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Abstract

Metastatic disease is the primary cause of caredated death, and as a result the
metastatic potential of a tumis an important indicator of patient survival. For
tumar cells to metastasize, they must overcome a special kind of programmed cell
death known as anoikis, which occurs when cells detach from the extracellular matrix
(ECM). Our lab has recently demonstrated that depletion of PRP4K leads to anoikis
resistancelue to sustained prsurvival signalingln this thesis] furthercharacterized
pathwayspromotinganoikis resistance PRP4K depleted cells. | determined tR&P4K
loss couldrigger increased expression of the kindgeB as well as activation dhe
PI13K signaling pathwayl also determined that loss of PRP4K could inchexial
epitheliatto-mesenchymal transition (EMT BSpecifically, | determined that depletion of
PRP4K in several cell lines did not alteeexpression of epithelial markensch asE-
cadherinyet correlated with increased levelsnoésenchymal markessich avimentin,
fibronectin andhe EMT transcription factor ZebThis partial EMT phenotype was
associated with altered cell migration in Aisansformed mammary epithelialtlines,
and depletion of PRP4K promoted increased migration in the triple negative breast cancer
cell line MDA-MB-231. On the other hanshduction of EMT in mn-transformed
mammary cell lines had different effects on PRP4K expression depending oethiuelm
of EMT induction While some EMT induction methods had no effect on PRBikein
expression, others resulted in reduced PRe&Xitession. Ondifference between tse
induction methods washetherY AP signaling was activated, with activation of YAP
gene targets being associated with reduced PRP4K expression. This data together
suppors a role for PRP4K as a tumsuppressor, wheleRP4K lospromotes anoikis
resistancend correlatewith both EMT and increased YAP activity, which in turn
increaseshte metastatic potential of cancer cells.
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Chapter 1: Introduction

1.1 Preface

PremRNA Splicing Factor 4 Kinase (PRP4K) is a dspécificity kinase with
roles in premRNA splicing, transcriptional regulation, the spindle assembly checkpoint,
Hippo signaling and anoikis resistance. As well, PRP4K has been determined to be a
biomarke of taxane response.

In both breast and ovarian cancers, low PRP4K expression is associated with
worse overall survival in comparison to high PRP4K expression (Corkery, et al., 2018;
Cho et al., 2018). In my thesis work, | wanted to determine why loR4RRs linked to a
worse prognosis. In order to approach this question, | used various breast and ovarian
cancer models. For breast cancer, | used the Luminal A breast cancer cell line, MCF7,
because of its previous use in the lab as well as the triptinedreast cancer cell line,
MDA-MB-231, because it is the most aggressive subtype of breast cancer. | also used two
nontumorigenic breast epithelial cell lines, HMLE and MCF10A. For an ovarian cancer
model, | used the ID8 syngeneic higrade serous nuse model.

Overall, in my thesis studies | wanted to answer three questions related to the
effects of low PRP4K expression. First, | wanted to determine what pathways play a role
in the anoikis resistance phenotype associated with PRP4K loss. Nextetwan
explore the relationship between PRP4K loss, epithiiaiesenchymal transition
(EMT) and migratory potential. Finally, | wanted to examine the connection between the

induction of EMT and PRP4K protein expression.



1.2Breast and Ovarian Cancer
1.21 Breast @ncer

Breast cancer ithe third most frequently diagnosed cancer in Canada, accounting
for 13% of all cancers (Canadian Cancer Statistics, 2012017 it was estimated that
in 8 Canadian women will develop breast cancer in their lifetime, and 1 in 31 women will
passaway from the disease (Publieélth Agency of Canad@017). Breast cancer is a
heterogeneous disease that can be classified into different molecular subtlgpes
distinct prognoses-or example, actively dividing cells in a tumor are an important
marker of cancer progsis and treatment responsebreast cancer the nucleolar protein
antigenKi-67 is often used to determine the index of proliferating celéstumor and to
predict responses to neoadjuvant chemotheflapyald, et al., 2013)Beyond markers
for cellular proliferationPerou et al(Perou, et al., 2000) reported the presence of
molecular subtypes in breast cancer that showed differencesarptression of
important molecular markers, in aggressiveness (Sorlie, et al., 2001 & Sorlie, et al., 2003)
and in response to a specific chemotherapy regimen (Rouzier, et al., 2005). These
molecularsubtypes arebased largely on gene expression profilelsdd tothe expression
of the estrogen and progesterdraemone recepto&ER and PR, respectivelghd the
human epidermal growth factor receptoHER?2). Each subtype is associated with a
different prognosis and clinical outcome.

The Prosigna Breastancer Prognostic Ge Signature Assay (PAM53) a gRF
PCR intrinsic subtyping classifiginat was developed by analyzing 189 breast tumor
samplesPAM50 measures the ex@sion of 50 genes inlaeast canceumorto classify
the tumorinto one of the far molecularsubtypes. In addition to subtype classification,

PAMS50 also provides quantitative values for proliferation, luminal gene expreasubn,
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ER, PR andHERZ2expressionThe PAMS50 test has shown to be a better predictor of

patient outcome than othelassification methods (Sweeney, et al., 2014).
Thedifferentmolecular breast cancsubtypes include: luminal A, luminal B,

HER2enriched normaltlike andtriple-negative(Dai., et al. 2015)which I discuss in

detail below andresummarized in Figure 1.1

1.2.1.1Luminal
Luminal tumors are the most common subtype and express the hormone receptors
ER and PR. Luminal A tumors alER+ and PR+HERZ2 and express low levels tfe
tumor proliferation markeKi-67. Luminal B tumors arER+ and PR+ but have lower
expression of ERLuminal B tumors are also HERZnd express high levels of&i7
(Dal, et al., 2015)Both luminal A and B tumors have fairly good prognosith a 5
year survival rate of 386% and 882%, respectively (Minnicozz2013).Luminal A
and B tumors also respond well to hormone therapies due to the presence of the estrogen
receptor (Dai., et al. 2015)The most common aglyant hormone therapies for the
luminal subtype includéhe antiestrogen drug, tamoxifen for both pead post
menopausal women and aromatase inhibitors forpestopausal women (Williams &

Harris 2014).

1.2.1.2HERZ2enriched

Like the name suggests, HER&richedumors ovetexpress HER2 and@aER
and PR. The® cancers tend g@row faster than luminal cancers and have a worse
prognosiswith a 5year survival rate of 892% but can be treated with therapies

targeting the HER2 receptoMinnicozzi, 2013Dali, et al. 2015)Commonly used HER
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targeted therapy drugse antibodies thatork by attaching to HER2 proteins to prevent
the growth of HER2+ breast cancer cells (Canadian Cancer Society). These drugs include
Trastuzumab (Herceptin), Pertuzumab (Perjeta) and Trastuzumab emtansine (Kadcyla

T-DM1).

1.2.1.3Normallike

Normaltlike cancerdiave gene expression profiles similar to normal breast tissue
(Russnes, et al., 2017) aatkER+, PR+ andHER2. These cancei@e similar by
histology to luminal A tumorgut exhibitKi-67 gene expression drhigh expression of
basal epithelial celhssociated gen€Rerou, et al., 2000This subtypés the rarest breast
cancer subtype andakes up approximately 8% of lymph node negative breast cancers in

one study(Smid, et al., 2008)andhave a fairlygood prognosis (Dai, et al. 2015).

1.2.1.4 Triple-negative

Triple negative breast cancers (TNB@veno or little expression of hormone
receptors (ER and PR) and HER#Zcountfor 10-20% of breast canceasd tendo occur
more often in younger women and in wemnof African ad Hispanic descent
(Breastcancer.or§ Liu, 2018). TNBC tumors are normally larger, of higher grade, are
more aggressive, have a higher risk of relapse, andthaweorst prognosis of all the
breast cancer subtypesith a 5year relativesurvival rate of 7680% (ehmann, 2011;
Minnicozzi, 2013).Because of the lack of receptor expressia¥BC cannot be treated
with targeted therapiesrxdchemotherapy remairise only treatment optiofResponse to
chemotherapy in TNB@atientss extremey variable mainly because it is such a

heterogeneoudiseaseThe most common mutated genes in TNBCtamgor protein p53
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(TP53 andphosphatidylinosite#,5-biphosphate Kinase, catalytic subunit alpha
(PIK3CA), but many other less common mutations esigsth asphosphatase and tensin
homolog PTEN), retinoblastoma susceptibility gerie§1), neurofibromin 1 NF1),

breast cancer type 1 susceptibility geBRCAL), breast cancer type 2 susceptibility gene
(BRCA2), Erb-B2 receptor tyrosine kinase(BRBB3), Erb-B2 receptor tyrosine kinage
(ERBB4), anaplastic lymphoma kinasaIl(K ), tyrosine protein kinase Melet), Myc
proto-oncogeneNlyc), yes associated protein YAP1), epidermal growth factor

receptor EGFR) andfibroblast growth factor receptor(EGFR2) (Pareja, 2016Hiu,

2017). Using 587 TNBC gene expression profiles from 3247 breast cancer patients,
Lehmann and colleagues identified 6 TNBC subtypes, each with a unique gene
expression signatur&he 6 identified subtypes include: two balie¢ subtypes (BL1 and
BL2), an immunomodulatory subtype (IM), a mesenchymal subtype (M), a mesenchymal
stemilike subtype (MSL) and a luminal androgen receptor subtype (LARSy found

that each subtype hadidferential response to chemotherapy and targeted therapies
(Lehmann, 2011)BecausdNBC hassuch limited treatment options resulting in poor
prognosis there has been a major effort in research in this area (Dai, et al.,|&0m$).

thesis studies, ldve primarily focused oluminal A and TNBCcell models.
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Figure 1.1: Breast cancer classificationBreast cancer is classified into different
molecular subtypes, whidnclude Luminal A, Luminal Btriple negativeHer2enriched,
and Normallike. The various subtypes are distinguished byettigession of the estrogen
and progesteron@ormone receptor&ER and PR, respectivelghd thehuman epidermal
growth factor receptor HER2). Each subtype is associated with a differengpasis

and clinical outcome.
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1.21.5BRCA1 and Mutations

|l nheriting specific genetic mutations

of developing cancer. In terms of both breast and ovarian cancer, BRCA1 and BRCA2
gene mutations are the most wiatiown heritable genetic mutatiorBRCA1 and
BRCAZ2 are turor suppressor genes that play roles in diverse cellular pathways such as
DNA damage repair, cetlycle arrest, apoptosis, genetic instability, transcriptional
activation, ad tumorigenesigYoshida,& Miki, 2004). Mutations inBRCA1 and
BRCAZ2 predispose woen to develop breast and ovarian caaecel to develojit at a
younger ag€éPaul& Paul, 2015).Studies have shown that the lifetime risk of breast
cancer for women with a BRCA1 8RCA2 mutation is 480%(King, et al., 2003 &
Antoniou, et al., 2008 For ovarian cancer, the lifetime risk is-88% and 1435% for
BRCA1 and BRCA2 mutation carriers, respectividdyng et al., 2003; Antoniou, et al.,
2003; van der Kolk, et al., 2010

Since BRCAL/2 mutations affedDNA damage repair pathways, cancer ceith
these mutations are more susceptibl®NA damaging agents, such as cisplatin and
carboplatin. As well, inhibitors of Poly (ADHbose) polymerase (PARP), an enzyme
involved in base excisiorepair and the repair of singtgranded breaks are alsptions
in the treatment of breast andaodan cancers with mutated BRCR (Paul & Paul,

2015).

1.2.2 Ovarian Cancer
Although ovarian cancer is only the ninth most commonly diagnosed cancer in
Canadian women, it has the highest mortality rate of all cancers of the female

reproductive system and the worst survival in comparison to all other cancers
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(Navaneelan, 2015Dver the last 3 decades, theyar survival rate of ovarian cancer
has increased from 38% to 46% due to improvements in cytoreductive surgery and
chemotherapyreatmentgSiegel, Miller, Jemal, 2016put the cure rate of the disease is
still only 30%. The eason for the low cure rate is becaus€@% of patients are
diagnosed with advanced stage disease (Stage Il dreldguse of the lack of early
detection methoddf more patients were diagnosed at an earlier stage (Stage,| @ 11)
90% of patients add be cured with existing treatment methods (Yang, et al., 2018).
Ovarian cancer is classified in terms of the ovarian structure the tumor originated
from. The three main categories are surface epith&liamal tumors, sex coigtromal
tumors andyermcell tumors, whictaccount for about 90%, 7% and 5% of ovarian
malignant tumors, respectively. Each category is then furthetedivinto several sub
categoriegChen et al., 2003Malignant ovarian cancer within the surface epithelial
stromal group is maly comprised of five histotypes: higirade serous (70%),
endometrioid (10%), clear cell (10%), mucinous (3%), anddoade serous (<5%)
(Reid, et al., 2017)Figure 1.2) Other studies have separated epithelial ovarian cancer
into two distinct groupsamed type | and type Il carcinomas, that differ in genomic
variation and prognosis. In general, type | carcinomas develop more slowly and have a
fairly stable genomic profile while type Il carcinomas tend to be more aggressive
(Kurman & Shih, 2016). Thevo ovarian cancer classification methods are summarized

in Figure 1.2.

1.22.1Diagnosis andl'reatment of Ovarian Cancer
In ovariancancer diagnosis, pelvic exams, transvaginal ultrasonography (TVS),

abdominal ultrasonography, and exploratory or diagnostic laprasopleperformed
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when assessing a pelvic m&Bsubeni, et al., 2016 he biomarker, cancer antigen 25
(CA125) is ofterused to predict malignan@s well as response to treatmeDA125 is a
heavily glycosylated transmemame mucin and is overexpressea@pproximately 80%

of ovarian cancergyin & Lloyd, 2001). It can be detected within bodily fluidsing
doubledeterminant immunoassagBast et al., 2005High levels of CA125 could be
indicative of malignant disease, poor response to treatment and residual (iseaset

al., 2017) The human epididymis protein 4 (HE4) is another protein whose expression is
increased in most ovarian cancgtiudeckaGlaz et al., 201R Studies have shown that
HE4 can predict recurrent disease earlier than CA125 in some patients and even in
patients who do not express CAl&ang, et al., 2017Moore and colleagues developed
the risk of malignancy algorithm (ROMA), which evaluates CA125, HE4 and
menopausal status, and was approved by the FDA in 2011 to distinguish malignant and
benign masses. ROMA showed 95% sensitivity and 75% specifiaiyalignant ovarian
cancer determirieon (Moore et al., 2009).

Currently, the standard treatment for patients with advanced ovarian cancer
involves cytoreductive surgery and platirdnased chemotherapy (Ledermann, et al.,
2016). Patients tend to respond well to the initial chemotherapyngagtbut many
patients then develop recurrent disease that is resistant to chemotiveragt al.,

2017) Ultimately, ovarian cancer is a heterogeneous disease and more research is needed
to develop treatment options that are more individualized tpaheular patient and
ovarian cancer type.

Ovarian cancer is characterized by a wide variety of gene mutations that could be

taken advantage of in terms of treatmémfact, more than on#fth of ovarian cancers

are hereditaryToss, et al., 2015The main hereditaryvarian cancer mutati@nvolve
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BRCA 1/2, which were discussed in detail in sectio1.5and could be treated using

PARP inhibitors Other hereditary ovarian cancers includetations inTP53,BRCA1
associated RING domain BARD1), checkpoint kinase ZZHEK?2), RAD51
recombinas€éRAD51) andpartner and localizer of BRCAPALB?2) (Toss, et al., 2015)
High-grade serous ovarian cancers have a high rate of TP53 mutations, making TP53 a
potential therapeutic target in this cancer typge | epithelial ovarian cancers have a

high rate of KRAS an8RAF mutations; therefore, targeting thi&P kinasepathway

may be beneficial in this type of ovarian can@re Cancer Genome Atlas Research
Network, 2011)Furthermore, the VEGF pathway is thought to be a potential therapeutic
target as increased expressiotV&GF is associated with poor prognosis and resistance

to chemotherapy treatmer{RRojas et al., 2016 he anttVEGFA antibody,

bevacizumab, in adddn to chemotherapy treatment, was found to increase progression
free survival (PFS) when compared to chemotherapy on its own in patients with recurrent
ovarian cancefAghajanian, et al., 2012)n order to increase cure rates in patients with
ovarian caner,research has focused davelopng bettermethods to identify the cancer

at earlier stagesandn ot tr eat each p,aheniaredlifoarianancer
cancelis such a heterogeneous disethseit requires new biomarkers for patient

stratification (Kamal, et al., 2018; Montagnana, et al., 2017)
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Figure 1.2: Ovarian cancer classificationOvarian cancer islassified in terms of the
ovarian structure the tumor originated from. The three main categories are surface
epitheliatstromal tumors, sex coistromal tumors and germ cell tumors and each
category is further divided into stdategoriesSurfaceepitheliatstromal tumors can be
classified by two different methods.



1.3PRP4K- Pre-mRNA Splicing Factor 4 Kinase
1.3.1 Protein &ucture

PremRNA splicing factor 4 kinase (PRP4K) is a 150 kD kinase composed of
1007 amino acids with an extendedé¥minus with conserved subdomains rich in lysine
histidine (KKHK box) and argininserine (RS domain). Both the KKHK box aR&
domain are also found in known spliciagsociated proteins. PRP4K is a dsécificity
kinaseand also containsvo evolutionaryconserved sequence motifs, Ml (DDMFA) and
MII (DNWTDAEGYYRYV) that are likely involved in substrate recogniti¢Dellaire et

al., 2002).Figure 1.3 depicts the protein structure of PRP4K

KKHK RS MI MiI Kinase

(I s W] 100735

Figure 1.3: PRP4K protein structure. Protein structure of human PRP4K. Adapted
from Dellaire,et al.,2002.
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1.4Functions of PRP4K
PRP4K is an essential kinase thatighly conserved between species and is
functionally pleiotropic. The many functions attributed to PRP4K are described below

and summarized in Figure 1.4.

1.4.1 The Rle of PRP4K in PranRNA $licing and Transcriptional Bgulation

PRP4K is localized mainly to the nucleus (excluded from the nucleolus) within
splicing speckles and plays a role in the regulation of spliceosomal assembly. More
specifically, PRP4K is involved in the phosphorylatiorpiEmRNA processing factor 6
(PRP@ andpremRNA processing factor 3PRP3), which is necessary for tsimall
nuclear ribonucleoproteins{RNB integration during complex B formation (Dellaire, et
al., 2002; Schneider et al., 2010).addition, PRP4K is found to qaurify with the U5
smadl nuclear ribonucleic protein (snRNP) and it interacts and phosphorylatesrthe
and argininerich protein GR protein, serine and arginine rich splicing factorSRSF),
which is essenti al in 506 spliwspliceg t e sel ec
(Schneider et aP010;Dellaireet al,2002).In additionto several other proteins involved
in premRNA splicing such as suppressugrwhite apricot (SWAP) and PiniPRP4K
also interacts witlproteins involved in chromatin remodeling and gene regulafioese
include transcription factosLF13 (kruppetlike factor 13)(Huang et al., 2007) and
ELK1 (ETS domaincontaining proteinjHuang et al., 2000BRG1 chromatin ATPase
SWI/SNFrelated m#&ix-associated actidependent regulator of chromatin subfamily A
member 4andN-CoR ¢ranscriptional repressaoiuclear receptor corepressor complex
whichtogether suggest PRP4K may play a role wraascriptional pranRNA splicing

(Dellaireet al,2002).
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1.42 The Rle d PRP4K in the Spindle Assembligg€kpoint (SAC)

The spindle assembly checkpoint works to delay mitotic exit until all
chromosomes are correctly attached to the mitotic sp(hdlaGonzalez, et al., 2012)
The checkpoint isctivated in response to unattached kinetochores. This results in the
inhibition of CDC20 (activator of E3 ubiquitin ligase anaphpsEmoting complex
(APC/C)) and therefore the prevention of APC/C activation. Because APC/C promotes
the transition from mephase to anaphase, this leads to a delay in mitotic exit. When
kinetochores are attached to microtubules correctly, the SAC is turned off, which allows
the activation of APC/C. APC/C works to ubiquitinate mitotic proteins to be degraded
leading to mitoticexit. This checkpoint requires the recruitment of several proteins in
order to function properly. When the checkpoint is not functioning properly, chromosome
misseggregation occurs in the célafaGonzalez, et al., 20)2

PRP4Kappears to plag role inthe recruitment of checkpoint proteins
(monopolar spindle IMPS1,mitotic arrest deficient protein MAD1, mitotic arrest
dificent protein 2MAD?2) to the kinetochore following SAC activatigfMontembaultet
al.,2007).When PRP4K is depletethese cbckpoint proteins fail to be recruited to the
kinetochore and cells exhimhraonosome segregation defedtsirthermorewhen cells
are treatedvith the microtubule depolymerizing agent nocodazole to triggeSAC the
SAC is ovefridden by depletion dPRP4K allowing cells to divide in the presence of this

compoundMontembaultet al.,2007).
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1.4.3 PRP4K as a Biomarker of Taxane Response in Breast and Ovannee!C

Taxanes are microtububgabilizing agents that bind tietubulin subunit of
microtubulesprevening their depolymerization and ultimately inhiipig cell division
(Weaver, 2014). Taxanes are commonly used to treat both breast and ovarian cancer and
so the emergence of taxane resistance has been a major problem in the tredirasat of
cancers. Cancer cells can develop taxane resistance through searahismsSome of
these mechanisms include thenggulation of the ATHhinding cassette transporter, P
glycoprotein (PgP), mutations and modifications to microtubules and taobab well as
through the alteration of the SAC (Orr, 2003).

The Dellaire laboratoriaas identified PRP4K as a HERgulated modulator of
taxane sensitivityCorkery, et al., 20155pecifically, bss of PRP4kexpressiomesults
in a decreased sensitiviby cancer cell$o the taxane paclitaxeWWhen normal cells are
treated with taxandgke paclitaxe) they undergo mitotic arrest through SAC activation
and then apoptosis. However, when PRP4K is knadkeeh (KD), instead of
undergoing mitotic arresthese cells undergo mitotic slippage aneerger the cell cycle
without dividing Therefore, the reason for the decreased taxane sensitivity of PRP4K KD
cells is likely due to the impairment of the SAC in these cells (Corle¢il.,2015) a

resultconsistent with the previous findings of Montembault et al., 2007.

1.44 PRP4K and YAPi@naling
In a recently published paper, Cho and colleagues, @fs., 2018) demonstrated
that PRP4K plays a role in the Hippo signaling path{#agure 1.1}, which is involved

in organ growth control, stem cell function, regextien andumor suppressio(Sharif,
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et al., 2015)The Hippo pathway negatively regulates YAP to prevent its activation
because increased cellular YAP activation promotegoeliferation, inhibits cell death

and is associated with higjrade cancers (Johnsat,al., 2013Zanconatoet al.,2016).

The roles of YAP are summarized in Figure 1.12ho et al., found that PRP4K
phosphorylates YAP, inhibiting its binding to thartscription factof EAD

(trangriptional enhancer factor TER)hich prevents its nuclear accumulation and
activation. Therefore, the downregulation of PRP4K causes increased YAP activation and
the activation of its downstream target genes, many of wihemeolved in pathways

that are associedl with cancer development (Clat al.,2018).A more thorough

discussion of Hippo/YAP signaling will occur gection 1.10

1.45PRP4K and its Role in AnoikieBistance

Using a zebrafish xenotransplantation model, Corkery et al., (2018) determined
that ID8 mouse ovarian carcinoma cells were able to proliferate more roipugtrp
when PRP4K expression was knocked down (KD). Isdéhexperiments, cancer cells
wereinjected into the yolk sac of the zebrafish, whprovideda suspended environment
lacking ECM contacts. Growth in such an environment would require cells to grow in
Adet ached conditionso that would otherwise
process known as anoikis (Paoli, et al., 2016). Thus, we interpreted these results to
indicate that loss of PRP4K promotes anoikis resistameo, which was subsequently
confirmedin vitro by growing cells in detached conditions. A clue as to how loss of
PRP4K contributed to anoikis resistance came from our observation that in addition to
localizing to splicing speckles in the nucleus, a small proportion of PRP4K localized to

regions within the cytoplasm (Corkery et al., 2018). More specifically, PRP4#ided
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to endosomes containimgsrelated protein 7Rab7, a late endosome marker (lgeet

al., 1995). These datadeis to examine the endosomal trdfing and degradation of the
EGFreceptor, and we found that loss of PRP4K promoted EGFR stahdldintpto
activation of presurvival signéing through the kiase Akt(Corkeryet al.,2018). In this
thesis, | will present additional details on the role of PRP4K loss in promoting anoikis

resistance, and in the next section | will discuss mechanisnedl aieath in general.
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Figure 1.4: Known functions of PRP4K.PRP4K has known roles in preRNA
splicing, the spindle assembly checkpoint, Hippo signaling pathways, anoikis and taxane
sensitivity.
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1.5Mechanisms of @llular Death
1.51 Overview of Cell Deathd&@hways

Cells die through a variety of mechanisms. In general, cell death can be an
uncontrolled passive process or a controlled active process. These modes of cell death
include the passive process of necrasid theactive processes of apoptoarsd
autophagy(Fietta,et al.,2006)

Necrosis is a disorganized mode of cell death that consists of the permeabilization
of the plasma membrane, swelling of the cytosol, enlargement of the endoplasmic
reticulum, competion of the mitochondria and chromatin clumping (Fiettaal.,2006).

Autophagy is a process of cellular death that involves the degradation of cellular
components by lysosoméBonekawag& Thorburn, 2014)It is often activated following
starvation tqpromote the breakdown of substrates and provide energy for the organism.
The process consists of the endocytosis of cytoptasegions into membrardgound
vacuoles called autophagosomes. These autophagosomes eventually fuse with lysosomes
forming an autdysosome, where lysosomal enzymes work to degrade the contents
(Fietta,et al.,2006).

Apoptosis is an important process in the elimination of aberrant or aged cells and
in developmental processes (Fiettaal.,2006). Apoptosis is a mechanism of
programmed cell death that can be triggered within a cell through two caspediated
pathways: the extrinsic pathway and the intrinsic pathiigayore, 2007)

Morphologically, the process of apoptosis is accompanied by cell shrinkage, plasma
membrane blebbingyuclear condensation, and internucleosomal DNA fragmentation.
Once the process is complete, the dead cell is packaged into vesicles, which are

enveloped and eliminated by neighbouring cells or tissue phagocytes (Ashkenazi., 2014).
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Apoptosis has importantles within the body as it is involved in the formation of tissues
and organs during development and is also required for several physiological functions of
the adult body, including the immune, digestive, endocrine and nervous systems
(Ashkenazi., 2014)This process also works to eliminate abnormal cells in the body that

might have the potential to develop into cancer (Pistritto, 2016).

1.52 Anoikis

Anoikis is a specific type of apoptosis that occurs following epithelial cell
detachment from the extrdledar matrix (ECM) and is critical in preventing the
metastasis of epithelial cancers (Paetial.,2016). Similar to apoptosis, anoikis can also
occur through an extrinsic or an intrinsic pathway. Both the intrinsic and extrinsic
pathways of anoikis ardriven by caspases, which are a subset of the cystependent
aspartatespecific protease family. The two major types of caspases are the initiator
caspases and the effector caspases. Both initiator and effector caspases exist in an inactive
form andtherefore, require activation in order to induce the process of cell death (Paoli,
et al.,2016).

TheB-cell ymphoma 2 Bcl-2) family of proteins is a family of proteins that
possess specific regions of homology called Bhlomology domains (BH) and hase
critical role in the regulation of apoptosis and anojkizabotar 2014) The Bct2 family
can be further divided into three groups: (1) the B8/ proteins that are activated by
cellular stress and initiate apoptosis (i.e. following loss of E€@Mattachment (2) the
pro-survivalproteins; and (3) the prapoptotic executioner proteins Bax (BQL
associated X protein) and Bak (B&Lantagonist/killer), which oligomerize and

permeabilize the outer mitochondrial membrane (OMRSoli, et al.,2016)
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Following their activation, the prapoptotic BH3only proteins promote the
activation of cell death through the neutralization ofguovival proteins and through the
activation of the prapoptotic executioner proteins Bax and Bak. In addition, pro
suwival protein members can interact with and neutralize thepopbtic BH3-only
proteinsandthe preapoptotic executioner proteins Bak and Bax to prevent their pr
apoptotic activity (CzabotaP014). Therefore, the relative concentrations of these
different groups of Be2 family members determines whether or not cellldeall be
induced (ShamabBin, 2013).The mechanisms of cell death through anoikis are

summarized in Figure 1.5.

1.52.1 The Intrinsic Bthway

Following the detachment of a célbm the ECM the BH3only pro-apoptotic
proteinsBid (BH3 interacting domain death agoniahdBim (Bcl-2-like protein 1) are
activated(Taylor et al., 2008 which promotes the activation of psarvival executioner
proteins Bax and Bak. In normal cells, Bak is located omib@chondrisand Bax
resides within the cytosol. Following their activation, Bax is translocated twutke
membrane of the mitochonid (OMM) from the cytosol and oligomerizes with Bak. The
newly formed oligomer then perforates and creates a channel within the OMM. This leads
to the permeabilization of the mitochondria and the release of cytochrome c. The release
of cytochrome ¢ promes a conformational change in the cofactor apoptosis protease
activating factor (Apaf) and ultimately leads to the formation of the initiator ca§pase
activating apoptosome. Activation of the initiator caspageomotes the activation of
effector caspas8, which goes on to cleave critical cellular substrates resulting in the

death of the cell (Paolet al.,2016).
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1.52.2 The Extrinsic &hway

Execution of the extrinsic pathway occurs through ligand binding to members of

the tumor necrosis factoeceptor (TNFR) superfamily of death recepi@taoli,et al.,

2013) These include the Fas recepfoNF receptor superfamily, member, GNFR1

and the TNFelated apoptosis inducing ligand (TRAIL) receptoand-2. Ligand

binding to these receptopsomotes the formation of a multiprotein signaling platform
called the deatinducing signaling complex (DISC) at the plasma membrane. The
formation of the DISC is followed by the activation of signaling processes that lead to the
activation of apoptosisncluding the activation of the initiator caspa&enhich goes on

to cleave and activate effector caspa®es$, and-7, ultimately leading to the activation

of a downstream proteolysis cascaahel cell deatliPaoli,et al.,2016 Wajant, 2002

The extmsic and intrinsic pathways are connected through caspasd Bid.
Activated caspase within the extrinsic pathway can also cleave and activate the BH3
only protein Bid, which activates the intrinsic pathway through Bax and Bak activation
(Valentijn & Gilmore, 2004.

The execution of the extrinsic and intrinsic apoptosis pathways following the
detachment of cells from the ECM can occur through various mechanisms. Cell
detachment leads to the upregulation of both the Fas receptor and Fas liganth@ctivat
the extrinsic pathwagRosen et al., 2002In addition, the rounding of cells that occurs
following their detachment from the ECM can place Fas receptors closer together leading
to their activatior(Muzio, et al., 1998 Finally, the detachment of ¢efrom the ECM
also disrupts the cytoskeleton of these cells, promoting the releaseagqptotic

factors like Bim or death receptors from a sequestered(stathon, 201D
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Figure 1.5: Mechanisms of anoikisFollowing cell detachment from the ECM, anoikis
can occur through an extrinsic or an intrinsic pathway. The extrinsic pathway occurs
through ligand binding to members of the tumor necrosis factor receptor (TNFR)
superfamily of death receptors. The intr;mpathway is activated by the-oggulation of
pro-apoptotic proteins Bid and Bim, which promotes the activation and oligomerization
of pro-survival executioner proteins Bax and Bak.
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1.5.3 Anoikis Resistance andaficer

Many cancers have develope@chanisms to overcome anoikis, which promotes
survival of detached tumor cells during their metastassecondargiteswithin the body
(Paoli,et al.,2016).Anoikis is regulated by integrin receptors, which bind the ECM in
clusters forming focahdhesiongVachon, 2011)Focal adhesions then provide pro
survival signaling to the cell through the coupling of integrin receptors to various receptor
tyrosine kinasefRTK). Thus, loss of celECM detachment leads to the termination of
pro-survival sigling and the induction of anoiki€¢rkery et al., 2018 Cells in the
body should undergo anoikis following detachment from the ECM in order to prevent the
colonization of these cells to riegs in the body that they do na¢long. Cancer cells
have devidped mechanisms to overcome this type of programmed cell, édlathing

them to spread and metastasize (Pabkl.,2016).

1.5.4 Mechanisms of AnoikieRistance

Cancer cells have developed several mechanisms that allow them to overcome
anoikis am continue to thrive following their detachment from the ECM (Pabh).,
2016).1 summarize some of the mechanisms underlying anoikis resistance in the

following sections.

1.54.1 A Switch inritegrins
Anoikis resistance can arise through the deregulation of integrins and changes in
their expression levels. Studies report that normal squamous cells ee@ivésa3bl

anda6b4 integrins and low levels @vb5; however, cancer cells are found to express
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high levels ofavb6 (Janes & Watt, 2004)ntegrinb6 is expressed in various tissues
during development, but is absent in adult normal ddlisvever, high levels of integrin
b6 are found in several types of cancer o@lieuss, et al., 1995Lertain integrins are
also associated with higher levels of sivival signaling. For examplb4 integrin

overexpression promotes the constituaesivation of PI3K (Bon et al., 2006)

1.5.4.2 Constitutive Activon of AnttApoptotic Rathways

Thereare several signaling pathways that when constitutively activated contribute
to anoikis resistana@aoli, et al., 2016 The PI3K/Akt pathway is one of the most
important signaling pathways involved in anoikis resistance. Sustained Akt signaling can
occu due to the overexpression or constitutive activation of other receptor tyrosine
kinasegReginatcet al., 2003Douma et al., 20049s well as through activating Ras
mutationgthat make Ras constitutively actif@erouet, et al., 2007)pss of PTEN
function(Vitolo, et al., 2009¢ue to gene mutation, deletion, or promoter methylation
and through the amplification of Akt gen@dtomare & Testa, 20050nce activated,
Akt promotes cell survival and cell growth through several mechanisms. Theiantivia
Akt can control the activity of trangption factorsby direct phosphorylatigrwhich
controlthe expression of prapoptotic and antapoptotic genesSpecifically, Akt
negatively regulates the transcription factors forkhead box protein O1 (FRQXtkhead
box O3 (FOXO03) and forkhead box protein O4 (FOXO4), which promote the expression
of death genes. Akt activates the transcription factdrykinase (IKK) and cyclieAMP
response elemeiinding protein (CREB), which upregulate aafioptotic gae

expressionAkt can alsghysically phosphoryta pro-apoptotic and antapoptotic
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proteins to inhibit or promote their function, respectiv@gkunaga et al2009) In
addition, Akt can negatively regulate the expression of gia¢promotecell death,
such as Bid and Birand phosphorylasgprocaspas® to inhibit the caspase cascade
(Tokunaga et al2009). Furthermore, Akt can promote the activation of the nuclear
factor kB (NFkB) survival pathwayRomashkova & Makarov, 19%9

Src activty also has a role in anoikis signaling pathways. High levels of Src is
associated with a mesenchymal phenotypezienyte & Frame, 2005)As well,
increased Src activation promotes incredsedl| adhesion kinas&AK)
phosphorylation, P13K recruitmeamdincreased activation of Akt. FAKISo promotes
the activation of the Ras/MAPK pathway, which is also associated witbuyovoval
(Bouchard et al., 2007The activation of this pathway is found to affect the regulation of
the preapoptotic proteins Bn and Bad, ultimately leading to the degradation of Bim;
therefore, promoting survival. In addition, the activation of this pathway leads to the
upregulation of presurvival proteinsGiannoni et al., 2009

The uncontrolled expression of some growth factor receptors is also associated
with an anoikis resistant phenotype. One of the most important growth factor receptors
involved in anoikis resistance is trepomyosin receptor kinase(BrkB) (Geiger &
Peepe 2007) TrkB is often overexpressed in tumors and is also correlated with the
increased aggressiveness of tumors as well as chemores(3tabjimkhsh, 2017;
Tanaka, 2014)TrkB is known to inluceepitheliatto-mesenchymal transitiofe(MT)
through TwistSnaitZehl and increase the activation of PI3K and MAPK signaling
pathwayqTabjbakhsh, 2017Fanakam, 2014)Therefore, overexpression of TrkB leads
to both increased anoikis resistafibeuma et al., 2004nd an EMT phenotype (Smit,

2011). TrkB will be discussed morm detail insection 1.8
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1.54.3 Epitheliatto-Mesenchymal rensition (EMT)

Anoikis resistance is associated with the acquisition of a mesenchymal phenotype
as many proteins involved in EMT are also able to regulatajpoptotic andintt
apoptotic genes. EMT aids cancer cells in becoming more motile and overcoming anoikis

(Paoli,et al.,2016). A more irdepth discussionroEMT will be discussed isection 1.7

1.54.4 McroRNAs

MicroRNAs are small, nogoding RNA molecules involveid the regulation of
gene expression. Some microRNAs have been identified with having a bthiEMT
and anoikis resistancky regulating presurvival pathways (Paolet al.,2016). A more

in-depth discussion on mmwRNAs will be discussed isectionl.9.

1.54.5 Oxidative Stress andypoxia
Continuous exposure teactive oxygen specieRQS is found to promote cell
survival, proliferation and metastagizaoli et al., 2016 Since activated growth factor
receptors promote an increasentracellular ROS levels through the activation of
NADPH oxidase and lipoxygenase, the overexpression of growth receptors in cancer cells
promote constitutive ROS productidarown & Grendling, 2009 Sustained ROS levels
can promote an anoikis resistahepotype through the activation of Src kinase and
various redox transcription factors that lead to PI3K/Akt activation. Ak ingdoxia and
ROS production around to promote EMT in several cancer cell tydesa( et al.,

2003.
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1.54.6 Modulation of Bergetic Metabolism

When normal cells detadlrom the ECM, these cells undergo a change in
metabolism where there is a reduction in glucose uptake, glycolytic flux, mitochondrial
respiration and thpentose phosphate pathway. These eventddemdeduction in
intracellular ATP and NADPH leveland fatty acid oxidatigras well as an increase in
ROS production and apoptosis (Paetial.,2016). The ability to modulate these
metabolic pathways prornes anoikis resistance in cel®llowing cell detachment inra
anoikisresistant cell, the reduction in glucose uptake activates large kinase B1 (LKB1),
which promotesAMP-activatel protein kinaseAMPK) activity. AMPK then
phosphorylates andhibits acetydlcoenzyme Acarboxylases 1 and the atelimiting
enzymes in fatacid synthesisThis results in a decrease in NADPH consumption in
fatty-acid synthesis, but increases the generation of NADYHalic enzyme, an effect
that arises indirectly through fatgcid oxidation(Jeon, Navdeep & Hay012) This
process leads to decreased ROS production following cell detachment from the ECM

allowing the cell to escape anoikis (Pasetial.,2016).

1.6 Metastasis

Late stage cancers are often associated with metastasis. Metastpsixesdy
which cells detach from a primary tumor and spread to distant sites within the body,
creating secondary tumofalizadeh, et al., 2014Because metastasis is responsible for
~90% of cancerelated death@Gupta & Massague, 2006) better understandirgd the
mechanisms of metastasis is essential for better outcomes in patients with late stage
cancer The process of metastasis consists of sestps, which are detailed ingtre

1.6. To begin the process, epithelial cells must detach from surroucelisgvithin the
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primary tumor and invade through tBEM and into the stroma cell layeSidler, et al,

2003) The next step is the intravasation of cells into either the lymphatic system or into
the circulation, which allows cells to disseminate tigloaut the body as long as they can
survive the various stresses that arise. Once the cell arrests at a distant site within the
vasculature, the cancer cell can exit the bloodstream and enter the tissue, which is called
extravasation. Once cells have enteadissue, the cells must adapt to their new

microenvironment and begin to proliferate in order to form metastases (Val&QgAain.
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Figure 1.6: The metastatic cascade. B) Epithelial cells first detach from surrounding
cells within the primary tumor and invade through B@M and into the stroma cell

layers.(C) The next step is the intravasation of cells into either the lymphatic system or
into the circulation(D) Once tle cell arrests at a distant site within the vasculature, the
cancer cell can exit the bloodstream and enter the tissue, which is called extravasation.
(E) Once cells have entered a tissue, the cells must adapt to their new microenvironment
and begin to prderate in order to form metastases
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1.6.1 BreastCancer Metastasis

Breast cancers commigrmetastasize to bone, lurlyer and brain through the
bloodstream or lymphatig/stem (Patanaphan et al., 1988zlowski et al., 2015)
Breast cancemetastasis occukga the mechanism outlined aboffggure 1.6) In the
following section | will discuss ovarian cancer metastasis in detail. Although some
aspects of ovarian cancer metastasis are unique to the location and anatomy of the
ovaries, many othe molecular signadg details linking EMT and metastasis are similar

between breast and ovarian cancer.

1.6.2 Ovarian Cancer Mtastasis

The main mechanism of ovarian cancer metastaigisritoneal metastasis and
differs from the metastatic process of other cancer tgpéisis a passive metastatic
procesgMitra, 2016) The first step in ovarian cancer metastasis is the shedding of cancer
cells from the primary tumor into the peritoneal caasysingle cells aas clumps of
cells The process often involv&MT (discussed in detail in section 1,.6jding in the
detachment of cells from each other & the primary tumor. Once cells have entered
the peritoneal fluid, they must develop resistance to aninikieder to survive detached
conditions(Latifi et al., 2012 Ahmed, et al., 2010)The peritoneal fluid moves within the
peritoneal cavity upward, toward the head and then downward, toward the feet due to the
movement of the diaphragm during respiration gravity, respectivelyCarmignani et
al., 2003. The cancer cellsiove throughout the peritoneal cavity due to the flow of the
peritoneal fluid. Theole of the peritoneal fluid is to lubricate adjacent organs in the
peritoneal cavity and is mostly ret@chto the circulation through the lymphatic system.

However, @arian cancer is associated with increased expressiasobilar endothelial
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growth factor VEGF), leading to increased leakiness of the vasculature. As well, cancer
cdls can block lymphatic @sselfAhmed & Stenvers, 2013Bothof theseprocesses

help promotahe formation of asciteg@ccumulation of fluid within the abdomemyhich
helps with the spreading of cancer cells within the peritoneal cavity.

Following survival in the peritonedlliid, cancer cells must attach to organs in the
peritoneal cavityOvarian cancer cells often metastasize to the omentum, which covers
the bowelqLengyel, 2010)In order to metastasize the omentum, cancer cells must attach
to the mesothelial cells orsisurface, which requires the retraction of the mesothelial
cells by the cancer celiMitra, 2016) lwanicki andcolleague$ave shown that the
fibronectin receptor helps ovarian cancer cells attach to the fibronectin that is present on
the surface of themesothelial cells and helps withesothelial celtlisplacement
(lwanicki, et al., 2011)Increased excretion afiatrix metalloproteinasg81MPs) also aid
the cancer cells in adhering to the omentum by cleaving fibronectin and vitronectin on the
surface othemesotheliunmnto small fragments, enhancing bindifigenny et al., 2008)

After organ attachment, cancer cells must adapt to their new microenvironment,
proliferaie andrecruit cells to helform the tumor microenvironmefMitra, 2016)

In additionto peritoneal dissemination, ovarian cancer cells can metastasize to the
lymph nodes because the ascites is often drained by the lymphatic system. Furthermore,
because the lymphatic system drains into the left subclavian vein through the thoracic

duct,ovaian cancer cells can enter the blood through this mechaiisira, 2016)

1.6.3 Role of the Tumor Mroenvironmentn Cancer Development anddtastasis
Recently, cancer studies have suggested that the tumor microenvironment has a

major impact on canceroliferaion and metastasis. More research is being punsued
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order to develop cancer therapies that not only target cancer cells, but the
microenvironment that supports thgnowth and progressioithe tumor
microenvironment is caposed of ECMmyofibroblasts, fibroblasts, adipose cells,
immuneinflammatory cells, and the blood and vascular netw@fksng et al., 2017)

In normal tissue, fibroblasts are the main manufacturers of the ECM and become
activated during wound repair mechanisms (Li et aD;720Fibroblasts within the tumor
microenvironment are calleGocerassociated fibroblas{€AFs) (Rodriguez, et al.,

2018) CAFsare constitutively activated and play a major role in the development of
cancer through ECM remodelling, inducing angiogesesicruiting inflammatory cells

and inducing the proliferation of cancer cells through the secretion of growth factors and
cytokines(Wang, et al., 2018).

Early in cancer development, the immune system is able to eliminate cancer cells.
In some peoplehere is an equilibrium between new tumor proliferation and immune
destruction and over time in a subset of people the cancer evolves the ability to escape the
immune system, growing larger and eventually metastadikiegserschmidt, et al.,

2016) Genomiadnstability allows cancer cells to evolve new properties through DNA
mutations, which includes the ability to evade the immune sy@tenguson, et al.,

2015) Therefore, the immune system can actually help in cancer development by
selecting the dominawklls that can escape destruction and proliferate to form a tumor
(Wang, et al., 2018Many studies have also shown the major role of immune
inflammatory cells in immunosuppression. Some cell types aawvenaé function of
immunosuppressiowherasothas can be activated with cytokines and chemokines.
Immune cellsare a major component of the tumor microenvironmentcanchave pro

tumor or antitumor functions, depending on their polarization sté8@inni & Noel,
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2013) Immune cells within théumormicroenvironment include

monocytes/macrophages, neutrophils, and lymphocytes. Once monocytes are within the
tumor, they differentiate into tum@associated macrophages (TAMsat are

constitutively activated and considered an M2 macrophedelS releasedctors such as
VEGF, lGH (human growth hormongMMPs, and IL-8 (interleukin8), whichplay a

role in ECM remodelinghypoxia,angiogenesigroliferationand immune escagei, et

al., 2007) Tumorassociated neutrophils (TANS) are constitutively activated and
considered a prtumor N2 neutrophil. TANS secrete proteolytic enzymes, such as
MMPs, that breakdown the ECM and help in metastasis (Shishir, et al., 2018).

The blood vessels surrounditgnors tend to be leaky, helping in the
intravasation of cancer cells into the circulation. As well, increased levels of growth
factors such as VEGs$ecreted from cells in the microenvironméuninor cells, CAFs
and inflammatory cellg)romote the angiogesis proces@/Nang et al., 2018)
Angiogenesis involves the formation of new vasculature, which helps to provide the
surrounding tumor with nutrien{®©trock, et al., 2007)Adipose cells help to create a pro
inflammatoryenvironmentwhich is favorabldor tumor growth. Adipos cells can
secrete variousytokines, chemkines and hormonkke factors, influencing other cells in
the microenvironmer(Shishir, et al., 2018)

The ECM is the main support network for cancer céle ECM isinfluenced by
all the cytokines and growth factotbat are secreted by surrounding cdBisth density
andstiffness of the ECM affed¢he invasive behaviour of a tumor (Sounni & Noel, 2013).
For instance, dense breast tissue is linked to increased risk of breastasane#ras
increased invasion of theeasttancer (Lavental et al., 2009). In addition to increased

density and stiffness of the ECM during cancer procesaesgrcell ECM also has
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altered structure, composition, and organization, increased proteditity and

dysregulated ECM turnover, whietl affect tumor progression (Sounni & Noel, 2013).

1.7 Epithelial-to-M esenchymal Transition (EMT)
1.7.1 EMT GQGrerview

Epitheliatto-mesenchymal transition (EMT) is a process that involves breaking of
cell-cell contacts, loss of polarity, cytoskeletal reorganization and release of MMPs in
order to degrade the ECM so that cells can invade the tissue and disseminate. ESIT beg
with epithelial cells that lose epithelial characteristics such asekkhdhesion and
apicatbasal polarity and gain mesenchymal characteristics such as cell individualization,
front-rear polarity, motility and invasiveness (Pradella, 2017). pitusess is involved in
several normal physiological processes, which include: embryonic development,
embryonic stem cell differentiation, inductionmtiripotency tissue repair, wound
healing and stem cell behaviour. In addition, EMT is involved in sépathological
conditions, which include: tissue/organ fibrosis, cancer stem cell behaviour and cancer
development (Kim., 2017).

The process of EMT involves several changes in the phenotype of epithelial cells
undergoing this process. These changes ingtype include: (1) a morphological change
from epithelial cells organized in a cobi#®mne monolayer with apicalasal polarity to
spindlelike mesenchymal cells with a more dispersed organization; (2) a change in gene
expression with a dowregulation 6 epithelial gene expression and anregulation of
mesenchymal gene expression; (3) a change in motility from stationary epithelial cells to
motile mesenchymal celland(4) an increase in the resistance to senescence and

apoptosis in mesenchymal catlsmpared to epithelial cells (KinR017).
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Mesenchymato-epithelial transition (MET) is the reverse process of EMT and
plays an important role in the-d#fferentiation of cancer cells and in metastatic
colonization. In this process, cells lose their raigry and invasive capabilities, increase
the expression levels of proteins involved in adhesion processes and undergmaagico

polarization (Nieto, 2016)[he processes of EMT and MET are represented in Figure 1.7.
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Epithelial phenotype Mesenchymal phenotype

RN
MET
¢ Cell-cell adhesion * Cell individualization
* Apical-basal polarity * Front-rear polarity
* Presence of epithelial markers: * Presence of mesenchymal markers:
* E-cadherin * N-cadherin
* Claudin-1 * Vimentin
« Zol * Fibronectin
* Snail
* Slug
« Zebl

* Increased migration/invasion

Figure 1.7: Epithelial-to-mesenchymal transition (EMT) overview.EMT is a process
where epithelial cells lose epithelial characteristics such aseleidhesion, apicdiasal
polarity and epithelial markers while gaining mesenchymal characteristicasae
individualization, frontrear polarity, increased migration and invasion and mesenchymal
markers. MET is the reverse process of EMT where mesenchymal cells lose
mesenchymal characteristics and gain epithelial characteristics.
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1.7.2 Regulation of EMT

Thegene expressiothanges that occur duriigMT involve severakignalng
pathways and require several layers of regulation, includamgcriptional, post
transcriptional, translational drposttranslational mechanisngSkovieroa, 2018).

Below | will further elaborate on the regulatory mechanisms controlling EMT.

1.7.2.1EMT Signaling Rthways

The EMT process is generally triggered by cytokines that activate key signaling
pathways. Several signaling pathways play a role ifitetang the EMT process, which
include the receptor tyrosine kinase (RTK) pathwensforming growth factor beta
(TGF-Betg pathwaythe Wnt pathwaythe Notch pathway and the Hedgehog family
pathway. These pathways respond to various stimulutiimdately induce the expression
of EMT transcription factors that then affect the expression of epithelial and

mesenchymal genes (Fabregat, 2016).

1.7.2.2 Transcriptional PathwaysiVolved in EMT

The expression dfanscription factorsI(Fs) involved inEMT can be induced
through various mechanisms including inflammation, metabolic stress and through the
activation of signaling pathways (Fabregat, 2016). EMFE regulate the expression of
target genes at the transcriptional level, activating mesenchymaltganscription and
repressing epithelial gene transcription. The expression of-ERSIis usually activated
early in the EMT process and the various TFs often controlihression of each other
andact on the same target genes (Liao, 20B&ow, | will summarize key EMITFs

and their roles in breast and ovarian cancer.
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1.7.2.2.1 Snall

Snail can both repress epitheliahgdranscription and activateesenchymal
gene transcription through different mechanisms. Smiahcoded by thENAllgene and
binds to the Ebox in the promoters of the epithelial proteirsdherin, claudin and
occludin, recruitingzarious histone modifiers that repress the transcription of the gene. In
addition, Snail interacts with CREB binding protein to prevent the formafithe
repressor complex and results in the activation of mesenchymal protein transcription (i.e.
fibronectin 1) (Liao, 2017)n breast cancer cellSmith et al., have shown that the
induction of EMT througtsnail oveexpression increased cell migratianddecreased
cell adhesion through the activation eERK (Smith et al., 2014Furthermore, high
Snail expression is associated with lymph node involvement, invasion, metastasis, and
decreased recurrenéee survival in breast cancgSheng, et al.2001; Blanco et al.,
2002; Moody et al., 2005)n ovarian cancer cell&urrey and colleagues showed that
Snailtransfection caused cells to undergo EMT, which increased their invasiveness and
motility, suggesting its important role in ovarian cancerast@isifKurrey & Babat,
2005. Increased Snail expression has also been associated with clinicopathological tumor
staging, lymph node metastasis, tumor recurrence and poor progn@ssian cancer
(Kurrey & Babet; 2005; Olmeda et al., 2007; De Cranene & Berx,)2606thermore,
Yoshida and colleagues discovered that Snail protein expression increased as ovarian

epithelial cells progressed into cancells(Yoshida et al.2009)

1.7.2.2.2 Slug
Slug is encoded by thENAI2gene. Sludinds the corepressor nuclear receptor

coreceptor and recruits-€rminal binding protein 1 (CtBP1), which promotes the
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repression of E£adherin. In addition, Slug promotes the repression of epithelial genes by
binding the E2box sequence of the target gene promoter and recruiting CtBP1 and
histone deacetylase HDAC1) to suppress gene expressiarao, 2017)

In breast cancemcreased Slug expression is associated with reduced
chemosensitivity by promoting MMRaxpression (Shen, et al., 201Furthermore,
researchers have identified a role for Slug in the regulation of the mammary stem cell
state(Phillips, et al., 2014; Guo et al., 2012; Nassour, et al., 2@&p&cifically, Slug is
required for lineageommitied cells to dalifferentiate into a sterike state during tumor
initiation (Nassour et al., 20)2As well, high Slug expression is seen in the aggressive
basallike breast tumors, which also express high levels of stemness genes (Storci, et al.,
2008).1n ovarian cancer tissues, Slug expression is significantly correlated with tumor
grade and lymph node metastg$is, et al., 2017)Furthermorepvarian cancepatients
with Slug expression hawshorter survival timgin comparison to patients wlaoe

negative for Slug expressiaiGu, et al., 2017)

1.72.2.3 ZebXd

Zinc finger E-box binding homeobox 1 (Zépalso binds to #hoxes within the
promoter of Ecadherin, repressing it. Transcriptional repression regulation by Zeb1 often
involves therecruitment of CtBP, but can also be independent of CtBP. Zeb1 interacts
with Smads involved in the TGBeta pathway and the transcriptional coedor p300,
which switches Zeb from a transcriptional repressor to a transcriptional activator (Liao,
2017).

Zinc finger E-box binding homeobox 2 (Z&pis a transcriptional repressor of

epithelial genes, f£adherin and other genasceding junctional proteins. Z2lregulates
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gene expression both dependently and independently of the CtBP1 corepressor complex
(Liao, 2017)In breast cancer, both mR\and protein expression of ZeRHre

increased in breast cancer tissues when compared to benign breast tissue (Ang, et al.,
2016).Additionally, Zell plays a role in breast cancer chemoresistance that is dependent
on ataxia telangiectasia mutatedllM ) (Zhang, et al., 2018Yhe mRNA expression

levels of Zeb12 arehigher inovarian cancemetastatic lesions when compared to

primary ovarian carcinoma tissu@sloul, et al., 2010; Wu, et al., 201&urthermore,

Zebl?2 play a role in ovarian cancer cell migration, invasion, and anchardgpendent

cell growth (Prislei, et al., 2015).

1.7.2.2.4Twistl

Twist family BHLH transcription factor 1Tiwist1) expression in cells induces the
EMT process by increasing the eggsion of fibronectin, vimentin,adherin andby
decreasing the expression et&dherin Moreover, Twistl expressiaa necessary for
metastasis to occur (Lia@017). The oveexpression of Twist on its own results in the
induction of EMT, bypromotinga decrease in-Eadherin expression and an increase in
the expression of mesenchymal markers (Fabregat, 20l@east cancers, Twist
expression is associated with worse overall survival, larger tumor size, lymph node
involvement, higher nuclear gradad positive HER2 expression, all considered poor
prognostic factors@iao, et al., 2017). Moreoverigh Twist expression is associated with
the aggressive TNBC (Zhang, et al., 2018)varian cancers, Twist expression predicts
poor clinical outcomes d@uto its role in metastasis, chemoresistamcestemness (Nuti
et al, 2014). Twistl expression levels incredseng the progressidinom a benign

tumor, to a borderline tumor and to a malignant tu@vashida et al., 20091n terms of
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chemoresistanc&wistl expression is linked to taxol and cisplatin resistance in ovarian
cancer cell§Wang, et al., 2004; Li et al., 200'Additionally, Twistl is a regulator of
ovarian cancer stemness, through the regulation of stem cell differentiation through the

MiRNAS miR-199a and miRR14(Chen et al., 2008

1.7.2.2.5MicroRNAsInvolved in EMT

As mentioned earliemicroRNAs are small, nenoding RNA molecules involved
in the regulation of gene expression (Khordadmehr, 2018). The expression of various
miRNAs regulates the epithelial phenotype and the EMT process. Some microRNAs
control the expression of TFs involved in EMT. For example,-889R and miR30a
repress Snaill expression and the R family and miR205 repress Zeb1 and Zeb2
expression, reversinge EMT procesgDing, 2014) Other microRNAs target key genes
involvedin maintaining an epithelial or mesenchymal phenotype. For example9 miR
represses €adherin and miR 94 represses-8adherin, promoting a mesenchymal and
epithelial phenotype, resgtavely (Ding, 2014). A more walepth discussion of what

microRNAs are and how they work is discussed latan@ection 1.9

1.7.2.3Regulation of PrenRNA $licing during EMT

Alternative splicings a mechanism that allows the generation of differ@RNA
products from the same getierebyincreasing the complexity of the proteome (Baralle,
2017). Dysregulation of this process plays a role in EMT and in the development of
cancer. More specifically, mesenchymal cells have been shown to have dgfdigng
patterns than epithelial cells, which occurs because of differentesdrpression of
splicing factors (Li, 2018).
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Epithelial splicing regulatory proteiieERP splidng factors are welstudied key
players in the maintenance of an epitgbhenotype, withmany transcriptional targets
including those involved in cetiell adhesion, cell motility and cethatrix adhesion
(Ishii, et al., 2014)One of these targets is thierbblast growth factor receptor 2
(FGFR2 premRNA. Alternative spting of this gene has been discovered in both
primary tumors and metastases. Researchers found that the ESRP proteins repress exon
lllc of the gene and increase the inclusion of exon Illb, which promotes the production of
the epithelial isoform oFGFR2 When the ESRP proteins are devagulated, the exon
llic is included, which promotes the production of the mesenchymal isofoRGBR2
(Warzecha, 2009).

The ESRPs proteins also regulate alternative splioiripe Scribble SCRIB
gene, which is a scafiiting protein involved in epithelial cellthat prevents the loss of
E-cadherin ana@onula occludenprotein 1 Zo-1) from adherens junctions and tight
junctions, respectively. A different alternative splicipgttern ofSCRIBpromotes the
final protein poduct to instead Ew the loss of Ecadherin and @1 from junctions and
promote a motile cell phenotype (Pradella, 2017).

Overall, ESFR proteins play a role in the alternative splioriggenes involved in
EMT, including genes with roles in cell polarity and actin cytoskeleton organization. The
downregulation of ESRPs occurs because of the activation B&#& signaling pathways
(Horiguchi, et al., 2012)As well, The EMTTF Zell has ben found to inhibit ESRP
and promotes changes in the alternative spliofrgenes and the expression of
mesenchymal splice variants (Pradella, 2017).

Li and colleagues discoverdaatthe two RNA binding proteingrotein quaking

(QK1) andRNA binding potein fox1 homolog 1 RBFOX1), regulate the alternative
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splicingof thefilamin B gene(FLNB), which regulates EMT in breast cancer. More
specifically, overexpression of these twwoteins leads to a different alternative splicing
pattern in thd=LNB gere, which affects the binding of theanscription factoforkhead
box C1 EOXC1) and promotes EMT (Li, 2018RIthough not the focus of this work,
there are many factomnsvolved in the regulkéon of alternative splicingnd it is likely
that the integratédfects of all these factowill determine whether a cedixhibitsa more

epithelial or mesenchymal identity (Pradella 2017).

1.7.2.4PostTranslational Rthways involved in EMT

Ubiquitination is a postranslational modification where ubiquitin is added to a
substrate protein. This process can have various effeetpatein includingnarking
the protein for degradation for the proteasome, affecting the localization or actithey
protein and affecting its interaction with other proteins (Pickart, 2004).

Ubiquitin-mediated degradation of important EMT TFs, such as Snaill and

Twistl, is another important regulation mechanism in EMT. (Hong et al., 2011; Zhou et

al, 2004). Inparticular, specific #ox proteins have been found to recognize ubiquitin
degradation signals on EMT TFs and target them to the proteasome for degradation,
which helps in keeping these 3 &t low levels in normal cel(®iaz, 2016)

The stability of pratins is also an important factorEMT regulation In normal
epithelial cells, EMT TFs are expressed at low levels and have shelit/balbecause of

their instability. EMT stimulating factors lead to increased stabilization and longer half

lives of these TFs. Increasing the stability of EMT TFs means that they have more time to

activate EMT processes within a cell (Zh&004).
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Subcellular localizavn of EMT TFs also plays a role in the regulation of EMT. In
order to be active, TFs must be localized within the nuaétise cell Phosphorylation
of EMT TFsby specific kinases one mechanism regulating their cellular localization
and thereforactivity. For example, Snail localization is regulated by phosgation by

the kinaseglycogen synthase kinase 3 be&SK-3Betg (Zhou, 2004).

1.7.3 Epithelial Roteins and theifFunctions

Epithelial cells form cell layers through various connections including tight
junctions, adherens junctions, desmosomes angugapons(Cooper, 2000)As a cell
loses its epithelial characteristics and becomes more mesenchymal, the epithelial
junctional proteins are degraded and/elo@ated, which results in the disruption of the

epithelial cell layer (Lamouille, 2014).

1.7.3.1 Ecadherin and Bta-catenin

E-cadherin encoded by th€DH1 gene,is an epithelial cell marker and
transmembrane protein that connects epithelial cells forming adherens junctions between
them. Ecadherin binds beteatenin through its distal cytoplassrdomain forming an £
cadherinbetacatenin complex, which then interacts with the actin cytoskeleton through
alphacatenin and its interacting protein, alpdctinin(Jou, et al., 1995) oss of E
cadherin is a key step in EMT as this prevents the foomati adherens junctions and
helps cells to dissociate from the cell layeicdtlherin is degraded by proteolytic
cleavage or by endocytosis. Followingc&dterin cleavage, beteatenin igeleased into

the nucleus allowing it to bind tH2NA binding protén family lymphoid enhancefiactor
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(LER)/T cell factor (TCF)and activating the Wnt signaling pathway and other genes

involved in cell proliferation, metastasis and tumorigenesis (\W201L8).

1.7.3.2 Claudin ad Zonula Occludens 1 ProteindZ)

Tight junctions connect neighbouring cells and are situated at the apicobasal
region of epithelial cell membranéSawada, et al., 2003yhese structures are formed
from transmembrane barrier proteins connected to peripheral scaffolding proteins, which
are conected to the@in cytoskeleton. Claudin andZ are both involved in the
formation of tight junctions. Claudins are essential transmembrane proteins that interact
with PDZ domans of the scaffolding proteinZl, -2, and-3 through the
carboxyternmal domain (Soini, 2012). The@proteins bind directly to actin and to actin
binding proteins including alpkactinin-4, vinculin, and alph&atenin (Van Itallie,

2014).

There are twentgix types of claudins that exist in humgB8eini, 2012) Claudin
expres®n has been found to be decreased in some cancer types and increased in others.
In breast cancer, decreased claudin 1, 2 and 7 expresglancreased claudinig
associated with more aggressive carjgén et al., 2008; Morohashi et al., 2007; Tokes,

et al., 2005; Kominsky et al., 20pBanigan, et al., 2009

1.7.4 Mesachymal Proteins and theiruactions

In this section, | will outline the various mesenchymal proteins and their

functions, in particular as they relate to the process of EMT and asatast
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1.7.4.1 Ncadherin

Like E-cadherin, Ncadherin isatransmembrane protein that connects epithelial
cells at adherens junctions-dddherins encoded by thEDH2 gene, and its functiois
highly dependent on the specific tissue. For exampleadherin forms strong
interactions between cardiomyocytes of the heart, but forms looser connections in
migratory and mesenchymal cells promoting cell invasion and meta®asice, 2013).
WthEMT, there is oft en-cahedntoaNdabherin,iwhichsswi t ¢ h 6
important in the conversion of normal epithelial sed invasive mesenchymal cells
(Priya & Yap, 2015).

In breast cancer, increaseechidherin expression is associated wittreased cell
motility, invasion and metastasis (Radice, 2013). It is the interactiorcaidNerin with
growth factor receptors that help to promote motility and metastasis ir{ftdaian, et al.,
2000) N-cadherin promotes stronger epithekadothelal cell interactions, which also
promotes invasion and metastasis by helping tumor cells move into and out of blood

vessels (Kourtidis, 2017).

1.7.4.2 Fibronectin

Changes in ECM protein expression is an important event that occurs with EMT.
Fibronectin isa component ofhe stroma ECMhat is present in breast tumors, but not
present in normal tissue. Because its expression is nearly absent from normal tissue, its
expression suggests EMPark, 2014)High expression of fibronectin is associated with
increased tumor malignancy and decreased survival rate of patigintoreast cancer

(loachim, et al., 2002
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1.7.4.3 Vimentin

Variousintermediate filament proteins asgerexpressed imalignanttissues
whencompared toormal tissues, playing kegles in EMT progressiornVimentin is an
intermediate filament protein that is highly expressed in motile mesenchymal cells and
malignant cancers. It is a key mesenchymal marker pratéinessential roles in EMT
signal transduction pathways, cell migoatj invasion and metastasis (Kidd, et al., 2014)
Furthermore, vimentin is associated wgkhor prognosis in breast, prostate, and lung

cancer and melanoma (Liu, 2015).

1.7.5 Eukaryotic Translation Initiation &ctor 3Subunit E (EIF3E)

Eukaryotic transtgon initiation factor 3 subunit E (elF3e) is a component of the
elF3 multisubunit translation initiation complex and is mainly involved in ribosome
recruitment to mRIA (Gillis & Lewis, 2019. Studies have suggested a role for elF3e in
breast cancer devment. Marchetti andolleagueshowed that in 228% of breast
tumors there is a loss of heterozygosity for the elF3e gene and overall the expression of
elF3e is decreased in 37% of breast tumors (Marcketi,,2001). Gillis et al. showed
that reduced elf3e expression promd®4T by increasing the expression of the EMT
TFs Snaill and Zeb2, which promotes invasion and migration in breast epithddial cel

(Gillis & Lewis, 2015).

1.7.6 Role of EMT in @ncer
Metastasis is responsible for 90% of canoelated deaths (Pradella, 2017). The
EMT process aids in the dissemination of cancer cells from solid tumors so that they can

metastasize to secondary regions in the body. The EMT process also provides cancer cells
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with many advantages including increased cell survival, stemness and drug resistance,
mainly through EMT TFs (Huang 2013).

The EMT process aids cancer cells in overcoming cell death because many of the
EMT TFs also act to increase key survival pathwaywattn, such as the MAPK and
PI3K/Akt survival pathways (Pradella, 2017). EMT is also associated with increased
stemness and many studies have shown that cells with a mesenchymal phenotype also
show greater stem cell character (Fabregat, 2016). 8adlgifthe EMTTFs Zebl,
Snaill and Sna2l all increase the expression of proteins involved in stemRess.
exampleZehl has been shown to increase the expression of the stem cell p&iRains
box 2 Sox2 andkruppellike 4 (KIf4) (Forte, 2017). As well, ar-expression of both
Twist and Snail TFs promote a mesenchymal phenotype with stem cell characteristics
(high CD44 expression and low CD24 expression) and increased mammosphere
formation capacity (Kim, 2017). Both EMT and stemness also play a role indpelp

cancer cells develop resistance to treatments like chemotherapy (Forte, 2017).

1.7.7 Partial EMT

When studying EMT, many studies ombpk atthe extreme ends of the process,
epithelial and mesenchymal states, but intermediate states also exist. Cells do not simply
transition from an epithelial state to a mesenchymal state. In reality, EMT is a flexible
process, and cells transition througlpadrum of intermediate states. In some cases, a
partial EMT state can be the final phenotype in which a cell remains (Nieto, 2016). These
intermediate states are often called partial EMT states and are found to be a worse

prognosis for cancer patients goaned to a complete mesenchymal phenotiyeeto its
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increased plasticitylhis increased epithelial/mesenchymal plasticity is highly favorable
for metastasis formation (Kim, 2017).

Partial EMT includes a wide range of cellular expression profiles. Mames
identify partial EMT by the existence of both epithelial and mesenchymal markers, but
partial EMT can also include cells that have a slight decrease in epithelial markers or
characteristics and have not yet gained any mesenchymal markers oreclsicect
(Nieto, 2016). Huang and researchers studying 43 ovarian cancer cell lines saw that out of
all the cell lines with a partial EMT phenotype, only half showed increasemtNerin
expressionluang, et al., 20)3Researchers Huang et al. identifiedr EMT subgroups
of ovarian canaecells by looking at the leveif expression of iadherin (Ecad), pan
cytokeratin (PCK) and vimentin (Vim). The four subgroups incluejathelial (E-cad
positive, PCK positive, Vim negativahtermediate E (E-cad paitive, PCkpositive,

Vim positive),intermediate M (E-cad negative, PCK positive, Vim positive), and
mesenchymalE-cad negative, PCK negative, Vim positiyeluang, et al., 2013)
Huang et al. determined that the intermediate M cells were the mostsanesiktant,
invasive and migratory and had a higher sphefaiching abilty than fully mesenchymal
cells.

Recent studies have found that theegpression of both an epithelial marker
(most often Ecadherin)concurrently withmesenchymal markers a hdlmark of a
fApartiald EMT cellular phenotypgHuang, et al., 2013; Yu et al., 201Andriani and
colleagues identified a partial EMT phenotype in lung cancer cells, where cells co
expressed the mesenchymal marker SNAI2 and the epithelial madaethénn
(Andriani, et al.,2015). Lu et al. determined that partial EMT could be identified by the

co-expression of the mesenchymal marker Zeb and the epithelial madaethErin (Lu,
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et al.,2013). As well, Jeevan et al. identified partial EMT to be thexgoession of the
mesenchymal markeimentin and the epithelial markerdadherin in metastatic brain
tumor samples (Grigoret al.,2016).

Triple negative breast cancer (TNBC) is a subtype of breast cancer with very
poor outcomes becausetbélack oftargeted therapies. Studies have shown that in
comparison to other breast cancers, TNBC has a higher proportion of cells that express a
partial EMT phenotypéYu, et al., 2013)As well, it has been shown that partial EMT is
associated with poor outcomeasdaaggressiveness in other cancer types. This research
indicates that there is an association between cancer aggressiveness and partial EMT
(Jolly, et al.,2015).

Partial EMT provides cancer cells with several advantages that increase their
tumorigenic ptential.First, because cells that have undergone partial EMT possess both
epithelial and mesenchymal properties, these cells have both the ability to adhere to each
other and still migrate within the body. This allows cells to undergo collective migratio
meaning that cells migrate as cell clusters instead of as single cells. These cell clusters are
able to leave the bloodstream more effectively, are more resistant to cell death and have a
metastatic success rate of 50 times that of individually migyratts (Jolly.et al.,2015).
Secondly, gartial EMT phenotypelso gives cells more plastickyneaning that a cell
can more easilgwitch from one phenotype to another than aaimmitted toa full
epithelial or mesenchymal stdtiolly, et al., 2015)Finally, cells in a partial EMT state
also show increased stemness traits and have a better ability to form mammospheres even
in comparisorto completely mesenchymal cells. In addition, partial EMT is linked to

higher drug resistanc&(ossWilde et al.,2015.
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Partial EMT is nosolely a cancerelated process. It has also been identified in
normal development, wound healing and fibrosis processes and in circulating tumor cells
(Nieto, 2016). During development, partial EMT occurs during the branching
morphogenesis of the trachea and mammary gland (Nieto, Zbg6)e 1.8 represents

the partial EMT phenotype and how it relates to epithelial and mesenchymal phenotypes.

Epithelial phenotype Partial EMT Mesenchymal phenotype

Figure 1.8: Partial epithelial-to-mesenchymal transition (EMT).Cells do nosimply
transition from an epithelial state to a mesenchymal state. EMT is a flexible process, and
cells transition through a spectrum of intermediate states. Often times, a partial EMT state

can be the final state of a cell.
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1.8 Connection Between Awikis Resistance and EMT

EMT TFsoften promote anoikis resistance through the constitutive activation of
certain presurvival signals. For example, thertsaription factors Snail and Zatthibit
E-cadherin transcription, which promotes anoikis resistance through the activation of the
PI3K/Akt pathway (Paoliet al.,2016).

Thetropomyosin receptor kinase BrkB) is a member of the Trk family of
receptor yrosine kinases, along withopomyosin receptor kinase @rkA) and
tropomyosin receptor kinase TrkC) and is a key receptor in both anoikis resistance and
EMT pathways. The Trk family plays an important role in neuron development, function,
survival and proliferation (Lang@018). Neurotrophins are the ligands for the Trk
receptors. Neurotrophid/5 (NT-4/5) and neurotrophin braitkerived neurotrophic factor
(BDNF) are the specific ligands of Tk but BDNF is the most weBtudied of the two in
terms of TrkB signahg pathways (Talbjakhsh, 2017Tanakam 2014). The TrkB
receptor is aransmembraneeceptor formed from three domains: an extracellular ligand
binding domain, a transmembrane domain and a cytoplasmic tyrosine kinase domain. The
kinase domain is required for its functiorllbwing binding of BDNF to TrB, receptor
dimerization occurs, which results in kinase activation, autophosphorylation of the
receptor and the activation of downstream signaling pathways like RAS/MA®K a
PISK/AKT (Tabjbakhsh, 2017fanakam 2014).

In addtion to its role in the developent of the nervous system, Brkias been
found to be oveexpressed in a wide range of cancer types, including breast and ovarian
cancer (Smjt2011) and its signaling is linked with angiogenesis, increased tumor
progressioninvasion, metastasis and resistance to treatment (kdsipa2017;Tanaka,

2014). TrkB was first identified asreanoikis suppressor by Douma and colleagues in a
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genomewide screen for genes involved in anoikis resistance. These researchers found
that tirough the activation dhe PI3K signaling pathway, TBkmakes cells become
resistant to anoikis and therefore increases their metastdential (Doumaet a.,2004).
TrkB is also associated with inducing EMT, which promotes the migration and invasion
of cells. Smit and colleagues found that&lherin andhe EMT TFs Twist, Snail and

Zebl are all required fathe tumorigenic effects of TEsignaling. These researchers
developed a model to show how all these factors play arrdlekB signaling, anoils

resistance, EMT and metastasis (Smit, 2011). The model is illustrated in Eigure
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Figure 1.9: A model developed by Smit and colleagues that demaesttlae connections
between TrB signaling, anoikis resistance, EMT ameétastasis.
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1.9MicroRNAs
1.9.1 MicroRNA Qerview

MicroRNAs (miRNAs) are small (:24 nucleotides in length) nesoding RNA
molecules that interfere with gene expression by targeting mRNA for degradation or
repressig its translationThe first miIRNA, lin4, was identified in 1993 iG.elegandy
Vicor Ambrosand colleaguef_ee, et al., 1993; Wightman, 199ayd in 2000, the first
human miRNA, lef7, was identified (Pasquinelli, et al., 2000oday there have been
about 2,675 humaniRNAs identified (Saliminejad, 2018).

Most often, mi RNAs function by binding
mRNA, but interaction with the 50 a”ofR, <cod
been shown. MRNAs play important roles in animal devploent and in many other
biological processes, but the dysregulation of miRNAs is associated with humanglisease

such as cancer (OO0Brien, 2018).

1.9.2 Biogenesis of MroRNAs

MIRNAs can be either intragenic (transcribed from introns (mainly) and etons
protein coding genes) or intergenic (transcribed autondm&oesn protein coding
genes). NRNA biogenesis can occur via two pathways: canonical anetananical, but
the canonical pathway is the most prominent, and will be the only pathway discessed h
( éien, 2018) During canonical biogenesis of miRNAs,-prliRNAs are transcribed
from the genome by polymerase II. TheserpiRNA molecules can be several hundred
to athousand nucleotides in leng®ri-miRNAs are then cleaved into ~70 nucleotide
stemloop structures called praiRNAs by a Microprocessor complex consisting of a

ribonuclease Il enzyme (Drosha) and a RNA binding prdi€aCR8(DiGeorge
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syndrome critical region geng @enli, et al., 2004)DGCRS8 identifies specific motifs

within the pri-miRNA (Alarcon, et al., 2015)wherea®rosha cleaves the structure,

ultimately resulting inpreni RNA mol ecul es. Drosha <cl eavage
oneendanda@t 306 over hang at-mRNAewvhichtisheeagnizednd of t
by expatin-5. Following their generation, praiRNAs are exported from the nucleus

into the cytoplasm by an exportin(XPO5)/RanGTP complex where they are cleaved by

the RNase Il endonuclease Di¢Benli, et al., 2001 Once in the cytoplasm, Dicer

removes thk terminal loop of the prmiRNA, forming a mature miRNA molecule
(Zzhang,etal., 2004 The mature mi RNA mol ecule that I
premi RNA i s called the 5p strand and the mol
premiRNA is alled the 3p strand. In an ATdRependent manner, both the 3p and the 5p

strand can then be loaded into the Argonaute (AGO) family of proteins. The AGO

protein in complex with its loaded strand (guide strafid)ms the miRNAinduced

silencing complex (miRSC). The percentage of 3p or 5p strands loaded into the AGO

proteins is dependent on the cell type, environment and the stability of the strands

(Meijer, et al., 2014; Khvorova, et a20Q03. Often, one strand (3p or 5p) will form a

complex with the AG(rotein, while the other strand is degraded. Once mature miRNA
molecules are loaded onto the AGO proteins, forming the miRISC complex, these

complexes together with GW182 proteins can then target complementary mRNA

sequences called miRNA response elem@RES) and regulate gene expression by

either mRNA degradation or the inhibition

occurs within processing bodiesBdies)and is represented in Figure 1.@0n, 2015).
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Figure 1.1Q The biogenesis omicroRNAs. During canonical biogenesis of miRNAs,
pri-miRNAs are transcribed from the genome by polymerase HmMNAS are then
cleaved into structures called preRNAs by a Microprocessor complex. Following their
generation, preniRNAs are exporteddm the nucleus into the cytoplasm by an expertin
5 (XPO5)/RanGTP complex where they are cleaved by the RNase Il endonuclease Dicer.
Once in the cytoplasm, Dicer removes the terminal loop of thenfR&IA, forming a

mature miRNA molecule. Both the 3p atieé 5p strand can then be loaded into the
Argonaute (AGO) family of proteins. The AGO protein in complex with its loaded strand
(guide strand) form the miRN/#Aduced silencing complex (miRISC). Once mature
MiRNA molecules are loaded onto the AGO protefiosning the miRISC complex,

these complexes together with GW182 proteins can then target complementary mRNA
sequences called miRNA response elements (MRES) and regulate gene expression by
either mRNA degradation or the inhibition of translation.
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1.9.3 Role of McroRNAs in Cancer

Although miRNAs play important roles in several key physiological activities,
they have also been identified to play a role in the developofi€aincer acting as either
tuma suppressors or oncoger(@heng, et al., 2005p5everal miRNAgunction to
repress the expression of tursuppressor genes with roles in cell cycle, apoptosis, cell
proliferation and differentiation, migration, invasion and metastagifiave been found
to be upregulated in breast cancers. Sever&NAs play a tumosuppressor role and
these miRNAs are often dowrgulated in breast cancers (Khordadmehr, 2018).

MicroRNAs exist that play a role in the EMT process through the regulation of
EMT transcription factors and in anoikis resistarigmg, 2014. The miR200 family of
microRNAs (miRs201, -200b,-200c,-429, and-141) are expressed at a high level in
epithelial cells and maintain the epithelial phenotypeetls by interacting with Zeb1 and
Zek? TFs and repressing their expression. In facouble negative feedback loop exists
between the mR-200 family and Zeb/2 (Burk, et al., 2008Bracken, et al., 2008MiR-
200 binds t o 1/2hterep8ss tbelr Bxpressidn while 2B binds to the
promoter of miR200 to inhibit its transcripin (Burk, et al., 2008; Bracken, et al., 2008).
Furthermore, the miR00 family member, miRR00c has been found to inhibit TrkB, a
known contributor of anoikis resistance in several cancer {({j@se, et al., 2011)The
downregulation of miRR00c leadso the activation of pathways with a role in cell
motility, EMT and anoikis resistan¢elowe, et al., 2011)As well, microRNAs, miRL55
(Kong, et al., 200B8and miR30a(Kumarswamy, et al., 20},1are known tglay a role in
EMT and anoikis resistance (@tia 2016).

MiRNAs that stimulate the transition from an epithelial phenotype to a

mesenchymal phenotype have also been identified. Specifically9ifhR, et al., 201D
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and miR92a(Chen, et al., 20)Dind and repress the expression afdelherin, whib
promotes EMT and increases cell invasiveness-h0i®107 dowrregulate the
expression of miRR00, which maintains the epithelial phenotypénson, et al., 2011;
Ding, 2014).

MiRNAs have also been found to play a direct role in cancer metastasis. For
example, miR335 and miR126 both supress metastasis in breast cdiiesazoie, et al.,
2008. MiR-21 has been identified as a pretastatic miRNA and is associated with
several diferent cancer types (Ding, 2014sangani, et al., 2008; Lou, et al., 201

Cottonham et al., 2010; Liu, et al., 2011

1.9.4 MicroRNA21

MicroRNA-21 (miR-21) is positioned on chromosome 17g21.3 and is-over
expressed in the majority of cancer types including breast and ovarian cancers. Many
studies have identified a role foniR-21 in cancer development, which involves
increased cell proliferation, inhibition of apoptosis, and increased invasion and metastasis
(Wu, 2017). High miR21 expression is also correlated with increased disease
aggressiveness, increased tumor sizghdri stage and grade and poor disdeese
survival(Lee, et al., 2011 For example, aggressiT&BC tissue express very high
levels of miR21 (Usman, 2015). Several targets of AR2iRare tumor suppressors,
including PTEN, programmed cell death 4 (PDCDéyersioninducing cysteingich
protein with Kazal mots (RECK), forkhead box O1 (FOXD), ras homolog gene family,
member B RhoB), tropomyosin 1 (TPM1)jssue inhibitor of metalloproteinase 3

(TIMP3), Spryl/2andMaspin (Wu, 2017; Hug 2015, Bornach@812).
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As well, the overexpression of miR21 has been linked to resistance to cancer
therapies. For example, its ovexpression has been associated with resistance to
cisplatin in ovarian and gastric cancer cé@tan, et al., 2014; Yang, et al., 2013/u
and colleagues showed that increased-giiRthrough the PTEN/AKT pathway plays a
role in the resistance of breast cancer cells to gemcitabine through the induction of an
EMT process (Wu, 2016).

Other studies have also identified a role for RRINEMT. Han and researchers
determined that in thENBC cell line MDA-MB-231, the knociddown of miR21 leads
to a reversal of the EMT process and cancer stem cell (CSC) phetiotypgh the
inactivation of Akt and Erk/2 pathways by activating PTE®pressior{Han, et al.,
2012) Moreover,Zebl isthought to bein upstream regulator of mi21 (Sahay, et al.,
2015) Another study shows thtetreatment of cells with TGB or Snail over
expression promotes the induction of EMT as well as an incieasdR-21 expression
(Bornachea, 2012). In addition, increased fBiRexpression has also been linked to

increasednetastatic potentiglyan, et al., 2008

1.10Hippo Signaling
1.101 Hippo Signaling @erview

The Hippo pathway plays a fundamental riol@rgan growth control, stem cell
function, eegeneration and tumsuppressioifFigure 1.10) (Zhao et al., 2010)he main
role of the Hippo pathway is to nepgetly regulate the activity ofgsassociated protein
(YAP) and transcriptional eactivator wth PDZbinding motif (TAZ). YAP is found to

beupregulated in many cancer types and its activation correlates with poor disease
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outcome and increased metastatic potential (Sharif, 2015). Activation of YAP/TAZ
promotes cell prolifieation and inhibits celleath(Johnson, 2013A summary of the

roles of YAHTAZ are outlined in Figure 1.12t has been shown that increased amounts
of TAZ nuclear staining is associated with higtade breast cancéBartucci, et al.,

2015 and that levels of TAZ mRNA and protein is increased in the aggressive TNBC in
comparison to other breast cand®&z-Matrtin, et al., 201p

The serine/threonine kinaskkST1/2 (mammalian STE20ke protein kinase 1)2
in complex with the scaffoldingrptein, SAV1 (protein Salvador homolog 1),
phosphorylate and activate theisefthreonine kinases LATSZ(large tumor suppressor
kinase 1/2jandits scaffolding protein MOB{mps one binder kinase activalde 1).

LATS 1/2 thenphosplorylate YAP/TAZ inhibiting its binding to the transcription factor
TEAD, which prevents the nuclear accumulation and activation of YAP/WVAP/TAZ
are transcriptional coactivators that shuttle between the cytoplasm and the nucleus.
Inactivation of the Hippo pathway promes the nuclear localizatiori ¥AP/TAZ.

Because YAP/TAZ lacbNA-binding ability, they bind and form complexes with TEAD
and other transcription factoirs orderto activate the gene expression of target genes
(Johnson, 2013)'he Hippo signaling pathwag represented in Figure 1.11.

The Hippo pathway does not have any specific extracellular signaling peptides or
receptors that have been identified, but is regulated by several upstream components and
mechanisms that are involved in regulating cell adimesra cell polarity (Johnson,

2013). Merlin is a tumor suppressor that regulates the Hippo pathway through its
activation of the LATS kinase, which prevents nuclear localization of YAP/TAZ (Cooper,

2014).
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Figure 1.11 Hippo signaling overview.The Hppo signaling pathway is the main
regulator of YAP/TAZ activity. The sme/threonine kinases MST2Zin complex with

the scaffolding protein SAV1 phosphorylate and activate theegdreonine kinases
LATS 1/2 and its scdblding protein MOB1. LATS 1Z phosphorylée YAP/TAZ,

inhibiting its binding to the transcription factor TEAD, which prevents the nuclear
accumulation and activation of YAP/TAX AP/TAZ are transcriptional coactivators that
shuttle between the cytoplasm and the nucleus and promotarikeription of genes
involved in cell proliferation, growth and cell survival.
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1.102 Role of Hippo Signaling inahcer

Studies show that the Hippo pathwagysa role in the function of stem cells. For
example, the overexpression of TAZ has been shown to increase the ability of normal
MCF10A cells to form mammospheres, indicating TAZ eggpression increases the
stem cell properties of these cells. In additibAZ is overexpressed in ~85% of high
grade human breast cancelsh{nson, Halder, et al., 2014 is thought that YAP/TAZ
activation promotes stemness properties in cells through the inhibition of NOTCH, a
tumor suppressor (Totaro 2016).

Researchs found that overexpressing YAdhd/or TAZ promotes the acquisition
of a mesenchymal phenotype in mammary epithelial cells, suggesting that the Hippo
pathway plays an important role in supressing EMAi, (et al., 2008 The presence of-E
cadherin at adheremsnctions reduces the nuclear localization and activity of YAP by
activating the Hippo pathway through the MST kindsen( et al., 201). Another
outcome of high expression of YAP/TAZ is chemotherapy resistance. For exaigple,
levels of both YAP and TA are associated with drug resistance, including taxol
resistancel(ai, et al., 201} Studies show that high YAP nuclear expression is associated
with higher tumor grade in TNBC patier{@iaz-Martin, et al., 2015)As well, Andrade
et al., show that thhibition of YAP increases the radiosensitivity of TNBC cells by
inhibiting the EGFR/PI3K/AKT pathway (Andrade, 201The various cellular pathways

activated by YAP/TAZ signatig are summarized in Figure 1.12
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Figure 1.12 YAP/TAZ pathway activation. YAP/TAZ aretranscriptional activators of
genes involved in proliferation, EMT, cell migration, cell survival, drug resistance and
cancer stem cell character.
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Chapter 2: Materials and Methods

2.1 Cell Qulture

Cell lines used and growth conditions are listed in TadleAll cell lines were
grown at 37C with 5% CQ. ID8 cells stably expressing GIPZ shRNAs weunéuwred
with the addition of Srg/mL puromycinHeLa, MCF7 and MDAMB-231 cells stably
expressing RIPZ shRNAs were cultured ungj Tetracycling-ree FBS and gg/mL
puromycin. MCF10A and HMLE cellstablyexpressing TRIPZ shRNAs weraltured

with the addition of 2rg/mL and 5nmg/mL puromycin, respectively.

66



Table 2.1:In vitro cell linesand growth conditions

HelLa Human Cervix  Epithelial Yes DMEM
supplemented
with 10% FBS,

1% P/S
HMLE Human  Mammary Epithelial No DMEM/F12
gland supplemented

with 5% horse
serum, 1% P/S
0.5ng/mL
hydrocortisone,
10 mg/mL
insulin, 10
ng/mL EGF
ID8 Mouse Ovary  Epithelial Yes DMEM
supplemented
with 5% FBS,

1% P/S

MDA - Human  Mammary Epithelial Yes DMEM
MB - gland: supplemented
231 metastatic with 10% FBS,

site 1%P/S

MCF-7 Human  Mammary Epithelial Yes DMEM
gland: supplemented
metastatic with 10% FBS,

site 1% P/S

MCF10A Human  Mammary Epithelial No DMEM/F12

gland supplemented

with 5% horse
serum, 1% P/S
0.5nmgy/mL
hydrocortisone,
10 mg/mL
insulin, 10
ng/mL EGF,1
ng/mL cholera
toxin
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2.2 shRNA Lentiviral Transduction

To generate the GIPZ and TRIPZ shPRP4K cell lines, GIPZ lentiviral ShRNAs
(shPRP4Kl=clone:V3LMM_463192 shPRP4K2=clone: \BLMM_463191 Non
silencing shCt#RHS4346) and TRIPZ induciblentiviral sShRNAs (shPRP4H =clone:
V3THS 383962, shPRP4R=clone: VIHS_383960Nonsilencing shCtHkRHS4743)
were purchased from Thermo Scientific. Lentivirus was made {tisaosfection of a
GIPZ/TRIPZ shRNA with pMPD2.G and psPAX2 packaging vectors mman HEK
293T cells using calciurphosphate transfection. Early the next morning (max 16 hours
later), melia was changed on the cefrty-eighthours following transfection, the
media from the transfected cells wiiered using a 0.45m filter and500m was added
to the target cell line with Bg/mL polybrene for 48 Kfirst transduction)Following the
48 hours, the target cells were split and then transduced a second time (another 48 hours)
with virus, in order to increasthe transfection effiency. Followingthetrangluctions
cellswere split andhllowed to recover in fresh media for 24 hours. To select for infected
cells,cells were cultured using2nmg/mL puromycin. The puromyciresistant cells were
then expanded. To induce thepeessiorof the TRIPZ shRNA, Bg/mL doxycycline was

added to cell media for 96 hours, with the media being replaced every 24 hours.

2.3 Twist Retroviral Transduction

To generate the HMLE Twist ovexpressing cell lines, retrovirus was made by
transfecting pBABEpuromTWIST and pBABEpuro plasmids into Pheonix cells using
calcum-phosphate transfectionh®roquine(25 niM) was added to the Pheonix cells 5

minutes before transfection. Early the next morning (maximum 16 hours later), the cells
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were washed and the dia was changed in order to get rid of any excess chloroquine.
Forty-eight hours following transfection, the media from the transfected cells wasdilter
using a 0.4%m filter and 500 was alded to the target cells withm§/mL polybrene for
48 h(first transduction)Following the 48 hours, the target cells were split and then
transduced a second time (another 48 hours) with virus, in order to increase the
transfection efficiencyk-ollowing the transductionselis weresplit andallowed to

recover in fresh media for 24 hours. To select for infected,amlls were cultured using

2 mg/mL puromycin. The puromyciresistant cells were then expanded.

2.4 siRNA
On-TARGETplus SMARTpool Ecadherin siRNA and netargeting control
SiIRNA were purchased from Dharmacon. siRNA experiments were performed using
Dhar maFECT transfection reagent according

were harvested 4 days following transfection for western blot analysis.

2.5EMT Induction M edia
StemXVivo EMT Inducing Media Supplement was purchased from R&D
Systems. Cells were plated in 10 cm plates (HMOE x 16 cells; MCF10A 1.5 x 16
cells) with 6 ml of normal media. Sixty microliters of 1X StemXVivo EMT Inducing
Media Supplement was added to each plate. Three days following cell plating, media was
removed and replaced with fresh media and supplement. Five days following the initial

plating of cells, plates were harvested for analysis.
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2.6 Scratch Assay

Cells were plated so that plates would bel90% confluent 5 days after plating.
Twenty-four hours after plating the cells, doxycycline was added to the TRIPZ inducible
cells. Doxycytine was replaced every 24 hours. Ninsby hours following doxycycline
induction, a scratch was made using a P200 pipettéwipnty-four hours before a
scratch wasnade in the cell monolayer, the media wadaegd with lowserum media
(0.5%serum) inorder to prevent cell growtlscratches were imaged every 4 hours and
overall imaging time was dependent on the cell line. The area of the scratch was

calculated using ImageJ software.

2.7 Anoikis Assy using PolyHEMA Coated Plates

A 20 mg/ml solution opoly 2-hydroxyethyl methacrylate (PGRHEMA) was
made by dissolving it in 95% ethanol and stirring at®&5Ten cm tissue culture plates
were coated with 4 ml of the PeEMA solution and dried at 3T for 24 hours. In
order to look at changes in protarpression under nesxdherent conditions, cells were
plated on polyHEMA coated and regular plates for 24 hours and then harvested for

western blot analysis.

2.8 Western Blot Analysis

Cells were harvested and lysed in lysis buffer (20mM-H@& ph8, 300mM
KCI, 10% Glycerol, 0.25% Nonidet#0, 0.5 mM EDTA, 0.5 mM EGTA, 1X protease
inhibitors phenylmethylsulfonyl fluorideRMSH and P8340) for 15 minutes on ice.

Samples were sheared using ag22ige needle and then incubated for 15 minutes on ice.
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To isolate the protein, cells were pelleted by centrifugation at 14 800 rpm for 25 minutes
at 4 C. Protein concentrations were determined usingR&d Protein Reagent. Samples
were mixed 1:1 with 2x sample buffer (4% SDS, 20% glycerol, 18%e&aptoethanol,
0.004% bromophenol blue, 0.125 M Tris HCI ph 6.8) and boiled for 5 minutes. Samples
were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE) and transferred to nitrocellulose membraweylamide gels from 715% were

used, @pending on the size of the protein of inter€ee membranes were loloed using
either 5% milk or bovine serum albumin (BS&i}solved inTris-buffered saline with

Tween 20 TBST). The membranes were then incubated in primary antibodyroget

at 4 C, with the exception of actin which was incubated at room temperature for 1 hour.
The membranes were thesashed with TBST 3 times for 5 minutes each and then
incubated in secondary antibody at room temperature for 1 hle@membranes were
washed again 3mes for 5 minutes eacRroteins were visualized using BioRad Clarity
Western ECL substrate and radiographic film. Takksogtlines all antibodie and

dilutions that were el
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Table 2.2: Antibodies and dilutions used for western blot analysis and

immunofluorescence.

Akt (pan) (C67E7) Rabbit
P-Akt (Ser473) (D9E) Rabbit
Beta-actin

Beta-catenin (D10A8) Rabbit
Beta-tubulin

Bcl-2 (D17C4)

Bcl-xL (54H6) Rabbit
Claudin-1 (D5H1D) Rabbit
Cleaved caspase 3 (Aspl75)
(BA1E)

E-cadherin (24E10) Rabbit
EIF3E

ERK1/2 (137F5) Rabbit
P-ERK1/2 (Thr202/Tyr201)
(E10) Mouse

Fibronectin

N-cadherin (13A9)

PRP4K Sheep & Rabbit

Slug (C19G7) Rabbit
Snail (C15D3) Rabbit
Trk -B (F-1)

Twist

Vimentin (D21H3) Rabbit
Yapl Mouse

TCF8/Zeb-1 (D80D3) Rabbit
Zo-1 (D7D12) Rabbit

Cell signaling (4691)

Cell signaling (4060)
Sigma (A2228)

Cell signaling (8480)
Santa Cruz Biotechnology
(sc¢9104)

Cell signaling (3498)

Cell signaling (2764)

Cell signaling (13255)
Cell signaling (9664)

Cell signaling (3195)
Abcam (ab134958)

Cell signaling (4695)
Cell signaling (9106)

Abcam (ab32419)

Santa Cruz Biotechnology
(sc59987)

Dellaire Lab &

Novus Biologicals (NBP1
82999)

Cell signaling (9585)

Cell signaling (3879)
Santa Cruz Biotechnology
(sc377218)

Santa Cruz Biotechnology
(sc81417)

Cell signaling (5741)
Sigma (WH0010413M1)
Cell signaling (3396)

Cell signaling (8193)
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1:1000
1:1000
1:10 000
1:1000
1:2000

1:1000
1:1000
1:1000
1:1000

1:10 000
1:1000
1:1000
1:1000

1:1000
1:1000

1:1000 & 1:2000

1:1000
1:1000
1:1000

1:1000

1:1000
1:1000 (1:33)
1:1000
1:1000



2.9 Immunofluorescence

Coverslips were sterilized using 95% EtOH and placed into wells -ofell6
plate. Cells were then plated into thevéll plates and left to adhere to the coverslips
overnight. For the TRIPZ inducible cell linesgr§/mL doxycycline was added to the
cells24 hours after plating and the media was replaced every 24 hours.-Blinaturs
after beginning doxycycline treatment, cells were washed with PBS and then fixed in 3%
paraformaldehyde f@0 minutes. Coverslips weveashed 3 times in PBS for 5 minutes
and then permeabilized using 0.5% TritoARO for 5 minutes. Cells were washed again
3 times in PBS for 5 minutes each. Cells were blocked in 5% donkey serum in PBS for 20
minutes and then incubated with primary antibody for 1 hour. Cells were washed 3 time
with PBS for 5 minutesachand then incubated with Alexa Fluor secondary antibodies
diluted 1:200 in 5% donkey serum in PBS. Coverslips were washed 3 times with PBS for
5 minutes each. The second wash -was 10 min
diamidino-2-phenylindole (DAPI) was added to this wash at a dilution of 1:1000.
Coverslips were mounted on frosted glass microscope slides using VECTASHIELD
mounting medium. Images were taken using a Zeiss Cell Observer Microscope2.Zable

outlines all primanantibodies and dilutions that were used.

2.10YAP Nucleo:Cytoplasmic Intensity Ratio Determination

MCF10A shCtrl and shEIF3E cells and HMLE shCtrl and Twist OE cells were
plated onto sterile coverslips, fixed and immunolabeled as described in section 2.9.
Fluorescenimageswere taken with a Zeiss Cell Observer Microscope under a 40x

immersion oil objective len® compare YARXxpression intensitie hirty-four cells of
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each cell type and condition were analyzed. In order to determine the intensity of YAP
signal in the nucleus and cytoplasm of single celipr@ections of the images were
performed The mean signal intensities were determined usia¢glidebook software
(Intelligent Imaging Innovation, Boulder, COljhe nuclearcytoplasmic ratio of YAP
expression was calculated for each cell and averages were taken for each cell type and

condition.

2.11RNA Isolation and Quantitative Reverse Tanscription PCR (RT-gPCR)

Cell samples were lysed and homogenized using Trizol reagent according to the
manufactureros direct i-80CsRNAwabisdatethysingettee wer e
Ambi on PureLink RNA Mini Kit according to
an oncolumn DNase | digestion. RNA quantity and quality were measured using a
Nanodrg 2000 spectrophotometétbsorbance measurements A260/A280 and
A260/A230 with ratios ~ 2.0 were accepted as pure for RDi#e microgram of RNA
was reverséranscribed to cDNA using the BioRad 5X iScript RT supermix kit for RT
gPCR, after which samples wediluted 1:1 with nucleasieee water. Samples without
reverse transcriptase were includea¢onfirmno genomic DNA contamination.

Quantitative PCR (gPCR) was performed on cDNA samples using the 2X SsoAdvanced
Universal SYBR Green Supermix. The BioRadXOFonnect was used to perform the
reactions and all experiments were done in triplicate. All primers used were designed
using NCBI Primer Blasill primer sequences are summarized in T23eGene
expression data was normalized to at least two refegsress and analyzed using the

BioRad CFX Maestro Software.
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2.12RNA Isolation andQuantitative Reverse Transcription PCR (RT-PCR) for
MicroRNA

RNA was isolated from samples using the Ambion mirVana miRNA isolation kit
according to t heonsrRNAQguardity and quality Was mehsuree using
a Nanodrop 2000 spectrophotomefdrsorbance measurements A260/A280 and
A260/A230 with ratios ~ 2.0 were accepted as pure for RDi#e hundred nanograms of
RNA was reverséranscribed to cDNA using theagman microRNA Reverse
Transcription kit and pri mer-8lacgdngtothe ¢ t o
manuf act ur eW6dvas uskd as a endogemous cordgrulthe C.elegansniR-
39 spikein control was used as an exogenous corffibldata was normalized to these
two controls RT-qPCR was performed according to the Tagman protocol and a BioRad
CFX Connect was used to perform the reaction. All experiments were done in triplicate

and data was analyzed using the BioRad CFX Maestro Seftwa
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Table 2.3: RT-gPCR primer sequences.
Gene Forward primer sequence

Reverse primer sequence

Reference
?

CCN2 AATGCTGCGAGGAGTGGGT

CDH1 GTCAGTTCAGACTCCAGCCC
CDH2 ATGTGCCGGATAGCGGGAGC
CLDN1 TTGGGCTTCATTCTCGCCTT

CTNNB AAAATGGCAGTGCGTTTAG

ERLIN1 CCCAGTGGACCAGGCTATCA

AGGCTATCCAGCGTACTCCA

1
FN1 CCCACCGTCTCAACATGCTTAG CTCGGCTTCCTCCATAACAAGT

HPRT1 TTGCTTTCCTTGGTCAGGCA

CGTTCCCCACTCAGACGTAG
GGCGTTAGCATGGTGGAGTA
ACCACTATGCCGCGCTCTT

TGTTGCAGTGAGGGCAAGAA
GGCACCACTCCACTGTATCC
CTGAGTCGCAGTTACCACCA
ACATGATGAACAGCGTCCTG

GGGACAACAGCATCCTTCCA
TCTACGAGGAGGAGATGCGG

CGGATGGATGAAACCCAGACA
CGGCTCTAATC
ATAGTTGGGTCT
AAATTCACTCTGCCCAGGACG
TACACCGTGCCGTCCTCGTC
GTCGCCGGCATAGGAGTAAA

TTTGAAGGCAGTCTGTCGTA

GACCCCACCACTTGTTCCAC

AC

ATCCAACACTTCGTGGGGTC

GACCTCTGTCCCTTCTCCGA

CATCCCTTGGGCCAAATCCT

GGTCGTAGGGCTGCTGGAA

GACCCTGGTTGCTTCAAGGA

GCTGCGGTACAATCCCAGAA

AGCCTGGAGCCTTTTCAAG

CAGCAGTTCCTGGGTGTCTC

ATCACAGTGTGGTAAGCGCA

GGTCAAGACGTGCCAGAGAC

ZEB1 GTTCTGCCAACAGTTGGTTT GCTCAAGACTGTAGTTGATG

ZYX GCAGAATGTGGCTGTCAACGA TGAAGCAGGCGATGTGGAACA

AC

G
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Chapter 3: Results

3.1 Knockdown of PRP4K Increases the Expressiofrkis, a Marker of Anoikis

Resistance, in ID8 and MCF Cell Lines.

As previously discussed, the Dellaledoratoryhas used the zebrafish
xenotransplantation model to demonstrate that PRP4K loss is linked to increased anoikis
resistance (Corkery et al., 2018).this work,PRP4Kcontrolandknock-down KD) ID8
mouse ovariagells werenjected into the suspended yake environment of the
zebrafish. TeKD cells grav two times better, suggesting their increased resistance to
anoikis. Furthermore, using vitro spheroid asse, we showdthat PRP4K KD
increases the anchorage independent growth of ID8 cells as sish@orkery et al.,

2018). Using the soft agar colony formation assay, our lab has shown the same anoikis
resistance phenotype can be replicated in the M®Feast cancer cell line (Dellaire lab,
unpublished). Together, this data demonstrates thatfiédRPAK promotes anoikis
resistance in breast and ovarian cancer cells. To further observe the effects of decreased
PRP4K expression, | created constitutimeuse(ID8) and induciblehuman(MCF-7,

HelLa, MDA-MB-231, HMLE and MCF10A) cell lines stably expsesy a control hairpin
(shCtrl) or a hairpin that targets PRP4K (shPRP#g).each cell line, two independent

KD cell lines using different ShRNAs were used to account for possibtargt effects

of the shRNAsTo determine what pathways play a rivléhe anoikis resistance

phenotype that has ée observed with PRP4K KDD8 and MCF7 cell lines were

grown in both attached and suspended conditions usingHENA coated plates. Cells

were grown in these conditions for 24 hours and then harvesteg$tern blot analysis.
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Following PRP4K KD, PRP4K protein expression was significantly decreased in
both the ID8 and MCH cell lines (Figure 3.1 A & BPRP4KKD in the ID8 cellline
led to an increase in TEkexpressiorfanoikisresistancéactor)in attached conditions
(Figure 3.1 A. As well, the presurvival signaling factor Phospl#kt (P-Akt) was
increased with PRP4K Kih the ID8 cell linen comparison to control cells, when grown
in attached anduspended condition§here was no change Akt andERK expression
(pro-survival signaling fact@), but phosphdeRK expression decreased with PRP4K KD
in the ID8 cells grown in attached conditions. No changes i¥2BBCHx| (B-cell
lymphomaextra large) or cleaved caspase 3 (apoptosis factors)olveeeved with 1D8
PRP4K KD cells grown in attached and suspended conditions.

In the MCF7 cell line, TrlB expression was increased with PRREB in
attached conditions (Figure 3.1 BJo changes in Akt, fAkt, ERK or P-ERK were seen
with PRP4K KD in the ME-7 cell line. Furthermore, no changes in-2cndBcl-xI
were observed witMCF-7 PRP4KKD cells grown in attehed and suspended
conditions.Since TrkB is known to promote anoikis resistafideuma, et al., 2004j}his
data spports a role for TrR in the anokis resistance phenotygeenafter depletion of

PRP4K
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Figure 3.1: Knockdown of PRP4K increases the expression of TrkB, a marker of
anoikis resistance, in A) ID8 and B) MCF7 cell lines.ID8 and MCF7 shCtrl and
shPRP4K cells were grown attached and suspended conditions for 24 hours. Cell
lysates were prepared for western blot analysis in order to detect the expression of
proteins involved in praurvival and anoikis resistance pathwdysperiments were
repeated at least two times irder to ensure results were reproducible.
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3.2PRP4K Expression is Decreased while Anoikis Resistance and EMT Marker
Expression arericreased irDvarian Cancer Cells Harvested from the Ascites of Mice

Low cellular PRP4K expression has negative effects whemes to cancer
because it is associated with resistance to cancer therapies and resistance to cell death by
anoikis (Corkery et al., 201&orkery et al., 2018)n particular, our analysis of ovarian
cancer data in The Cancer Genome Atlas (TCGA) @2acer Genome Atlas Research
Network, 2011)ndicates thalow PRP4K expression is associated with poor prognosis in
this cancer typéCorkery, et al., 2013

Given the link between low PRP4K expression in human ovarian cancer and poor
outcomes, | examed the correlation between PRP4K expression with other markers of
aggressiveness in the ID8 syngeneic mouse ovarian carcinoma Fadabiis
experiment, 3 x 19D8 shCtrl cells were injected intraperitoneally into C57/BL6 mice
and these cells were re@red from the ascites of the mice 28 days later (Figura)3.2
In order to form ascites, the injected ID8 cells ndisseminateThis means that the ID8
cells collected from the ascites fluid shouldresistant to anoikis and exhilpitore
aggressivédehaviourthan the original ID8 cells #t were injected into the mice. | then
examined the expression of PRP4K and various EMT (vimditinonectir), apoptosis
(Bcl-2), prosurvival signalling (Akt/phosphdkt), and anoikisassociated facte such as
TrkB by western blot.

| observed that the ID8 cells recovered from the ascites fluid of mice displayed
lower expression dPRP4K as well as increased TrkB, fibronectimentin, and PAkt
(3 out of 4)expression (Figure 3.2 B)o significant changes in B&, Akt, ERK and P
ERK were observed'his data demonstrates that low PRP4K is associated with increased

cancer aggressiveness, increased anoikis resistanoeagkers oEMT.
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Figure 3.2: PRP4K expression is decreased while anoikis resistance and EMT

mark er expression are increased invarian cancer cells harvested from the ascites
of mice. (A)3 x 1F1D8 shCitrl cells were injected intraperitoneally into C57/BL6 mice
(n=4)and then recovered from the ascites of the mice 28 days(BY&Zell lysates were
prepared and western blot analysis was performed to detect expression of proteins

involved in presurvival pathways, anoikis resistance and EEAperiments were
repeated at least two times in order to ensure results were reproducible.
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3.3 Knockdown of PRP4K Increases Mesenchymal MarkaeEsion in ID8, MCF/
and HelLa Cancer Cellibes

After | discovered thadnEMT gene expression profile wasrrelated with
reducedPRP4K expression, | wantedftather explore the relationship beten PRP4K
and EMT.| perfomed western blot analysis on various proteins involved in EMT in the
mouse ID8, and human MEFand HeLa PRP4K KD cell lines versus conial. In all
three cell lines, PRP4K is significantly decreased by the shRNAs empioyguhred to
control cells, and | found several changes in the expression of EMT mgfigense 3.3).
Although we saw differences between shRNAs used for PRP4K KD, the general trends in
gene expressiothangesvere seen across cell lines, tissues and leztwpecies (i.e.
mouse and human). In summary, vimentin, Zahd fibronectin, all major mesenchymal
cell proteins, were often uggulated with PRP4KD. More specifically, imentin was
up-regulated in one of the ID8D cell lines and one of the HellkD cell lines. Zeli, an
EMT transcription factor, was uggulated in all ID8, MCH and HeL&D cell lines.
Fibronectin was upegulated in one of the ID8D cell lines, both MCF7 KD cell lines
and both HeL&D cell lines (Figure 3.3)No obvious changes wedetected in 24, E
cadherin, slug, snail and betatenin expression with PRP4K KD in any cell line (Figure
3.3).Altogether, his data suggests that loss of PRP4K promgees expression changes

associated wWitEEMT.

82



PRP4K

B-catenin

Vimentin

Zo-1

E-cadherin

Zeb-1

Slug

Snail

Fibronectin

Actin

ID8
N
&
Q 2
S & &
YRS =Y
——
— — —
--.
NS
o (e SEDD
NS
”!"".
--‘

-

NS

NS

NS

e p—

NS

Figure 3.3: Knockdown of PRP4K increases mesenchymal marker expression in

ID8, MCF-7 and HelLa cancer cell lineslD8, MCF7, and HelLa shCtrl and shPRP4K
cells were harvested and cell lysates were prepared for western blot analysis of proteins
involved in the EMT proess.NS= No signalExperiments were repeated at least two

times in order to ensure results were reproducible.
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3.4: Knockdown of PRP4K Increases Mesenchymal Markprdssion in the MDAVIB-
231 Cell line

Furthermore, because of the poor prognosiBNBC, andtheurgency in this area
of breast cancer researdr new treatment option$ wanted to determine whether the
same results could be replicated iINNBC cell line, MDA-MB-231. Again, | found
differences in the expression of EMT proteins with PRREK Specifically, in the
MDA-MB-231 cell line, | found thatlfronectin and Zebwere upregulated in botiKD
cell lines. SIUGSNAI2), an EMT transcription factor, was-upgulated in on&D cell
line while Snail(SNAIL1), another EMT transcription factoras upregulated in botkD
cell lines. As well, Ecadherin, a major epithelialarker, was dowanegulated in bottKD
cell linesand Claudinl, another epithelial marker, was doegulated in bott#KD cell
lines (Figure 3.4)The epithelial marker Z& was upregulated in both KD cell lines
while the mesenchymal markers vimentin andadherin were dowregulated in both
KD cell lines.The anoikis resistance marker, TrkB, was dewgulated with PRP4K
KD. Overall, his data is consistent with the previous datd suggests that PRP4&D

promotes EMT, and that this phenotype can be replicatedNB& cell line.
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MDA-MB-231

Figure 3.4: Knockdown of PRP4K increases mesenchymalarker expression in the

MDA -MB-231 cancer cell ineMDA-MB-231 shCtrl and shPRP4K cells were

harvested and cell lysates were prepared for western blot analysis of proteins involved in
the EMT proces€Experiments were repeated at least two times in order to ensure results

were reproducible.
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3.5: Knockdavn of PRP4Kinduces Rrtial EMT in the HMLE and MCF10A Cellihes

In my previous studies on the relationship between EMT and PRP4K expression, |
used cancer cells that were already either mesenchHik@dMDA-MB-231), or were
transformed (ID8, HelLa, MCHF); thus, some of the gene expression changes | observed
with PRP4K KD may have been more subtle ththhad conductedheseexperiments in
more epithelialike or nontransformed cell lines. In addition, | wanted to determine if
KD of PRP4K wasufficient to induce a full EMT phenotype. Therefore, | examined the
same EMT markers via western blot in two sicansformed breast epithelial cell lines.
For this, | chose the HMLE and MCF10A cell lines, both of which cannot form tumors in
animals and & considered gotdtandard epithelial breast cell lines for work on EMT
(Qu, 2015Mani, 2008). To confirm knockown in my cell lines, | carried out reverse
transcriptase quantitative polymerase chain reactiorgfRTR)on the HMLE and
MCF10A mntrol andKD cellsand compared this to PRP4K levelgshe MDA -MB-231
cell lineto confirm KD ofthe PRP4K gend®RPF4Bat the transcript level (Figure 3.5I).
then carried out @stern blot analysis and found that PRP4K expression was decreased at
both the proteimnd transcript level in the HMLE, MCF10A and MBEMB-231 PRP4K
KD cell lines(Figure 3.43.6). When | looked at TrkB expression with PRP4K KD, |
found that TrkBexpressionncreased in one HMLEnockdowncell line, decreased in the
other and decreased inthdICF10A KD cell linegFigure 3.6) When | carried out an
analysis of mesenchymal and epithelial protein markettse HMLE and MCF10A cell
lines, | found very similar results to what | observed after PRP4K Kihercancer cell
lines(Figure 3.6§. Fibronectin was upegulated in both HMLE and MCF10A Keell
lines. Zeld was upregulated in both MCF10A KD cell lines and one HMLE KD cell Jine

and vimentin was upegulated in one HMLE KI2ell ling, but decreased in the MCF10A
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PRP4K KD cell linesSlug wasupregulated in both MCF10A KD cell linglsut
downregulated in both HMLE KD cell lineSnailwas downregulated in both HMLE and
MCF10A cell lines with PRP4K KDHowever, Ecadherin was onliargelydown
regulated in the HMLE KD cell lines, and correlateith increased Ncadherin in one of
the HMLE KD cell lines (Figure 3.6)n the MCF10A cell line, Ncadherin expression
was slightly decreased with PRP4K KOverall, this data is consistent with the pervious
data and suggests that PRP4K KD in both caacdmormal cell lines promotes EMT
like changes in gene expression. However, the lackaiges in the epithelial markier
cadhem in the MCF10AKD cell lines, Zo-1 in both MCF10AKD cell lines and the
HMLE KD cell linesand claudinl in the HMLEKD cell line and the increase in claudin
1 in the MCF10AKD cell ling, suggests that loss of PRP4K induces a partial EMT

phenotype.
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Figure 3.5: PRP4K transcript is down in the A) HMLE, B) MCF10A and C) MDA-

MB-231 PRP4K KD cell linesRNA wasisolated from the shCtrl and shPRP4K HMLE,
MCF10A and MDAMB-231 cell lines and then reverganscribed to cDNA.

Quantitative PCR was performed on the cDNA samples and all data was normalized to at
least two reference genes. All experiments were donglicate. Error bars= S.E.M.
Significance was determined by a emay ANOVA, *= p<0.05, *=p<0.01
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Figure 3.6: Knockdown of PRP4K increases mesenchymal marker expression in the
HMLE and MCF10A cell lines. HMLE and MCF10AshCtrl and shPRP4K cells were
harvested and cell lysates were prepared for western blot analysis of proteins involved in
the EMT processxperiments were repeated at least two times in order to ensure results

were reproducible.



3.6 PRP4K Knockdown Affects Epithelial and Mesenchy@sale Epression in HMLE,
MCF10A and MIA-MB-231 Cell lines

Since | mainly focused on prote@xpression changes in my previous experiments
and given the role of EMT TFs like Zeb1 and Snail in EMT, | also wanted to look at the
transcript expression level$ epithelial and mesenchymal factors to determine whether
protein changes correlated witietranscriptional canges of these genes (Figure)317
found that in some cases, protein and transcript expression correlated with each other, but
in other casegranscript and protein expression did not correlate with each other, and
sometimes even opposed one another. This data demonstrates that although EMT is
occurring with PRP4K KD at the protein level, changethetranscript level do not
necessarily cortate with protein changes. All transcript and protein expression data is

summarized in Table 3.1.
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Figure 3.7 PRP4K KD affects epithelial and mesenchymal gene expression in A)

HMLE, B) MCF10A and C) MDA -MB-231 cell linesRNA was isolated from the

shCtrland shPRP4K HMLE, MCF10A and MDRNIB-231 cell lines and then reverse
transcribed to cDNA. Quantitative PCR was performed on the cDNA samples and all data

was

normalized to at least two reference genes. All experiments were done in triplicate.

Error bars= &.M. Significance was determined by a em@y ANOVA, *= p<0.05,
**=p<0.01, **=p<0.0001.
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Table 3.1: Transcript and protein expression overview in PRP4K KD cell lines.

Arrows indicate whether expression increased or decreased with PRP4K KD (horizontal
line=no change, N/A=data not available). Each of the two arrows represents a different
hairpin.

HMLE MCF10A MDA -MB-231
RNA Protein RNA Protein RNA Protein

® ® N/A ® ® N/A ® ® N/A
catenin
Vs Y Vs Y ® ® - = ® ® ® ®
% ® ®® N/A YV Y - = ® ®
- Y% - = Y = - = ®® = =
Yo - Yo - ® ® Y Y - - Y Y
®® ® ® ® ® ® ® ® ® ® ®
- ® ® ® Yo Y - = ®- - ®
- ® ® ® ® ® ® ® -® = -
N/A - ® N/A ®® N/A Yo Y
- = - - ®® - - ®® Y% ®
- Y Y - ® ® - = %® - =
Y Ys YV Y ® ® YV Y ® ® YV Y
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3.7: PRP4K Knockdown Increases the Migration of the MidB-231 Cell Line,
Decreases the Mgration of theMCF10A Cell line and has no Effect on the HMLE Cell
Line

Following the determination that PRP4K KD results in cells that show increased
mesenchymal protein expression and decreased epithelial protein expression, | wanted to
determine whether this had an effect on the migratory potential of the cells. In order to
observe cellular migration, | performed scratch assays. The inducible HMLE, MCF10A,
and MDA-MB-231 control (shCtrl) and KD (shPRP4K) cell lines were treated with
doxycycline for four days in order to obtain maximum PRP4K KD and then a scratch was
made in the cell monolayer using a P200 pipette tip. By imaging the scratched area over
time | was able to determine if PRP4K KD affectedmigration of these cell lines.
Consistent with the more mesenchymal natur®BfA-MB-231 cells they exhibited an
increasen migration with PRP4K KD. These results were in stark contrast to the
migratory behaviour of the HMLE and MCF10A cell lines after PRP4K KD. Whereas
migration increaed with PRP4K KD in the MDMB-231 cell line (Fgure 3.8D, E), it
decreased in the MCF10A cells and remained unchangbad HMLE cell linewith
PRP4K KD (Figure 3.8\, B, C). Overall, this data indicates that PRP4K KD does affect
the migration of cellsbut the effecappeardo be dependent on the transformation state
of the cell line, with more transformed and mesenchyjikalcells exhibiting increased
migration. Thus, | hypothesize that whether migration increases or decreases with PRP4K
KD is depenent on whether the cell line is transformed or a normal epithelial cell line.
The mechanism for this altered response to PRPBKx#ght rely on specific signialg

pathways activated in transformed cells & not activateah normal cells. One of
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thee pathways is the Hippo/YApathway(Zanconato, et al., 20},6~hich | wil address

in the next section.
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Figure 3.8 PRP4K knockdown increases the migration of the MDAMB-231 cell

line, decreases the migration of the MCF10A cell line and has no effemt the

HMLE cell line . Cells were grown to confluency and then a scratch was made using a
P200 pipette tip. Scratches were imaged every 4 hours and total imaging time was
dependent on the cell line. The area of the scratch was calculated using Imagaé softw
Error bars= S.E.M. Significance was determined by a linear regression.
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3.8 PRP4K Knockdown does not Increase YAP Signalathways

Following the observations that PRP4K KD promotes an EMT process and affects
the migration of cells, | wanted to fughlook into possible mechanisms for these
phenotypes. Cho and colleagues (€hal, 2018) recently determined that PRP4K plays
a role in the Hippo signaling pathway, which is involved in organ growth control, stem
cell function, regenet®mn andtumor sippression (Johnson, 2013). The Hippo pathway
regulates YAP to prevent its activation because increased activation of YAP promotes
cell proliferation, inhibits cell death and is associated with-gigide cancers
(Zanconato, 2016). Cho et al., found thRF2K phosphorylates YAP, inhibiting its
binding to the transcription factor TEAD, preventing its nuclear accumulation and
activation. Therefore, the downregulation of PRP4K causes increased YAP activation and
the activation of its downstream target gemeany of which are involved in pathways
that are associated with cancer development (Etral,,2018).

Following these observations seen by Cho and colleagues, andlgav@revious
studies indicate that YAP overexpression (OE) promotes a mesenchymal phenotype in
mammary epithelial cells (Johnson and Hadler 2015), | hypotlietfiaethe EMT
phenotypeseen with PRP4K KD could be due to upregulated YAP signaling. | démte
see whether PRP4K KD affected YAP target gene expression in my hands. | performed
RT-gPCR on the HMLE (Figure 3.9 A), MCF10A (Figure 8pand MDAMB-231
(Figure 3.9C) shCtrl and shPRP4K cell lines and looked at major target genes involved in
YAP signaling. As well, | looked at overall YAP expressiondis by western bto
(Figure 3.9D). Overall, | found that PRP4K KD often led to no change or a decrease in
YAP gene expressn levels which was the opposite of what was expected and is not

consistentvith the previous findings of Cho and colleag(égure 3.9 (Cho, et al.,
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2018). Additionally, by western blot a significant decrease in YAP protein expression in
the MCF10A c# line was seen. A slight increase in YAP expressiasdetected in the
HMLE cell lineanda slight decrease was detected inN2A-MB-231 cell line(Figure
3.9D). Altogether, this data @snot indicate that YAP signaling is the likely mechanism
promoting an EMT phenotype associated with PRP4K KD, particularly in non
transforned cells. In fact, the MCF10A data indicates a possible negative feedback loop

reducing YAP expression in normal cells in response to PRP4K loss.
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Figure 3.9 PRP4K KD does not increase YAP signaling pathway®NA was isolated

from the shCtrl and shPRP4K) HMLE, (B) MCF10A and(C) MDA-MB-231 cell lines

and then reverseganscribed to cDNA. Quantitative PCR was performed on the cDNA
samples and all data was normalized to at least two reference genes. Atherfewere

done in triplicate. Error bars= S.E.M. Significance was determined by-aaye

ANOVA, *= p<0.05, **=p<0.01, **=p<0.0001(D) HMLE, MCF10A andMDA-MB-
231shCtrl and shPRP4K cells were harvested and cell lysates were prepared for western
blot analysis of YAP expressioExperiments were repeated at least two times in order to
ensure results were reproducible.
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3.9: Relationship Between EMT Induction Methods and Changes in PRP4K Protein
Expression

My previous data indicated that when PRP4K is knoakaan in normal
epithelial cells a partial EMT process is initiated that affects the migratory potential of a
cell. This raised the question of whether PRP4K expression is reduced foltbeing
inductionof EMT. In order to induce EMT in my cell lines, | used multiple methods.
First, | used an EMT inducing mediagplement containingV/nt-5a (wnt family member
5A) and TGFb1l, as well as ant-cadherin, antsFRP1 (secreted frizzled related
protein 1)andantiDkk-1 (dickkopfrelated protein 1antibodies. Secondly, | induced
EMT by knocking down Ecadherin by siRNA. Thirdly, | obtained MCF10A cells with
EIF3E knockdown, which were created by Lewis and colleagues (Gillis, 2013).
Previously, they showed thBIF3EKD promotes EMT in the MCF10A cell line (Gillis,
2013). Finally, | stably overexpressed Twist using retrovirus, which has previously shown

to induce EMT (Yang, 2016).

3.9.1: The Induction of EMT by EMT Induction Media Decreases PRP4K Protein
Expression in the HMLE and MCF10A Cell Lines

The EMT inducing media supplement consists of various factors (described
above) that are known to induce EMT in a variety of cell types, including the MCF10A
cell line. To induce EMT, the supplement was added ttishae culturelate directly
after cell plating, replaced once on day 3 and cells were harvested for further analysis on
day 5. Following treatment with the supplement, both HMLE and MCF10A cells became

more spindleshaped consistent with induction of EMScheel, et al., 20} 1Figure 3.10
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A). | performed western blot analysis to examine PRP4K protein expression and found
that its expression was decreaseboth cell lines as compared to untreated cells (Figure
3.10B). This data suggests thtaeinduction of EMT can negatively affect PRP4K

protein expression.
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Figure 3.10: The induction of EMT by EMT induction media decreases PRP4K
expression in the HMLE and MCF10A cell lines. (AMCF10A and HMLE cells were
imaged using an Olympus CKX41 at 4@agnification.(B) MCF10A and HMLE cells
were treated with EMT inducing media for 5 days. The cells were harvested and cell
lysates were prepared for western blot analysis of PRP4K expression.



3.9.2: The Induction of EMT by-Eadherin Knockdown Decrease®P4K Protein
Expression in the HMLE Cellihe

The nextmethod | used to induce EMT was by knocking dowecaBherin. |
treated cells with an siRNA againstc&dherin to knock ilown. In comparison to the
controlsiRNA, when cells were treated with a siRdgainst Ecadherin, Ecadherin was
downregulated, which | sknoby western blot (Figure 3.11). Although | did not see a
difference in PRP4K protein expression in the MCF10A cell line, | did see a slight
decrease in PRP4K protein expression in the HMLElioel following E-cadherin
SsiRNA treatment (Figure 3.11). To summarize, transient knockdowrcatigerin
decreased PRP4K protein expression slightly in the HMLE cell line, but not in the

MCF10A cell line.
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Figure 3.11: The induction of EMT by E-cadherin knockdown decreases PRP4K
protein expression in the HMLE cell line. MCF10A and HMLE cells were treated with
a siRNA against fadherin or a Ctrl sSiRNA and cultured for 4 days. Celse then
harvested and #dysates were prepared for western blot analysis of PRP4K and E

cadherin expression.
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3.9.3: The Induction of EMT by EIF3E Knockdown Decreases PRP4K Protein
Expression, but does héffect PRP4K TranscriptXpression

The thirdmethod | used to indecEMT is by knocking down EIF3E. EIF3E KD
has previously been shown to induce EMT in the MCF10A cell line (Gillis & Lewis,
2013). | obtained the MCF10A EIF3E control and KD cells from Lewis and colleagues
for my experiments. When grown in culture, the MOREIF3EshCtrl cells grow as
clusters and the EIF3E KD cells are visually more mesenchymal, growing as single
spindleshaped cells (Figure 3.19). | performed western blot analysis on the EIF3E KD
cells to look at PRP4K protein expression, which | deir@echto be dowsregulated in
comparison to the control cells (Figure 3BR As well, | blotted for various EMT
markers in order to confirm that EIF3E KD was promoting EMT, and indeed as
previously publishedoss of EIF3E increases tlegpression of mesenchymal markers
(Zeb1, Ncadherin, vimentin) and loss tife epithelial marker Ecadherinindicative of
EMT (Figure 312B). Because EMT induction through EIF3E KD led to a decrease in
PRP4K protein expression, | wanted to see if tbhiwrmregulation occurred at the
transcript level as well. | performed RJPCR to look at PRP4K transcript expression
with EIF3E KD and found that its expression was not significantly downregulated (Figure
3.12C). This data indicates that inducing EMT thrbugfF3E KD downregulates PRP4K
expression in either a pesanscriptional ortranslational manner. More specifically,
given the role of EIF3E in translatio@¢mesDuarte, et al., 20)8we hypothesize that

translation of the PRP4K mRNA may be affecteding EMT induction by EIF3E KD.
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Figure 3.12: The induction of EMT by EIF3E knockdown decreases PRP4K protein
expression but does not affect PRP4K transcript expression. (AMCF10A shCtrl and
shEIF3E cells were imaged using an Olympus CKX41 at 4agmification.(B)

MCF10A shCtrl and shEIF3E cells were harvested and cell lysates were prepared for
western blot analysis of EIF3E and PRP4K expression as well as of proteins involved in
EMT. (C) RNA was isolated from the shCtrl and shEIF3E MCF10A celtstaan
reversetranscribed to cDNA. Quantitative PCR was performed on the cDNA samples and
all data was normalized to at least two reference genes. AHROR experiments were

done in triplicate. Error bars= S.E.M. Significance was determined by-avaye

ANOVA.
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| also performed R-GPCR on the EIF3E control and KD cell lines to determine if
protein changes in EMT markers seen by western blot were reflected in transcriptional
changes (Figure 3.13). | found that indeed, other than PRP4K, transcript and protein

changpes were positively correlated for both shRNAs used to KD EIF3E.

[ shCtrl
Bl shEIF3E-1
mm shEIF3E-2
d* kK
§ = . =
0 __ *
g g 20 b e o i .
£2 101 5 z
w % ko 4 a
< c 84
Z m S a
iE o
@ 4_ ik a
2T
e o3 H -
s 24 -—l ﬁ
Y] | YT ~00 &S00 0N mel .
S S S R o N
Q,‘do 1) ‘\g_;b & e&b \@e&\ 1’69

Figure 3.13: EIF3E KD induces EMT at the transcript level. RNA was isolated from

the shCtrl and shEIF3E MCF10A cells and then reviesescribed to cDNA.

Quantitative PCR was performed on the cDNA samples and all data was normalized to at
least two reference genes. All RPCR experiments were done in triplicaEeror bars=

S.E.M. Significance was determined by a-oveey ANOVA, *= p<0.05, **=p<0.01,
***=n<0.0001.



3.9.4: The Induction of EMT by Twist Ovekpression does not Affect PRP4K Protein

Expression in the HMLE Cellihe

The final method | used iaduce EMT was by oveexpressing Twist. Twist was

overexpressed in HMLE cells using retrovirus. Twist eegpression did not have any

effect on PRP4K protein expression when analyzed by western blot (Figure 3.14).

HMLE
ot

Twist

PRP4K

Actin

-
=

Figure 3.14: The induction of EMT by Twist over-expression
does not affect PRP4K protein expression in the HMLE cell
line. HMLE Ctrl and Twist OE cells were harvested and cell
lysates were prepared for western blot analysis of PRP4K and

Twist expression.

In order to confirm thathe overexpression of Twist actually does promote EMT, |

performed RTQPCR for EMT genes. {dadherin, fibronectin, vimentin and Zeb1 gene

expression were all increased anddtiherin gene expression was decreased with Twist

overexpression, which is congent with induction of EMT (Figure 3.15).
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Figure 3.15: Twist overexpression promotes EMTRNA was isolated from the HMLE
Ctrl and Twist OE cells and then revetsgnscribed to cDNA. Quantitative PCR was
performed on the cDNA samples and all data was normalized to at least two reference
genes. All RFgPCR experiments were done in triplicatedEbars= S.E.M. Significance
was determined by atést, *=p<0.05, *=p<0.01.



3.10Inducing EMT by Twist Ovexpression and EIF3E Knockdown Decreases-RIR
Expression

To summarize, | induced EMT in my cell lines using various methods and got
inconsistent results. Overall, the EMT inducing media supplement led to a decrease in
PRP4K protein expression in both HMLE and MCF10A cell lines (Figure 3.10), E
cadherin KD led to PRP4K downregulation in HMLE cells but not in MCF10A cells
(Figure 3.11)EIF3E knockdown in MCF10A cells led to PRP4K protein downregulation
(Figure 3.12 and 3.13), and Twist oxepression had no effect on PRP4K expression
(Figure 3.14). Because of these inconsistencies, | concluded that there must be a reason
why some method of EMT induction ld to changes inRP4K expression, but others
hadno effect. In order to look into this furthérchose one EMT inducing method that
causes PRP4K downregulation (EIF3E knockdown) and one that does not affect PRP4K
expression (Twist oveexpression) to do further experiments.

As discussed isectionl1.9, microRNAs are singlstranded RNA molecules that
can interfere with gene expression and play important physiological roles, but many have
also been identified to play aroleincandee vel opment processes (06
21 is a welstudied microRNA that is ovexpressed in the majority of cancer types
(Ding, 2014). Because miR1 is commonly dysregulated in cancer, plays a role in EMT
processesand possesses a binding sitteohe PRP4K 36 UTR, | decid
in MiR-21 expression might be the reason the various EMT inducing methods affect
PRP4K protein exmssion differently (Ding, 2014; Bornachea, 2002]laire lab,
unpublished). Also, our lalhas previously showm severaktell lines (MCF7 breast
cancer cells and A549 lung cancer cells) that the-expression of miR1 promotes a

decrease in PRP4K protein expression (Dellaire lab, unpublished).
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To test this hypothesis, | looked at ritR expression in contraind Twist OE
HMLE cells and in control and EIF3E KD MCF10A cells, to see if any differences
existed. Because | saw a decrease in PRP4K expression with EIF3E KD edrnapar
control cells (Figure 3.921 hypothesized that | should see increased-gliRRxprasion
in the EIF3E KD cells when compared to the control cells. Furthermore, because | did not
see a change in PRP4K expression with Twist OE compared to control cells (Figure
3.14), | hypothesized that | should not see any change il2thigkpression. Tmy
surprise, | saw a decrease in rRER expression in the EIF3E KD cells and in the Twist
OE cells when compared to control cells (Figure 3.16). These results imply that
differences in miR21 expressiofs not the reason for differential PRP4K expression

during EMT-induction by different methods.
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Figure 3.16: Inducing EMT by EIF3E KD and Twist OE decrease miR-21
expression.RNA was isolated from th@\) shCtrl and shEIF3E MCF10A cellsdthe
(B) HMLE Ctrl and Twist OE cells and then revetsanscribed to cDNA. Quantitative
PCR was performed on the cDNA samples and all data was normalitbedstmall non
coding RNA, U6 and th€.elegansniR-39 exogenous spike in contrdlll experiments
were dom in triplicate. Error bars= S.E.M. Significance was determined(By ane
way ANOVA or a(B) t-test *= p<0.05, **=p<0.01



3.11 Changes in PRP4K Protein Expression aftetuction oEMT by EIF3E
KnockdowrCorrelates withincreasedy AP Target @neExpression

Because of the recently published paper that suggests PRP4K plays a role in the
regulation of YAP activation (Chet al.,2018), | next hypothesized that differences in
YAP signaling activatiormight correlatavith PRP4K expression levels byfférent
methods of EMT induction. To examine this possibility, | performeegRTR for major
YAP targets in both the EIF3E control and KD cell lines and in the Twist control and OE
lines. | hypothesized that | would see an increase in YAP target gemesiiR3E KD
cellsversus control celland no difference in the Twist control and OE cells. Of the
group of YARtarget genes | evaluated, there was &k and 106fold increase in the
major YAP targetconnective tissue growth facta€TGH in the two EF3E KD cell
lines when compared to the control cell line and no change in CTGF gene expression in
the Twist control and OE cell lines (Figure 3.17). Although this data indicates that indeed
changes in PRP4K expression correlate with YAP activity followadgction of EMT
by EIF3E KD and not Twist OE, they also raise an intriguing possibility that YAP

signaling might also exert an effect on PRP4K protein levels.
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Figure 3.17: A)Inducing EMT by EIF3E KD increases the expression of YARarget

genes, while B) Twist OE has no effect on YAP target gene expressiBiNA was

isolated from the MCF10A shCitrl and shEIF3E and HMLE Ctrl and Twist OE cells and
then reversdranscribed to cDNA. Quantitative PCR was performed on the cDNA
samples andlladata was normalized to at least two reference genes. All experiments were
done in triplicate. Error bars= S.E.M. Significance was determined Ay @aheway

ANOVA or (B) t-test, *=p<0.05, **=p<0.01
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3.12 Inducing EMT by EIF3E KockdowrResults inncreased Nucle@ytoplasmic
Ratio of YAP, while Twist Oveexpression has noftect on YARuclear Localization
Because EIF3E KD was performed in MCF10A cells and Twist OE was
performed in HMLE cells, | also wanted to look at YAP expression levels in the two cell
lines in order to make sure that the differences seen in YAP signaling was not cell type
dependent. Todlthis, | performed immunofluorescence to compare YAP activation in
the two cell lines. | determined the YAP intensity ratio of the nucleus versus the
cytoplasm in 34 cells of each tMCF10A EIF3E control and KD cell lines and in the
HMLE controland Twig OE cell lines. | found that the YAP ratio values of the MCF10A
controland HMLE control cells were not significantly different, indicating that baseline
levels of YAP pathway activation are the same betweertwo cell lines (Figure 3.18 A
and D. YAP activation in theMCF10AEIF3E KD lines was significantly upregulated
when compared to tHdCF10A EIF3E control cells (Figure 3.18 and B, while there
wasno difference in YAP activation between the HMLE control and Twist OE cell lines
(Figure 3.18A andC). This wasall consistent with the R§PCR data and suggests that
the reason for the varying effects offdient EMT induction methods walsie to

differences irthe activation of YAP signaling
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Figure 3.18 Inducing EMT by EIF3E knockdown results in increased nuclee
cytoplasmic ratio of YAP, while Twist overexpression has no effect on YAP nuclear
localization. (A) Images were taken usingZaiss Cell Observer Microscop@ader a 40x
immersion oil objective len&sreen=YAP, Blue=DAPI(B) The intensities of both the
cytoplasm and nucleus of 34 cells from each cell syp conditiorwere determined and
a nucleus:cytoplasm ratio was calculated. Error bars= S.EMifiSance was
determined by &) oneway ANOVA or(C-D) t-test, *= p<0.05***=p<0.0001.
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Chapter 4: Discussion

Breast cancer is the leading cause of death among women (Public Health Agency
of Canada, 2017). It is a heterogeneous disease that is classified into different molecular
subtypes. Those subtypes that eegpress spead hormone receptors have a fairly good
prognosis because of the ability to treat them with hormone therapies. Other subtypes do
not express hormone receptors and lack targeted therapies, resulting in a very poor
prognosis. These subtypes include theeripggative subtype (Dai, 2015). Because of the
lack of a therapeutic target for this type of breast cancer, they have a very poor prognosis
and so the development of new therapies for these types of breast cancer is vital (Deal,
2010). I chose to focus dhe triplenegative MDAMB-231 cell line in my experiments
because of its increased aggressiveness and invasiveness and so that my discoveries could
contribute to the development of treatmentsTiNBC.

Low PRP4K expression is linked to negative consege®im terms of cancer.

These known consequences include defects in the spindle assembly checkpoint that
increase resistance to taxane treatment, anoikis resistance and increased YAP pathway
activation (Montembaulgt al.,2007; Corkeryet al.,2015; Cokery, et al.,2018; Chogt

al., 2018). As well, using a syngeneic mouse model of ovarian cancer, we demonstrate
that low PRP4K expression is associated with increased metastasis (Ceirletr2018).
Because metastasis is the leading cause of caglatzd death (about 90%Yina &

Sledge, 2011xtudying the metastatic process and the pathways involved is important in
order to find a cure for this horrible disease. My goal was to look more in depth at the
anoikis resistance phenotype seen with lo93RP4K and figure out what pathways are

involved.



TrkB plays an important role in the development of the nervous systemma$ut
alsobeen identified as an anoikis suppressor (Downal.,2004). | determined that
TrkB was upregulated in cells following PRP4K KD, suggesting that it is playing a role in
the anoikis resistance phenotype that is seen with PRP4K KD (Figure 3.1). This data in
addition to the published anoikis data from Corkergletlemonstrates a role for PRP4K
in anoikis resistance. Corkery et al. showed usingtro spheroid assays that PRP4K
KD increases the anchorage independent growth of cells as spheroids in comparison to
control cells. In addition, Corkery creates tlefpctin vivoanoikis environment by
injectingcontrol andPRP4KKD ID8 cells into the yolk sac of the zebrafish. The model
is perfect for studying anoikis because there is no ECM for cells to contact and cells end
up basically floating in the lipid milieof the yolk sac. The injected ID8 Kd2lls grew
2-fold better than the control cells during the same time period. In combination, this data
indicates a role for PRP4K in anoikis resistance (Corlatrgl.,2018).

The identification of increased Trk&pression following PRP4K KD and its
connection to EMT processes (Smit, 2011) led me to determine whether EMT was
occurring with PRP4K KD. A mouse syngeneic ID8 ovarian cancer model was used to
look at PRP4K expression in cells forced to adapt teadimeent growthin vivo after
peritoneal injection. When control cells were injected into the mice and harvested in the
ascites fluidollowing disseminationthese cells exhibited dowegulated PRP4K and
increased TrkB expression. As well, | saw that theemelsymal proteins fibronectin and
vimentinand the antapoptotic proteirP-Akt were all upregulated (Figure 3.2).

| then examined the impact of PRP4K KD on markers of EMT u$iagnouse
ID8 ovarian cancer cell line, the human MZmBreast cancer linéleLa cervical cancer

cell line, MDA-MB-231 TNBC cell line, antbvonont r ansf or med #@Anor mal 0
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epithelial @ll lines (MCF10A and HMLE)I observed that KD of PRP4K led to changes
in EMT markers at the protein level in all cell lines, suggedtiagPRP4K KD promotes

an EMT-like phenotype (Figure 3,3.4, 3.9. Specifically, the mesenchymal proteins,
fibronectin, ymentin and Zeb were upregulated with PRP4K KD, while the expression
of other mesenchymal markers and the main epithelial markadBerin was left
unchanged. This dataconsistent with the loss of PRP4K promoting a partial EMT
phenotypeluang, et al., 2013; Yu, at., 2013. Partial EMT means that epithelial cells
maintain some of their epithelial characteristics, such as integrthated cell

interactions, while gaining some mesenchymal characteristics. As such, cells that have
undergone partial EMT are highlygsitic and often exhibit the ability to migrate as
clusters, increasing their metastatic potential (Kim, 2011.interesting that thEMT

TF, Zel increases with PRP4K KD wll cell lines.It is possible that Zeb1 plays an
important role in the EMT @nges that are seen with PRP4K KD. Further studies should
look into Zeb1 expression and how it is linked to PRP4K.

The protein changes seen via western blot in the control and shPRP4K cell lines
were not always consistent with transcript changes sedRTvgPCR (Table 3). Many
scientists interpret gene expression in terms of protein, but in reality, the correlation
between transcript and protein can be as little as 40% (Vogel, 2012). Following
transcription, regulatory processes such aspasscriptonal processing and
degradation of mMRNAs, translational, localization, modification and degradation of
proteins all play a role in protein abundance. Overall, transcript does not equal protein,
which was amply demonstrated by my protein and transcripsetat@lrable 3). Thus

when studying PRP4K, my work demonstrates that you cannot get the full picture of this



p r ot effectshy foking solely atranscript expression and it is always important to
look at actual protein levels.

One limitation to thistudy is that in some cases, the two hairpins used to KD
PRP4K in a cell line did not show consistent-HCR and western blot results for the
genes and proteins evaluated. However, the consistency seen between multiple cell lines
across two species (humand mouse) provide increased confidence that the
protein/transcript changes seen with loss of PRP4K are real despite the limitation of
shRNAs. The shRNA RNA interference technology does have significatargtt
effects (Konermann, 2018). Unfortunatatyvas not possible to simply knodut the
PRP4K gen®RPF4Bdue to its essentiality for cell division and prd&RNA splicing
(Dellaire et al., 2002; Hart et a015)In the future, the newly developed CasRX system
developed by Konermann and colleagoesld be used in order to improve gene
knockdown experiments and to eliminate-w@ffget effects. The CasRX system was found
to outperform both shRNA and CRISPRI, displaying a knockdown of ~96%, in
comparison to the 65% knockdown for shRNA and 53% for ERISMost importantly,
the CasRX system showed no significanttafiget effects, which is a huge concern and
downfall of the currently used techniques to knockdown genes. For exdfopkrmann
et al. show that the KBf annexin A4 ANXA4 by shRNA causesver 900 significant
off-target transcript changes; in stark contrast to the CasRX system, which exhibited no
significant offtarget gene expression changes when used to target the same gene
(Konermann, 2018).

Using the scratch assay, | observed that4RRD increases the migration of the
MDA-MB-231 cell line, but decreases the migration of the MCF10A cell lindhasaho

effecton the HMLE cell line (Figure 3.8). It is possible that the reason for this difference
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in migration seen with PRP4K KD in diffent cell lines is dependent on whether the cell
line is transformed and can form a tumor or has a normal epithelial phenotype. The
MDA-MB-231 cells are a claudilow mesenchymal TNBC line, while both the MCF10A
and HMLE are normal mammary epithelial deies. Although our data supports a role
for PRP4K as a tumor suppressor, simple loss of PRP4K is risutfto generatan
invasive, cancerous <cell . I nstead, we hypo
when combined with other mutations swashoverexpression of an oncogene or mutation
of other tumor suppressors may generate more aggressive c#risdileely that the
knockdown of a tumor suppressor, such as Myc or PTEN, or the overexpression of an
oncogene, such as HER2, in addition tdPBR KD could push a netumorigenic cell

line to become tumorigenic and possess aggressive charactefisésamore aggressive
characteristics include taxane and anoikis resistance as vaglliasreased ability to
migrate,with thelattertwo charactastics combining to greatly increase the metastatic
potential of PRP4K low cancers.

In my studies, the differences in migration seen with loss of PRP4K between
malignantand normal breast cell lines could be due to intrinsic differences in Hippo
signaling between the three cell lines used (&a@l.,2018). The Hippo signaling
pathway is a conserved developmental pathway controlling tissue growth and organ size,
but its dysregulation is involved in many cancer types (Sharif, 2015). The main role of the
Hippo pathway is to regulate the activityXoAP/TAZ (Sharif, 2015). Activation of
YAP/TAZ promotes cell proliferation and inhibits cell death (Johnson, 2013).

Merlin/NF2 is an upstream regulator of the Hippo pathway that thrthayactivation of
LATS kinasephosghorylates YAP/TAZto prevent itsnuclear localization and activation

of YAP/TAZ-regulated genes (Cooper, 2014). It is possible that we see an increase in
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migration with PRP4K KD in the MDAMB-231 cells because this cell line does not
expresseurofiboromin2 (NF2) (also known as merlinjlzanconato, 2015). In this
scenario, NF2 Il oss |ikely represents the n
make a normal cell line more invasive. In such a model, there are a number of possible

i s e ¢ o mndtatibns thad could affect growth factand/or Hippo signaig and

synergize with PRP4K loss to generate a more invasive and therefore more deadly

tumour.

Cho and colleagues recently discovered that PRP4K is involved in the Hippo
signaling pathway byhpsphorylating YAP/TAZ and preventing its nuclear accumulation
and activation (Cho et al., 2018). They observed that the KD of PRP4K by siRNA leads
to increased YARrotein expressigrmigration and invasion in MDMB-231 cells.
Although | observed incread migration with PRP4K KD in the MDMB-231 ells
(Figure 3.8, 1 was not able to replicate the increase in YAP signalinigdling atgene
expression of YAP target genes by-BPCR. Rather, when | performed PCR for
YAP target genes on my PRP4K KDldaes, | often saw a decrease in PAarget
transcripts (Figure 3)9which is inconsistent with the findings of Cho et al. | also saw a
dramatic decrease in total YAP protein with PRP4K KD in the MCF10A cell line (Figure
3.9 D). The reason for this imosistency could be due to the fact that Cho et al. used
acute knockdown of PRP4K by siRNA, while | used an inducible shRNA system. |
consistently used a foulay induction period in order to get the best PRP4K KD within
my cells, before performing all mgxperiments. Although it is not mentioned in the
published paper by Cho et al., researchers use cells following siRNA knockdownfrom 3
7 days following treatment. It is possible that a difference in time the cells were able to

adapt to PRP4K KD could lead differences in results. In both cases, PRP4K was
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transiently knockedlown rather than constitutively knockddwn. Differencesn YAP
signding may also be due to cell specific effects from genetic drift or specific culture
conditions. For example, Hyo signaling through YAP is extremely sensitive to cell
density(Zhao, et al., 2007) AP signaling can be activated following the simple plating
of cells at low confluency. Studies show that when cells are plated at low confluency the
levels of nuclear YR/TAZ are increased in comparison to when the same cells are grown
at higher densities (Aragona, 2013). Thus, caution must be taken in plating cells at a
consistent density when looking at YAP pathway activation.
Following the determination that lossPRP4K promotes a partial EMT state, |
also wanted to determine whether the induction of EMT in cells had any effect on PRP4K
expression. | used various methods to induce EMT in cells, but found that different
methods of EMT induction had differential efte on PRP4K protein expression. |
observed that inducing EMT by using an EMiBluction supplement (Figurel®) and
through EIF3E KD promoted a decrease in PRP4K protein expression. (Bigjhre
Furthermore, inducing EMT by-Eadherin KD promoted a desase in PRP4K protein
expression only in the HMLE cell line, yet had no effect on PRP4K protein levels in the
MCF10A cell line Figure 3.1). Finally, inducing EMT by oveexpressing Twist in the
HMLE cell line had no effect on PRP4K protein expressiogyfé 3.14). Thus different
methods of inducing EMT, as measured by increased expression of mesenchymal markers
andadecrease in expression oftAdherin, had different effects on PRP4K expression.
Using Twist ovefrexpression (OE) and EIF3E KD as mod&isnducing EMT, |
tested to see if differences in PRP4K protein lefa@lewing EMT inductionwas due to
miR-21 expressionHigure 3.1% or YAP signaling Figure 3.1718) . Despite the

of thePRPF4BmRNA encoding PRP4K containing a miR binding sie, miR 21 levels
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were inversely correlated with PRP4K level ontrol versus EIF3E KD MCF10A and
YAP OE HMLE cells; suggesting that miRL is not responsible for changes in PRP4K
protein levels in these cell models.

In regard to YAP signalling, | didrfd evidence of differential regulation of YAP
signalling between EIF3E KDna Twist OE. Specifically, EIF3KD significantly
increased the expression of the major YAP target gene, CTGF, while Twist OE did not
affect CTGF gene expressidfigure 3.17. Seond, the nucleus:cytoplasm ratio of YAP
protein expression is significantly higher in the EIF3E KD cells compared to control and
no significant differences exist between the Twist OE and control(E&ijsre 3.18) As
well, YAP expression is the same betm the two different control cell lines (HMLE and
MCF10A) indicatingthatthese results are not due to differences in basal YAP expression
between these cell lin€Bigure 3.18. Overall, these results support a model by which
EMT induction that promoteactivation of YAP signaling can also negatively regulate
PRP4K protein expression. This raises the intriguing possibility that YAP and PRP4K are
part of a regulatory feedback loop and that increased YAWtgchay in fact down
regulatePRP4K protein ex@ssion.

In summary, | determined that PRP4K KD promotes a partial EMT phenotype and
that this might also play a role in promoting more aggressive cancers by altering
resistance to anoikis and increasing-puovival signalling via Akt. In addition, | fowd
that KD of PRP4K can have different effects on the migration of cells depending on the
cell line. This could be dependemt the status of YAP signafy and/or additional
oncogene activation present in transformed cells that have increased mjdieditime
TNBC cell line MDA-MB-231versus normal mammary epithelial cells like MCF10A

that exhibited reduced migration with PRP4K KD. Finally, | also demonstrated that the
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EMT induction methodan have different effects on PRP4K expression and that this
could be due to differences in YAP activation in the cell line or as a result of the

induction method.
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Chapter 5: Conclusions and Future Directions

In this thesis, | first determined that PRP4K KD is linked to anoikis resistance
through TrkB, partial EMT and in an already transformed tumor cell line can increase cell
migration. Furthermore, | found that inducing EMT in cells affects PRP4K expression
differently, which is dependent on the EMT induction method and to what extent YAP
signaling is activated.

Although I have uncovered more details on the link between PRP4K and EMT,
the story is not complete and more research is required to provide netichdetails of
how EMT regulates PRP4K protein levels. My data indicates that PRP4K is likely
regulated during EMT podtanscriptionally, and in the context of induction of EMT by
EIF3E, a component of the elF3 translation comgiitirnebusch, 2006it is likely that
PRP4K is regulated translationally. Thus it will be important to determine how translation
of the PRP4K mRNA is affected during EMT using approaches such as transtaten
analysis oPRPF4Btranscript associated with the polyribosofWgas, et al., 2009)

It would be interesting to see if the migratory phenotype seen with PRP4K KD in
the TNBC cell line, MDAMB-231, could be replicated in a second TNBC cell line.
Perhaps this is a TNBC specific phenotype, or maybe this phenotype iscsjoecif
transformed cell lines in general.

Furtherin vivo studies would also be useful in determining the effect of PRP4K
KD on cancer development. Specifically, whether loss of PRP4K on its own can induce a
non-metastatic cell line to become metastaticowh et her a fAsecond hit ¢
required to generate an aggressive tumor phenotype is an important unanswered question.

As well, if simple PRP4K loss is not sufficient to induce metastasis, what oncogenes or
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tumour suppressor mutations are necesstn& could be donby sequential mutation of
tumor suppressor genes and eggpression of oncogenes in combination in anon
tumorigenic normal cell line like MCF10A.

Finally, a number of questions also remain regarding the relaobstween
PRP4K andrAP signalng. For example, why does loss of PRP4K not lead to increased
YAP pathway activation in all cell lines? Does cell density play a role or additional
factors such as NF2 or LATS dysfunction alter how theresponds to PRP4K loss?
Finally, doesover-expression of YAP havany effect on PRP4K levels or localization?
Answeringthese questins should help to fill in thielanks that exist in the connections

between PRP4K, EMT, YAP and cancer development.



Bibliography

Adams, D. J., van der Weydlel., Mayeda, A., Stamm, S., Morris, B.&.Rasko, J. E.
2001. ZNF265a novel splicesomal protein able to induce alternative spliding.
Cell Biol. 154(1): 2532.

Aghajanian, C., Blank, S. V., Goff, B. A., Judson, P Teneriello, M. H., Husain, Aé
Nycum, L. R.2012. OCEANS: A randomized, doukdind, plascebaontrolled
phase Il trial of chemotherapy with or without bevacizumab in patients with
platinumsensitive recurrent epithelial ovarian, primary peritoneal, or fallopian
tube cancerd Clin Oncol.30(17): 20392045.

Ahmed, N., Abubaker, K., Findlay, &, Quinn, M. 2010. Epithelial mesenchymal
transition and cancer stelike phenotypes facilitate chemoresistance in recurrent
ovarian canceiCurrent Cancer Drug Targetd0(3):268-278.

Ahmed, N.,& Stenvers, K.L. 2013. Getting to know ovarian cancer ascites: opportunities
for targeted therapipased translational researé&montiers in Oncology3(256)
00256.

Alarcon, C. R., Lee, H., Goodarzi, H., Halberg, &.Tavazoie, S. F. 2015. N6
methyladenosine marks primary microRNAs for processiagure 5197544)
482-85.

Altomare, D. A.,& Testa, J. R. 2005. Perturbations of the Akt signaling pathay in human
cancerOncogene24(50). 74557464.

Andriani, F., Bertolini, G., Facchinetk,, Baldoli, E., Moro, M., Casalini, e, Roz, L
2016.Conversion to steroell state in response to microenvironmental cues is
regulated by balance between epithelial and mesenchymal features in lung cancer
cells.Mol Oncol 10(2): 253-271.

Ang, L., Zheng, L., Wang, J., Hang, J., Hu, FG., Zou, Q.£€ Wu, Z-S. 2017. Expression
and correlation between BCL6 and ZEB family members in patients with breast
cancer Experimental and Therapeutic Medicirig(5): 39853992.

Antoniou, A., Pharoah, P. D., Nard8l,, Risch, H. A., Eyfjord, J. E., Hopper, M.,
Easton, D. F2003. Average risks of breast and ovarian cancer associated with
BRCA1 or BRCA2 mutations detected in case series unselected for family
history: a combined analysis of 22 studigs J Hum Gene#2(5): 111730.

Aragona, M., Panciera, T., Manfrin, A., Giulitti, S., Michielin, F., ElvassoreéN.,

Piccolo, S. 2013. A mechanical checkpoint controls multicellular growth through
YAP/TAZ regulation by actirprocessing factor€ell. 1545): 10471059

12¢



Asangani, |. A., Rasheed, S. A., Nikolova, D. A., Leupold, J. H., Colburn, N. H., Post, S.,
& Allgayer, H. 2008. MicroRNA21 (miR-21) posttranscriptionally
downregulates tumor suppressor Pdcd4 and stimulates invasion, intravasation and
metastasis inatorectal canceilOncogene27(15): 2128136.

Ashkenazi, A.& Salvesen, G. 2014. Regulated cell death: signaling and mechanisms.
Annu. Rev. Cell DeBiol. 30:337-56.

Avizienyte, E & Frame, M. C. 2005. Src and FAK signaling controls adhesion fate and
the epithelialto-mesenchymal transitio&urrent Opinion in Cell Biologyl7(5):
542-547.

Baralle, F. E.& Giudice, J. 2017Alternativesplicing as a regulator of dewgiment and
tissue identityNature Reviewsl§7): 437-451.

Bartucci, M., Dattilo, R., Moriconi, C., Pagliuca, A., Mottolese, M., FedericieGDe
Maria, R. 2015. TAZ is required for metastatic activity and chemoresistance of
breast cancer stem cel@ncogene34(6): 68190.

Bast, R. C., & Badgwell, D., Lu, Z. 2005. New tumor markers: CA125 and beludnt.
Gynecol Cancerl5(Suppl 3)274-281.

Blanco, M. J., MorendNueno, G., Sarrio, D., Locascio, A., Cano, A., Palcios, J., & Nieto,
M. A. 2002. Correlation of Snail expression with histological grade and lymph
node status in breast carcinom@scogene21(20): 32413246.

Bon, G., Folgiero, V., Bossi, G., Felicioni, L., Marchetti, A., SacchigAEalcioni, R.
2006. Loss ob4 integrin subunit reduces the tumorigenicity of MCF7 mammary

cells and causes apoptosis upon hormone depriv&laorcal Cancer Research
12(11):3280-3287.

Bornachea, O., Santos, M., Martir€ruz, A. B., GarciegEscudero, R., Duenas, M.,
Costa, C.¢ Paramio, J. M. 2012. EMT and induction of 2R mediate
metastasis development in Trp88ficient tumoursScientific Reports
2(434)10.1038/srep0@H4.

Bouchard, V., Demers, M., Thibodeau, S., Laquerre, V., Fujita, Nsur uo, T &
Vachon, P. H2007. Fak/Src signaling in human intestinal epithelial cell survival
and anoikis: differentiation staspecific uncouplingvith the PI3K/Akt-1 and
MEK/Erk pathwaysJournal of Cellular Physiology212(3) 717-728

Bracken, C. P., Gregory, P. A., Kolenikoff, Bert, A. G., Wang, J., Shannon, M. F., &
Goodall, G. J2008. A doublenegative feedback loop between ZESIP1 and
the microRNA200 family regulags epitheliaimesenchymal transitio@ancer
Res 6819). 78467854.



Breuss, J. M., Gallo, J., DeLisser, H. M., Klimanskaya, |.Félkesson, H. G., Pittet, J.
F., €& P}9eBHxmessioRof the beta 6 integrin subunit in development,
neoplasia antssue repair suggests a role in epithelial remodeliri@ell Sci
1086): 22412251.

Brown, D. I.,& Griendling, K. K. 2009. Nox proteins in signal transductieree
Radical Biology & Medicine47(9): 12391253.

Burk, U., Stwbert, J., Wellner, U.,cdmalhofer, O., Vincan, E., Spaderna, S., &
Brabletz.2008. A reciprocal repression between ZEB1 and members of the miR
200 family promotes EMT and invasion in cancer c&iBO Rep9(6): 582
589.

Canadian Cancer Society. Targeted therapy for breas¢icdRetrieved from:
http://www.cancer.ca/en/canemformation/cancer
type/breast/treatment/targetdtbrapy/?region=ab.

Canadian Cancer Statistics Advisory Committee. 2@Haadian Cancer Statistics 2018.
Toronto, ON: Canadian Cancer Society; 2(R&rieved from
cancer.ca/CanadiaBancerStatistics2018EN.

Cancer Genome Atlas Research Network. 2011. Integrated genomic analyses of ovarian
carcinomaNature 4747353) 609615.

Carmignani, C. P., Sugarbaker, T.A., Bromlet, C&1Sugarbaker, P.H. 2003.
Intraperitoneal cancer dissemination: mechanisms of patterns of speaawkr
Metastasis Reviewg2(4): 465472.

Chen, R., Alvero, A. B., Silasi, D. A., Kelly, M. G., Fest, S., Visintingél.Mor, G.
2008. Regulation of IKKbetayomiR-199a affects NfkappaB activity in ovarian
cancer cellsOncogene27(34): 47124723.

Chen, V. W., Ruiz, B., Kileen, J. L., Cote, T. R., Wu, X.& Correa, C. N. 2003.
Pathology and classification of ovarian tumd&@ancer Supplemen®7(10): 2631
2642.

Chen,zZz.L.Zhao, X. H., Wang, J. W, 2011, B. Z.,
microRNA-92a promotes lymph node metastasis of human esophageal squamous
cell carcinoma via EadherinJ Biol Chem286(12): 1072510734.

Cheng, A. M., Byrom, M. W., Shelton, &,Ford, L. P. 2005. Antisense inhibition of

human miRNAs and indications for an involvement of miRNA in cell growth and
apoptosisNucleic Acids Research(1): 12901297.

130



Cheng, C. W., Wu, P.E., Yu, J. C., Huadg S., Yue, C. T., Wu, C. W& Shen, C. Y.
2001. Mechanisms of inactivation ofdadherin in breast carcinoma: modification
of the twehit hypothesis of tumor suppressor gedacogene20(29). 3814
3823.

Cho, Y., Zhu, J., Li, S., Wang, B., Han, & Jiang, J. 2018. Regulation of Yki/Yap
subcellular localization and Hpo signaling by a nuclear kinase PR¥atkire
Communications9(1): 1657.

ChudeckaGlaz, A., Rzepkdasorska, 1., & Wojciechowska, I. 2012. Human epididymal
protein 4 (HE4) is a novel bnoarker and a promising prognostic factor in ovarian
cancer patient€ur J Gynaecol OncoB3(4):382390.

Cooper, G. M. 2000. Tencell: a molecular approach.®adition.Washington D.C: ASM
Press.

Cooper, J.& Giancotti, F. G. 2014. Molecular insightéo NF2/Merlin tumor suppressor
function.FEBS Letters58§16). 27432752.

Corkery, D. P., Clarke, L. E.,gbremeskel, S., Salsman, J., Pinder, J., Le Page, C.,
Dellaire, G. 2018. Loss of PRP4K drives anoikis resistance in part by
dysregulation of epidermal growth factor receptor endosomal trafficking.
Oncogene37(2): 174184.

Corkery, D. P., Holly, A. C., Lahsaee, &.Dellaire, G. 2015. Connecting the spexkl
splicing kinases and their role in tumorigenesis and treatment resplutieus
6(4): 279288.

Corkery, D. P., Le Page, C., Meunier, L., Provencher, D.;Masson, AM., & Dellaire,
G. 2015. PRP4K is a HER2gulated modifier of taxane sensitiviell Cycle
14(7):105910609.

Cottonham, C. L., Kaneko, &, Xu, L. 2010. miR-21 and miR31 converge on TIAM1
to regulate migration and invasion of colon carcinoma célgol Chem
28546). 3529335302.

Dai, X., Li, T., Bai, Z., Yang, Y., Liu, X., Zén, J.& Shi, B. 2015. Breast cancer intrinsic
subtype classification, clinical use and future tredas.J Cancer Re$(10):
29292943.

De Craene, B., & Berx, G. 2006. Snail in the frame of malignant tumor recurBreeest
Cancer Res8(4): 105.

Dellaire, G., Makarov, E. M., Cowger, J. J. M., Longman, D., Sutherland, H. G. E.,
Luhrmann, R.¢ Bickmore, W. A. 2002. Mammalian PRP4 kinase copurifies and
interacts with components of both the U5 snRNP and t®R deacetylase
complexesMolecular andCellular Biology.22(14): 51415156.

131



Denli, A. M., Tops, B. B. J., Plasterk, R. H. A., Ketting, R.&Hannon, G. J. 2004.
Processing of primary microRNAs by the microprocessor complature.
4327014) 231-235.

Derouet, M., Wu, X., May, L., Yoo, B. HSasazuki, T., Shirasawé, Rosen, K. V.
2007. Acquisition of anoikis resistance promotes the emergence of oncogenic K
ras mutations in colorectal cancer cells and stimulates their tumorigeniuitio.
Neoplasia9(7): 536545.

Diaz, V. M., & Herrers, A. G. 2016. fbox proteins: keeping the epitheliat
mesenchymal transition (EMT) in che&eminars in Cancer Biolog$6:71-79.

Diaz-Marin, J., LopezGarcia, M. A., Romerderez, L., AtienzaéAmores, M. R., Pecero,
M. L., Castilla,é Palacios, J. 2@L Nuclear TAZ expression associates with the
triple-negative phenotype in breast cané&search22(3): 443454.

Ding, X-M. 2014. MicroRNAs: regulators of cancer metastasis and epithelial
mesenchymal transition (EMTEhinese Journal of Cance33(3):140-147.

Doubeni, C. A., Doubeni, A. R& Myers, A. E. 2016. Diagnosis and management of
ovarian cancerAmerican Family Physiciar®3(11):937-944.

Douma, S., @n Laar, T.Zevenhoven, J., Meuwissen, RavGarderen, E& Peeper,
D. S. 2004. Suppression of anoikis and induction of metastasis by the
neurotrophic receptor TrkB.etters to Nature43(0(7003) 10341039.

Du, J., Yang, S., An, D., Hu, F., Yuan, W., Zhai, & Zhu, T. 2009BMP-6 inhibits
mincroRNA-21 expressioim breast cancer through repressing deltaEF1 and AP
1. Cell Res19(4): 487496.

Elloul, S., Vaksman, O., Stavnes, H. T., Trope, C. G., Davidsog, BReich, R. 2010.
Mesenchymato-epithelial transition determinants as characteristics of ovarian
carciroma effusionsClin Exp Metastasi27(3): 161-172.

Elmore, S. 2007. Apoptosis: a review obgrammed cell deatfT.oxicol Pathol.35(4):
495516.

Fidler, l. J. 2003. The pathogenesis of <ca
revisted Nat RevCancer 3(6):453458.

Fietta, P. 2006. Many ways to die: passive and active cell death&ksxyy Forum
99(1): 69-84.

Forte, E, Chimenti, I ., Ros a, P., Angelini
2017. EMT/MET at the crossroad of stemness, regeneration and oncogenesis: the
ying-yang equilibrium recapitulated in cell spheroi@ancers 9(96):
doi:10.3390/cance@®80098.

132



Geiger, T. R.& Peeper, D. S. 2007. Critical role for TrkB kinase function in anoikis
suppression, tumorigenesis, and metast@siacer Researclt7(13): 62216229.

Giannoni, E., Fiaschi, T., Ramponi, & Chiarugi, P. 2009. Redox regulatiohamoikis
resistance of metastatic prostate cancer cells: key role for Src andBEd&ed
pro-survival signalsOncogene2820). 20742086.

Gillis, L. D., & Lewis, S. M. 2013. Decreased elF3e/Int6 expression causes epithelial
mesenchymal transitian breast epithelial cell©ncogene32(31): 35983605.

GomesDuarte, A., Lacerda, R., Menezes, J., & Romao, L. 2018. elF3: a factor for human
health and diseasBNA Biology15(1): 2634.

Grigore, A. D., Jolly, M. K., Jia, D., Farag@arson, M. C., & Levine, H. 2016. Tumor
budding: the name is EMT. Partial EMJournal of Clinical Medicine5(51):
doi:10.3990/jcm5050051.

GrosseWi | de, A., Fouquier doHer cSukupih A, A. , Mc | n
Kuestner, R. E., é Huang, S.-2015. Stem
mesenchymal state in breast cancer and its association with poor sirin&l.
One.10(5):e0126522.

Gu, A, Jie, Y., Yao, Q., Zhang, Y., & Mingyan, E. 2017. Slug is aasatiwith tumor
metastasis and angiogenesis in ovarian caReproductive Science24(2): 291
299.

Guo, W., Keckesova, Z., Donaher, J. L., Shibue, T., Tischler, V., & Reinhardt, F. 2012.
Slug and Sox9 cooperatively determine the mammary stem cellGedite2 (148):
101528.

Gupta, G. P., & Massague, J. 2006. Cancer metastasis: building a fram@elbrk.
127(4): 679695.

Han, M., Liu, M., Wang, Y., Chen, X., Xu, J., Sun, &.,Wu, C. 2012. Antagonism of
miR-21 reverses epithelmhesenchymal transition and cancer stem cell
phenotype through AKT/ERK1/2 inactivation by targeting PTENos One7(6)
39520

Hart, T., M., Chandrashekhar, M., Aregger, M., Steinhart, Z., BrowR.KMaclLeod,
G.,é . Moffat, J.2015. Highresolution CRISPR screens reveal fithess genes and
genotypespecific cancer liabilitieell. 163(6): 151526.

Hazan, R. B., Phillips, G. R., Qiao, R. F., Norton, L., & Aaronson, S. A. 2000. Exogenous

expression of Ncadherin in breast cancer cells induces cell migration, invasion
and metastasig. Cell Biol.148(4): 77990.

13¢



Hinnebusch, A. G. 2006. elF3: a versatile scaffold for the translation initiation
complexesTrends Biochem Sc31(10): 55362.

Horiguchi, K., Sakamot o, K., Koi numa, D. ,
2012. TGFb drives epitheliaimesenchymal transition throughlEF1-mediated
downregulation of ESRROncogene31(26): 319er01.

Howe, E. N., Cochrane, D. R., & Richer, J. K. 2011. Targets of200¢ mediate
suppression of cell motility and anoikis resistargreast Cancer Research.
13(2): R45

Huang, B., Ahn, Y. T., McPherson, L., Clayberger, C., & Krensky, A. M. 2007.
Interaction of PRP4 with Kruppdike factor 13 regulates CCL5 transcriptian.
Immunol.178(11): 70847.

Huang, R. ¥J., Wong, M. K., Tan T. Z., Kuay, K. T. Ng, A. H., Chudy. Y., ¢ Thi e
J. P. 2013. An EMT spectrum defines an aneiksistant and spheroidogenic
intermediate mesenchymal state that is sensitivecalberin restoration by a src
kinase inhibitor, saracatinib (AZD053@ell Death and Diseasd: €915.

Huarg, Y., Deng, T.& Winston, B. W. 2000. Characterization of hPRP4 kinase
activation: potential role in signalingiochem Biophys Res Comm@iil(2):456
63.

Hug, K. A., Anthony, L., Eldeiry, D., Benson, J., Wheeler, E., Mousa, S., & Shi, B. 2015.
Expresson and tissue distribution of mic®NA-21 in malignant and benign
breast tissueg\nticancer Researct35(6): 31753184.

Imai, T., Horiuchi, A., Wang, C., Oka, K., Ohira, S., Nikaido,& Konishi, I. 2003.
Hypoxia attenuates the expression egdflherin via ugegulation of SNAIL in
ovarian carcinoma cell§he American Journal of Patholagl63(4): 14371447.

Inwald, E. C., Klinkhamme&chalke, M., Hofstadter, F., Zeman, F., Koller, M.,
Gerstenhauer, M& Ortmann, O. 2013. K67 is a prognostic parameter in breast
cancer patients: results of a large populabased cohort of a cancer registry.
Breast Cancer Research and Treatmé@8(2): 539552.

loachim, E., Charchanti, A., Briasouls., Karavasilis, V., Tsanou, H., Arvanitis, D. L.,
€ Pavlidis, N. 2002. Immunohistochemical expression of extracellular matrix
components tenascin, fibronectin, collagen type IV and laminin in breast cancer:
their prognostic value and role in tumour iei@ and progressiofuropean
Journal of Cancer38(18): 23622370.

Ishii, H., Saitoh, M., Sakamoto, K., Kondo, T., Katoh, R., Tanak& SVliyazawa, K.
2014. Epithelial splicing regulatory proteins 1 (ESRP1) and 2 (ESRP2) suppress
cancer cell motilityia different mechanisms.Biol Chem389(40):27386
27399.

134



lwanicki, M. P., Davidowitz, R. A., Ng, M. R., Besser, A., Muranen, T., Merritt,éV.,
Brugge, J. S. 2011. Ovarian cancer spheroids use mgeasgrated force to clear
the mesotheliumCancer Dscov 1(2):144157.

Janes, S. M& Watt, F. M. 2004. Switch froravb5 toavb6 integrin expression protects
squamous cell carcinomas from anoikisurnal of Cell Biology166(3):419.

Jeon, SM., Chandel, N. S& Hay, N. 2012. AMPK regulates homeostasis to promote
tumor cell survival during energy strediature.4857400) 661-665.

Johnson, R& Halder, G. 2014. The two faces of Hippo: targeting the Hippo pathway for
regenerative medicine and cancer treatniéat.Rev Drug Discavi3(1): 6379.

Jolly, M. K., Boareto, M., Huag, B., Jia, D., Lu, M., Bedacob, E.¢ Levine, H. 2015.
Implications of the hybrind epithelial/mesenchymal phenotype in metastasis.
Frontiers in Oncology5(155): doi: 10.3389/fonc.2015.085.

Jou, T. S., Stewart, D. B.t&ppert, J., Blson, W. J.& Marrs, J. A. 1995. Genetic and
biochemical dissection of protein linkages in the cadhesitenin complex.
PNAS92(11): 506745071.

Karginova, E. A., Pentz, E. S., Kazakova, I. G., Norwdads., Carey, R. M.& Gomez,
R. A. 1997. Zis: a developmentally regulated gene expressed in juxtaglomerular
cells.Am J Physial2735 Pt 2) F73EF738.

Kenny, H. A., Kaur, S., Coussens, L. M. Lengyel, E. 2008. The initial steps of ovarian
cancer cell metastasis are mediated by MMéteavage of vitronectin and
fibronectin.The Journal of Clinical Investigatiol18(4):13671379.

Khordadmehr, M., Shahbazi, R., Ezzati, H., Jigesi, F., Sadredini, S.,& Baradaran,
B. 2018. Key microRNAs in the biology of breast cancer; emgrgydence in
the last decaddournal of Cellular Physiology234(6): 83168326.

Khvorova, A., Reynolds, A& Jayasena, S. D. 2003. Functional sSiRNAs and miRNAs
exhibit strand biasCell. 1152): 209-16.

Kidd, M. E.,& Shumaker, D. K., Ridge, K. M. 2014. The role of vimentin intermediate
filaments in the progression of lung candem J Respir Cell Mol Biob0(1):1-6.

Kim D. H., Xing, T., Yang, Z., Dudel R., Lu @&, Chen Y-H. 2017. Epithelial
mesenchymal transition in embryonic development, tissue repair and cancer: a
comprehensive overviewournal of Clinical Medicine7(1): £25.

Kim, N. G., Koh, E., Chen, X& Gumbiner, B. M. 2011. ffadherin mediates contact

inhibition of proliferation through Hippo signaliqgathway component®roc
Natl Acad Sci10§29). 119365.

13¢



Kim, T. H., Huh, J. H., Lee, S., Kang, H., Kim, G. |., & An, H. J. 2008. Doggulation
of claudin-2 in breast carcinomas is associated with advanced disease.
Histopathology53(1): 4855.

King, M. C., Marks, J. H& Mandell, J. B. 2003. Breast and ovarian cancer risks due to
inherited mutations in BRCA1 and BRCARcience302(5645): 64®.

Kominsky, S. L., Argani, P., Korz, D., Evron, E., Raman, V., Gaget§ukumar, S.
2003. Loss of the tight junction protein claudirtorrelates with histological
grade in both ductal carcinoma in situ and invasive ductal carcinoma of the breast.
Oncogene22(13). 20212033.

Konermann, S., Lotfy, P., Brideau, N. J., Oki, J., Shokhirev, M&NHsu, P. D. 2018.
Transcriptome engineering with RNtargeting type VAD CRISPR effectors.
Cell. 1733): 665676.

Kong, W., Yang, H., He, L., Zhao;dl, Coppola, D., Dalton, W. &, Cheng, J. Q. 2008.
MicroRNA-155 is regulated by the transforming growth fati8mad pathway
and contributes to epithelial cell plasticity by targeting Rhidalecular and
Cellular Biology. 28(22): 6773%784.

Kourthidis, A., Lu, R., Pence, L& Anastasiadis, P. Z. 2017. A central role for cadherin
signaling in cancelExp Cell Res3581):78-85.

Kozlowski, J., Kozlowska, A& Kocki, J. 2015. Breast cancer metastasssght into
seleeted molecular mechanisms of the phenomeRostepy Hig Med DosvB9:
447-451.

Kumarswamy, R., Mudduluru, G., Ceppi, P., Muppala, S., Kozlowski, M., Niklinski, J.,
€ Allgayer, H . -302 i@hibits .epithéiiato-meséhbhpmal
transition by targetig Snail and is downregulated in remall cell lung cancer.
International Journal of Canced30(9): 20442053.

Kurman, R. J.& Shih, M. 2016. The dualistic model of ovarian carcinogenesis: revisted,
revised, and expandedim J Pathol186(4):733-47.

Kurrey, N. K.,& Bapat, S.A. 2005. Snail and Slug are major determinants of ovarian
cancer invasiveness at the transcription leBghecol Oncol97(1): 155165.

Lahsaee, S., Corker, D. P., Anthes, L. E., Holly,&ADellaire, G. 2016. Estrogen
receptor alpha (ESREjgnaling regulates the expression of the taxane response
biomarker PRP4KExperimental Cell ResearcB4(Q1): 125131.

Lai, D., Ho, K. C., Hao, Y.& Yang, X. 2011. Taxol resistance in breast cancer i=ells

mediated by the hippo pathway component TAZ and its downstream
transcriptional targets Cyr61 and CTGFancer Res71(7): 272838.

13¢



Lamouille, S., Xu, J.& Derynck, R. Molecular mechanisms of epithehasenchymal
transition.Nat Rev Mol Cell Biol15(3): 178196.

Lange, A. M.,& Lo, H-W. 2018. Inhibiting Trk proteins in clinical cancer therapy.
Cancers10(105): doi:10.3390/cancers10040105.

Lanigan, F., McKiernan, E., Brennan, D. J., Hegary, S., Millikan, R. C., McBryah, J.,
Gallagher, W. M. 2009ncreased claudid expression is associated with poor
prognosis and high tumor grade in breast cariged. Cancer 1249): 20882097.

Latifi, A., Luwor, R. B., Bilandzic, M., Nazaretian, S., Stenvers, K., Pymaa, J.,
Ahmed, N. 2012. Isolation and @tacterization of tumor cells from the ascites of
ovarian cancer patients: molecular phonotype of chemoresistant ovarian tumors.
PloS One7(10):e46858.

Ledermann, J.A., Raja, F. A., Fotopoulou, C., GonzMaztin, A., Colonbo, N.&
Sessa, C. 2016. Newly diagnosed and relapsed epithelial ovarian carcinoma:
ESMO clinical practice guidelines for diagnosis, treatment and falljpvAnnals
of Oncology24(6):vi24-vi32.

Lee, J. A, Lee,H. Y, Lee, E. S., Kim,&,Bae, J. W. 2011. Prognostic implications of
MicroRNA-21 overexpression in invasive ductal carcinomas of the bieast.
BreastCancer.14(4): 269-275.

Lee, R. C., Feinbaum, R. 1& Ambros, V. 1993. Th€.elegansietenchronic gene in
lin-4 encodes small RAs with antisense complementarity to-lid. Cell. 75(5):
84354.

Lei, Q. Y. , Zhang, H. , Zhao, B. 200&Z hAZ , Z .
promotes cell proliferation and epithel@esenchymal transmon and is inhibited
by the hippo pathay. Mol Cell Biol. 28(7): 2426 36.

Lehmann, B. D., Bauer, J. A., Chen, X., Sanders, M. E., Chakravarthy A. B., Sh§r, Y.,
Pietenpol, J. A. 2011. Identification of human triplegative breast cancer
subtypes and preclinical models for selection of tedjéterapiesThe Journal of
Clinical Investigation121(7): 27562767.

Levental, K. R., Yu, H., Kass, L., Yamauchi, M., Gasser, D&\Weaver, V. M. 20009.
Matrix crosslinking forces tumor progression by enhancing integrin signaling.
Cell. 139(5): 891906.

Li, J., Wood, W. H., Becker, K. G., Weeraratna, A.& Morin, P.J. 2007. Gene
expression response to cisplatin treatment in-8argsitive and drugesistant
ovarian cancer cell©ncogene26(20): 28662872.



Liao T-T., & Yang, MH. 2017. Reuvisiting epithelialnesenchymal transition in cancer
metastasis: the connection between epithelial plasticity and steriviassular
Oncology.11(7): 792-804.

Lin, S.,& Gregory, R. I. 2015. MicroRNA biogenesis pathways in caridature
Reviews15(6): 321-333.

Liu. C-Y., Lin, H-H., Tang, MJ.,& Wang, Y-K. 2015. Vimentin contributes to
epitheliatmesenchymal transition cancer cell mechanics by mediating
cytoskeletal organizatioand focal adhesion maturati@ncotarget6(18).
1596683.

Liu, M., Tang, Q.& Qui, M., et al. 2011. MiR21 targets the tumor suppressor RhoB and
regulates proliferation, invasion and apoptosis in colorectal cancer<teBS
Lett 58519): 29983005.

Lou, Y., Yang, X.& Wang, F., et al. 2010. MicroRN2&1 promoteslte cell
proliferation, invasion and migration abilities in ovarian epithelial carcinomas
through inhibiting the expression of PTEN protémnt.J Mol Med.26(6): 819
827.

Lu, M., Jolly, M. K., Levine, H., Onuchic, J. N&, Ben-Jacob, E. 2013. MicroRNAasd
regulation of epitheliahybridmesenchymal fate determinatidroc Natl Acad
Sci.11045). 1817418179.

Ma, L., Reinhardt, F, Pan, E., Soutchek, J., Bhat, B.
R.A. 2010. Therapeutic silencing of mib inhibits metastas in a mouse
mammary tumor modeNat Biotechnol28(4): 341-347.

Malhotra, G., Xiangshan, Z., Band, i&.,Band, V. 2010. Histological, molecular and
functional subtypes of breast canc&ancer Biology &Therapyl0(10): 955
960.

Mangs, A. H., Speirs, H. J. L., Goy, C., Adams, D. J., Markus, M&Aorris, B. J.
2006. XE7: A novel splicing factor that interacts with ASF/SF2 and ZNF265.
Nucleic Acids Re84(17): 49764986.

Mani, S. A, Guo, W., Liao, M., Eaton, E. N., Ayyanad,., Zhou, A. Y.,é Weinberg,
R. A. 2008. The epitheliahesenchymal transition generates cells with properties
of stem cellsCell. 133(4):704715.

Marchetti, A., Buttita, A., Pellegrini, S., Bertacca, &.Callahan, R. 2001. Reduced
expression of INT6/eiF3-p48 in human tumorsnternational Journal of
Oncology.18(1):175-179.

Meijer, H. A., Smith, E. M., & Bushell, M. 2014. Regulation of miRNA strand selection:
follow the leaderBiochem Soc Trand2(4): 113540.

13€



Mina, L. A., & Sledge, G. W. 2011. Rethinking the metastatic cascade as a therapeutic
target.Nature Reviews3(6): 325332.

Minnicozzi, P., Bella, F., Toss, A., Giacomin, A., Fusco, M., ZarconegMSant, M.
2013. Relative and diseafiee survival for breast cancierrelation to subtype: a
populationbased studylournal of Cancer Research and Clinical Oncology.
139(9): 15691577.

Moody, S. E., Perez, D., Pan, T. C., Sarjisian, C. J., Portocarrero, C. P., Sternér, C. J.,
Chodosh, L.A2005. The transcriptional peessor Snail promotes mammary
tumor recurrenceCancer Cell.8(3): 197-209.

Moore, R. G., McMeekin, D. S., Brown A. KD;Silvestro, P., Miller, M. C., Allard, W.
J. , €& S kz2a09.Axnqvel iBultiplelmarker bioassay utilizing HE4 and
CA125 for theprediction of ovarian cancer in patients with a pelvic mass.
Gynecol Oncol112(1)40-46.

Montembault, E., Dutertre, S., Prigent, &.Giet, R. 2007. PRP4 is a spindle assembly
checkpoint protein required for MPS1, MAD1, and MAD2 localization to the
kinetochoresThe Journal of Cell Biology.79(4): 601609.

Morel A-P., Lievre M., Thomas C., Hinkal G., Ansieau& Puisieux A. 2008.
Gereration of breast cancer stem cells through epithededenchymal transition.
Plos One3(8): e2888.

Morohashi, S., Kusumi, T., Sato, F., Odagiri, H., Chiba, H., Yoshihard, &ijima, H.
2007. Decreased expression of clatticorrelates with recurree status in
breast canceitnt J Mol Med 20(2): 139-143.

Muzio, M., Stockwell, B. R., Stennicke, H. R., Salvesen, G&Djxit, V. M. 1998. An
induced proximity model for caspa8eactivation.The Journal of Biological
Chemistry273(5): 29262930.

Nassour, M., IdowGillet, Y., Selmi, A., Come, C., Fardaldo, M. L., Deugnier, M. &.,
Savagner, P. 2005. Slug controls stem/progenitor cell growth dynamics during
mammary gland morphogenedt.oS One7(12):e53498.

Navaneelan, T. 2015. Trends in theidence and mortality of female reproductive
system cancersgiealth at a GlanceStatistics Canada catalogue no-622.

Nuti, S. V., Mor, G,, Li, P.& Yin, G. 2014. TWIST and ovarian cancer stem cells:
implications for chemoresistance and metastaxsisotarget5(17): 72607271.

O6Brien, J., Ha&pPdng,C,2018..Overvieva of mickQRNA hiogenesis,
mechanisms of actions, and circulatiénontiers in Endocrinology9(402).



Olmeda, D., Morenduero, G., Flores, J. M., Fabra, A., PddjlF., & Cano, A 2007.
SNAI1 is required for tumor growth and lymph node metastasis of human breast
carcinoma MDAMB-231 cellsCancer Res57(24). 1172111731.

Orr, G. A., VerdietPinard, P., McDavid, H& Horwitz, S. B. 2003. Mechanisms on
taxol resstance to microtubule@ncogene22(47) 72807295.

Otrock, Z. K., Mahfouz, R. A., Makarem, J. &,Shamseddine, A. . 2007.
Understanding the biology of angiogenesis: review of the most important
molecular mechanisni@lood Cells Mol Dis39(2): 21220.

Paoli, P., Giannoni, E& Chiarugi, P. 2013. Anoikis molecular pathways and its role in
cancer progressioBiochimica et Biophysica Actd83312). 34813498.

Pareja, F., Geyer, F. C., Marchio, C, Burke, K. A., Weigelt&BReisFilho, J. S. 2016.
Triple-negative breast cancer: the importance of molecular and histologic
subtyping, and recognition of legrade variantdNPJBreast Cancerl6(2):
16036.

Park, J.& Schwarzbauer, J.E. 2014. Mammary epithelial cell interactictins
fibronectin stimulate epitheliahesenchymal transitio@ncogene3313). 1649
1657.

Pasquinelli, A. E., Reinhart, B. J., Slack, F., Martindale, M. Q., Kuroda, M. I., Maller, B.,
€ Ru v k 2000. Cdaservation of the sequence and temporal expraxsio
let-7 heterochronic regulatory RNAlature 4086808) 86-9.

Patanaphane, V., Salazar, O.8.Risco, R. 1988. Breast cancer: metastatic patterns and
their prognosisSouth Med J81(9):110912.

Paul, A.,& Paul, S. 2015. The breast cancer susceptibility genes (BRCA) in breast and
ovarian cancerg:ront Biosci.19: 605618.

Perou,C.M.Sor Il i e, T., Eisen, M. B, van de Rijn,
Botstein, D.2000. Molecular portraits of humamndast tumorsNature.
406(6797) 747-752.

Phillips, S., Prat, A., Sedic, M., Proia, T., Wronski, A., Mazumélar, Ku per wasser ,
2014. Celistate transitions regulated by SLUG are critical for tissue regeneration
and tumor initiationStem Cell Report2(5):63347.

Pickart, C. M. & Eddins, M. J. 2004. Ubiquitin: structures, functions, mechanisms.
Biochemica et Biophysica Acta Molecular Cell Reseat@85(13): 5572.

Pistritto, G., Trisciuoglio, D., Ceci, C., Garufi, £&,D6 Or az i , G.isas016. Apo

anticancer mechanism: function and dysfunction of its modulators and targeted
therapeutic strategiedging.8(4): 603619.

14C



Pradella, D., Naro, C., Sette, & ,Ghigna, C. 2017. EMT and stemness: flexible
processes tuned by alternative splicing imed@pment and cancer progression.
Molecular Cancer16:8. do0i10.1186/s1294816-05792.

Prislei, S., Matrtinelli, E., Zannoni, G. F., Petrillo, M., Flippetti,Ma r i ani , M é Fel
C. 2015. Role and prognostic significance of the epithefiasenchymal
transition factor ZEB2 in ovarian canc@mcotarget 6(22):1896618979.

Priya, R.,& Yap, A.S. 2015. Making a choice: how cadherin switching controls cell
migration.Developmental CelB4(4): 282384.

Public Health Agency of Canada. 2017. Chronic diseases: breast cancer. Retrieved from
https://www.canada.ca/en/publealth/services/chronidiseases/cancer/breast
cancer.html.

Qiao, W., Jia, Z., Liu, H., Liu, Q., Zhang, T., Guo, W.,Li, S. 2017. Prognostic and
clinicopathological value of Twist expression in breast cancer: aanagsis.
PloS Onel12(10) e0186191

Qu, Y., Han, B., Yu, Y., Yao, W., Bose, S., Karlan, B.&.Cui, X. 2015. Evaluation of
MCF10A as a reliable modelfmormal human nramary epithelial cells?loS
One 10(7): e0131285.

Radice, G. L. 2013. Madheriamediated adhesion and signaling from development to
disease: lessions from miderog Mol Biol Transl Scil116:263289.

Reginato, M. J., Mills, K. R., Paus, J. K.& Lynch, D. K. 2003. Integrins and EGFR
coordinately regulate the papoptotic protein Bim to prevent anoikidat Cell
Biol. 5(8):733-740.

Reid, B. M., Permuth, J. B Sellers, T. A. Epidemiology of ovarian cancer: a review.
2017.CancerBiol Med 14(1): 932.

Rojas, V., Hirshfield, K. M., Ganesan, & RodriguezRodriguez, L. 2016. Molecular
characterization of epithelial ovarian cancer: implications for diagnosis and
treatmentint J Mol Sci.17(12):2113.

Romashkova, J. A& Makarov, S.S. 1999. NkappaB is a target of AKT in anti
apoptotic PDGF signallindNature.401(6748):86-90.

Rosen, K., Shi, W., Calabretta, B.,Filmus, J. 2002. Cell detachment triggers p38
mitogenactivated protein kinasgependent overexpression of fas ligahile
Journal of Biological Chemistry277(48): 4612316130.

Rouzier, R., Peng C. M., Symmans, W. F., Ibrahim, N., Cristofanilli, M.,degrson, K.,

€ P u s z20@bi Breast cancer molecular subtypes respond differently to
preoperative chemotherapgylin Cancer Resl1(16). 567885.

141



Russnes, H. G, Lingjaerde, O. C., BorreBate, AL., & Caldas, C. 2017. Breast cancer
molecular stratitation. The American Journal of Pathology87(10): 2152162.

Sahay, D., Leblanc, R., Grunewald, T. G. P., Ambatipudi, S., Ribeiro, J., Clezardin, P.,
Peyruchaud, O. 2015. The LPA1/ZEB1/rvitR®- activation pathway regulates
metastasis in basal breashcar.Oncotarget6(24):2060420620.

Saliminejad, K., Khorshid, H. R. K., Fard, S. & Ghaffari, S. H. 2018. An overview of
microRNAs: Biology, functions, therapeutics, and analysis methlmasnal of
Cellular Physiology234(5): 54515465.

Sawada, N Murata, M., Kikuchi, K., Osanai, M., Tobioka, H., Kojima, &.Chiba, H.
2003. Tight junctions and human diseadésd Electron Microsc36(3): 14756.

Schaner, M. E., Ross, D. T., Ciaravino, G., Sorlie, T., Troyanskaya, O., Dierd, M.,
Sikic, B. I.2003. Gene expression patterns in ovarian carcindv@Biol Cell.
14(11). 43764386.

Scheel, C., Eaton, E. N., Li, S-H, Chaffer, C. L., Reinhardt, F., Kah;X é
Weinberg, R. A. 2011. Paracrine and autocrine signals induce and maintain
mesenchymal and stem cell states in the br€adit.145(6): 926940.

Schneider, M., Hsiao, H., Will, C. L., Giet, R., Urlaub, &.L.uhrmann, R. 2010. Human
PRP4 kinase is reqeid for stable trsnRNP association during spliceosomal B
complex formationNature Structural & Molecular Biologyl7(2):216221.

Seal, M. D.& Chia, S. K. 2010. What is the difference between tma@gative and basal
breast cancer3.he Cancer Journall6(1): 1216.

Sharif, G. M.,& Wellstein, A. 2015. Cell density regulates cancer metastasis via the
Hippo pathwayFuture Oncology11(24):32533260.

Shehzad, A., Park;\l/., Lee, Jaetae, L& Lee Y. S. 2013. Curcumin induces
radiosensitivity ofn vitro andin vivocancer models by modulating pmeRNA
processing factor 4 (Prp4¥hemiceBiological Interactions2062): 394-402.

Shen, GJ., Kuo, ¥-L., Chen, CC., Chen, MJ.,& Cheng, M. 2017. MMP1 expression is
activated by Slug and enhances mdttig resistance (MDR) in breast cancer.
PloS Onel2(3) e0174487

Siegel, R. L., Miller, K. D.& Jemal, A. 2016. Cancer statistics, 20C&ncer J Clin.
66(1): 7-30.

Skovierova, H., Okajcekova, T., Strnadel, J., Vidomanova Halasova, E. 2018.

Molecular regulation of epithelidb-mesenchymal transition in tumorigenesis.
International Journal of Molecular Medicind1(3): 11871200.

142



Smid, M., Wang, Y., Zhang, TSieuwerts, A. M., Yu, J., Klijn, J. G& Martens, J. W.
2008. Subtypes of breast cancer show preferential site of re(zquseer
Research68(9): 31083114.

Smit, M. A.,& Peeper, D. S. 2011. Zeb1 is required for FrkBuced epithelial
mesenchymal arkis resistance and metastagidcogene30(35): 37353744.

Smith, B, N., Burton, L. J., Henderson,Rand| e, D. D. , Morton, D.
OdereMarah, V. A.2014. Snail promotes epithelial mesenchymal transition in
breast cancer cells in patitr activation of nuclear ERK2IoS One9(8):
€104987.

Soini, Y.2012. Tight junctions in lung cancer and lung metastasis: a reiiewClin
Pathol.5(2):126136.

Sorlie, T., Perou, C. M., Tibshirant, A,bas, T., Geisler, $S., John:
Dale, A. L.2001. Gene expression patterns of breast carcinomas distinguish tumor
subclasses with clinical implicatiorBroc Natl Acad Sci98(19). 1086974.

Sorlie, T., Tibshirani, R., Parker, J., Hastie, Marron, J. S., Novel, A é Bot st ei n,
2003. Repeated observation of breast tumor subtypes in independent gene
expression data se®roc Natl Acad Scil00(14). 841823.

Stinson, S., Lackner, M. R., Adai, A. ,u , N. , Ki m, H. dan,D. O6Br i e
2011. miR221/222 targeting of trichorhinophalangeal 1 (TRPS1) promotes
epitheliatto-msenchymal transition in breast can&ui Signal4(186): pt5.

Storci, G., Sansone, P., Trere,D., Tawr i , S., Taffurell i, M., (
M. 2008. The basdike breast carcinoma phenotype is regulated by SLUG gene
expressionJ Pathol.214(1): 2537.

Sweeney, C., Bernard, P. S.cka, R. E., Kwan, M. L., Habel, L. A., Quesenberry, C.
P., é Ca@l4s IntrinBic suktypes from PAM50 gene expression assay in
a populatiorbased breast cancer cohort: differences by age, race, and tumor
characteristicsCancer Epidemiol Biomarkers PreX3(5): 714724.

Tajbakhsh, A., MokhtatZaer, A., Rezaee, M., Afitjavan, F., Rivandi, M., Hassanian, S.
€ Avan, A., 2017. Therapeutic potentials of BDNF/TrkB in breast cancer; current
status and perspectivelmurnal of Cellular Biochemistryl189): 25022515.

Tanaka, K., Okugawa, Y., Yoiyama, Y., Inoue, Y., Saig@&saKawamura, M.&
Kusunoki, M. 2014. Brauderived neurotrophic factor (BDNH)duced
tropomyosinrelated kinase B (Trk B) signaling is a potential therapeutic target for
peritoneal carcinomatosis arising from colorectal cariRles One 9(5): €96410.

145



Tavazoie, S.F., dr con, C., Oskarsson, T., Padua,
Massague, 2008. Endogenous human microRNAs that suppress breast cancer
metastasidNature.451(7175) 147-152.

Taylor, R. C., Cullen, S. P& Martin, S. J. 2008. Apoptosis: controlled demolition at the
cellular level.Nat Rev Mol Cell Biol9(3): 231-241.

Thelel, C. J., Li, Z.& McKee, A. E. 2009. On Trkhe TrkB signal transduction pathway
is an increasingly important target in cancer mglcClin Cancer Res.
15(19):59625967.

Tokes, A. M., Kulka, J., Paku, S., Szik, A., Paska, C., Novak, & KSchaff, Z. 2005.
Claudinl, -3 and-4 proteins and mRNA expression in benign and malignant
breast lesions: a research stuigeast Cancer Re3(2): R296305.

Tokunaga, E., Oki, E., Egashira, A., Sadanaga, N., Morita, M., Kakef, Maehara, Y.
2008. Deregulation of the Akt pathway in human canCarrent Cancer Drug
Targets.8(1): 27-36.

Toss, A., Tomasello, C., Razzaboni, E., Contu, @G&an@i, G., Cagnacci, A§ Cortesi,
L. 2015. Hereditary ovarian cancer: not only BRCA1 and 2 g&iesied Res
Int. 341723.

Usman, A., Shoro, A. A., Memon, Z., Hussain, B.Rehman, R. 2015. Diagnostic,
prognostic and predictive value of MicroRNAL in lreast cancer patients, their
daughters and healthy individuaden J Cancer Re$(8):24842490.

Vachon, P. H. 2011. Integrin signaling, cell survival, and anoikis: distinctions,
differences, and differentiatiodournal of Signal Transductio@38137.

Valastyan, S.& Weinberg, R. A. 2011. Tumor metastasis: molecular insights and
evolving paradigmsCell. 147(2):275292.

Valentijn, A. J..& Gilmore, A. P. 2004. Translocation of fiéingth Bid to mitochondria
during anoikisThe Journal of Biological Bemistry.279(31): 328482857.

Van der Kolk, D. M., de Bock, G. H., Leegte, B. K., SchadgyM., Mouritis, M. J., de
Vriers, J., €010 ®snetrancenof Grelast cadcer, o@rian cancer
and contralateral breast cancer in BRCA1 and BRCAtflites: high cancer
incidence at older agBreast Cancer Res Tredi24(3): 64351.

Van ltallie, C. M. 2014Architectureof tight junctions and principles of molecular
compositionSemin Cell Dev BioB6: 157-165.

144

D.



Vitolo, A. I., Weiss, M. B., Szmanski, M., Tahir, K., Waldman, T., Park, B.H,
Bachman, K. E. 2009. Deletion of PTEN promotes tumorigenic signaling,
resistance to anoikis, and altered response to chemotherapeutic agents in human
mammary epithelial cellCancer Researcl©9(21):827583.

Vogel, C.,& Marcotte, E. M. 2012. Insights into the regulation of protein abundance
from proteomic and transcriptomic analysdature Reviewsl34): 227-231.

Vyas, K., Chaudhuri, S., Leaman, D. W., Komar, A. A., Musiyenko, A., Baril& S.,
Mazumder, B. 2009. Genonvéde polysome profiling reveals an inflammation
responsive posttranscriptional operon in gamma interfactinated monocytes.
Mole Cell Biol.29(2): 45870.

Wajant, H. 2002. The Fas signaling pathway: more than a para8aemce296(5573):
16351636.

Wang, X., Ling, M. T., Guan, X. Y., Tsao, S. W., Cheung, H. W., Lee, X Wong,
Y.C. 2004. Identification of a novel function of TWIST, a bHLH protein, in the
development of acquired taxol resistance in human cancer@ettogene23(2):
474482.

Warzecha, C. C., Sato, K., Nabet, B., Hogenesch, J. B.,Carstens, R. P. 2009. ESRP1
and ESRP2 are epithelial céffpe-specific regulators of FGFR2 splicing.
Molecular Cell.33(5):591601.

Weaver, B. A. 2014. How taxol4glitaxel kills cancer celldvol Biol Cell. 25(18): 2677
2681.

Wightman, B., Ha, 1.& Puvkun, G. 1993. Postranscriptional regulation of the
heteochronic gene lifll4 by lin4 mediates temporal pattern formation in
C.elegansCell. 755): 85562.

Williams, N.,& Harris, L. N. 2014. The renaissance of endocrine therapy in breast
cancerCurrent Opinion in Obstetrics and Gynecologg(1): 4147.

Wong S. H. M., Fang, C. M., Chuah;H., Leong, C. O.& Ngai, S. C. 2018. E
cadherin: its dysregulation in carcinogenesis and clinical implicati@nitical
Reviews in Oncology.21:1122.

Wu, D., Liu, L., Ren, C., Kong, D., Zhang, P., Jin, X.,Zhang, G. 2016. Epithelial
mesenchymal interconversions and ribgulatory function of the ZEB family
during the development and progression of ovarian ca@oeology Letters.
11(2): 14631468.

Wu, Y., Song, Y., Xiong, Y., Wang, X., Xu, K., Han, B., Zhou, L. 2017. MicroRNA

21 (Mir-21) promotes cell growth by regssing tumor suppressor PTEN in
colorectal cancelCellular Physiology and Biochemist43(3): 945958.

14¢



Wu, Z-H., Tao, ZH., Zhang, J., Li, T., Ni, C., Xie&J Hu, X-C. 2016. MiRNA21
induces epithelial to mesenchymal transition and gemcitabine resistartbe
PTEN/AKT pathway in breast cancdiumor Biology37(6): 72457254.

Yan, L-X., Huang, XF., Shao, Q., Huang, ™., Deng, L., Wu, QL., € Shao, JY.
2008. MicroRNA miR21 overexpression in human breast cancer is associated
with advanced clinicaltage, lymph node metastasis and patient poor survival.
RNA.14(11). 23482360.

Yang, J., Hou, Y., Zhou, M., Wen, S., Zhou, J., XuéL.Liu, M. 2016. Twist induces
epitheliatmesenchymal transition and cell motility in breast cancer via IFGB1
FAK/ILK signaling axis and its associated downstream netwidk.

International Journal of Biochemistry & Cell Biologgl: 6271.

Yang, WL., & Bast Jr., R.C. 2017. The role of biomarkers in the management of
epithelial ovarian canceExpert Rev Mol Diagnl7(6):577591.

Yin, B.W, & Lloyd, K. O. 2001. Molecular cloning of the CA125 ovarian cancer antigen:
identification as a new mucin, MUC18Biol Chem 276(29): 273727375.

Yonekawa, T.& Thorburn, A. 2013. Autophagy and cell dedissays Biochend5:
105117.

Yoshida, K.,& Miki, Y. 2004. Role of BRCA1 and BRCA2 as regulators of DNA repair,
transcription, and cell cycle in response toAd#mageCancer Sci95(11): 866
871.

Yoshida,JHor i uchi , A., Ki kuchi, N. , Hay.ashi, A
2009. Changes in the expression afdtlherin repressors, Snail, Slug, SIP1 and
Twist, in the development and progression aréan carcinoma: the important
role of Snail in ovarian tumorigenesis and progressvted Mol Morphol 422):
82-91.

Yu, M., Bardia, A., Wittner, B. S., Stott, S. L., Smas, M. E., Ting, DET., Maheswar an,
S.2013. Circulating breast tumor cells exhithinamic changes in epithelial and
mesenchymal compositioBcience339(6119): 58%84.

Zanconato, F., Cordenonsi, M:,Piccolo, S. 2016. TAP/TAZ at the roots of cancer.
Cancer Cell Revien296): 783-803.

Zanconato, F., Forcato, M., Battilana, G., almz, L., Quaranta, E., Bodega, B., M.,
Piccolo, S. 2015. Genonwide association between YAP/TAZ/TEAD and AP
at enhancers drives oncogenic grovidat Cell Biol.17(9): 12181227.

Zhang, H., Kolb, F. A., Jaskiewicz, L., Westhof, &.Filipowicz. 20Q!. Single

processing center models for human Dicer and bacterial RNa€lli118(1):
57-68.

14¢



Zhang K., RodrigueAznar, E., Yabuta, N., Owen, R. J., Mingot, J. M., Nojima,&H.,
Longmore, G. D. 2012. Lats2 kinase potentiates Snaill activity by promoting
nuclear retention upon phosphorylatidine EMBO Journal31(1): 29-43.

Zhang L., Yang N., GarciaR., Mohamed A., Benencia F., Rubin S£€.Coukos G.
2002. Generation of a sganeic mouse model to study the effects of vascular
endothelial growth factor in ovarian carcinoritae American Journal of
Pathology.161(6): 22952309.

Zhang, X., Zhang, Z., Zhang, Q., Zhang, Q., Sun, P., Xiang, R.ang, S. 2018. ZEB1
confers chemotrapeutic resistance to breast cancer by activating AJéW.
Death & Disease9(57).doi: 10.1038/s4141917-00873.

Zhang, Y. Q., Wel, X. L., Liang, Y. K., Chen, W. L., Zhang, F.,Bai, J.&V.,Zhang, G.
J.2015. Ovetrexpressed Twist associates with markers of epithelial mesenchymal
transition and predicts poor prognosis in breast cancers via ERK and Akt
activation.PloS Onel0(8) e0135851.

Zhao, B., Li, L.,& Guan, kL. 2010. Hippo signaling at a glanckurnal of Cell
Sciencel23(Pt 23) 40014006.

Zhao, B., Wei, X., Li, W., Udan, R. S., Yang, Q., Kim,&. Guan, K. L. 2007. In
activation of YAP oncoprotein by the Hippo pathway is involved in cell contact
inhibition and tissue growth contr@kenesDev.21(21): 274761.

Zhou, B. P., Deng, J., Xia, W., Xu, J., Li, Y. M., Gunduz, & Hung, M-C. 2004. Dual
regulation of Snail by GS8B-mediated phosphorylation in control of epithelial
mesenchymal transitioNature Cell Biology6(10).



Appendix A Full Western Blots

Figure 3.4: Part 1/2

PRP4K Fibronectin Zeb1 Slug

Snail Zo-1 Actin

14¢€



Figure 3.4: Part 2/2

E-cadherin Vimentin Actin
Claudin-1 N-cadherin Actin



Figure 3.6: Part 1/4 HMLE

PRP4K Fibronectin Actin
E-cadherin Slug TrkB Actin
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Figure 3.6: Part 2/4 HMLE

Claudin-1 Zo-1 Snail Zeb-1
Vimentin Actin N-cadherin Actin
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Figure 3.6 Part 3/4 MCF10A

PRP4K Fibronectin Slug Actin
E-cadherin Zeb1 Vimentin



Figure 3.6: Part 4/4 MCF10A

Actin Claudin-1 Zo-1 N-cadherin

Snail Actin




Figure 3.9 Part 1/1
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Figure 3.10: Part 1/1

HMLE MCF10A

PRP4K Ponceau PRP4K Ponceau

Figure 3.11: Part 1/1
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Figure 3.12: Part 1/1

EIF3E PRP4K E-cadherin N-cadherin

Vimentin Zeb-1 Actin
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Figure 3.14: Part 1/1

Twist PRP4K Actin
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