline antibiotic that showscantier effects
either by intercalation of the planar anthracycline nucleus into [@dbble helix and
disruption of Topoisomeradé mediated DNA repair or by generation of reactive
oxygen species (ROS) and triggering apoptotic signalling pathways of celldé4jth

2.3.10 5F-uracil

5-F-uracil is an analogue of Uracil having a fluaiatom at €& position rather than a
hydrogen primarily works as a thymidylate synthase (TS) inhilptd§. 5-F-uracil is
converted into a number of aativmetabolites such as FAUMP (fluorodeoxyuridine
monophosphate), FAUTP (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-Felifacil (FAUMP)
catalytically binds to the activate 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 DAY,

448. Administration of SF-uracil in rapidly growing cancer cells results in the
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depletion of dTMP, leading to cell death. This compoundvidely used in the
treatment of different cancer types including breast cdAddé&).

2.3.11 Docetaxel

Docetaxel is an antimicrotubule agent that promtite assembly of key cytoskeletal
proteinmicrotubule and stabilizes the microtubule polymers from depolymerisation;
thus trigger attenuation of microtubule dynamip$(. This causes significant
reduction in free tubulin monomer thigtrequired for the formation of microtubules;
thus preventing cell proliferation due to the impairment of mitogic division and cell
cycle arrest[451]. Docetaxel not only inhibits microtubule dynamics but also alters the

apoptosis signalling pathwaj452 and inhibits angiogenedi453.

2.3.12 Fulvestrant

Fulvestrant is a potemistrogen 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), redution of the translocation othe receptor to the nucleus and rapid

degradation of estrogen recepiéb4].

2.3.13 Tamoxifen

Tamoxifen is a welknown nonsteroidal antestrogen agent that binds to estrogen
receptor by bl oc kestnadipl (E2hte thebréceptbi andyattemidfate the b
promotional effect of E2 in breast cancer. Also, it shows preventive effect by inhibiting
the formationof 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 utilizatiomnd decreased estrogen response to estradi

[456].

2.3.14 MCB-613

MCB-613 is a potent stimulator of steroid receptor coactivators (SRCs). It super
stimulates the transcriptional activity SRCs (SRCSRG2 and SRG3/NCOA3). In

brief, MCB-613 mediated overstimulation of SRCs induces EnR stress leading to the

generation of ROS (eetive oxygen species) that can effectively kills cancer p&llg.
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2.3.15 Actinomycin D
Actinomycin D is a potent inhibitor of transcription that works ibtercalating with

DNA thereby stopping the elongation of RNA chain by RNA polymef45d.

2.3.16 Cycloheximide

Cycloheximide is a known inhibitor of translation in eukaryotes and commonly used
compound in the labotary to inhibit protein synthesis. It blocks the elongation phase

of translation by binding with the ribosome and inhibiting eukaryotic translation

elongation factor 2 (eEF245§.

2.4 Plasmid consucts

A complete list of used plasmids and their featisesiclosed in the Appendi.

2.5 Transformation of plasmids usingkE. coli

Transformation is one of the widely used technique to introduce a part of DNA in the
form of the plasmid into competdg bacterial cells. For the insertion of the desired
plasmid, heat shock transformation was used in One Shot TOP10 chemically competent
E. colicells [Biosciences (Invitrogen); Cat no # C404003]. The process was started with
the addition of plasmid DNA (ggpoximately 100 ng) to one vial aneshot TOP10
competent. 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 secaai42°C inthewater bath without any shaking that
facilitates the entry of the plasmid DNA into the cells by generatithgermal gradient
across the cell membrane of the competent cells. The vial was removed quickly from
the water bath and placed on foe 2 minutes for recovery. 250 ul of prearmed LB

broth media was then added aseptically and grow the cells for 1 h in 37°C incubator
with horizontalshaking atmedium speedThe transformedE. colicel | s (100¢ |
then spread on LB agar plate contaghappropriate 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 inolated liquid medium was then incubated at 37°C for 4

h at in a shaking incubatat medium speefbllowed 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 pell. Bacterial culture became opadaquethe next day and was
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centrifugedat 8827 gfor 30 minutes to pellet bacterial cells containing the plasmid of
interest. The cell pellet was either stored&8@°C to preserve or started processing for

isolation of plamid using appropriate kit.

2.6 Isolation ofplasmids

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 ameexchange resin under appropriate isat and pH
followed by removal of RNA, proteins, dyes and lavolecularweight impurities by a
mediumsalt wash. Finallyplasmid DNA was eluted in a higgalt buffer and then
precipitated by isopropanol. Bacterialiget was resuspended by adding 4 ml of buffer
P1 (50 mM TrisCl, pH 8,000mM EDTA, 100e g / ml R N a s esuspension,Af t er
ml of Buffer P2 (200 mM NaOH, 1% SDS) was added, mixed thoroughly by vigorously
inverting the tube for 4 times and incubated soom 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 for64times. The lysate was incubated at
room temperature for 10 min after pouring into tharrel of QIlAfilter cartage.
Meanwhile, a QIAGENIp was equilibrated by passing 4 ml of QBT buffer (750 mM
NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol; 0.15% Tritori00) through the
column by gravitational flow. The lysate was filtered using equilibr@&GEN-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 Tr€l, pH 8.5; 15% isopropanol) after two times
washing of the QIAGENip with 10 ml of buffer QC (1.0 M NaCl; 50 mM MOPSH

7.0; 15% isopropanol). The plasmid DNA was precipitated by adding 3.5 ml of
isopropanol and centrifugaticat 8827 gfor 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 foren pdasmid,
doublestranded RNA) in eukaryotic cslthough notviral methods. A wide range of
methods and transfection reagelff@ble 2.2)are commercially available that are
designed to facilitate delivery of DNA into the eukaryotic cells throtnginegatively

charged plasma membrane.
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Turbofect transfetion 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 transientatrsfection or transfection of MCF7 cells. Cells were
seeded into each well of avell plate in such a way that the well was B dense on

the day of transfection. For this, 15XIMCF7 cells were seeded in each well ef/éll

plate followed by transfeicin with the plasmid of interest and Turbofect in a ratio of
1:2 after 24 h of <cell s e @shmidrDYlA wad dilutecha i n t
inserumf r ee medi um DMEM to a final vol ume o
Turbofect transfectioneagent was also diluted in sertfree DMEM to a final volume

of 100 ¢l (per well) in another tube. Bo:1
at room temperature. After incubation, diluted Turbofect solution was added with
diluted DNA solution dropwvise and mixed by mild vortexing. The solution was then
incubated for 20 min at room temperature for the formation of Bipid complex. The
complex was then added drop wise into the well and mixed by gentle swirling of the
plate. Following four hours ofansfection, 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 -pimats and harvested according to

experimental plans.

jetPElis 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. Therelosome gets ruptured after internalizing into the cell that results in
the release of DNA; thus allows the transport ttee nucleus for subsequent
transcription. For the transfection of 293T cells, jetPEI (Polyplus Transfection; Cat. No
#101-10N) providesgreater transfection efficacy comparing with other cationic lipids
and polymers. Cells were seeded into each well inveelb plate to get 50-70%
confluency on the day of transfection. For this, 0.5XA9BT cells were seeded in each

well followed by trasfection withthe plasmid of interest and jetPEI at a ratio of N/P

ratio >3. To get a mtively charged complex, the N/P ratio should be greater than 3.
For getting the accurate N/P ratio, 1 ¢€g
a final volume of 100 ¢l (per well) in a
in150mM NaCld6 a f i nal vol ume of 100 ¢l (per
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were incubated for 5 min at room temperaturbe dluted jetPEI solution was then
added to the diluted DNA solution drop wise and mixed by mild vortexing accordingly.
For the formation bDNA-jetPEI complex, the solution was incubated for 20 min at
room temperature. DNAetPEI complex was added to the well drop wise and mixed by
gentle swirling of the plate. The transfected plate was incubated for 24 h i a CO
incubator maintainedwith 5% CQ at 37°C. Finally, cells were either harvested or
treated with appropriate compounds for different timoants followed by harvesting
according to experimental plaf.list of transfection reagents is included in table 2.
promoter assays cotraestion was carried out. Cells were seeded-imell 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 Source/ Transfected "
Cat No . Conditions employed
reagent purchased from cell lines
Turbofect | Thermo Scientific| R0531 MCF7 2 eg of pla
4 ¢ | Tur bof e
. Polyplus i 1 g of pl a
JetPEl Transfection 10%-10N 2931 6 el jetH

2.8 Generation of stable over expressive or knockdown clones vitro by
lentivirus

Lentivirus plasmids were usddr 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 stndard 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 protocohagsted

for the generation of stable kinockdown 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. Jet@Bsfection 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 ggasaumber not
more than 20) was trypsinized and 10X&6lls were seeded in a new T175 flask in 25
ml of DMEM containing high glucose, 10% FBS, 1% glutamine and 1% penicillin

streptomycin and incubated for 24 h.

Day-2: Transfection of the seeded 293Tllse

Cells were checked undan inverted microscope for a monolayer of lsel4050%

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

€ g secbndgenerationientiviral plasmids were used for transfection in &9 flask.

To obtain a total of 10.5 e€g plasmid, t
transfer plasmid containing the sequence
secondgeneration ent i vi r al packaging pl asmelaghbs ps|
vector pMD2.G encodingVS%6 (1. 75 &eg DNA) . Tohseofthmesequi r
three plasmids weraliquoted and adjusted to a final volume of 1 ml with 150mM NacCl

in a tube. I n parall el 63 ¢l of Na€t PEI
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 jetPEl 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 jetPEl/plasmid DNA complex. 2 ml jetPEl/plasmid DNA complex was added to

the 293T cells irthe T175 flask having 20 ml of medium and homogenized by gentle
swirling of the flask. Finally, the transfected flask was transferred tpit@Qbator to

ensue the growth of the cells.

Day-3: Observation of the transfected cells and replacement of transfected medium
Transfected 293T cells were observed urateinverted microscope to ensure the cells
look healthy, growing well and achieve a density 0f860a 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% penksliieptomycin
and 4mM caffeine. In the meantime, a calculated number of cells (cellsghagoing

to be transduced by the lentiviral vectors) were platetherT 75 flask by maintaining
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appropriate growth condition to achieve-80% confluency of cells at the day of

transduction.

Day-4: Observation of the transfected cells

Transfected?93T cells were observed undaminverted microscope to check whether
syncytia of fused cells start to appear. The cells were also checked under fluorescence
microscope Evos FL Life Technologigsto 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
em f i | t esfectedTcélle weteragam 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 rouni@nivirus was
added to the T75 flask (hang the desired cell line to be transduced) and cells were

allowed to grow irthe COzincubator to facilitate the transduction.

Day-5: Harvesting of virus

After 48 h of medium change with caffeine containing meditim,second round of
lentiviral vector wa harvested by collecting the crude vector stocks and centrifugation
at 1000xg for 5 min at 25AC followed by
cell culture supernatant containing second round of lentiviral vectors were added to the
already tansduced cells by replacing old cell culture supernatant if required or aliquoted
and stored a80°C.

2.8.2 Generation ofin vitro miRNA over expressive clones

HEK 293T control and miRI24 expressing stable subclones were generated by
transducing witHentivirus made using control or mi#R24 expression plasmid having a
backbone of pLenill-TetmiR vector (Applied Biological Materials Inc) along with
secondgeneration lentiviral packaging plasmids (psPAX2) and envelop plasmid
(pPMD2.G) using jetPEI trasfection reagent (Polyplus transfection, VWR International

Lt d, Dubl i n, Il rel and) according to the
selection (3eg/ ml) for 7 day stheseleptivectora d d i
induce GFP expression in otrol cells and botlGFP & miR424 expression in miR

424 overexpressing miRNA clones.
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PCDH Emptyand miR17-92 cluster overexpressing (havitige same backbone of the
vector) stable subclones of MCF7, T47D, MidB-231 and SKBR3 were generated

by transduction of cell lines with lentivirus made using pGOMV- EF1-RFP and
miR-17-92 expressing pCDICMV- EF1-RFP vector respectively following the
procedure as described earlier. T47D, MBDUB-231 and SKBR-3 miR-17-92 cluster
overexpressing subclones weretadbed by sorting on the basis of red fluorescent
protein (RFP). High RFP expressing subclones were sorted using FACS (fluorescence
activated cell sorting) Arial Il cell sorter (BD Bioscience, Oxford, UK).

2.8.3 Generation of knockdown clonem vitro

MCF7 pTRIPZ and MCF7 pTRIPZshNCOAS3 stable subclones were generated by
transduction of lentivirus made from tetracycline inducible pTRIPZ empty plasmid or
PTRIPZNCOA3 shRNA expressing lentiviral plasmid (V2THS_261936) from Thermo
Scientific (St LeorRot, Germany),secondgenerationlentiviral packaging plasmids
(psPAX2) and envelop plasmid (pMD2.G) in 293T cells using jetPEI transfection
reagent (Polyplus transfection, VWR International Ltd, Dublin, Ireland) following
manuf act ur erasdq rionnsytcriunc tsiednesct i on (2eg/ ml)
of doxycycline (1pg/m)pTRIPZNCOA3 s hRNA cl ones gener at
GTCAGATAAGCAGGAGGTA3 6 t hat eventually knockd:
NCOAS.

MCF7 PLKO empty XBP1 KD, PERK KD and ATF6 KD lones were generated by
transducing the cells with respective lentivirexpressing shRNA Lentivirus
expressing XBP1 shRNA, PERK shRNA and ATF6 shRNA were generated by
transfecting 293T cells byrespective lentiviral plasmids [XBRargeting shRNA
plasmid(Sigma; Cat# TRCN0000019805), PERKgeting shRNA plasmid3jft from

Dr. Piyush Gupta, Massachusetts Institute of Technology at Boston) &8AATF6
targeting shRNA plasmid Dharmacon GE Healthcare Life Sciences; Cat#
TRCNO0000017853, TRCN0O000017855 andCNO000001785)] along with packaging
plasmidsand envelop plasmidsing jetPEI transfection reagent (Polyplus transfection,
VWR I nternational Lt d, Dubl i n, Il rel and)
MCF7 cells were then transduced with the shRN#ilgrus particledor 24 h followed

by selectionfor shRNA-positive cells was peror med wi th 2gg [ ml |
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days. A list of stable sublones generated in our lab or gifted by other lab is enclosed in
Appendix3.

2.9 Analysis of MRNA and miRNA expression

2.9.1 RNA extraction

RNA is widely used genetic materials to deterntime 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). Theequi red vol ume of T r of @well plafe50TA5 ¢ | f
flask, 1 ml for T75 flask) (Biosciences; Thermo Scientific, Cat no # 15596018) was
added onto the cell monolayer and incubated f&r rBinutes to lyse the cells. The
suspension was pipetted for several 8miansferred to 1.5 mlpgpendorf tube and
incubate at room temperature for 10 minutes. To separate RNA from the genomic DNA
and proteins, 2 00 -Aldrich;oCfat ne # C232b0)fperrminof ( Si g
Trizol was added, mixed by inverting the tube for several times and incudtatedm
temperature for 10 min. The tube was centrifuged 500 g for 15 minutes in a
centrifuge machine preooled at 4°C. The upper clear agueous phase of the resulted
three phase irthe tube was collected carefully in a fresh tube and discarded the
int erphase and | ower phase. To precipitat
(SigmaAldrich, Cat no # 1951600ML) was added, mixed well by shaking and kept at
-20°C for overnight incubationThe ube was then centrifuged 46700 gfor 10

minutes in a pecooled 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 # E7e230ML). The RNA pellet was afried at

room temperate for 10 minutes. Depending on the size of the pellegppropriate

volume of DEPC treated water (~B0 pl) 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 wre stored at80°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 RNAthe concentration of the total RNA in each sample
was measured by using Nanodrogpectrophotometer (Denovix DBHR+

Spectrophot ometer) . For each sampl e, R N £
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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 260/2BGates 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
electroforesis was then carried out to check the qualitytegrityof RNA using band
intensity. For this 1% agarose (Sigikdrich; Cat no # A953%00G) gel was prepared
using 1X Tris Borate EDTA (SigmaAldrich; Cat no # T4418L) buffer followed by
additond 2 ¢ | et hi di uAdridhyCatmoe #HEL51Q) ®i tlge misualization

of RNA under UV. Il n agarose gel el ectrop
and run the samples at 115V for 1.5 h. The bands for RNA samples were visualized by

using gel doumentation systergene snap (Syngene).

2.9.3 Reverse Transcription PCR (RTPCR)

Reverse transcription is a widely used technique for the synthesis of complementary
DNA (cDNA) from the total RNA using reverse transcriptdB) enzyme, primer
dNTPs, eaction buffer and RN& inhibitor. RNaseZap was used to clean the surface of
working areafor the complete removal of RNes before starting any experiment with
RNA. Impromtll reverse transcription system (Mybio; Promega, Cat no # A3800) kit
was used fothe synthesis of cDNA from RNA samples according to the instruction of

manufactures guidelines. For t he synt hes
along with 1le¢l of random primer/ hexamer
volume of nucleaséree wat er for getting a total vol

at 70C for 5 minto denature secondary structure of RIHAd then kept at € in a

t her mal cycl er. A @acton master mig (Tabée 2.Basdherns c r i [
added to the denatur@rimer/RNA mix, mixed well and loaded into the thermal cycler.

The PCR reaction was performed usirngertmal cycler by following genrgpecific

optimum PCR conditions: 25°C for 5 minutes to anneal primer with RNA, 42°C for one
hour to extend the first stnid of cDNA and finally at 70°C for 15 minutes to inactivate
reverse transcriptase enzyme. A-Rdgativereactionwas included that consisted of RT

master mix without RNA.
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Table 2.3 Composition of Master Mix for Reverse Transcription PCR (RT-PCR)

Component Volume
5X Reaction Buffer . 0
MgCl2

dNTP

Ribonuclease Inhibitor

Reverse Transcriptase (R@pzyme
Nucleasefree water

Total

R W R ORI NP>
g1 O] 01| O O

2.9.4 Conventional polymerase chain reactio(PCR)

Conventional PCR was done for the amplification of housekeeping gene GAPDH to
confirm equal loading of RNA during RT reaction. Conventional PCR was carrted ou
by using Master Mix (Table 2)4composed of 2X green master mix, forward and
reverse primr d ong wi th lel of cDNA according
(Mybio; Promega, Cat no # M7822).

Table 2.4 Composition of Master Mix for conventional PCR

Components Volume
GoTag G2 Green Master Mix| 10 &
Forward Primer 1 ¢
Reverse Primer 1 ¢
Nudeasefree water 7 ¢
cDNA 1 ¢
Total 20 ¢

Primers used to amplify GAPDH were:
GAPDH FWDPrimer: ACCACAGTCCATGCCATG3
GAPDH REV Pimer: 5-TCCACCACCCTGTTGCTG3
PCR cycle condition for GAPDH gene expression:

94°C for 3 min
94°C for 30sec
55°C for 30 se% 25 cycles (PCR product 451 bp)
72°C for 30 se
72°C for 10 min
4C for D
Conventional PCR was also performed to measure the expression of XBP1 qualitatively

by using the designed primer sequences grtinized thermal conditiongzor XBP1,

gel electrophoresis was carried out using 4% agarose gel.
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Primers used to amplify XBP1were:
XBP1 FWD Primer: 5GGGAATGAAGTGAGGCCAG3
XBP1 REV Primer: 5STGAAGAGTCAATACCGCCAGA-3'
PCR cycle condition for XBP1 gemxpression:

94°C for 3 min
94°C for 30 se
55°C for 30 se% 30 cycles Size of PCR product XBP1136 bp

72°C for 30 se XBP1-S-110 bp
72°C for 10 min
4C f or b

2.9.5 mRNA specific reverse transcription PCR (miRT-PCR)

Conventional reverse transcription system does not work for the synthesis of miRNA
specific cDNA from RNA. To synthesizéhe complementary strand of miRNA, we

used miRNA speéic primers that possess stéoop structure instead of using random
primer or OligodT andagManmicro RNA RT kit (Biosciences; Life Technology, Cat

no # 4366597). The primer can specifically recognize each miRNA by binding to
singlestranded mature miRN#vith a higher affinity than the cemntional primer. To
start, total RNA was diluted to 200 ng/ ¢
master mix using #hcomponents listed in Table 25n d 3 ¢ | of mi-RNA s
loop primer (50 nM) were placed in a PCR tube (Multiple prorildiosphere 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 Volume ( ¢ |
10X RT reaction buffer 15
100 mM dNTPs 0.15
Nucleasefree water 4.16
Mul tiscribe reverse tr @ 1.0
RNase I nhibitor (20U/ ¢l 0.19
Total 7.0

Programmed reaction conditions in thermal cy@demiRNA specific RT reacn

16°C for 30 min
42°C for 30 min
85°C for 5 min
4C for D
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2.9.6 Quantitative reattime polymerase chain reaction (Reallime gRT-PCR)
Quantitative reatime polymerase chain reaction (¢fRCR) is a sensitive and widely
used technique for the @etion and quantification of the expression of a target
sequence irreattime 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 fluoresceand quantification is made possible with the cycle
threshold (Ct) value. The reaction consistshefexponential phaséabelling off phase

and plateau phasdn exponential phase, the gene product becomes approximately
double during each cycle of deunsdtion. In labelling off phase annealing and extension

of the primer occurs and in plateau phasemore 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 fluescent 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 expressn of a target sequence;-i.the more is the Ct value, the less the
expression of the target gene. Among the two different chemistry ofRffH we used
TagMan chemistry rather than Syber green chemistry to avoid nonspecific amplification
during the PCR eaction. TagMan 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 priméesjManprobes are made of oligonucleotides
having a fluorescent repter dye at 5' end, a minor groove binder (MGB) and a non
fluorescent quencher dye at 3' end. Before starting PCR readiamiMan probe
remains in its own structure where the #lorescent quencher dye significantly
reduces the fluorescence emitted thyorescent reporter dye through fluorescence
resonance energy transfer (FRET) due to close proximity. During PCR reaci®n, 5'
polymerase activity of DNA polymerase starts replication of the target sequence where
theTagManprobe is bounénd also cleass the bound probe by its exonuclease activity
resultingin the separation of nefluorescent 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 ndlnores@nt quacher dye could not quenthe fluorescence
signal emitted by separated fluorescent reporter dye. For gene expression study, cDNA
was diluted into 1:3 ratiowith®Base free water. An alndquot
7 ¢l of ma s t & were ispense( hadch well & Mi6roAmp optical 96

well reaction plat€Biosciences; Life Technology, Cat no # N80105@0liplicate for
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each sample. For miRNA expresan st udy, el of mi RNA spe
in early step) ad 7 ¢l of ma s)twene digpensed i( €amhowel of 2 . 7
MicroAmp optical 96well reaction plate in triplicate for each sample. The ¢RJOR

reaction was carried out using 75@@aktime PCR machine (Applied Biosystem) using

the following reaction conditionshold 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) 0.5
TagManUniversal master mix (2X) No UNG 5
(Biosciences; Life Technology, Cat no # 4440047)

Nucleasefree water 1.5
Total 7

Table 2.7 Composition of Master Mix for miRNA specific real-time RT-PCR
reaction (miRNA expression)

TagManmiRNA assay (20x) 0.5
TagManUniversal master mix (2X) No UNG 5
(Biosciences; Life Technology, Cat no # 4440047)

Nucleasefree water 1.5
Total 7

The relative changes in the expression level of a target gene or miRNA were calculated
using pC t met hod ¢ with a bauselkeéping gene RPLBO SnU6
regectively between vehicleeated andreated orPCDH empty and overexpressed
samples as the expression of these housekeeping genes or small nuclear RNAs remain
constant regardless of theeatment or any other biological changes. The Ct values
obtained from theeattime 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 waslsttacted from the maximum Ct value obtainedda@pecific

gene ofr mi RNA. This value was termed a:
convertedtamal i near form by multiplying the @Ct
the average of the fold change for each sample from the triplicate value. Relative
guantification for each sample was then estimated for each gene or miRMN#Ay, 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 gerassays (sourced from IDT) used for {tit@ale RT-PCR
to measure the expression of gersesnlisted in Appendix 4. Appendix fepresents
complete list of mMiIRNA assays (sourced from Applied Biosystems) used fetimeal
RT-PCR to measure the expressadmiRNAS.

2.10 Analysis of protein expression

2.10.1 Immunoblotting for protein identification/Western blotting (WB)

Western blotting (WB) also hamed as immunoblotting is a rapid and sensitive technique
for the detection, separati@mdcharacterizatio of the proteins from a pool of protein
based on the size by applying gel electrophoresis in a carrier matrixR88E). In

brief, proteins were separated by SBPSGE followed by transfer to nitrocellulose
membrane which then incubated wikie primary antibody that specifically binds to the
protein of interestThe nmembrane was then incubated with horseradish peroxide (HRP)
conjugated secondary antibody that binds to the primary antibody and emits
chemilluminiscent signal upon substrate addition and digmal was immediately

trapped in the xay film.

2.10.1.1 Harvesting of cells

The process of protein harvesting was started thigdhgentle scrapping of the cells to
lift off from the surface of the flask or-®ell plate that were eitharehicle treatecr
treated with compounds followed by centrifugatetriO00 gfor 5 minat 4°C using a
15 ml tube. Later on, pellets were resuspended ml PBS, transferred to 1.5 ml
Eppendof tube and spined down again at 1340@m60 sec for making the cell pellet.
The pellet was either frozen down-80°C or startedykis using the lysis buffer.

2.10.1.2 Lysis of the pellet

Harvested cells were lysed bysaspending the pellet witomplete lysis buffer (Table

28 <containing 10c¢l of protease inhibitor
the pell et was kept on ice for 15 minute
forGwe | | pl at e -2b ftasksdl ReXteckll lysaterwasTspined dowd24® g

for 10 minutes to remove cell debris. The supernatant was carefully retained in a fresh
tube and stored at20°C for storage or used for protein quantification. Sodium
orthovanadate (Sigma; Cat no # S68@&5) at a concentration of 1mM was used to

inhibit protein phospotyrosyl 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) (Sighdrich, Cat no # A2153)

pot ein was plotted wusing 1 to 5 ¢€g/ ¢l [
concentrations of BSA (1 to 5 e€g/¢gl) was
96 wel | . To measure the unknown <concent
lysat e was al so plated in each well of t hi
reagent (Sigmaldrich; Cat no # B691%00 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 wherey = absorbance of the protein sample at 600 nm and x=
protein concentration by Microsoft excel. Lysis buffer and Laemmli buffer were

prepared aarding to the measurements below:

Table 2.8 Composition of Lysis buffer

Lysis Buffer Volume for 50 ml
0.5 M Hepes, pH 7.5 (Sigmaldrich; Cat no # 4149400ML) | 2 ml

1 M NacCl (SigmaAldrich; Cat no # S7653) 17.5 mi

150 mM MgCI2 (Sigm&Aldrich; Cat no #M8266) 350 ¢l

100 mM EDTA (SigmaAldrich; Cat no # E6758) 250 ¢l

100 mM EGTA (Sigm&Aldrich; Cat no # E3889) 25 ¢l

10 % IGEPAL (Sigm&Aldrich; Cat no # 1889%60ml) 5ml

H20 24.7 mi

2.10.1.4 Sample preparation

The Bradford assay template calcalat t he vol ume of sampl es
protein. Samples were then diluted to ar
complete lysis bufferrad 5X laemmli buffer (Table 2)%s calculated in the Bradford

excel template. Later on, the protsamples 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 akept on ice.
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Table 2.9 Composition of Laemmli buffer

Laemmli Buffer Volume for 5X
Tris (1M, pH 6.8) 3.1mil
SDS 1.0 gm
Glycerol 2.0 mi
Mercaptoethanol 2.5 ml
PMSF (100 mM) 0.5ml
Bromphenol blue (0.5%) 1.0 mi
H20 Make up to 10 ml

2.10.1.5Preparation 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 proteingl00 kDa) or 10 % polyacrylamide gel faw
molecular weight proteins (<10&Da) (Table 2.10. The polymerizing agent
ammonium persulphate (APS) was freshly prepared every time prior to the casting of
the gel. A stacking gel (Table 2)lwas also made onto the separating gel for preparing
wells to load protein samples. A protein laddes loaded in the first well of the gel to
confirm thesize of the protein being anagg Approximately, 34 0 e g of pro
sample of interest were also loaded in each well of the gel, appropriat@evaiii
running buffer (Table 2.)2 was added into theelectrophoresis 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 wastioued forthe long time period

until 46 kDa proteins were running out of the gel. The gadseveastccording to the

following tables:

Table 2.10 Composition of Polyacrylamide gel

Components 8 % gel 10 % gel
H20 9.2 ml 8.0 ml
30%acrylamide mix 5.2 ml 6.8 ml
1.5 M Tris pH 8.8 5.2 ml 5.2 ml
10 % SDS 0.2ml 0.2ml
10 % Ammonium persulphate (APS) 0.2 ml 0.2ml
TEMED 0.012 ml 0.008 ml
Total 20 ml 20 ml
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Table 2.11: Composition of stacking gel

Components Stacking Gel

H20 6.8 ml

30% acrylamide mix 1.7 mi
1.5M Tris pH 8.8 1.3 ml (1 M Tris)
10 % SDS 0.1 ml

10 % Ammonium persulphate (APS) 0.1 ml
TEMED 0.010 ml
Total 10 ml

Table 2.12 Composition of Running Buffer

Components 1X
Tris base 3gm
Glycine 14.4 gm

SDS 1gm
H20 Fillto1l L

2.10.1.6 Protein transfer onto nitrocellulose membrane

Following SDS gel electrophoresis, proteins were transferred to nitrocellulose
membrane paper either by sedny transfer system for small maldar weight protein

(up to 100 kDa) or wet transfer system for large molecular weight proteins (more than
100 kDa) using appropriatlX transfer buffer (Table 2.13&nd a transfer sandwich
made of filter paper, nitrocellulose membrane and gel. Proteisférawas carried out

for 90 minutes at 120 mAmp in case of seairy transfer system or 2 h at 100 V for wet

transfer system.

Table 2.13 Composition of transfer buffer

SemiDry transfer
Components 10x Components 1x
Tris Base 30.35gm H20 700 ml
Glycine 144 gm 10x Transfer Buffer 100 ml
SDS 2gm High Purity methanol | 200 ml
H20 FilluptolL | Total 1000 ml
Wet transfer
Components 10x Components 1x
Tris Base 60 gm H20 700 ml
Glycine 30 gm 10x Transfer Buffer 100 ml
SDS 18 ml 20% S5 | High Purity methanol| 200 ml
H20 FilluptolL | Total 1000 ml
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2.10.1.7 Development of the blot

Following protein transfer nitrocellulose membrane was blocked with appropriate
blocking buffer forthe optimized time period stated in the table below. Aliercking,

the membrane was transferred to the-giheted specific primary antibody for
incubation overnight or appropriate time period. Following primary incubatios,
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 (withot 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 LightningERlus PerkinElmer

Inc.) was prepared immeately before use by mixingn equal volume of Enhanced
Luminol and Oxidizing reagents. This freshly prepared substrate was added to the
washed membrane and incubated fef &inutes to get the maximum fluorescence
signal to be trapped hizefilm. The memlane was then placed in between plastic sheet

in the cassette. In the dark rogitne membrane was exposed to film for capturing the
emitted signal followed by development and fixation using Develax and Fixaplex
according to manufactures guidelines. Forrdbmg, 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 quaatively analysed using densitometric analysis by
Image J software and the ril@ intensity of the bands wasrmalized against actin

and results were expressed as relativeetacle treategample.

A complete list of used antibodies and optimized a@omts for immunoblottingis

listed below inAppendix6

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 expressitimedtanscrigional 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 encodekD&l enzyme luciferase that
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oxidizes Luciferin into a fluorescent product oxyluciferin in presence ofsubetrate
ATP-Mg?*. The yielded fluorescent signal (light) is measured by a Luminometer and

the intensity of the light emission is proportional to ltheferase activity of the sample.

Luciferase
ATP+ Luciferinrt @ —— 3 Oxyluciferin + AMP + PPi + C@+ Light
Mg?*

DualLuciferase 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 promoterperter or CHOP promoter reportéixATF6-

pGL3 (ATF6 pathway reporter) reporter construct has five copies of Aliing sites
CTCGAGACAGGTGCTGACGTGGCGATTC cloned into pOFlucGL3 upstream of
the efos minimal promoter-63 to +45 of the human-fos promotey was obtained

from Addgene (Plasmid #11976). pGADD1k® (PERK pathway reporter) reporter
construct has 804-bp GADD153 promoter sequence cloned in pciadic was a gift

from Professor Stephen B. Howell, University of California, USAXBR1-PGL3
(IRE1-XBP1 pathway reporter) reporter construct has 4 copies of-XBmding site

5 &€GCG(TGGATGACGTGTACA)-3' cloned in the40-Luc plasmid and was a gift

from Dr. Laurie Glimcher, Harvard Medical School, USA. For NCOA3 promoter
reporter assays, 293T cells waransfected vt h 1. 0 -DNQOA®WT (wilGL 3
type) or pGL3NCOA3-MT (mutant) reporter constructs in combination with 100 ng
Renilla luciferase vector aan internal control [459. Twenty four hours pst
transfection cells were treated with thapsigargin or tunicamycin for 24h. Firefly
luciferase and Renilla luciferase activities were measured 48 h after transfection using
LucettaE Luminometer (Lonza) and tHen no
test whether NCOA3 modulates the activation of three branches of the UPR, pTRIPZ
SshNCOA3MCF7 cells were transfected with the UPR pathway reporter constructs
(ATF6-R, CHORPRandXBP1-R) . Transfected cells were
absence and presenceduaxycycline for 24 h. In ATF6 BTR reporter assays, 293T

CTRL and 293TmiR-424 cells were transfected with 1.0 pg of pMirTargesfly
luciferasevector containingthe AF6 3 6UTR (Cat # SC205479

along with 100 ng of Renilla luciferase vectoraasnternalcontrol[240.
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2.12Assessment of protein haHife

Hela WT and Hela NCOA3 KO cells were plated (200000 cells/well}ivelb plate.

After 24 hours, cells were eithgehicletreaed or treated with cycloheximide (Sigma
Aldrich; Cat. No: 0181dlG)ataoncentr ati on of hliGtaedgd ml f
h. Cells were harvested @h, 4h, 8, 16h and 24 h of posttreatment for protein
isolation. Expression of PERK was measured ratgin expression level by western
blotting as described above in sectidriQ Quantitative analysis of PERK protein
expression was carried out using densitometric analysis by Image J software and the
relative intensity of the bandsas normalized againsactin Datawere presented as
monoexponential decay curve using Microsoft Excel software wiedrieletreated was

considered as 100%.

2.13Assessment of MRNA haHife

Hela WT and Hela NCOA3 KO cells were plated (200000 cells/well}ivelb plate.

After 24 hours, cells were eitheehiclet r eat ed or treated with
(Tocris; Cat.no: 1229) for 064 hours. Cells were harvested &t 0.5h, 1h, 2h and4h

of posttreatment for RNA isolation using Trizol. Expression of PERK wassorea at

gene expression level by quaniiat RT-PCR normalized with RPLP(housekeeping
gene). Datawere presented as monoexponential decay curve using Microsoft Excel

software whereehicletreated was considered as 100%.

2.14Estrogen stimulatedcell growth

Cells were synchronized before estrogen treatment by incubfatior? hours in the
phenol redfree medium supplemented with 1% dextcaated charcodtripped FBS
(DCC-FBS) (Thermo Fisher Scientific; Cat no # 12676029). Charsioglped féal
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
(SigmaAldrich) in 1% DCCFBS supplemented medium and placed in an incubator

supplied with 5 % CQ@and at 37°C temperature for expansion
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2.15Cell proliferation assay

2.151 MTS cell proliferation assay

MTS cell proliferation assay is a powerful and sensitive colorimetric method to
determine the proliferation of viable cells using&pophotometric microplate reader.
MTS compound [d4-5-dimethylthiazol2-yl)-5-(3-carboxymethoxypheny2-(4-
sulfophenylj2H-tetrazolium] forms a stable solution with an electron coupling reagent
phenazine methosulfate (PMS) and enter into the mitocl@otimetabolically 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 PMStinances

the reduction reaction.

OCH,COOH 0 OCH,COOH _
Uy iog o
NN
/ N
N Q\( N
@.s N
N N ¢ CHs N N-H_ S CHs
CHs NN en,
MTS > Formazan

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 96
well flat bottom clear plat€2,000 cells/well). For each cell line subclonesten
replicates were set as outlined below. Plates were incubated inhQ@®@idified
incubator at 37AC for overnight. On the
(SigmaAldrich; Cat. No: 78830.G) was added to 1 ml of MTS reagent (2 mg/ml)
immediately before addition to the plate. At set time points @ag0 , 1, 2.,0f 3) 2
the premixed MTS+PMS reagent was added into each well of 96 well assay plate
contaningcel I s i n 100 ¢l culture media. The p
COz 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 weliswonsidered as the reading of one sample. The
absorbance of the formazan is directly proportional to the number of viable clés in
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 itheline graph to show the difference of the cell prolifenaover time.
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Figure 2.1: Template of cell plating for MTS assayCells/generatedulcliones were plated in each

well (2000 cells/well) by aliquoting 100 pl cell suspension in a well (10 replicatesapgle). The

terminal wells oreach side of the plate were filled with 100 pl HBSS. Complete umedias 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 o test MTS+PMS was added for 4h and absorbance

was recorded at 490 nm.

I G m m O O

2.152 Colony formation assay

Colony formation assay also known as clonogenic assaythexuseful technique for
determining the ability of a cell to form a colony that synded the proliferation
aptitude of the cell46(. In this method, gual number of cells or stable subclones were
plated in 6well plate (usually 500 cells/well). After two weeks of incubation in,CO
humidified incubator at 37°Ccells were observed to have formed colonies under
microscope. The incubation period was thneeks 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 crystabiet 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 limage J software and compared. Three

sets of the same experiment were carried out to check for consistency of the findings.

2.16Migration assay

Scratch assayScratch assay is a straightforward, convenient and inexpensive procedure
for the analysi©f migration potentiality of the cell® vitro [461]. For this technique,

cells orsulclones were grown to confluency in a well ofv@ll plate. Wound was
created on confluent monolayer of celldiclones using a-200 micro pipette tip. The

scratched plate having appropriate complete growth media was then incubategl in CO
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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 roapes(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.

2.17Invasion assay

Boyden chmber assay Invasion assay is the most frequently used method that

il lTustrates the cell 6s ability dfatovactanmot i |
gradient through a porous membrane. As a representatiwve Wjo events, matrigel
invasion assaysi the most reliable and widely used technique for determining the
invasive property of the cel[gl62. The assay was carried out using cell culture insert
having transparent PET membrane of 8 e
(100mg/ml) is diluted to a concentration of 1 mg/ml in pheredifree and serumfree

medi a. For coat i ndduted rhatrigei (b mggml)twas plhcedon thé o f
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 phetélee andserumfree

media before seeding the cells. Primptacing the matrigel coated insert in the well of
2diwe | | pl at e, 500 ¢l of the complete me
aliquoted in each well (lower chamber). Based on cell lines 50,000 or 100,000 cells
were seeded in each insert (upper chambem) a f i nal vol ume of
media composed of 1 % serum to make a chemo attractant gradient. The cells in the
transwell plates were incubated at 37°C fod34h (depends on the cell line and type of
experiment). Uninvaded cells were then reetby 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 wasnsied 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 photographadcordingly under inverted microscope and stained

cells (blue) were counted using Image J software.

2.18Sensitivity assay towards therapeutic compounds
CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega) reagent was

also used toee the effects of different commonly used chemotherapeutic compounds
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on the sensitivity or resistant pattern of the tested miRNAs in breast chhceRRNA
expressingstable sukclones were seeded in 9&ll flat bottom clear plate (5,000
cells/well). After incubation for 24 hours in a GBumidified incubator at 37°C, culture
medium was replaced with medium containing different chemotherapeutic agents
namely doxorubicin, #luorouracil (5F-U), bortezomib and docetaxel in four different
ascending concerations as mentioned in Table 2.f@glinvestigate the dos#ependent

effect. Cells were incubated again for 48 hours maintaining similar conditions. On the

day of MTS assay, 100 ¢l PMS (0. 9mg/ ml)
mg/ml) immediately before adding to the plaze0 ¢ | of the pwasmi xe
added to each welhi t he 96 wel | pl ate containing

was again incubated in G@umidified incubator at 37°C for 4 hours. Absorbance at

490 nm was recorded using microplate reader. The fold decrease was calculated with
relative absorbance farehicle 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 carriedut 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 expsed 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/m
5-F-uracil leg/ ml, 10 g/ ml, 1
Bortezomib 1 nM, 5 nM, 10 nM, 50 nM
Docetaxel 10nM, 100nM, 1000nM, 2000nM
Tamoxifen 1 ¢eM, 10 &M, 50 ¢
Fulvestrant 1 M, 10 &M, 50 ¢
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Figure 2.2: Template of cell plating for sensitivity assay against chemotherapeutic compounds.
Cells/generatedgulriones were plated in each well (5000 cells/well) by aliquoting 100 pl of cell
suspension in a well (5 replicatesr gample). The terminal wslloneach side of the plate were

filled with 100 pl HBSS. Complete media was also aliquoted to measure the absorbance of the
medium which was subtracted from the absorbance of the samplesan ayturate result. Cells

were treated with various chemothpeutic compoundat different concentration$1TS+PMS was

added for 4h and absorbance was recorded at 490 nm.
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2.19Site-directed Mutagenesis

Site-directed mutagenesis is a usefmlvitro molecular technique to make specific
changes (mutation) in ¢hbases at a site of any gene or DNA sequence using synthetic
oligonucleotides. The quickChange dilieected mutagenesis kit (Aligent Technology;

Cat no # 200519) was used to make a point mutation in thetypgd NCOA3 human
promoter reporter construgGL3-ACTR-1.6kb) to generate XBPinding site mutant
construct as per manufacturero6s instruct
construct (pGL3ACTR-1.6kb) was primed with two synthetic oligonucleotide primers
[(NCOA3MUT-F o r wa rFCBBEAGBACGTGCGAATTCGGCTCGTGCGGCCG

30 and (NCOA3MUT-Rev er se) - 5
CGGCCGCTCGAGCCGAATTCGCCACGCCCTCC®06] having the des
followed by conventional PCR maintaining optimized thermal conditions using
PfuTurboDNA polymerase to generatke mutant plasmid contiaing staggered nicks.
Following PCR amplification the generated mutant was digested with restriction
enzymeDpn | to digest parental DNA template and to select synthesized mutated
construct. Finally, the mutated construct was transformed into comjgetenit cells to

isolate mutated NCOA3 human promoter reporter construct for doing luciferase
reporter activity assay. Table 2.1&8hows the composition of PCR reagents, PCR

conditions and digestion condition for synthesizing mutant construct.
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digestion reaction for sitedirected mutagenesis

PCR Reaction Thermal condition Digestion reaction
PCR componenty Volume PCR product] 3 5
10 X reaction 5 ¢ I| PCR Conditions: 10x T buffer| 1 0
Buffer 95°C for 30sec
Forward Primer | 1. 2 5| 95°Cfor30 Sec Dpnll £
Reverse Primer| 1. 25 55°C for 1m!n 16 cycles DEPC 54
68°C for 1 min/kb
treated HO
dNTP mix 1 ¢l Total 100
Template Plasmig 1 ¢l
construct Incubated at 37°C for
PfuTurboDNA 1 ¢l 4 h
polymerase
DMSO 2 ¢l
DEPC treated 37.5
H.O
Total 50 ¢

2.20Flow 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 lef ineh
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 datem 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 isah 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 thellceuspensions 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 deteéor, electronic system converts the detected light signals to the
electronic signals to be processed by computer for generating quantitative data in
histogram or dot plof464. When a single cell deflects incident ladgght, 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 ljgbd]. 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 componentsre the considerable factors for scattering ligftse Ight
source, fluid lines controlling the liquid stream comprising cell suspensibes,
electronic network for the detection of scattered light are also governing the scattering

of light in flow cytonetry analyss.

2.201 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 ithe in embryogenesifymourregression, development isimune
response and homeostasistissue integrity465. 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 alonganithtracellular

shiftin C&* and pH. During apoptosis, lysosomal membrane pumps loss their function,
endogenous endonucleases become activated and ,fically disintegrates into
apoptotic bodie$466. Flow cytometry is a method of choice to study apoptiasis

vitro experiments. Based on scatter parameters measured by flow cytometry, apoptosis
can be dtinguished 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. Bt, in the late apoptotic phaseoth FSC and SSC become decreased
[466. During nerosis FSC signal is increased immediately while SSC signal is
decreasef467].

Propidium lodide (P} a common nuclear staining fluorochrome is widely used for the
analysis of apoptosis in different experimental models. It is capabkrossing the
apoptotic cell membrane but not the live cell membrane. For this Pl is considered as a
useful compound to differtiate between live, apoptotic and necrotic cpli8g. It is
capable of binding and labelling DNA of the apoptotic cells as the apoptotic cells are
characterized by the fragmentation of DNA ands&guently 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 displaynarrow diploid peakn the red fluorescence channel

[469.

2.201.1 Preparation of cdls for flow cytometry analysis

Hela WT and Hela NCOAS3 cells were plated inwell plate (300x1000 cells per well).
Twenty hours of pst £eding cells were either vehidieated or treated with different
compounds (Tripg/ml, MCB-613 10 puM) for 24 h and 48 h. In a separate
experimentHela WT cells were also seeded kwéll plate (300x1000 cells per well) to

find out effect of PERK inhitbor (PERKI) in cell death in presence of different EnR
stress inducers. Twenty four hours aispseeding cells were either vehitleated or
treated with PERKi (GSK2606414100nM, TM, TM+PERKIi, MCB613 and MCRB
613+PERK:I for 48 h (the concentrations diger 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
downat 1000 gfor 5 minutes to sde down. The cell pellet was resuspended in 1 ml of
theregular medium after discarding the sup&naand transferred to 1.5 mpgendorf

tube. Cells were counted manually by using hemocytometer and diluted to the required
concentration (100x1000 celi$00ul). The cells were vortexed hard to get single cell
suspension. An aliquot of 200 pl of cell suspension was aliquoted in each well of 96
well round bottom plate, spined downl®00 gfor 5 minutes, discarded the supernatant
keeping the cell pellet.Fe cells were again resuspended with gD6f 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 tubesere subsequently kept dmeice and protected from light

until further analysis.

2.201.2 Experimental steps of Flow cytometry analysis using BD Accuri C6

To determine the percentage of dead cells we measured the mean fluorescente intensi
by using BD Accuri C6 flow cytometewith the assistance of our collaborator Dr.
Islam. A detailed work list was created in the cFlow program that de€fidethe
samplelocation and defined number of events counted. An initial gate was set to
includeD30,000 cells for each sample acquisition by using linear forward scatter (FSC)
vs. linear side scatter (SSC). This acquisition strategy result&b@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 FS@rea in X-axis and FSEHeight in Y-axis). Dotplot integration for

the determination of F2 channel (Propidium iodide channel) fluorescence (ax16)

vs FSGA (X-axis) wasset using unstained cells. The cursors were placed such that
greater than 99% of the unstained cells were contained in the negati?e FL
fluorescence box. This giag remained unchanged whend®ined cells were analysed.
Cells were stained wt h 4 Ol of PI (100g/ ml) as
immediately before flow cytometric analysis. To confirm the cell death, a positive
controlwas used where csliveretreated with BFA prior to Pbased flow cytometric
analysis. All the results fro the eFlow analysis were exported as FCS files and
percentage distributions of dead cells were calculated using Flow Jo analysis software

version 10.0.

2.202 Cell sorting

Cell sorting is a process of separating or sorting cells from a heterogeneduise rafx

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 fortihg so

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 devesdpme
biology [47(. Cell sorting wagarried outusingFlow Cytanetry Core Facility of NUI
Galway by assigned personiil. Shirley

Table 2.16 Composition of FACS sorting buffer

FACS Sorting buffer Volume

Phosphate Buffered Saline (Ca/Mg++ free) (Gibco cat# 140940 480.5 ml

0.5M EDTA (2mM final conc.) (Sigm&ldrich; Cat no # E6758) 2.0 ml

1M HEPES pH 7.@25mM final conc.) (Sigma&ldrich cat # H0887) | 12.5ml

FCS (1% final conc) 5.0 ml

Filtered, sterilized, aligouted and store a 4°C

2.202.2 Assessment of RFP expression prior to cell sorting
Red fluorescere protein (RFP) expressistable clone$PCDH emptyand miR17-92
expressing MDAMB-231, T47DandSKBR3 stable subclones) were platedhaT-25
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flask. Cells were trypsinized arnide cell pellet was resuspended in FACS sorting buffer
(Table 2.16 followed by staining with sytox red (to exclude dead cells). Peagendf
RFP expressing cells waketermined by measuring fluorescence intensity using a BD
FACS CanteA flow cytometer. Cells were categorised as high, medium and low RFP

expressing cells based 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 xsk¢d) vs linear forward scatter
(FSC). After exclusion of dead cells and debris, further gating was set to exclude the
doublets (FSEA vs FSGH). The gate for the analysis was finalized to inclD@®,000

live cells for each sample acquisition using FSE€ SSC scatter plot. Histogram
integration for the determination of 488 585 42 (RFP) fluorescence -@risX vs
counting of cells (Yaxis) were set using unstained cells. The cursors were placed such
that greater than #0s considered as RFP positive. TREP positive cells were sub
grouped for low, medium and highRFP expression.

2.202.3 Preparation of cells for sorting

For sorting, 5X16cells/ml were prepared for all different miF-92 expressing MDA
MB-231, T47Dand SKBR3 stable subclones. Celivere then pelleted by spinning
down at 1000 g for 5 min andresuspended 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 analysisuspended cell
suspensions were filtered through 40u sterile filter and kept on ice. Parddtaype
cells of the sorted clones were used as mock transfeotedol (+ sytox red viability
dye). For this purpose, parental cell lines of MD¥B-231, T47Dand SKBR3 were
diluted at a concentration of 0.5X1@ells/ml in FACS sorting buffer (+ sytox red
viability dye).

2.202.4 Experimental steps of FACS using BD FACS Aria Il cells sorter
Flowcytometric cell sorting was carried out to sort high RFP egxprgsmiR17-92

breast cancesulclones (MDAMB-231, T47D and SKBR3)y usingBD FACS Aria Il

cells sorterequipped with a 488m laser and three photomultipliers with band pass
filters of 530nm (FL1), 550nm (FL2)and670nm (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@nm blue laser and detected by a 585/42 filter. A total of 50000 cells
were sorted for each clone aseptically. The sorted fraction of wai€ollected into

tubes containing 1 mifsterile complete medium.

Step-by-step gating strategy included:
P1 gating on Sytox red negative cells to exclude dead cells [Sytox reeamsYand
Forward scatter (FSC) at-&xis]

P2: doublet exclusion by gating cells from the scatter plot of-A8i@ht (Y-axis) vs
FSCGArea (X-axis)

P3: further gating on singlets laysecond scatter plot of FS&idth (Y-axis) vs FSE

Area (X-axis)
P4: final gating on live singlet cells from the plot of FBQs Side scatter (SSE)

P5: selection of the area in the histogram to gate for high RFP +ve cells.

2.202.5Analysis of FACSdata

All observations were made in log mode. Data were acquired by using BD FACS Diva
Software (BD Biosciences, San Jose, CA).eBtablish 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.

2.21mRNA expression profiling by RNA-Seq technology

RNA-Seq technology is a revolutionary tool foapping and quantifying mammalian
transcriptome$471]. We sequenced total eight RNA samples where four samples were
from MCF7 PCDH empty and the rest four gdes were from MCF7 PCDH miR7-

92 expressing cells. The RNA sequencing was carried by Beijing Genomic Institute

(BGI) tha provides a wide range of negéneration sequencing services.

2.211. Preparation of total RNA samples for sequencing

Total RNA wa isolated from MCF7 miCTRL (PCDH Empty) and miR17-92
expressing cells using Trizol according to the instructions of the manufacture
illustrated in the section 2B. The quality of the resulted RNA sample was checked by
1% agarose gel electrophoresisd quantity was measured by spaghotometry in

ng/ ¢l u siropnrgadeN &ouio 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/pl and an aliquot of 25 ul was aliqudta 1.5 ml Eppendorf tube. The RNA samples
were then shipped to BGI for analysis by keeping the tubes in dry ice.

2.22Bioinformatics analysis

A wide range of bioinformatics tools waappliedto design primers for conventional
PCR, selecting fCR assagy for reattime PCR and the prediction of miRNA targets.
Quantitative reatime PCR assays were selected from the list of predesigned gPCR

assays from IDT webskie https://eu.idtdna.corsite/order/gpcr/predesignedassay

Online based micro RNA target prediction tools such as miRwalk, targetscan, miRmap,

were used for identifying predicted miRNA targets.

2.23Statistical analysis

The data were presented as mearSD for three independergxperiments using
Microsoft Excel software or Graph Pad Prism software where appropriate. Differences
between the groups were assessed by usingtaad | ed p ai-tesé @ihe galuasd e n't

with a p<0.05 were considered as statistically significant
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CHAPTER 3

Role of XBP1:-NCOAS3 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 requed for XBPXmediated endocrine resistance and optimal
activation of the PERKe | FARTB4 axis; MCB613, a small molecule stimulator of
nuclear receptor coactivators (NCOAS) induces cytottdR and PERKdependent

cell death.

Invasive breast cancer (IBC) is a hetermgmus disease with varied molecular features,
behaviour and response to therap}36]. Estrogen receptor U
therapeutic target in breast cancer and is expressed in 70% of cases. Endocrine therapy
is the mainstay of treatment for patients with-gbsitive advanced breast cancer. One
third of women treated with hormonalettapy for 5 years will have recurrent disease
within 15 yearsand therefore endocrineesistant disease may constitute up to-one
quarter of all breast cancefd7Z. The Cancer Genome Atlas (TCGA) consortium
recently reported an integrated analysis of primary breast cand#@ng 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 dretgyog
occurs withinand not across, the major subtypes of breast capté&s. The TCGA
reported that most dominant feature of Luminakdsitive breast cancers iscreased
MRNA and protein levels dESR1 GATA3, FOXAL, XBP1 andMYB. Most notably,
GATA3 and FOXA1 were mutated in a mutually exclusive fashion, whereas ESR1 and
XBP1 were typically highly expressed but infrequently mutd#d3. XBP1-S is a
multitasking transcription factor that is a key component of the [#7H]. Recent
studies indicate a crucial role for the IRE1/XBP1 pathway in several aspect- of E
positive breast cancéFigure 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 Il at the XBP1
promote [475. XBP1 physically interacts with ER and potentiates-dgRendent
transcriptional activity in a liganthdependent manngd76. XBP1-S expression can

be upregulated following estradiol (E2) treatment of@Ritive human breast cancer

cell lines[475, 477, 478|. Ectopic expression ofBP1-S in ER-positive breast cancer
cells can lead to estrogémdependent growth anddeced sensitivity to anestrogens
[376. Downregulation of XBP1 reduces the survival of transformed human cells under

hypoxic conditions and impairs their abyjlito grow as tumour xenograft in SCID mice
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[479. Expression ofXBP1-S is significantly associated with clinical outcome of
endocrinetreated breast cancf373. Thus accumulating evidence suggests an active
role of the IREIXBP1 pathway in estrogen signalling.

Al molecular subtypes of breast cancer
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Figure 3.1: Schematic smmary of regulation of XBP1 expression in breast cancer and its
effect on cancer progressionHypoxia and glucose deprivation are physiologically important
inducers of endoplasmic reticulum stress in tumour microenvironment. Tumour cells can survive
stresful conditions of microenvironment by an adaptive mechanism called unfolded protein
response (UPR). ¥ox binding proteirl (XBP1) is a critical transcriptional activator that is induced

by UPR.XBP1-S can activate a variety of genes involved in proteaiuration 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 ipaase to Eatimulation. XBP1S confers
estrogerindependence and @strogen cross resistance.
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Analysing thentersection 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 genesAmong them NCOAS3 was selectedftother investigate as a target

of XBP1 in the context of estrogen signalliffggure 3.2)
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Figure 3.2: Identification of putative XBP1-target gene upregulated during UPR and E2
stimulation. E2 GENES, genes upregulated by tEatment LogFC >2; XBP1 CHIRenes with
proximal promoter genomic regions bound by XBP1; UPR GENES, genes upregilaied
conditions of UPR logFG2.
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Nuclear receptor coactivators (NCOAs) are membetkeyp160 family of coactivators

that collabora¢ with multiple nuclear receptors (NR) and other transcription factors to
regulate target gene express[dii4]. Because coactivators modulate the transcriptional
activity of several NRs andonNR types of transcription factors, they exert broad
genomewide effects on gene expression networks and contribute significantly to a
panorama of physiological and pathological procep$&d. NCOA proteins have been
recognized as key oncoproteins in hormdependent cancers due to their interaction
with NRs. Increased expression of NCOA3 and NCOA1 has been reported in prostate
cancersand their high expression level is associated with tumour grade and disease
recurrencg481]. The mRNA levels of all three NCOAs are found to be significantly
increased in endometrial carcinoma and NCOAS3 expression is correlated with clinical
stage and poor prognosjd87. NCOA3 gae is amplified in ovarian cancer and
elevated NCOA3 expression has been reported in 64% ofgnaglte ovarian cancers
and its levels are associated with tumour progres$uB8. NCOA3 is found to be
overexpressed in >60% of primary breast tumours; howésgegere is amplified in

only 5% 10% of breast cancef484, 485.

NCOAs are an attractive therapeutic target optmrnhe treatment of a wide range of
hormonedependent 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 &meir reliance on protetprotein
interactions. Approaches to block coactivator molecules include targeting the enzymes
that posttranslationally modify the coactivators, thereby altering the stability of the
proteing[486. However, recent higthroughput screening efforts have identified small
molecule inhibitors that can interact with these coactivators and promote their
degradation. Some of the reported inlakst of NCOAs (Gossypol, Verrucarin A,
Bufalin and SI-2) promote the degradation of NCOAs and attenuate cancer cell growth
in vitro andin vivo[486, 487]. Verrucarin A is a selective small molecule inhibitor that
attenuate the function of NCOAS3 by interacting with an upstream effector rather than
directly binding to NCOAg$41€]. High-throughput screening identified MG&L3, as a
smaltmolecule stimulator of NCOABA19. MCB-613 seletively and reversibly binds

with RID domain of NCOA3 that stimulates the formation ofamtivator complex and
results in induced coactivator transcription activity. Coumgiritively, over
stimulation of NCOAs by MCBE513 leads tahe death of cancer s by the generation

of reactive oxygen species, EnR stress and unfolded protein reqd@di$keFurther
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MCB-613 kills a broad range of human cancer cells anibitshtumour growth in a
mouse model of breast canddil9. However, the molecular determinants of MCB

613-induced cell death are not well defined.

Despite the walth 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 ofunfolded protein response. Also, the role XBP1-S in luminal/ER
positive breast cancer is wdihown but not much is known about the molecular
effectors (transcriptional targets) ¥BP1-S in context of estrogen signalling. In this
study we demonstratéhat induction of NCOA3 is regulated B¥BP1-S during the
conditions of UPR, as well as estrogen stimulation in human breast cancer cells. Our
results show that NCOA3 regulates optiraativation of PERKe | FATB4 pathway
during conditions of EnR stress. NCOA3 is required for induction BPX upon
estrogen stimulatiorFurther we show that NCOAS regulates the expression of PERK.
We found that chemical and genetic inhibition of NCOAt@rmuated 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 that81GBnduced cell

death is attenuated in NCOA3 knockout HelLa cells and M6CB leads teenhanced
PERK signalling in wildtype HelLa 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 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.

3.2Hypothesis

XBP1-NCOA3 axis is a key signalling node duriagtrogen stimulation with important

regulatory role in resistance to endocrine therapy irpB§ttive breast cancer.
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3.3Aims

x Aim-1: To elucidate the mechanism of NCOA3 upregulation during UPR and
estrogen signalling in breast cancer.

x Aim-2: To elucidate the mechanism of regulation of PERK signalling pathway
by NCOAS3

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

3.4Results

3.4.1 Expression of NCOAS3 is upregulated during conditions of UPR

Microarray gene expression analysfehe dataset (GSE63252) showed that expression
of NCOA3 was robustly induced (logFQ) upon treatment with two different
pharmacological stressors of EnR (endoplasmic reticulum) stress. To experimentally
evaluate the upregulation of NCOA3 gene expresdiring UPR in breast cancer cells,
MCF7 cells were exposed to Thapsigargin (TG), a known endoplasmic reticulum (EnR)
CaATPase family (SERCA) inhibitoj488 that induces EnR stress. Data showed that
the expression of HERP, GRP78, CHOP (bonafide {dddRonsive genes) and NCOA3

MRNA levels were increased iniene-dependent manner (Figure 3.3A & FigureB.3
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Figure 3.3 Increased expression of NC@3 by UPR in human breast cancer cells(A, B)
MCF7 cells were eithevehicle treated (CTRLpr treated withTG (1.0 uM) for indicated time
points. The expression level of UR&get genes (GRP78, HERIPd CHOP) and NCOA3 was
quantified by reatime RT-PCR normalizing against GAPDH. Error bars represent mean + S.D.
from three independent experiments performed in triplicate. *P < 0.05tafled unpaired-test
compared wittvehicletreated cells.
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3.4.2 Induction of NCOA3expression byXBP1-S

Next, the role of PERK and IRE1 arms of the UPR in the regulation of the NCOAS
expression was investigated in MCF7 cells. For this MCF7 cells were treated with TG
alone or in combination with the GSK PERK inhibif885 and IREL1 inhibitors (4u8C

and STF083010)[319, 377. As shown in Figure 34, 4u8C and STF083010
efficiently attenuated the TG induced production of spliced XBP1. Furihevas
observed that GSK PERK inhibitor (PI) abrogated the TG inducedpdasphorylation

of PERK (Figure 3.B). These results confirmetidt both PERK and IRE1 inhibitors
were blocking their respective targets. It was observed that both 4u8C and STF083010
compromised the TG and TNan inhibitor of Nlinked glycosylation of protein)
mediated increase in thexpression of NCOA3 (Figure 33, whereas GSK PERK
inhibitor (Pl) had no effect on TG mediated increase indkpression of NCOA3
(Figure 3.D). To determine which mammalian UPR transcriptional activators regulate
NCOA3 expression, MCF7 cells were transfected with plasmids encoding &J§& t
gene products (ATF4, ATF6, CHOP, NRFKhd XBP1-S) (Figure 3.E). Ectopic
expression of the indicated transcription factors was confirmed by immunoblotting
against theespective antibodies (Figure B} It was observed that ectopic expression
of spiced XBP1 KBP1-S) resulted in a significant increase in the N&transcripts

level (Figure 3.E). Therefore, the data suggésat induction of NCOA3 is dependent

on IRE:XXBP1 axis during UPR.
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Figure 34: Induction of NCOA3 during EnR stress is mediated by IREIXBP1 pathway. (A)

MCFT7 cels were either vehicle treated (CTR)treated withTG (1.0 uM) in absence and presence

of IRE1 inhibitors4pu8C (4U) (10 pM) andSTF083010 (STFJ100 uM) for 24 h.Expression of

XBP1 (unspliced andpliced) was analysed by conventional P MCF7 cells were treated with

TG (1.0 M) in absence and presence of (25 nM) GSKRK inhibitor (PI) for indicated time
points. Western blotting was performeasing PERK antibody(C, D) MCF7 cels were either
vehicle treatedCTRL) or treated with TG (1.0M) andTM (1.0 pg/ml) in absence and presence of
IRE1 inhibitors or TG (1.0 pM) in absencand presencef GSK-PERK inhibitor (PI) (25 nM, 100

nM) for 24 hand expression level of NCOA3 was quantified bwalkéme RT-PCR, normalizing
against RPLPO(E) MCF7 cells wereeither untrasnfected (CTRL) dransfected with pcDNA3

FLAG or plasmids expressing indicated UPR transcription factors (ATF4, ATF6, CHOP, &tfF2
XBP1-S) for 24 h and the expression level betNCOA3 was quantified by regime RT-PCR,
normalizing against RPLPO. (FYestern blotting was performadsing antibodies again§LAG,

ATF6, spliced XBP1, FLAGagged AF4, FLAGtagged CHOP and FLAGagged NRF2 an
actin.Error bars represent mean + S.D. from three independent experiments performed in triplicate.
*P < 0.05, twetailed unpaied ttest compared with CTRLy, P< 0.05 for onavay 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 XRding site at nucleotide positieh19 to

-98 relative to the transcriptional start site (FigBrgA). An NCOA3 promoter reporter
construct (pGLINCOA3-WT) containing this region was activated overf@ll by
cotransfection with splieXBP1 in 293T cells (Figure 35. To determine the role of
endogenous XBP1 in regulating NCOAS3 promoter, 293T celle weansfected with
NCOA3 promotefreporter plasmid along with dominamégative IRE1 (IREDRC) and

after 24 h they were treated with TG for 24 or 48 h. IBEInutant of IRE1has been
shown to attenuate EnR streagluced production of splicexBP1[489. TG treatment
resulted in up to 16old increase in NOA3 promoter activity that was abolished by
cotransfection of IREH2C mutant (Figure 3G). Mutation of the putative XBRh&inding

site in the NCOA3 pomoter (pGL3NCOA3-MT) by sitedirected mutagenesis
completely abolished its transactivation by ectopiBP1 (Figure 3.5D) and TG
treatment (Figure 3B). These observations suggest that there is only one functional

XBP1-responsive site in this region thie NCOA3 promoter.
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Figure 3.5 NCOA3 is a transcriptional target of XBP1. (A) Schematic representation wild-

type (pGL3-NCOA3-WT) and XBP1binding site mutant (pGLBICOA3-MT) human NCOA3
promoterreporter constructs. The nucleotide sequencehefhuman NCOA3 promoter from
position-119 to-98 relative to ther&nscription start site is showB) 293T cells were transfected

with pGL3-NCOA3-WT along with control (FLAG) or expression plasmid for indicated UPR
transcription factors (ATF4, ATF6, CHOP, NRBRd XBP1). Luciferase activity was measured 24

h after trasfection and normalized luciferase activity (Firefly/Renilla) relative to control is shown
here.(C) 293T cells were transfected with pGNECOA3-WT alongcontrol (pcDNA3) andIRE1-

DC (IRELDN). After 24 h of tranfection, cells wereithervehicle treatedUN) or treated with TG

( 1. O foranMgated time points. Normalized luciferase activity (Firefly/Renilla) relatiwetocle
treated control is showiiD) 293T cells were transfected with pGNECOA3-WT or mutant pGL3
NCOA3-MT (MT5 and MT7) along with gDNA3 or spliced XBP1 $XBP1) expression plasmid.
Luciferase activity was measured 24 h post transfection and normalized luciferase activity
(Firefly/Renilla) relative to contrapcDNA3) is shown.(E) 293T cells were transfected with pGL3
NCOA3WT or mutaint pGL3INCOA3-MT (MT5 and MT7). 24 h post transfection, cells were either
vehicle treatedUN)or treated with (1.0 M) TG for indic
activity (Firefly/Renilla) relative tosehicle treateaontrol is shown. Error bars represent mean+S.D.
from three independent experiments performed in duplicate. *P < 0.08aited unpaired-test
compared withvehicletreated cells.
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3.4.4 Induction of NCOAS3 expression byestrogen is IREEXXBP1 dependent

To determine whether XBP1 upregulates NCOA3 expression upon estrogen (E2)
treatment, the conditions for the 2pendent pwth and induction of bonafide E2
target genes (GREB1, TFF1, EGR, P@Rd PDZK) in MCF7 cells were optimized
first. After synchronization for 72 h, MCF7 cells were treated with E2 (10 nM) in 1%
dextrancoated charcodtripped fetal bovine serum (DGEBS) supplemented
medium. A timedependentgrowth of MCF7 cells (Figure 34 and induction of
bonafideE2-responsive genes (Figure B)ounder these conditions were observed. The
expression of NCOA3 mRNA and protein levels were significantly increased gtértin

h after the onset of EReatmentand lasting for 48 h (Figure 3.6C & Figure B)6 The

role of IREXXBP1 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 812 fold by E2treatment irwild-type NCOA3 promoter reporter comstt
(PGL3-NCOA3-WT) (Figure 3.€&). This upregulated reporter activity was completely
abrogated in XBP-binding site mutant NCOA3 promateeporter construct (Figure
3.6E). Next we used the control (MCF?PLKO) and XBP1 knockdown sttlones
(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 Eatimulated expression of XBPS, GREB1landNCOA3 (Figure 3.6).
Taken together, results suggest that induction of NCOA3 during E2 stimulation is
dependent on IREXBP1 axis.
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Figure 3.6 Induction of NCOAS3 expression duing estrogen signalling (A) MCF7 cells were
synchronized before estrogen treatment as described in methods gesetitan 2.14) After
synchronizatin, cells were either vehicle treat@dlo E2) or reated with estroge(E2) (10nM in
1% DCGFBS supplemeted medium. Lingraphsshow the absorbanaoé cells at the indicated time
points after E2 treatmentB-C) MCF7 cells weresynchronizedas in A cells were either vehicle
treated (CTRL) or treated with estrogen (E2) (10nMnd induction of Ezesponsivegenes
(GREB1, TFF1, EGR, PGRind PDZK) and NCOA3 was quantified byeattime RT-PCR,
normalizing against RPLP@D) After synchronizationMCF7 cells wereeither vehicle treated or
treated with estrogen (E2) amndestern blotting of total protein was perfoed using antibodies
against NCOA3XBP1-S andb-actin. (E) MCF7 cells were transfected with pGNEOA3-WT or
mutant pGL3NCOA3-MT (MT5 and MT7). Trasfected cells were left either vehicle treated
(CTRL) or treated with estrogen (10 nM E2) for 24 h. Noimsl luciferase activity
(Firefly/Renilla) relative torehicle treateds shown(F) MCF7-PLKO and MCFZXBP1 knockdown
(XKD) cells were synchronizefirst. After synchronization, cells werdther vehicle treated (OH) or
treated with E2 (10 nM) in 1% DGEBS supplemented medium for the indicated time points.
Expression of NCOA3, XBR$ and GREB1 was quantified by reéashe RT-PCR. Errorbars
represent mean = S.D. from three independent experiments performed in tripiieated.05, twe
tailed unpaired-test compared witkiehicle treatedells.
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3.4.5NCOAS3 is required for E2-mediated upregulation of XBP1and XBP1-
mediated endocrine resistance

Next, the role of upregulated NCOA3 in estrogen signalling and XBP1 mediated anti
estrogen resistance was detered. After synchronization for 72 h, MCHRICOAS3-
shRNA 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 E2
stimulated growth as well as expression of XBEF, GREB1andNCOAS3 (Figure 3.7A

and Figure 3.B). To evaluate the role of NCOA3 in XBfediated resistance to anti
estrogens pTRIPBEhNCOA3MCF7 cells were transfected with XBFSL expressing
plasmid. Fulvestrant, a selective estrogen receptor degulator (SERD) is a pure
competitive antagonist of estrogen receptor a[di®gd]. We found that ectopic XBP3
provided the resistance to fulvestrant and knockdown of NCOAS3 abrogated the
resistane provided by XBP4S (Figure 3.C). Results demonstrated that NCOA3
knockdown cells showed ¢éneased sensitivity to fulvestrant, further underscoring a role

for NCOAS in antiestrogen resistance.
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Figure 3.7 NCOAZ3 regulates induction of XBP1 upon estrogen signalling and is required for
XBP1-mediated antiestrogen resistance. (ApTRIPZ-shNCOA3MCF7 cells wereeithervehicle
treated(NO E2 or treated withestrogen(10 nM) in absence and presencedokycycline (500
ng/ml) for indicated time points. Lingraphsshow the absorbana# cells at the indicated time
points after the E2 tremient. Error bars represent mean + S.D. from three independent experiments
performed in triplicate(B) pTRIPZShNCOA3MCF7 cells wereeither vehicle treated (E2 OH)r
treated withestroger(10 nM)in absence and presence of doxycyc{B@0 ng/ml) for indtated time
points. The expression level of splice@XL (XBP1S, GREB1 and NCOA3 werguantified by
reattime RT-PCR, normalizing against RPLPO. Error bars represent mean + S.D. from three
independent experiments performed in triplicdteé) pTRIPZshNCOA3MCF7 cells transfected

with pcDNA3 (CGontrol) or XBP1-S plasmid and wereither vehicle treated (DMSQ@y treated with

(1pM) fulvestrant in absence and presencaakycycline (500 ng/mlifor 48 h. MTS assay was
performed to assess the changes in cell dert§l < 0.05, twetailed unpaired-test compared with
vehicle treatedells; ** P < 0.05, twetailed unpaired-test comparing respective time points.
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3.4.6NCOA3 modulates integrated stress response during UPR

To test whether NCOA3 modulates tratigation of three branches of the UPR we used
synthetic luciferase reporter constructs having ATE6 XBPI-binding sites and
CHOR-promoter reporter to transfect p TRIBENCOA3MCF7 cells. The induction of

the XBPZ1binding site reporter and ATH@inding ste reporter in response to
thapsigargin was not affecteg¢ knockdown of NCOA3 (Figure 34. In contrast, the
response of the CHOpromoter reporter to thapsigargin was significantly decreased
absence of NCOA3 (Figure ®R To understand the mechamis by which NCOA3
modulates the activation of PER& | A &TB4 pathway we evaluated the expression

of proximal mediators of PERK signalling during conditions of UPR in presence and
absence of NCOAS3. For this purposee used the clones of MCF7 cells expnegs
tetracyclineinducible NCOA3 shRNA to evaluate its role in endoplasmic reticulum
(EnR) stress responses. We evaluated the expression of PERK, phospp®2 U a n d
ATF4 proteins in pTRIPAhNCOA3MCF7 cells that were eitherehicle treatedbr

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-NCOAS3-shRNA clone (Figure 3MB) was observed. It was also observed that
constitutive expregon of PERK protein and thapsigargimediated induction of
phosphee | F2U and ATF4 inmahsenceodMODA3(Figure BRINext,

NCOA3 knockout (KO) and wildype (WT) parental HelLa cells were used to evaluate

the effect of NCOA3 on PERK signilf). 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 O6Mal l ey, B a
expression of PERK protein and tunicamyniediated induction of phospke | F2 U a n d
ATF4 was compromised in NCOA3 KO Hela cells as comgao WT HelLa cells

(Figure 3.&). In agreement with its effect on PERKI FATB4 axis, TGmediated
induction of UPR target genes down stream of PERK sxthas GHOP and ATF4
responsive genes VEGFA, LAMR&as attenuated in NCOA3 KO Hela lse(Figure

3.9). These results suggest that NCOAS3 is required for the optimal activation of-PERK

e | FARTB4 pathway during conditions of EnR stress.
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Figure 3.8 NCOAZ3 is required for optimal activation of PERK signalling during UPR. (A)
PTRIPZShNCOA3MCF7 cells were transfected with the indicated UPR pathway reporter
construct ATF6-R, CHORPR and XBP1-R). Transfected cells were treated with TG . 0 ¢ M)
absence and presence of doxycycline for 24 h. Normalized luciferase activity (Firefly/Renilla)
relative tovehicle treateatontrol is shown. Error bars represent mean£S.D. from three independent
experiments performed in duplicate. *P < 0.08p-tailed unpaired-test; ** P < 0.01, twetailed
unpaired test. (B) pTRIPZshNCOA3MCF7 cellswere eithervehicle treatedr treated with TG

(1.0 uM) for indicated time points in absence and presence of doxycycline. Western blotting of total
protein wa performed using antibodies against NCOA3, PERK, IpF 2 U-4 A THelétin. (€)

HelLa WT and HeLa NCOAERO cells were either vehicle treatedtreated with TM (1.@g/ml) for
indicated time points. Western blotting of total protein was performed usitiigpdies against
PERK, elF2l pelF2], ATF4, N@G&A3 and b
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Figure 3.9 NCOA3 is required for attenuating targets dowrstream of PERK during UPR.
HelLa WT and HeLa NCOA3 K@ells were eithevehicle treatedr treated with TM (1.@g/ml) for

3 hr. Cells were harvested for total RNA isolation at the atdid time points followed by
measuremertf the expressionf target gaes down stream of PERK axis suchC&$OP and ATF4
responsive genes VEGFA, LAMRS reattime RT-PCR, normalizing against RPLPOther UPR
target genes expression was also measurededitime RT-PCR, normalizing against RPLPO.
Results are representedrasan + S.D. from three independent experiments performed in triplicate.
*P < 0.05, twetailed unpaired-test; ** P < 0.01, tweailed unpaired-test.
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3.4.7NCOAZ3 regulates the expression of PERK

Next, a recently identified small molecule inhibitor BCOA3, Verrucarin A, which

can selectively promote the degradation of the NCOA3 protein was used to check
PERK expressiofd16. Treatment of MCF7 cells with Verruga A led to decrease in

the protein and mRNA l@l of NCOA3 and PERK (Figure B0A). In agreement with

our earlier results, NCOA3 KO Hela cells showedlused protein and mRNA
expression levels dICOA3 and PERK (Figure 3.B). Further it was observed #t
ectopic expression of wilthpe NCOA3 in NCOA3 KO Hela cells rescued the reduced
expression of BRK mRNA and protein (Figure BOC). NCOAS3 gene was found to be
amplified in human breast cancer tissues as compared with nornuastiss TCGA
datasets (Fyure 3.10). In agreement witlthe regulation of PERK expression by
NCOA3, we found that PERK mRNA levels correlated well with the transcript levels of
NCOAZ3 in TCGA cohort of breast cancer (Figure 3B The halflife of PERK protein

and mRNA was not sigficantly different in NCOA3KO and WT Hela cells (Figure
3.11A & Figure 3.1B). 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 NCOAZ3 regulates the expression of PERK(A) MCF7 WT cellswereeithervehicle
treated (Un)r treated with Verrucarin A at differéconcentrations (10 nM, 50 nNID0 nM) for 24

h. Upper panel, western blotting of tofaotein was performed using antibodies against NCOAS3,
PERKandb-actin. Lower panel, the expression level of NCOA3 and PERK was quantified by real
time RT-PCR normalizing against RPLPO. (B) Upper panel, western blotting of total protein isolated
from Hela WT and HeLa NCOA3 KO cells was performed using antibodies against NCOA3, PERK
a n dactib. Lower panel, expression level of NCOA3 and PERK was quantified using total RNA
isolated from HeLa WT and HeLa NCOA3 KO cells by fitmle RT-PCR normalizing agaims
RPLPO. (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
anti bodi es agai n sdctin.Navwerdanel, elpEessilevebon NICOA3 and PERK

was measured by retine RT-PCR normalizing against RPLPO. Results are represented as mean +
S.D. from three independent experiments performed in triplicate. (D) The expression level of
NCOA3 in breast cancaubtypesvas 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%rdRB}fionof NCOA3 and
EIF2AK3 (PERK) was determined using R2. *P < 0.05,-taited unpaired-test; ** P < 0.01, twe

tailed unpaired-test.
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Figure 3.11 Half-life of PERK protein and mRNA. (A) HeLa WT and NCOA3 KO cellsvere
eithervehicle treateqUn) or treated with Actinmmy ¢ i n D (fotent ighibitok of transcription)

for the indicated time points. The expression level of PERK was quantififcdpylanreattime

RT- PCR, normalizing against GAPDH (upper panel). Line graph shows the fold change at the
indicated time paits after treatment (lower panel). (B) HeLa WT and NCOA3 KO egdte either

vehicle treateqUn) ort r eat ed wi t h c y c (a&iownxnhibitor dfaran§latidfPre g / ml
the indicated time points. Westéblotting of total protein was performeding antibodies against
PERK amcd im (upper panel). Autorads obtai-ned a
actin wereanalyzedusing Image J software. Fold change of the expression of total PERK at
different time points after treatment with cyctamide in HeLa WT and HeLa NCOA3 KO cells is
shown her e n o r-aotnlby consitedng treghacie trestedalbe as 1 (lower panel).

3.4.8NCOA3-deficient HeLa cells are hypersensitive to BR stressmediated
cell death

During UPR, activate PERK phosphorylates eukaryotic translation initiation facéor 2
(elF2a), which reduces the global protein synthepi®1]. The PERKdependent
reduction of protein translation limits nascent protein transjgoEnR lumen thereby
reducing the client protein load on the Ep®Z. PERK/- and catalytically inactie
elF2a (Ser51Ala) knockn MEFs are hypersensitive to EnR strasduced apoptosis
[493. Flow cytometry analysis demonstrated that NCOA3 KO HelLa cells showed
increased sensitivity to EnR ess induced cell death as conmguzhto WT Hela cells
(Figure 3.12A & Figure 3.1B). The expression of cleaved casp8se marker of
apoptotic cell death was induced robustly upon TM treatment as compared to HeLa WT
cells suggesting hypersensitivity is magd via apoptosis (Figure 3Qp Further, it

was observed that GSK PERK inhibitor sensitized the -ty HelLa cells to ER
stressinduced cell death (Figure 3.13A & Figure 3)3 These results suggest that
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attenuated PERK signalling in HeLa NCOA3 KOllgemay be responsible for their
hypersensitivity to ER stresaediated cell death.

Positive control Experimental
for death analysis Sample
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HeLa NCOA3 KO HeLa NCOA3 KO HeLa NCOA3 KO
Un TM 24h TM 48h
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mHeLa WT TM 24 hr 0 12 24 48 0 12 24 48
40 4
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Figure 3.12: NCOA3 knockout HelLa cellsare hypersensitive to ER stressnediated cell death.

(A) HeLa WT and HelLa NCOA3 KQells were eithewehicle treatedUn) or treated with TM
(1pg/ml) for 24 h and 48 h. Representative dot plot of Pl staining of HeLa WT and HeLa NCOA3
KO cells are shown. (B) HeLa WT and HeLa NCOA3 KO cells staining positive for Pl are shown as
dead cells (n=3). Results are represented as m&D. from three independent experiment3.<

0.05 ¢wo-tailed unpaired-test). (C) HeLa WT and HeLa NCOAS3 KO cells were treated asandA
western blotting of total protein was performed using antibodies against cleaved Gaspase d b
actin.

Cleaved
Caspase-3

———
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Figure 3.13: NCOAS3-deficient HelLa cellsare hypersensitive to ER stressnediated cell death.
(A) HeLa WT cellswere eithewehicle treateqUn) or treated with TM (1pg/ml) for 48h in absence
or presencef 100nM (PERKIi) GSK PERK inhibitor &8). Representative dot plot &fropidium
iodide @I) staining of HeLa WT cellare shown. (B) Cells were treated as inPApositivecellsare
shown as dead cells. Results are represented as mean + S.D. fromdépeadent experiments
** P < (0.01 (twotailed unpaired-test).

3.4.9MCB-613 induced cell death is dependent on NCOA3

MCB-613 is a PaiNCOAS3 stimulator[419. NCOA3 knockout (KO) and wildype

(WT) parental HelLa cells were used to evaluate the role of NCOAS3 in -BIGB
induced cell death. We were able to confirm the previously published observations that
loss of NCOA3 reduced the prolitgron of HelLa cells (Fjure 3.8A) and NCOA3 KO

HelLa cells were less sensitive to M@R3 as compared to iM-type HelLa cells
(Figure 3.18- Figure 3.14C). These results suggest that cell death induced by-MCB

613 is at least partially dependent on NCOA3 (NCOA1 and NCOA2 arexgtitessed
in NCOA3 KO cells).
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Figure 3.14: NCOAS3 deficient HelLa cells are resistant to MCB613 mediated cell death(A)
HelLa WT and HeLa NCOA3 KO cells were plated inv@éll plate (2,000 cells/well). Cell growth
was assessed by MTS cell prolifiwa 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 B) HeLa WT and HeLa NCOA3 KO cells weeé&hervehicle treateqUn) or
treated with MCB613 (10 uM) for 24 h and 48 h. Representative dot pldtropidium iodide RI)
staining of HeLa WT and HeLa NCOAS3 KO cells are shown. (C) HeLa WT and HeLa NCOA3 KO
cells staining positive for Pl are shown as dead cells (n=3). Reseltepresented as mean + S.D.
from three independent experiments performed in duplicate. *P < 0.05; ** P < 0.0%a{leeb
unpaired test).
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3.4.10MCB-613 leads to enhanced activation of PERK signalling

MCB-613 treatment leads to severe EnR stress @BR&®R downstream of hyper
activation of NCOAs, resulting in paraptotic cell defti9. NCOA3 activation is
coupledwith its turnover and hyper activation of NCOA$ MCB-613 is accompanied
by reduction in total NCOAS3 proteif#19. In agreement with previous result, it was
observed that treatment with MGB.3 resulted in daease iINNCOAS3 protein level
(Figure 3.13\). We found that MCB513 treatment leads to induction of multiple UPR
markers such as PERKBP1-S, phospheelF2a, ATF4 and ATF6 (Figure 35R).
Next, the induction of UPR target genes upon treatment with NCBand Brefeldin A
(BFA) (blocks the exit of folded proteins from endoplasmic reticulum to Golgi
apparatuswas compared in MCF7 cells. It was observed that both MCBand BFA
induced the expression of spliced XBP1, GRPHBRP, PERK and CHOP (Figure
3.15B & Figure 3.1%). BFA was more potent and robust inducer of spliced XBP1,
GRP78 and HERP as compared to MEE3 whereas MCH#13 showed significantly
higher inducton of PERK and CHOP (Figure 3Qh These results indicate that MCB
613 treatment induces URRth augmented activation of PERK signalling.

A B
HeLa cells

Un 4 8 16 24 MCB-613

MCF7WT Un
MCF7BFA

MCF7MCB-613

XBP1
XBP1s

P-elF2a

ATF4

e : 40 - = MCF7 WT Un %%k

i WIS ‘. ‘..',“'
“ -— ~’ b ATF6 (F) 835’ %‘ = MCF7 WT MCB-613 /“

I MCF7 WT BFA

- , =
ATF6 (N)

ACTIN

GRP78 HERP PERK CHOP

Figure 3.15 MCB-613 leads to enhanced activation of PERK signallingA) HeLa WT cels
wereeithervehicle treateqUn) or treated with MCB613 (10 uM) for 4h, 8h, I6and24h. Western
blotting of total protein was performed using antibodies against UPR target proteins (RERK,
S, pelFy ATF4, ATFG6)-actinNBQC MGF7 aefisdver@ithervehicle treateqUn)
or treated with MCB613 (10uM) or BFA (1 pug/ml) for 24h. The expression level of XBP1 was
measured by conventional PCR and the expression of UPR target genes (GRP7& HERRNd
CHOP) was quantified by retime RT-PCR, normalizing against RPLPO. Results are represented as
mean = S.D. from three independent experiments performed in triplicate. *P < 0.G&ilédo
unpaired fest; ** P < 0.01, tweailed unpaired-test
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3.4.11MCB-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 stre4804]. In particular, during chronic EnR streggersistent

PERK activity contributes to ER stressluced cell deatlp494. Treatment oMCF7

cells with MCB-613 resulted in massive vacuolization in the cytoplasm as of previously
puldished observations (Figure 3Ap We reasoned that enhanced PERK signalling
may play a role in MCE513 mediated cytotoxicity. To identify the responsible arm
(XBP1, PERK and ATF6) for MCB13 induced cell death, control (MGIPLKO),

XBP1 knockdown (MCF7 XBPKD), PERK knockdown (MCF7 PERKD) and

ATF6 knockdown (MCF7 ATF&D) subclones were generated in MCF7 celtsng
respective shRNAsWe observed the rediumh in the expression (basal and -TG
induced) of cognate target genes due to the presence of the corresponding shRNA
(Figure 3.8B 7 Figure3.1@D). Flow cytometry analysiand MTS assayevealed that
MCB-613 induced cell death in control MZIPLKO cells tha were specifically
attenuated ilMCF7 PERKKD cells (Figure 3.17A3.17C). Collectively, these results
suggest that MCH#13 leads to enhanced PERK signalling which contributes at least in
part to MCB613 mediated cell death.
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Figure 3.16: Successful generation of knockdown clones of UPR targetfA) Cytoplasmic
vacuolization(indicated arrow)n MCF7 cells treated with MCB13, a stimulator NCOA3. {®)

MCF7 PKLO, MCF7 XBP1 knockdown (XBRKD) and MCF7 PERK knockdown (PERKD)

and MCF7ATF6 knockdown (ATFeKD) clones were generated using respective shRNA and tested

for knockdowneitherby vehicle treatment (Unor treatmenwvi t h (1. 0 e M) Bref el c
18 h. Western blotting of total protein was performed using the indieatédzbdie{XBP1s, PERK,

ATF6). Conventional PCR for XBP1 andattime RT-PCRfor PERK and ATF6 expression were

carried out to confirm the knodkwn ofrespective targets
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Figure 3.17 MCB-613 induces PERK dependent cell deatHA) MCF7 PLKO, MCF7-XBP1

knockdown (XBPiKD), MCF7 PERK knockdown (PERKD) and MCFZATF6 knockdown
(ATF6-KD) cells were eithervehicle treatedUN) or treated with MCB6 13 ( 10 ¢ M)
Representative dot pkbf Pl staining of cells are shown. YBMCF7 PKLO, MCF7 XBPiKD,
MCF7 PERKKD and MCF7 ATF6KD cells stainingpositive forPropidium iodide I) are shown

as dead cells (n=3JC) MCF7 PKLO, MCF7 XBP1KD and MCF7 PERKKD cells were plated in
96-well plate. Twenty four hours of post seeding cell were treated with 8ICB(10 uM) for the
indicated time periods. Cell proliferation was assessed by MTS assay on Day 0, 1, Rin8, 4.
graphs showhe percentage of cell viability in compare to confiahicle treatedat the indicated
time points after the treatment with ME@R.3. Data represent here as mean = S.D. from three

independent experiments performed in triplicate < 0.05, twotailed unpaired itest
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3.5 Conclusiors

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 severals of human cancdr80,

495. The mechanism of the regulation of NCOA3 expression in different metabol
disruptions and stress responses is not fully elucidated. Our findings elucidate that
upregulation of NCOAS3 is dependent on IREBP1 axis during UPR andstrogen
signalling (Figure 3.4 and Figure 3.6 was also elucidated that NCOAZ3 is required for
XBP1-mediated anéistrogen resistance (Figure B.7Spliced XBP1 XBPL-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 XB&t1-S plays an
important role in increased expression of NCOA3 during conditions of UPR and
estrogen stimulation in ER positive breast aan(Figure 3.18 The expression of
NCOA3 is elevatedn human cancers in the absence of gene amplification and
relatively little is known about mechanisms of NCOA3 overexprespi@®. The
stressful conditions in th&umour microenvironment including low oxygen supply,
nutrient deprivation and pH changes activate a range of cellular -stsgEmse
pathways[304]. Cellular adaptation to stress in tumour microenvironment occurs
through multiple mechanisms, including activation of the J&%%. Our results show
increased expression of NCOAS3 duricmnditions of UPR irbreast cancer cells (Figure

3.3-3.4) provides a mechanism for overexpression of NCOA3 in human cancers.

We noted thaKBP1-S upregulates the expression of NCOAS3 upon estrogen stimulation
via XBP1-binding site in lhe promoter of NCOA (Figure 3.%. Our recently published

data also reported that NCOAS3 is required for the inductioXBP1-S upon E2
stimulation [459. Carroll et al., have demonstrated that during corahs of E2
stimulation, estrogen receptor is recruited to the enhancer region of XBP1 gene leading
to induction of XBP1 mRNA which is then spliced by IRE1 to prod¥iB&1-S [475.
However, ATF6 induces the expression of XBP1 mRNA during UPR which is then
spliced by IRE1 to producéBP1-S [497]. We, have shown that NCOAS required for

E2 dependent cellular proliferation and induction of XB®39. In consideration with

our findings and published results suggest that in cells with hyperaddiPé-S, such

as the case encountered in stressful conditions of tumour microenvironment, there is a
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positive feedback regulatory loop consistingBP1-S and NCOAS3 to maintain high
levels of NCOA3 andXBP1-S in ER-positive breast cancer. Indeed, a very good
correlation between the transcript levels of NCOA3 &P 1-Sin breast cancer patient
samples was also observgdb9. Overexpression oKBP1-S can confer estrogen
independent growth and resistarioeantthormonal therapy376]. Taken together our
findings reveal a key function for the IREXBP1-NCOAS3 axis in luminal/ERpositive
breast cancer and indicateathtargeting this pathway may offer alternative treatment

strategies for antstrogen resistant breast cancer.

Tumour microenvironment
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(XBP1, GREB1) (LAMP3, VEGFA)
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INHIBITION OF APOPTOSIS INVASION and METASTASIS

PROGRESSION
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 (UBdX) biding protein
1 (XBP1) is a critical transcriptional activator that is induced by the UPR. In estroggrorece
positive (ER+) breast cancer cells XBP1 is rapidly induced in responsestinit2ation. In luminal
breast cancers estrogen signalling and UPR induce the expressi@&®dfS. Here we show that
XBP1-S upregulateghe transcriptional activation of NC&B during estrogen signalling and UPR.
NCOAZ3 is required for the induction of estrogesponsive and PERKTF4-responsive genes. Our
results suggest thaBP 1-S regulates growth and proliferation of EiRsitive breast cancer cells, in
part, by transcriptinal activation of NCOA3.

Our findings uncover a novel no#R role for NCOA3 in the UPR signalling, where
NCOAS3 plays an important role in optimal activation of RER | FA&TB4 pathway
(Figure 3.8 and Figure 3.9but has no significant effect on IREXBP1 or ATF6
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branches of UPH459. PERKATF4 arm directly upregulates vascular endothelial
growth factor A (VEGFA) and Lysosomdalssociated Membrane Protein 3 (LAMP3)
thereby regulating tumewascularity and invasiop#98 499. In line, tumours derived

from K-Rastransformed embryonic fibroblasterived from PERK knockout mice

show severely compromised tumour vascularizaf®ng and PERKdeficient mice

have reduced growt h o fsa fesultd tompromised tumoun o ma
vascularization[500. Indeed, knockout of NCOA3 attenuated the UR&diated
increase in the expressi of VEGF and LAMP3 (Figure 3)9Further epithelial to
mesenchymal transition activates PERIK2 U si gnal |l i ng, whi ch
invasion and metastasis of primary tum@88g. Taken together our results suggest a

role for NCOA3 in PERKdependent effeston malignant transformation.

We show that NCOAS3 regulates the expression of PERK mRNA and protein without
affecting their turnover (Figure Bl). Our findings suggest that NCOAS3 regulates
PERK expression by acting as a coactivator for transcriptionrfagtrequired for basal
transcription of PERK. In addition to NRs, NCOA3 is found to act as coactivator for
several other transcription factors [AP PEA3, NFNB, E2F1, SMADs, HIF1, TP53,
STATs, ETS and HNF4] to control diverse gene regulatory netwptkd, 417.
Indeed, bioinformatics analysis has shown the presence of binding sites for AP1 and
NF-kB sites (TFsknown to interact with NCOAS3) in the promoter region of PERK.
Therefore, NCOA3 mediated regulation of PERK expression could be the result of
coactivation of either AP1 or NKB by NCOA3, but this is worth of experimental
proof. In line with regulation oPERK expression by NCOA3 we found enhanced
activation of PERKATF4 signalling pathway upon stimulation of NCOA8 MCB-

613 treatment (Figure 3.L5UPR stress sensors have been shown to be activated in a
selective manner, such as specific activation of IRy Tolllike receptors in
macrophageg36(, specific activation of PERK during epithelial to mesenchymal
transition[388 and specific activation of ATF6 by EnR membrane protein overload
[507]].
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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 &r optim
PERK signalling and restoring EnR homeostasisnduthe conditions of UPR. (ALoss of NCOA3

leads to reduced PERK expression and attenuated PERK signalling during UPR which in turn
renders cells hypersensitive to EnR stmeesliated cell death. (C)yder activation of NCOA3

leads to increased expression of PERK and PEBRpendent cell death. Taken together our results
point to NCOAS3 as an important determinant in regulating cell fate during EnR stress, with too little
and too much NCOAZ3 both producidgleterious 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 contd48 493. Indeed we
observed that knockout of NCOA3 abatgd PERK signalling (Figure 3.8 & Figure

3.9). In our model, NCOAS3 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)19Ve found that loss of NCOA3 or dreatment with

PERK inhibitor sensiied HelLa cells to EnR stressgluced apoptosis which is most

likely due to compronsed PERK signalling (Figure 3.1&2 Figure 3.1). Indeed,
PERKi /i and ATF4/i MEFs and el F2 U -if MEES afe hypérsensitivie n o ¢ |
to EnRstressinduced apoptosi§325. Further liverspecific loss ofPERK has been
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shown to increase EnR&ress induced apoptosis in an animal mod€lZ. Our
observation showing that persistent PERK activity upon MEIB treatmet impairs

cell viability is consistent with previous reports showing that selective activation of
PERK leads to cell deafth03. Persistent PERK signalling coulohpair cell viability

via induction of CHOP, a transcription factor that has been shown to contribute to EnR
stressinduced apoptosig vitro andin vivo [504, 505. Taken together our findings
suggest that the duration and/or intensity of PERK signalling downstream of NCOAS is
a key determinant of regulation of cell fate by NCOA3 during UPR (Figu®.3.1
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CHAPTER 4

mMiR-17-92 cluster, an oncogenic microRNA cluster acts as
a context dependent tumour suppressor in breast cancer
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4.1 Background

The results described in this chapter show #ratUPR 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 PRHX miRNA
cluster has been reported as UPR regulated miRNA cl@erleyet al, suggest that
mMiRNAs belongng to this cluster are downregulated during the EnR stress condition
and the downregulation is dependent on PENRRF2ATF4 signaling pathway during
UPR[50€].

Experimental evidences reveal that riiR92 cluster is differentially expressed in
various cancer typg269, 507, 508. For instance, expression of miR-5p was found

to be downregulated in breast cancer cell lines whereas @ dancer this cluster
showed upregulation[509 510. In cMyc induced Bcell lymphomagenesis, milR7-

92 cluster contributes to the oncogenic activity éflyc by targeting preapoptotic
transcription factor PTEN511, 517. In prostate cancer tissue and cell linds
reduced expression pattern of miR-92 was also observed13. In addition, this
cluster of miRM\ was also showed differenti@xpression in breast cancer subtypes
[514. Indead, miRNAs of this cluster is designated as potent oncogenic miRNA
(oncomiR)[260, 421]. In lung cancer, expregn of mMiR17-92 cluster accelerates cell
proliferation by reduci ngl WpHLH and potentiatesd u c i
cell survival by targeting PTENhough miR19 [51§. Several independent line of
evidence suggests that this cluster of miRNA not only acts as oncomiR but also behaves
as tumour suppressdibl3 517]. Expression of miRL7-92 cluster reduces cell
proliferation, delaysumouigenicity and inhibits tumougrowth in animal model of
prostate cancdb13. A member of this cluster, miR8a supresses cell proliferation by
targeting Dicer in bladder cancs18. A recent report noted that this cluster inhibits
the progression of colon cancer by targeting angiogef®&$®. There are conflicting
repats about the role of m#27-92 cluster in breast cancer. Hongliagal, reported

that miR17-5p promotes migration and invasion by supressing HMG-damtaining
protein 1 (HBP1) in breast candé&rl9, while Hossairet al., reported that miRL7-5p
attenuates breast cancer cell proliferation by targeting NCOA3 msild. The miR

17/20 family inhibits invasion and metastasis of breast cancer by inhibiting secretion of
cytokines [520. So, these findings suggest that this clusterwsha functional

complexity depending on the cancer ty@nd even in the subtypessufecific 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 funstiohmiR17-92 cluster in three
major breast cancer subtypes namely luminal A, HER2+ and triple negative.
Additionally, we identified potential functionally relevant targets for this clusténen
cell-based model of luminal A breast canckr.this study oncomine datasets were
analysed to determine the expression of MIR17HG in breast cancer. It was observed
thatexpressiorof MIR17HG was increased in tissues and cell lines from triple negative
breast cancer (TNBC) but decreased in the tissues and el fiiom the estrogen
receptor (ER)positive breast cancer. Next, stable-signes of MCF7, T47D, SKBR3
and MDAMB231 cells overexpressing miR/-92 cluster were generated by
transducing with lentivirus expressing miR-92. Cell sorting was performed tmrt
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
Boydenchamber invasion assay. For drug response analysis, control and microRNA
overexpressing sutlones were exposed to different chemotherapeutic agents at
different concentrations followed by MTSsay at different time point&aplan Meier
overall survivalanalysis was carried out in METABRIC Dataset (largest breast cancer
patient dataset having the information of 2506 breast cancer patients)ansingne
tool (KM plotter). To identify functionally relevantargets for this cluster, next
generation sequemg (NGS) was performeth MCF7 PCDH empty (Contip and
miR-17-92 expressingells along withthe computational prediction for the binding
sites of the individual miRNAs of this cluster using miRNA prediction tool such as
Targetscan, miRMap. Our resultshow that ectopic expression of miR-92
significantly supressed cell proliferation, migration and invasion of MCF7, T47D and
SKBR3 cells while accelerated cell proliferation, migration and invasion in NVBA
231 cells. Additionally, we found that expressof miR-17-92 cluster sensitizes MCF7
cells towards DNA damaging compounds such as doxorubicin afdobo-uracil
whereas in SKBR3 this cluster show resistance towards bortezomib, docetaxdt-and 5
uracil. High expression of all mature miRNAs of thisister except miRL8a were
significantly associated with good outcome in luminal breast cancer subtypes while high
expression of miRL7, miR18a and miR92a were significantly associated with poor
outcome in HER2+ breast cancer and in triple negative bozaser subtype high
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expression of miRL7, miR19b and miR92a were significantly associated with poor
outcome. ADORAL1, H19, CENPV and PREX1 could be the potential targets for the
mature miRNAs of this cluster in luminal A breast cancer. Therefore, itldénds
indicate thatmiR-17-92 clusterdecreases cell proliferation, migration and invasion
ER-positive and HERz2nriched breast cancer cellstkaccelerates these properties
triple negative breast cancer.

4.2 Hypothesis

SincemiR-17-92 clustershowsdifferential expression among the cancers types, it is
hypothesized that biological function may also vary depending on the context.

4. 3Aims

x Aim-1: To characterize the functional properties of ALiIR92 cluster in
subtypes of breast cancer.

x Aim-2: To find out the association of this cluster with outcome in the subtypes
of breast cancer

x  Aim-3: To find out functionally relevant targets for mIR-92 cluster

4.4 Results:

4.4.1MIR17HG (the miR-17-92 cluster host genejs differential ly expressed
in breast cancer

The Cancer Genome Atlas (TCGA) breast data set was analysed using online tool
oncomine (data mining platform) to evaluate the expression of MIR17HG (thd iR

92 cluster host gene) in different breast cancer subtypes compared to normal breast
tissue. It was observed thatedianexpression of MIR17HG was relatively low in
different breast cancesultypes compare toanmal breast tissue (Figure %.Further,
analysis of three different datasets (TCGA, Stickler and Bittner) and one cell $ed ba
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 regutor (ER)positive (Figure 4.2 Figure4.3) subtypes.
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Figure 4.1: Expression of MIR17HG in breast cancerataset (A) MIR17HG expression was
analysed in TCGA dataset to compare between normal and breast cancer tissue type by using online
data mining platforroncomne. The box plots represent the ®2%hrough 7% percentile. The
horizontal line represents the mediétere, no value is defined by the number of patimaswere

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 wedyaed using oncomine datasets
such as TCGA and Stickler. Upper panel shows #gession level MIR17HG in ER+ and ER
breast cancer subtypes; middle panel shows the expression level MIR17HG in HER2+ and HER2
breast cancer subtypes and lower panel shows the expression level MIR17HG in TiHiBlahx

plots represent the 2Shrough 7% percentile. The horizontal line represents the median value.
Here, no value is definday the number of patients thaere not included in the selected group.
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Figure 4.3 Expression of MIR17HG in breast cancer subtypesising Bittner dataset and
Hoeflich cell line dataset. (A) Upper panel shows the expression level MIR17HG in ER+ and ER
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breast cancer subtypes and lower panel shitve expression level MIR17HG in TNBC. Here, no
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plots repreent the 28 through 7% percentile. The horizontal line represents the median value.
Here, no value is for MCF10A.

4.4.2 Generation and characterizationof the dable clones expressing miRL7-92
cluster

The expression of mature miRNAs of this clustas investigatedt endogenous level
in cell basd models of breast cancer subtypes such as MCF7, T47D. SKBR3 and MDA
126



Chapter 4: Role of miR7-92 cluster in subtypes of breast canc

MB 231 cell linesby realtime RT-PCR. Result suggests that expression of the mature
mMiRNAs of this cluster was low in MCF7 cells, moaterin T47D and SKBR3, high in
MDA MB-231 cells (Figure 4.4).
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Figure 44: Endogenous expression of miRL7-92 cluster in a panel of breast cancer cell lines.
Expression of miRNAs belonging to miRF-92 cluster was determineds lbeattime RT-PCR in
MCF7, T47D, SKBR3 and MDAIB231 cell lines.

Hoeflich cell line datasgb1 cell lines)wasalsoanalysed using online tcabncomine
to evaluate the expression of MIR17HG differentcell based model dfreast cancer.
It was obsergd that median expressicof MIR17HG was relatively low in MCF7,
T47D, SKBR3 and MDA MB231 compare to other cell lines (Figure 4.5).

2.5
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0

R-75-30
HCCT0
R-75-1

MCF7
MDA-MB-134-VI

MDA-MB-175-VII
HCC202

BT-483
MDA-MB-4355
MDA MB-453
HCC2218

EVSA-T

KPL-1
MDA-MB-361

HCC1419
HCC1500
CAL-148
HCC1428
BT-20
HCC1806
EFM-192A
HS5787
KPL-A
MDA-MB-415

T47D

NX-1
HCC1143
MDA-MB-231
CAMA-1
MFM-223
MDA-MB-436
HCC1954
HCC1569
EFM-19
BT474

SKBR3
HCC38
HCC1395
AUS65
DU447s
MDA-MB-468
CAL-120
JIMT-1

HCC 1937
CAL-85-1
HDQ-P1
BT-549
CAL-51
UACC-812
SW527

1

]
NN~
wi © wn

-3.0
~ -3.5
-4.0
-4.5
-5.0
-5.5

median-centered intensity

log

Legend
1. Cell Line (51)

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 platfeomcomine
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To evaluate the functional properties of FiR92 cluster in the subtypes of breast
cancer control (PCDH Empty and miR17-92 cluster overexpressing stable sub clones
of MCF7 (MCF7 PCDH Empty, MCF7 PCDH miR7-92), T47D (T47D PCDH
Empty, T47D PCDH miRL7-92), SKBR3 (SKBR3 PCDH Empty, SKBR3 PCDH miR
17-92) and MDAMB-231 (MDA-MB-231 PCDH Empty, MDAMB-231 PCDH miR
17-92) were generated. For this purpose MCF7, T47D, SKBR3 and-MBA231 cells
were transduced with lentivirus prepared using PCDH empty andlifR cluster
expressing PCDH plasmid (Figure Ap Expression of RFP (preorting and/or post
sotting, where appropriate) in the generated stable sub clones was observed under
fluorescence microscope indicated that plasmidsexgressing RFP and miRNA
sequence have been transduced successfully and activalgssegh in the clones
(Figure 4.8 i Figure 4.6D). The relative expression of the six mature miRNAs
belonging to miRL7-92 cluster in the overexpressing subclones of breast cancer cell
lines was measurebly realtime RT-PCR (Figure 4.68B Figure 4.®). A significant
ectopic expression of all matuneiRNAs was observed only in MCF7 clones (MCF7
PCDH miR17-92) compare to contre{MCF7 PCDH Empty) (Figure 8B). Though,

the subclones of T47D, SKBR3 and MEMB-231 cells were expressing RFP but
MiRNA specific quantitative readilme RT-PCR results showkno significant difference

in MiR-17-92 transduced subclones as compared to coff@®H Empty. Therefore

to enrich for miR17-92 expressing cells, we categorized the clones into low, medium
and high RFP expressing cells based on the intensity of RFHFAGS analysis using

BD FACS Cato-A flow cytometer (Figure 4.7, Figure 4&hd Figure 4.9. Next we
sorted the high RFP expressing cells using BD FACS Aria Il cells sorter. Purity of the
high RFP expressing cells (pesirt) were checked by FACS analy$isgure 4.TC,
Figure 4.& and Figure 4.8). After sorting, miR17-92 expressing T47D, SKBR3 and
MDA-MB-231 subclones showed remarkable expressidhe mature miRNAs (Figure
4.6B- Figure 4.®). These MCF7, T47D, SKBR3 and MBWB-231 (PCDH empty,
PCDH miR17-92) subclones were used in subsequent experiments.
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A Gating strategy for T47D clones
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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 miRTRL (PCDH Empty)and miR17-92 expressing
subclones. An initial gating was set by using 633_660 20 (sytox redhear forward scatter
(FSC). After exclusion of dead cells and debris, further gating was set to exclude the doublets (FSC
A vs FSCH). The gate for the analysis was finalized to inclix®®,000 live cells for each sample
acquisition using FSC vs SSC scatiglot. Histogram integration for the determination of
488 585 42 (RFP) fluorescence (iraXis) vs counting of cells ((dxis) were set using unstained
cells. (B) Flow cytometry analysis was carried out for determining the percentage of low, medium
and hidn RFP expressing cells. Red fluorescence protein (RFP) expressingniR¢Ly-92 stable
subclones were plated ir25 flask, harvested by trypsinization, membrane integrity was allowed to
be restored for 15 min at 37°C. Cells were collected by centritugatnd 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 -Bafitov
cytometer. Cells were categorised as high, iomadand low RFP expressing cells based on the
intensity of RFP expresmi. (C) Left panel represengsiting strategies for RFP expressing T47D
miR-17-92 clones to be sorted and ttight panel represents the purity check after sorting using BD
FACS Aria I 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 SKBR&IiR-CTRL (PCDH Empty)and miR17-92 expressing
subcbnesas of Figure 4&. (B) Flow cytometry analysis was carried out for determining
percentage of low, medium and high RFP expressing cells. Red fluorescence protein (RFP)
expressing SKBRBiR-17-92 stable subclones were plated anT-25 flask, harvesd 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 expressingwaaldetermined by measuring fluorescence
intensity using a BD FACS Cant® 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 RFPxgressing SKBR3niR-17-92 clones to be sorted and thight panel
represents the purity check after sorting using BD FACS Aria Il cells sorter
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Figure 4.9 The miR-17-92 expressing MDAMB-231 stable abclones were sorted based on

RFP expression(A) Gating was set for MDAMB-231 miRCTRL (PCDH Empty)and miR17-92
expressingubclones(B) Flow cytometry analysis was carried out for determining the perceoftage
low, medium and higlas of Figure 4&. RFP expressing cells. Red fluorescence protein (RFP)
expressing MDAMB-231-miR-17-92 stable subclones were platedaiT-25 flask, harvested by
trypsinization, membrane integrity was allowed to be restored for 15 min at 37°C. Cells were
collected by centfugation and resuspended in FACS buffer followed by staining with sytox red (to
exclude dead cells). Percentage of RFP expressingwaaidetermined by measuring fluorescence
intensity using a BD FACS Cantb flow cytometer. Cells were categorised ashhignedium and

low RFP expressing cells based on the intensity of RFP expression. (C) Left panel represents the
gating strategies for RFP expressing MIMB-231 miR-17-92 clones to be sorted and ttight
panel represents the purity check after sorting UBIDG-ACS Aria Il cells sorter
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