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Abstract

Planar cell polarity (PCP) is essential for generating highly organized tissue struatdrder
directional cell movement/migration. The role of PCP in embryogenesis isloeimented, however

its role inadult pathologies, such as cancer, is a relatively new field of research. A growing number of
publications imply a significant role for PCP proteins in cancer progression and metastasis. PCP is
governed by several cytosolic proteins and transmembraneptecs including the &rotein coupled
receptor CELSR1. Research studies have raised the hypothesis that CELSR1 acts as a tumour suppressor
in breast cancer. Our research aimvas to characterise an vitro model to understand the
molecular/cellular basis of the role of CELSR1 in breast caDoerputational biology was used to
assess CELSR1 expression in breast cancetymg and its impact on patient survival.
Characterisation of breast cancer cell lines representing increasingly invasive breast wascer
performed through gPCR andwvestern blot analysis to investigate CELSR1 expresai@h
immunocytochemistry tinvestigate CELSR1 protein digttibn. RFPCR and Sanger sequencirgge

used to asseddifferential splicingpf the Gterminus of CELSRGain and lossf-function assaysvere
conductedto test the tumour suppressive functions of CEL$dinformatics analysis has revealed

that CELSRéxpression is increased in the less invasive Luminal A subtype of breast cancer, and that
higher expression dEELSR1as positive impact on overall patient survidalvitrostudies of common

breast cancer cell lines revealed that CELSR1 is more higingssed in less invasive luminal type cell
lines, but its expression is reduced in more invasive type cell lines. Furthermore, whilst less invasive
breast cancer cell lines exhibit cortical enrichment of CELSR1, CELSR1 beadisedn intracellular
punctate structures adjacent to the nucleus within the highly invasive breast cancer-aediy, we

find that overexpression ofelsrlin highly invasive breast cancer cell limeduces their migratory

ability andproliferation. Takentogether, our study is consistent with a role for CELSR1 as a tumour

suppressor in breast cancer. Future studies will aim to decipher its mechanism of action.
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1.Introduction

1.1.c Cell Polarity

Cell polarity is essential for generating highly organised tissue structures and its loss has
devastating effects both in embryonic and adult tiss(Bstler & Wallingford, 2017Cell polarity also
defines tissue function. A major type of cell polarity is ajfiasal polarity (ABP). ABP distinguishes
GKS wi2LQ 2F  OStt oOFLAOFEO FTNRBY GKS Wwo2idi2YQ
tissues including the tubat structures of the bodyd DI YRl f 2 @A 62 @t S .ImthedI H 1M
tubes of the breast duct for example, alignment of apical cell interfaces defines the luminal side of the
duct, this aspect is responsible for lactation and for the release of milk into the lumen during
pregnancy(Neville & Monks, 2018A further type of cell polarity is defined as frenglar (sometimes
also called fronback and anterioposterior polarity) which drives directional cell migration during
embryogenesis and promotes individual and collective cell migration during canemstasis
6CSyGStye SG It ®X HnnPlahar polayyRd afthirddypeé @ @it pol&ity which @3 H 5
operates perpendicular to ABP (Figdd Fig.2 Planar cell polarity (PCP) is defined by a specific
molecular pathway, depends upon apibasal polarity for its manifestation and has features in
common with frontrear cell polarity. PCP operates across a tissue and orients cell structures and cell
behaviours in the tissue plane. Thus, ABP and PCP are characteristic of organised tissues. Loss of ABP
is one of the hallmarks of cancéilanahan & Weinberg, 2000ow dysfunctional PCP impacts on
tumour formation and progression, however, is not well understood. This thesis has sought to identify
relevantin vitromodels with which to study the role of PCP proteins in breast cancer and to investigate

how the key PCP protein CELSR1 impacts on the metastatic process of breast cancer.

1.2. Overview of planar polarity

Planar polarity is an essential process for embryonic developni€opp et al.,2013;
Nikolopoulou et al., 2017 Currently two molecular pathways of planar polarity have been identified,
Fat and Dachsoufasal et al., 200@nd PCP. Within PCP the same protein components define two
further planar polarity systems, namellge corePCP pathway, and WHRCP. Each planar polarity
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system however is based on the same fundamental premise in that they share common functionality
in the alignment of cell effects (cell structures and cell behaviours) along particular body axes. They
also generate protein asymmetry at ce#ll interfacesacross a tissue which depends upon cadherin
based recognition of transmembrane proteins at the cell surfg@og & Devenport, 2017; Axelrod,

2020) Without PCP iparticular, theneural tube will not close and branching of lung and kidney

tubules fails(Brzoska et al., 2016; Kunimoto et al., 2017; L. L. Yates, Papakrivopoulou, et al., 2010; L.

L. Yates, Schnatwinkel, et al., 2Q1@CP is defined as a molecular pathway that acts in the plane of an
epithelium and is evident within epithelia following establishment of afliaeal polarity (Fig. 1 and
Fig.9 Muthuswamy & Xue, 2012)n developing embryos however, P@Bteins facilitatecollective

cell movement both in the epitheliplane butalso in a radial (outsidi) orientation(Panousopoulou

et al.,, 2016). Thus, PCP proteins define organisation within epitaatlaalignment of cell/tissue
structures and behaviours along specific body dkes/ey & Moens, 2017; Devenport, 2014; Munoz
Soriano et al., 2012Planar polarity however has not been extensively studied in humans, indeed
most of our knowledge of this process comes from animal models of embryonic develoff@asal

et al., 2006).

1.2.1. Planar Cell Polarity

Planar cell polarity (PCP) was first described in indéetarence, 1975; Lawrence & Green,
1975) Studies on Drosophila revealed mutagenised flies which exhibited disruption of adult wing hair
orientation along its proximalistal wing axis (proximal is closest to the body) (Bidgdentification of
the mutated genes revealed a number of membrdammind and cytoplasmic protein components
FOGAY 3T S6AGKAY | &Ay 3t SFeldreNds, Q001 awngricd19RBIuihgNA (i &
the seventransmembrane (7TMgadherin Flamingo and the 7TM protdinzzledDecades on, these
corePCP pathway proteins have been shown to align bristles on the insect notum and abdomen as
well as the rotation of the geometrical arrangement of ommatidial units within the Drosophila eye
(Strutt, 2009) The transmembrane and cytoplasmic PCP proteins enrich to opposing sides of a cell

resulting in a visible molecular asymmetReiguin et al., 2001; Lawrence & Green, 1978ymmetry
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is a hallmark of PCP. Early studies on the Drosophila wing noted that protein asymmetry aligned with
the axis of PCP defined by wing hair alignment (proxidisaal)(Usui et al., 1999 hus, the described
molecular asymmetry enables visualisation of PCP processes in tissues when PCP protein enrichment
to opposing cell interfaces can be labelled (Eignd Fig 2). The transmembrane Frizzled receptor is
thought to sense shallow pervasive planar polarity cues within a tissue (e.g., Wnt morphogens) whilst
the fourtransmembrane protein Vang together with Flamingo, amplify the signal within individual
cells(W. S. Chen et al., 2008; J. Wu & Mlodzik, 2008 polarity signal is then transmitted between
neighbouring cells across a tissue plane via homodimer bridges formed by Fldsoget al., 1999)
Asymmetry is achieved by the cytoplasmic proteins (Dishevelled, Diego and Prickle) competing and
inhibiting each other resulting in their mutual exclusivity to the opposing sides of the cell.
Furthermore, cytoplasmic proteins may further activate doweam signalling pathways as shown in

Fig2.

PCP components are evolutionarily conserved. In vertebrates, PCP function has been elucidated
by study of amphibian, teleost fish and mouse mod@ssipova et al., 2015; Stubbs et al., 2006;
Villasenor et al., 2010; Wada & Okamoto, 2009; J. Wu & Mlodzik, .20éigbrate PCP proteins play
a conserved role in the alignment of cell behaviours along specific body axes such as the-tadad
alignment of neuronal migration in the hindbrain of teleost fish and ni®ittaramane et al., 2013)
and the local coordinated rearrangement of groups of hair follicle cells which results in the global
alignment of obliquely oriented hair dowgrowth along the heado-tail axis of the mouse back skin
(Cetera et al., 2018; Devenport & Fuchs, 200B)e asymmetric enrichment and asymmetric
protein:protein interactions of vertebrate PCP proteins are thought to be essentially the same as those
of DrosophilaDevenport & Fuchs, 2008pn the proximal side of the cell, Vangl (\Aikg) recruits
Prickle PK) and on the distal side, Frizzled recruits Dishevelled (B¥Ijldsh in Drosophila). Dvl then
recruits Diversin (Ankrd6), which is a possible orthologue of Diego in Drosophila({i#¥ig®2)Chen et

al., 2008)
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Distal

Proximal

A

Cellular polarisation

Key (Drosophila PCP components) -
— Flamingo (fmi)/ Starry Night (stan)
— Van Gogh/ Strabismus, Prickle
— Frizzled, Dishevelled, Diversin

Figurel - Planar cell polarity phenotype results in wing hairs oriented away from the fly b
towards the distal direction lllustration of Drosophila wing is shown (top). Lower schematic illus
the molecular mechanism of PCP establishment in individual kdirgcellsc components of PCP ¢

distributed asymmetrically to polarise individual cells (bottom).

The Flamingo homologue, Celsrl, generates molecular bridges between neighbouring cells across a
tissue along with Frizzled and Va(igévenport et al., 2011Robust enrichment of protein asymmetry

provides visual evidence for ceRCPprocesses in vertebrate tissues as it does in ins&aviés et
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al., 2005; Devenport & Fuchs, 2008hus, vertebrate, and invertebrate PCP signalling exhibit many

shared features.

Apical

CELSR1

VANGL

FRIZZLED

INK/
MAPK

Anterior Basal Posterior

Cellular Polarisation

Figure2 ¢ Establishment of PCP in vertebrateBCP components enrich to opposing sides of th
creating asymmetry, which is a hallmark of PCP. The PCP pathway signals downstream to G1
JNK/MAPK pathways, which have a role in cell rearrangtsne

1.2.2. WntPCP

Some PCP proteins are strongly associated with the growth factor and morphogen, Wnt
(Barrow, 2011; Corda & Sala, 2017; Daulat & Borg, 2017; B. Gao, 2012; Habas et al., 2001; Humphries
& Mlodzik, 2018; Katoh, 2005; Koval et al., 2011; C. Li et al., 2019; Luga et al., 2012; Matsumoto et al.,
2010; Naz et al., 2012; vanden Berg & SassooB9;20anderVorst et al., 2019, 2023; Wada &
Okamoto, 2009; J. Wu & Mlodzik, 2017; Y. Yang & Mlodzik, 246 known as wingless in Drosophila
(Lawrence, 1972001) There are a number of Wnt signalling pathways 8Fand WntPCP is defined
as a branch of Wnt signalling that is known as-nanonical which provides directional information
within a developing tissue. The canonical Wnt signalling pathway however is more broadly involved in

tissue growth and fate and &ssential foembryonic developmenand tissue homeostasis in adults
15



(MacDonald et al., 2009The canonical pathwag wellstudied and is known to play a major role in
various human diseases including car{d&nderVorst et al., 2019, 202&)anonical Wnt proteins bind

to specificFrizzled receptors leading 2 -catenin stabilisation and nuclear localisation (hence also
Ol f t S-Batediirkp&thway) which impacts on gene transcription to alter cell ftefar it has not
been possible to identifiall specific WNIFZD interactionsand the exact pathways which they
activate since FZDs can bind multiple WNT ligands and activate more than one signalling pathway
(Alrefaei, 2021; Dijksterhuis et al., 201M}hilstall 10 FZD receptors activate thanonical i -catenin)
pathway, there are specific FZDs involved in the activatich@fndWnt-calcium pathwayg§Alrefaei,
2021; Sun et al., 202and theWNT-PCRathway. Among those identifiethat seem to bespecific to

the WNTPCP pathwawre FZD]1 2 an®, FZD6 and FZO@Ravajas Acedo et al., 2019; Y. Yang &
Mlodzik, 2015) It isalsoimportant to note thatspecific WNT ligands ateypothesized toactivae
different WNT signalling pathwayalrefaei, 2021; Y. Yang & Mlodzik, 20Esy example, WNT5 and
WNT11 have been reported to primarily activate the WRJP pathway anare not involved in the
adl oAt A &xdtehin(Bndre & @l., 2015; Veeman et al., 200®)n the otherhand,the WNT
Calcium pathway has been shown to be primarily activated/by'5, WNT7 and WNT (Dhrasivoulou

et al., 2013) It has been experimentallghownthat besidesthe FZBDWNT interaction, specific €o
receptors on the cell surface determine which WNT ligands bind to which FZD reasptetl as the
pathway activatedEubelen et al., 2018As mentioned, WnrPCP utilises a distinct set of Frizzled
receptors and provides cells and tissues with directional signals e.g. the orientation and alignment of
collective cell movements along specific bakes(B. Gao, 2012; Sepich et al., 2011; Sokol, 2015; Y.
Wang et al., 2016; J. Wu & Mlodzik, 2QNKnt-PCP has been implicated in axon guidance along the
headto-tail axis of the vertebrate central nervous systgfissir & Goffinet, 2013put also,
intriguingly, in the proximalistal elongation of vertebrate limb8&arrow, 2011; B. Gao & Yang, 2013)
Study of animal models suggests that VRGP utilises morphogenetic gradients of specific Wnt
ligands as directional cues for collective cell migrafGorda & Sala, 2017; Sebbagh & Borg, 2014;
VanderVorst et al., 2018; Y. Yang & Mlodzik, 20bprosophila Wnhomologues argroposed to

be a source of the pervasive shallow axial gradients amplified by the core PCP components to generate

16



robust alignment of wing hairs for example across the insect ignmphries & Mlodzik, 2018;
Simons & Mlodzik, 2008; Y. Yang & Mlodzik, 20IB¢ main difference between WHRCP and core

PCP at the molecular level appears to be how the §€Bific Frizzled receptor is utilized. In cBEP,
Frizzled works in concert with Flamingo/Celsrl at the cell membrane propagating the polarity signal
across multiple cell diameters via molecular bridges built by the Flamingo:Celsrl/Frizzled/Vang
complex(X. Tang et al., 2020; Usui et al., 1999 WntPCP however, the Frizzled receptor is thought

to act as a receptor for specific Wnt ligan@s Yang & Mlodzik, 2015)he role of Celsrl in WHRCP

is less well understood: a recent study suggests that Celsrl may block the chemoattractive effect of
Whnt in neuronal migration in the mouse hindbrgiHdummel et al., 2022) and may act in parallel with
Wnt-PCP mechanismghe exact mechanism by which the WWREP pathway works remains a matter

of debate(J. Wu & Mlodzik, 2017)

A comparison between the canonical and reamonical (WnHPCP) pathways is shown in.RBig

The mechanisms by which Wnt ligands interact with Frizzled receptors, especially- B@¥piare still

A B C
WNT/PCP pathway 'WNT B-Catenin pathway WNT- Calcium pathway
(Non-Canonical pathway) (Canonical pathway)
) - P
VANGLZ 4< — .,.a P
7 ; 2 2% .FZD6 L7 - Feos
‘ [ l’ﬂ & ‘ﬂ!’ ) miE E ‘!' f Extracellular
5 5
/4 / oy
o f Intracellular

PRICKLE ——]
-— '«\‘I;‘ i GSK3 ¥
2 =% *°
§ = s v

. ) TAKL
Actin Dynamics/

Cell Adhesion

Growth signals/

Cytoskeletal Organisation 'a
cell fate decision

WNT target gene transcriptid

Canonical pathway inhibited

Figure3 -Comparison of WNT signalling pathways.WNTPCP (Nowwanonical) pathway. Involve:
core PCP components but no betatenin. Downstream targets include pathways involved in
cytoskeletal organisation and regulation of gene transcript®AlVNF i Ol padwyiay-y
activation by FZD ligand leads t@aatenin stabilisation, which then activates transcription of ger
involved in growth signalling and cell fate determinatiGnWnt-Calcium pathway main factor is
intracellular calcium, which reguks pathway activation. Inhibits canonical pathway and regula
actin dynamics, cell adhesion and gene transcription.
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unclear. It is well known that Wr#rizzled interaction is not monospecifie., other membrane ce

receptors and components are involvégubelen et al., 2018; Gammons & Bienz, 2018; Morgan et al.,

2019) Eubelen et.al. (2018) has shown B&E A 4 G Sy 0SS R SHO2 RAlEE Y OK2 Yy A & Y &
distinguish between the otherwise structurally simil&int ligands (Miller, 2002). Thus, different-co

receptors associated with each Wnt pathway may distinguish their activity and functioB).(Fig.

Indeed, it is known that transmembrane-ceceptors in the different Wt pathways are not the same

(Grumolato et al., 2010; Katoh, 2017)

In summary, in vertebrates WHRCP pathway facilitates collective cell movements to position
and/or assemble tissues appropriately in an organised maihiemphries & Mlodzik, 2018)hile the
corePCP pathway promotes the coordinated alignment of tissue structures and cell behaviours in

highly organised and complex organs.

1.2.3 The role of PCP in embryodivelopment

Recent studies suggest that mammalian eB@EP proteins act indimensions and promote
both radial (outsidén) and planar tissue organisation. One example is failure of radial intercalation of
thickened trunk ectoderm in the mouse embryo flank to getetae nascent mouse embryonic skin
in the Celsrimutant, Crash which precedes failure of the hedd-tail alignment of hair follicle down
growth in the same mutan{Devenport & Fuchs, 2008; Panousopoulou et al., 2006)ably, hair
follicle asymmetry has been shown to be linked to planar cell rearrangements within the hair follicle
placode driven by PCP proteifSetera et al., 20187 second example is the failure of convergent
extension across the neural plate which precedes failure of apical constriction of midline neural plate
cells to generate a midline groove which drives neural fold elevation during neural tube c{Bgyre
4) (Formstone & Mason, 2005Notably, the same defect in neural tube closure is exhibited by PCP
mouse mutant®.g.,CelsriCrash/Crasland a mouse mutant in Scribble called citiei. Scribble is a
well-characterised apictasal polarity determinant discovered in insects. This requirement for 3D
WiAaadzs$SQ LRtFNARGE YIé& SELXLFAY (GKS &aSOSNB Y2 NLK?Z2:
genes(Curtin et al., 2003; L. L. Yates, Schnatwinkel, et al., 20h@)ared to the adult wing hair and
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ommatidial defects observed iBrosophilamelanogaster In mammals therefore the term tissue
polarity, originally used to define cofeCP function in insec{®V. J. Park et al., 1996)ay be more
suitable to summarise the role of coRCP proteins in mammalian tissue and organ formation.
Moreover, PCP proteins coordinate collective cell behaviours and thus their ability to aet in 3
dimensions may explain why their functional disruptionboth mouse and humans leads to such

severe birth defects in neural tube, lung, and kidney.

1.2.4- PCP signalling and the cytoskeleton

Since PCP has a fundamental role in morphogenesis and development, it is necessary for it to
regulate cell plasticity, such as cell motility and direction. Therefore, PCP has direct control over the
cellular cytoskeletal systefiDavey & Moens, 2017)A well characterised developmental event linked
to the role of PCP in cytoskeletal regulation is the coordination of convergent extension during neural

tube closurgFig.4) (Curtin et al., 2003; Formstone & Mas@®05)

Mediolateral contraction

Anterior \_/

Posterior

Actomysion contraction Polarised actomyosin
contraction

=2 | J
gQJ

CELSR1

VANGL2

FZD6

Figure4 - Convergent extension in neural tube developmerffCP regulates polarised actomy:
contraction, which mediates convergent extension during neural tube development. Defects
pathway result in incomplete neural tube closure, resultinglévelopmental defects of the neu
tube. Left hand schematic shows wedging of the midline neural plate whereas right hand sc
shows asymmetric molecular pathway of PCP leading to actomyosin contraction whi
coordinates along the heatb-tail axs of the neural tube. Signalling in one cell is shown for simp
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It has been shown that PCP is linked to actomyosin contractility and myosin Il distribution is the neural
plate via Shroom 3 and Rho associated kindseGreevy et al., 2015; Nishimura & Takeichi, 2008)
PCP also directly regulates RhoA, Rock and Daam1, which are linked to the cytogkizlbaanet al.,

2001; Nishimura & Takeichi, 2008&nce, PCP is directly linked to different cellular rearrangements
during developmental processes such as cell intercaldlibrWilliams et al., 2014PCP has also been
implicated in neural crest cell migrationXenopusind Zebrafish. Here FzBvl mediate activation of
RhoA, which promotes retraction at the rear of the neural crest cell via Rock2 mediated actomyosin
contractility, additionally RhoA/Rock also inhibits Racl, so it becomes polarised towards the leading
edge of tle cell (Matthews et al., 2008) These events are mainly linked to collective cell migration.
PCP also regulates the cytoskeleton in single cell migration in processes such as mouse and zebrafish
facial branchiomotor neuron migratiofY. Qu et al., 2010)n this case PCP is linked to filopodial
protrusive activity by regulated the actin dynamics, to form abtsed protrusions and hence
directional celmigration(Davey et al., 2016)A similar mechanism with the involvement of FZD and
VANGL can be seen in migrating breast cancer (teits et al., 2012) although PCP proteins do not

connect cancer cells to coordinate their migration in this case

1.3. c Mammary gland development

Most of our knowledge about mammary gland development comes from animal studies,
namely mice, where the developmental process is very similar to the human one. Branching
morphogenesis is a phenomenon by which tubular organs in the body are formed darbrganic
development in many organisms. This involves organs such as the breast (mammary glands), lungs,
kidneys, and the pancreafrates, Papakrivopoulou, et al., 2010; Yates, Schnatwinkel, et al., 2010).
The mammary gland is formed as a branching dutdork, via a specific branching morphogenesis
process which differs to that of, for example, the l(@rhoaEspinosa & Affolter, 2012yhe human
breast is formed of the parenchyme, which consist of ducts and acini, and the stroma, which consists

of adipose tissu¢Fig.5XJaved & Lteif, 2013a)
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1.3.1.- Mammary gland developmenmb utero

Mammary gland development begimns uteroand continues until the age of approximately 2
years old, at which time branching morphogenesis ceases. Branching is then reactivated by hormone
systems during puberty and pregnanglaved & Lteif, 2013a; Macias & Hinck, 200ammary
progenitor cells may be detected as early as 4 weeks into gestéfianld et al., 2008; Watson &
Khaled, 2008)Around E10.5 in mouse embryos (haHy through mouse gestation), two ridges called
milk lines or mammary crests are formgthved & Lteif, 2013b; Watson & Khaled, 2008gse ridges
are an ectoderm which arise from the embryonic ectoderm, the outermost layer of the early embryo.
These ectodermal cells then begin to form pairs of placodes, which define the primordial region of the
mammary glandJaved & Lteif, 2013b; Watson & Khaled, 20@)bsequently, these placode pairs
begin to sink into the mesenchyme, forming a mammary bud, also called the primary mammary bud
(Javed & Lteif, 2013b; Watson & Khaled, 2008en the mammary sprout invades the mammary fat
pad precursor and the mammary gland forms ductules, which becomelikeaylands just before
birth, forming a rudimentary mammary ductal systéRig. 5) Recent papesrhighlights therole of cell

movement in gland development via live imag(agvald et al., 2012; Neumann et al., 2018)

At this point mammary development is temporarily halted until pubgyndrew & Ewald,
2010; Javed & Lteif, 2013b; Watson & Khaled, 2008 morphogenetic cues that drive the
development of the mammary gland at this stage are secreted by the mammary fat pad precursor

cells(Watson & Khaled, 2008)

1.3.2.c Mammary gland development at puberty

A major stage of human mammary gland development occurs at puberty, where branching
morphogenesis becomes more evidg¢Aindrew & Ewald, 2010; Ewald et al., 2008)e rudimentary
ductal system formedn uteronow elongates and generates secondary dy€ig.5) Terminal ends
buds driven by a layer of cap cells at the tip, invade into the fat pad. Terminal end buds are the original
cell template for branching morphogenesis and drive the complex branched ductal structure of the

breast (Javed & Lteif, 2013a; Macias & Hinck, 20I12)e cap cells eventually differentiate into
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myoepithelial cells, which become the outer layer of the forming ddicM. Williams & Daniel, 1983)

Duct elongation occurs via branching morphogenesis, including bifurcation, thus generating a
ONI YOKSR aiNHzZOGdzNBE 2NJ 6KS WYl YYIFNE G(GNBSQd ¢KS
terminal duct formation and subsequently, acini formation. 8ugr of these acini is termed a terminal

duct lobular unit (TDLU), the first acknowledged site for breast tumour initiéfiaved & Lteif, 2013a;
Macias & Hinck, 2012; Wellings & Jensen, 19Eald et.al. (2008) have elegantly shown how
collective cell migration and cell rearrangements drive mammary branching morphogenesis. One of
the most striking details seen in this study is how similar the mammary gland developmental processes
are to these of the initial stages of oncogenesis i.e., hyperplasia and neofffassdd et al., 2008 he
mammary duct elongates via a special form of polarized collective cell migration without forming a
leading edge as observed in lung branching morphogeiiEsiald et al., 2008)The mammary duct
TDLUs amulti-layeredepithelium,similar to preinvasive oncogenic stages where the monolayer of
the ductal epithelium has generated a mtliered structurgAndrew & Ewald, 2010; Ewald et al.,

2008)

The human breast fully matures at around2@years of age with further remodelling activated
during pregnancy, by estrogddaved & Lteif, 2013alt full maturity up to 60% of available space in
the mammary fat pad is occupied, leaving the remainder to be utilized during pregnancy and breast

feeding(Macias & Hinck, 2012)

As shown in Fidg the mature mammary gland consists of an inner layer of the breast duct (the
lumen) made of luminal epithelial cells which form the secretory alveolicaists andare the active
part for lactation. The ductal monolayer is surrounded by an outer lsyfarmedof myoepithelial
cells, which form a boundary between the luminal cells and the surrounding stfGmdjonsson et
al., 2005; Péchoux et al., 1999)he Luminal cells provide forces needed for secretion. Research
suggests thaimyoepithelial cells arise from a common precursor which also generates luminal

epithelial cellfGudjonsson et al., 2005; Péchoux et al., 198%)as been shown that myoepithelial
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cells act as regulators of tissue polarity and provide regulatory signals to maintain a highly organised

tissue structure in the breagGudjonsson et al., 2005; Péchoux et al., 1999)

1.3.3 Mammary gland development during pregnancy and lactation

The penultimate stage of mammary gland remodelling is during pregnancy and la¢Etcs)
This process is induced by prolactin and progesterone, which induce alveologenesis and gland
maturation, and results in the differentiation of alveoli, which are responsible for milk secretion
(Brisken et al., 1998; Lydon et al.,, 1995he JAK/STAT pathway is activated downstream of the
Prolactin/Prolactin receptofCui et al., 2004; Han et al., 1997; Wagner et al., 20@4)actin secreted
from the pituitary gland stimulates the secretion of progesterone from the ovary. Prolactin and
progesterone then act together to initiate a complex cascade of downstream signalling, which
eventually results extensive side branchinghaf mammary ducts and lactation. Prolactin initiates the
JAK/STAT pathway by binding to a set of recemdntegrin, SIRPA and PRLR. Progesterone activates
the progesterone receptor. The activated JAK/STAT pathway and progesterone receptor induce the
transcription of several genes includiRgnklwhich synthesises RANKL, which then binds to the RANK
receptor and activates alveologenesis through NFKB. The JAK/STAT pathway/RANK also induce the
transcription of Wsp (whey acidic protein) an€snb(casein beta)leading to the production and
secretion of millBeleut et al., 2010; Fernand®aldivia et al., 2008; Han et al., 1997; Mukherjee et

al., 2010; Schramek et al., 2010)

1.3.4. Involution

Involution is the final stage of breast morphogenesis after lactati€g.5) It is initiated by a
lack of demand for milk and resets the breast architecture telpotation status. Involution happens
in two phases. The first phase is characterised by apoptosis and detachment of alveolar cells, which
are shed into the lumen. Thizccurs within 12 hours of lack of demafidr milk). There are no
significant morphological changes, and this stage is still reversible-éstablishing demand. The

second stge occurs at 48 after demand ceases. This phase is characterised by breakdown of the ECM
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and activation of proteases which leads to large scale apoptosis. This phaser&sversible and
results in complete cessation of lactation. Total remodelling of the breast architecture occurs resulting
in prelactation morphology . I £t 23K S | f &3 Hocordin to feSearthliak eafliast | f © =
stages of involution involve lysosomal membrane permeabilizgfi@mnandez/aldivia et al., 2009)
Research has shown that the initiation of mammary involution occurs at a local(lveél et al.,
1997) The &t switch plays a significant role here, where STAT3 suppresses STASvral
signalling and promotes prapoptotic signalling pathway&hapman et al., 1999; Clarkson et al.,
2006; Creamer et al., 2010yhe second phase of involution is marked by the activation of matrix
metalloproteinases (MMPs) and serine proteasgsata et al., 2001; Sympson et al., 1994)
Interestingly it has also been reported that pdattational involution, which includes extensive
remodelling of the breast architecture can resemble wound healing and tumorigef@&aikson &
Watson, 2003) It has been shown that po$actational ECM can create the ideal tumour

microenvironmentMcDaniel et al., 2006; Schedin, 2006)

1.4. Evidence of a role for PCP in mammary gland development

The corePCP pathway is proposed to regulate the collective cell movements of branching
morphogenesis in the lung during embryo developmg@rates, Papakrivopoulou, et al., 2010; Yates,
Schnatwinkel, et al., 2010) however little is understood about their potential role in mammary gland
development.Moreover, PCP genes are usually switched off in tissues during thenaget period
but might be reactivated during the coordinated breast tissue remodelling that occurs during puberty
or lactation . One study has looked at the role of VAN@ls&takeyama et al., 2014YANGL?2 is
reported to play a significant role in normal mammary gland development via both theP@Rtand
core PCP pathways. In this study, gene knockdown of VANGL2 has a significant impact on normal
breast development (Smith et al., 2019). A further studported on roles for WNT morphogens in
Wnt-PCP during mammary gland development and suggested that WNT5A promotes developmental

processes in the mammary glarflessenbrock et al., 2017)
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Intriguingly, one mechanism of breast lumen development antheoelelling during lactation
involves radial intercalatioNeumann et al., 2018PCP proteins are reported to be involved in radial
intercalation in vertebrate organ developme(Dssipova et al., 2015; Stubbs et al., 2086juding
establishment of the epidermis of the developing mouse skin (Panousopoulou et al, 2016). Study of
the role of PCP in the development other tubular organs e.g., kidney tubules, pancreatic ducts,
tracheal tube, and oviduc{Shi et al., 2014)ave raised additional hypotheses relevant to the impact
of PCP on breast development. For example, in the mouse ovididstl®as been found to be
important in establishing ciliary polarity to enable the correct functioning of the oviduct and also in
maintaining correct tissue morpholog$hi et al., 2014)PCP is also necessary for kidney branching
morphogenesis, as PCP mouse mutants have been found to have defects in ureteric bud branching
morphogenesigBrzoska et al., 2016; L. L. Yates, Papakrivopoulou, et al.,. 2Git6% et.al. have
reported actin polymerisation defects in these mutants, showing that PCP regulates branching

morphogenesis in the kidney via cytoskeletal rearrangemérases, Papakrivopoulou, et al., 2010)

1.5. Overview of breast cancer

Cancer is the second leading cause of death worldwide with breast cancer being the second
most common cancefWHO, 2018)In the UK, breast cancer is the second most common cancer
accounting for 7% of all cancer deatf@RUK, 2017} is a debilitating disease with lodgsting effects
even after treatment for many individuals. Ductal carcinoma in situ (DCIS) (also caled/asine or
intra-ductal cancer) is a precursor of invasive breast cancer (IBC) consisting of pervashg lesio
originating from normal breast tissyBurstein et al., 2004PCIS has also been defined as a neoplastic
proliferation of epithelial cells confined to the duclabular systen(Carraro et al., 2014) The first
model of DCIS development was published by Wellings and Jensen (1973). These authors proposed
that the terminal duct lobular unit (TDLU; Fig. 6) of the breast undergoes a series of abnormal events.
Subsequent study defined an initial step as @littyperplasia (the enlargement of an organ due to

abnormal, excessive cell proliferation) which leads to DBUStein et al., 2004; Duggal et al., 2013)
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Interestingly, most known changes in gene expression occur during the transformation from normal
breast tissue into DCIS, rather than during the transformation of DCIS {@Ugein et al., 2004)

The exact mechanism of DCIS development is poorly understood however, as is the relationship
between DCIS and IBC. It is known that 14% to 50% of DCIS lesions progress to IBC if left untreated
(Carraro et al., 2014)riple Negative Breast Cancer (TNBC), also known aslikasas the most

aggressive type of IBC.

1.5.1 Subtypes of breast cancer

15.1.1 Luminal A/B (ER+)

Luminal type breast cancer accounts for 2/3 of all breast cancer cases in the(@oltthirsch
et al., 2011) Luminal cancer mainly occurs in the duct but can also be lobular or mixed, there are also

less common forms, such as cribriformucinousor tubular Colleoni et al., 2012)

The luminal subtype can be further classified into Luminal A and Luminal B. From among these
two, Luminal A is the most common subtype, accounting for >50% of all breast cancefYaasat&
Barutca, 2014)Generally Luminal A breast cancers have low mitotic activity, a low histological grade,
f2 RSINBS 2F ydzOf St NJ LI S$2 Y2 NLK AGarey, ROJOR Yeis& & NB T
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Barutca, 2014)This cancer type is also characterised by low expression of genes linked to cancer
proliferation and high levels of the growth factor receptor, oestrogen receptor (ER), making luminal A
cancers a good candidate for-BRsed endocrine therapy where ER mgsion is higtiKennecke et

al., 2010; Sotiriou et al., 20Q3)

Luminal B breast cancers account for the lower number of cases ({20&yhton, 2012)
Compared to Luminal A breast cancer, Luminal B comes with a worse prognosis reflected by a higher
histological grade, proliferative index and generally higher aggressive@esghton, 2012; Ellis et al.,
2008) By far the greatest difference between Luminal A and Luminal B is the expression of genes
involved in cancer proliferation, such as cyclin EMYB and CCNE1 (ReisFilho et al., 2010)
Additionally, Luminal B tumours exhibit an increased expression of growth receptor signalling genes,
such as human epidermal growth factor receptor type 2, HER2+ (~30% luminal B tumotespyess
HERZ2]Loi et al., 2009)Growth factor pathways such as the Fibroblast Growth Factor receptor (FGFR)
and phosphoinositid&-kinase (PI3K) have also been implicated to contribute to increased
proliferation and poor prognosis in luminal B breast car(@ean & Bedard, 2011)uminal B breast
cancers do not respond to endocrine therapy as well as do luminal A breast cancers, hioweénat
B tumoursrespond better to neoadjuvant chemotheraf@hargava et al., 2010; Esserman et al., 2009;

Paik et al., 2004; Tran & Bedard, 2011)

15.1.2 HERDositive (HER2+)

The human epidermal growth factor recept®(HER?2) is a tyrosine kinase receptor encoded by
the ERBB3ene (ERBB2 GeneGeneCards | ERBB2 Protein | ERBB2 Antjhody) HER2+ breast
cancers account for ~20% of all breast cancer c@sagsui et al., 2003As the name suggests HER2+
breast cancers exhibit increased expression ofHiER2yene.Activation of the HER2 receptor leads
to the activation of downstream second messenger pathways, which activategmer transcription
pathways(Barnes & Kumar, 2004; Bazley & Gullick, 2005; Moasser,. 20@8e include angiogenesis,
proliferation, metastasis,and survival pathway¢Barnes & Kumar, 2004; Bazley & Gullick, 2005;

Gutierrez & Schiff, 2011; Moasser, 200X3 a result, HER2+ cancers are more aggressive than Luminal
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type breast cancer. HER2+ cancers also have a high rate of p53 mutations and half of all cases are also
ERpositive, however the levels of ER are on the lower end of the perceived(biiatdetto & Ofner,

2022; Tsutsui et al., 2003HER2+ breast cancers are generally resistant to endocrine therapy,
however they respond well to doxorubicin, which is an antibiotic chemotherapy drug with multiple
mechanisms of action including inhibiting DNA synthesis, altering metabolism or prorogtitagive
stress(Ross et al., 2003Jrastuzumabalso known ablerceptinA & OdzNNBy it & (KS w3z
patients with HER2+ breast can¢@ameron et al., 2017Herceptin is a drug which targets the fourth
extracellular EGF domain of HER2+, preventing receptor dimerization, which in turn causes cell cycle

arrest(Gemmete & Mukherji, 2011)

1.5.1.3 Basalike

Finally, the most aggressive of all breast cancer subtypes, thelbasalibtype accounts for up
to 37% of all caseRakha et al., 2009 ypical features of bashke breast cancers include a high
histological grade, high mitotic and proliferative rate, disorganised structure with necrotic and fibrotic
zones, and are highly metastatic, especially to sites such as the brain andHigset al., 2009)
Metastasis of basdike breast cancers to the brain accounts for 13086 of cases, unlike the less
aggressive types of breast cancer which metastasize to the bones, for example (C. Anders & Carey,
2008; Jin et al., 2018A peculiarity of basdlke tumours is that they express increased levels of
myoepithelial cell markers and lack all the three previously mentioned recegteRs, PR and HER2
and are therefore named triptaegative. As expected, badiéde cancers posss a high rate of p53
(TP53)mutations. It is important to note that not all baskike breast cancers are tripleegative and
not all triple-negative cancers are badile (Kreike et al., 2007Basalike breast cancer is defined by
the expression of basalyoepithelialmarkers(Dai et al., 2017)Several genes and signalling pathways
have been linked to promoting invasiveness, survival and migratory capabilities idikagancers.
These include MAPK, NF. = t L o YCridcifieRo et al, @012Btudies have shown that around
three-quarters of BRCAlrelated breast cancers belong to the basal subtype and also possess

abnormalities in Epidermal growth factor receptor (EGFR) anddRerin (Foulkes et al., 2004)
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Currently, chemotherapy is the best available treatment option for basal like breast cancer as no
targeted options are availabl@lluri & Newman, 2014 Nevertheless, targeted treatment options for
basallike breast cancers are in active development and include inhibitors of angiogenesis, PARP or

EGFR inhibitor@lluri & Newman, 2014)

Breast tumour ceitell remodelling, and directional migration are thought to be key to attaining
a metastatic state. Because PCP defines directional information to promoteetiaiéarrangements
and directional migration, it is important to look at wihale this tissue polarity system might play in

breast cancer.

1.5.2c Immunotherapy in breast cancer

Metastatic breast cancer, including TNBCusually difficult to treatwith aggressive therapeutic
measures in needed to combat the equally aggressive camberlack of specifiteatment targets

for highly aggressive breast cancer (such as TNBC) calls for altetresttu@ent methods, with better
outcomes and less side effed@hu et al., 2021aOne of these methods is immunothergpyhich
uses theLJl i A Bwhiiimndune system to defeat metastatic canc@Valdman et al., 2020)
Specifically, this mearenhancing or reactivating the immune system in such a way as to increase
cancer eliminationcapabilities. Amonghe various types of imomotherapies, the most common
method for the treatment of metastatic breast cancer are immune checkpoint inhib{fensens,
2018) Cancer cells evadenmunosurveillance by activating the immune checkpoint pathway
supressing the immune respongParvin et al., 20180ne of the best knowand mostwidely used
immune checkpoint inhibitors in metastatic breast cancer arelFHD-L1 inhibitors(Emens, 2018;
Waldman et al., 2020; Zhu et al., 2021the PBEL/PD-L1 axis is a negative regulator of T cell activity
08 FOGAQGIGAY3 GKS AYYdzyS OKSO| THe grogramntey dell daaghA G OK A y
protein 1 (PBL) promotesselttolerance andnhibits immune response¢Han et al., 2020PD1 is
expressed mainly on T cells, NK ¢@l$ymphocytes, macrophages and other immune cell tyHes
etal., 2020) It is involved in a protectiveignallingpathway to prevent dangerousut of controlcells

from causing autoimmunityCancer cellhave the capacity to activate the PDsignalling axis to

30



essentially disable immune cells from destroying thérhibiting this regulatory axis enables immune
cells namely Tcellsto be maintained n order to boost cancer calestruction(Zhu et al., 2021bYhe
best known of these inhibitors, targeted mainly at TNBC include pembrolizamétatezolizumab
(Emens, 2018; Zhu et al., 20218ther immune checkpoint inhibitors researched for use in breast
cancer patients include CTUAnhibitors, as well as other types of immunotherapies, inclu@ART

cells and personalised vaccin&mens, 2018; Zhu et al., 2021b)

1.6 Evidence for a role of cell polarity proteins in cancer

Loss of ABP is a hallmark of cancer (Hanahan & Weinberg, 2000; M. Lee & Vasioukhin, 2008).
Studies on the role of apigoasal polarity proteins (ABPS) in cancer suggest that once dismantled,
ABPs are remployed to promote cancer cell migratich DI Y Rl f 2 A 62 @t S | f &
McCaffrey, 2015)These findings raise the hypothesis that eB@P proteins have a similar fate during

tumourigenesigHalaoui & McCaffrey, 2015)

1.6.1 Apicebasal polarity in cancer

Cell polarity pathways are partially lost or rewired during the EMT progeBd Y Rl f 2 OA 6 2 @i
al., 2016) EMT is usually triggered by transcription factors, such as Snail/slug, twist Gkige® et
al., 2007; Barbera et al., 2004; J. Yang et al., 200d)marks of EMT include the suppression of
epithelial genes, a switch from-dadherin to NOF RKSNAY o0 WOl RKSNAY &adgA0O0OK
expression of the intermediate filament vimentin. It has been shown that the transcription factors,
which induce ENI suppress components of the ABP pathway to doggulate ABP. For example, it
has been shown that SNAIL can suppress CRUMB3 and thus eliminate the CRUMBS and PAR complex
from the apical cell membran@Vhiteman et al., 2008)SNAIL has also been shown to suppress the
ABP determinant LGL, the result of which is the induction of invasive beh&eshyap et al., 2012)
Lgl as well as Patj ar@umbs have been found to be suppressed by the transcription factor Zebl
(Aigner et al., 2007) Deregulation of ABP proteins in cancer can affect single and collective cell

migration differently. ABP proteins interact with Rho GTPases, which regulate cellular components
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that elicit cellular motilityd DI Y Rl f 2 @A 6 2 Ore suBhiexampletisthe inrenaatian between

cdc42 and the par complex, which promotes migratory polarity via the activation of(ZPkcet al.,

2005; Parker et al., 2014)nother complex involved in promoting cancer invasiveness is the SCRIBBLE
complex, which promotes cell migration by increasing Racl and Cdc42 g@isiiyn et al., 2013;

Feigin et al., 2014 5cribble does this by redirecting Racl and Cdc42 to the cel(Bfontet al., 2006)

Another member of the scribble complex, Dlg, also plays a role in facilitating directed cell migration
RAZNAY 3 OF yOSNI Ay @l aArzy o0& NBf20FGayabs2ftdKSit BF B
Lgl also contributes to regulating invasive cell migration by interacting withrmestle myosin and

removing it from the leading edge, which results in the uninhibited formation of actin filaments and

focal adhesions, thus facilitating migrati@ahan et al., 2012)

1.6.2 Planar cell polarity in cancer

The impact of PCP proteins on breast cancer progression is little understood. The field of PCP
and cancer is therefore an emerging one. A recent study showed that PRICKLE1 and its interacting
partner Epithelial Cellransforming Sequence 2 Oncogene (E@pRgar to be reactivated during
tumorigenesis, promoting metastas{Paulat et al., 2019)Given the importance of collective cell
movements for embryogenesis, reactivation of developmentally expressed proteins in cancer cells
could provide an important driver for similar cell behaviours, albeit dysregulated, during cancer
progression. DysregulaA 2y 2 F YIF a0SNJ RS@OSt 2LIYSy (!l tate@moBy | £ f Ay
Notch(Kamdje et al., 2017; Micalizzi et al., 20i0)eltknown in cancer progression. As described in
the section abovanislocalisationof SCRIBBLE can promote cancer invasiveness. The PCP component
VANGL2 is commonly dysregulated in breast caifPewvirajesinghe et al., 2016YANGL2 also
associates with SCRIBBLE and ensures its correct localigatiotien Berg & Sassoon, 2009)
Mutations in VANGL2 prevent this and enable SCRIBBLE to be hijacked for the benefit of the cancer
cells(vanden Berg & Sassoon, 2009ANGL2 also associates with Racl, and when either is lost cell
adhesion defects arisgindqvist et al., 2010)VANGL and FRIZZLED have been extensively studied in

Wnt-PCP driven (breast) cancer, which will be discussed in greater detail Bolegoal of this project
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is to investigate the roles of two transmembrane receptors of the PCP pathway, Frizzled 6 and CELSR1,
in relation to breast cancer. The spotlight is specifically on Frizzled and CELSR receptors because

published literature suggests that they play oppogioigs in breast cancer, as outlined below.

1.7 -The CELSR 1 receptor

Cadherin EGF LAG seygmass Qype receptors (Celsr/CELSR) are atypicgbass
transmembrane cadhering-ig.7)sitting within the cadherin and -@rotein coupled receptor (GPCR)
superfamilies. Within the latter, they are a member of the AdhesB#CR sufamily (Morgan et al.,

2019) There are three CELSR genes in humans (CBLS8RIch are conserved in other vertebrate
speciegEaton, 1997; Hardin et al., 2013; Maung & Jenny, 2@dlsr proteins are atypical cadherins
0SO0IFdzaS (KSeé R2 -¢anin ahdipargciPakelinic®ll récdgiition rather than cell
adhesion. Indeed, a key role for Celsr proteins in transmission of cell polarity across a field of cells
stems from tleir ability to mediate homophilic interactions: they form intercellular homodimers with
Celsr proteins on opposing cell interfaces, most likely through th&griNinal cadherin repeats (Fif).

(Usui et al., 1999)Celsrl protein is large (~400 kDa) in sir€l contains several evolutionarily
conserved motifs. The extensive extracellular domain is comprised of 9 extracellular cadherin repeats,
Epidermal growth factorlike (EGHike) domain repeats and Laminin G (LAM) repeats, a hormone
receptor domain, a GPCRutaproteolysis (GAIN) domain followed bytransmembrane (¥TM)
repeats and finally a long cytoplasmic {@hsta et al., 2023; Formstone et al., 201Q) date, the 3D
structure of CELSR1 has not been published. However, a 3D structure of cadherin dofains 4
determined by xay crystallography has recently been deposited in the protein data bank under the

accession no. 7SZBCSB PDBSZ8: Crystal Structure of Human CELSRYZ, BEH)

1.7.1.Splice variants cEELSR1

Various splice variants @ZELSRé&xist and are evolutionarily conserve@@ormstone et al., 2010;
Morgan et al., 2019; Y. Qu et al., 201Bhumans they are defined by the differentially spliced ¢

terminal tail regionand denoted as the EKP (AA seq.) variant and PDZ (GENEA Séq.) variant
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(Gene: CELSR1 (ENSGO000000753tmmary Homo_sapiensEnsembl Genome Browser 10(0d.)
The PDZ variant is of particular interest since PDZ domains are kndpgrineolved in downstream
protein interaction in celsignalling(lLee & Zheng, 2010 urrently and to the best afur knowledge,

it is not known what factors the CELSR1 PDZ domain interacts with or is linked to.

1.8 The FZD6 receptor

Frizzledseventransmembrane receptors (Fif).sit within the GPCR superfamily and are well
known for their role as receptors for Wnt ligands. They belong to class F of GPCRs with a conserved
cysteinerich domain (CRD) and charged residues in tiieriinal and @erminal loopg(Koval et al.,
2011; Schulte & Wright, 2018; Zeng etal., 2018)CNA T T f SR NB OSLIi 2 NA I NB LINE L
shallow gradients along a body axis and to amplify this signal and, together with Vang and Celsr1,
make it more robust. PCP proteins act downstream to orgatfie actin cytoskeleton leading to

alignment of cell structures and cell behaviours. This will be discussed in the next section.

One Frizzled receptor (Fz6) is known to work together with Celsrl during mammalian embryonic
skin developmen{Devenport & Fuchs, 2008; Hobbs & Formstone, 2022; Oozeer et al., 2017; X. Tang
et al., 2020) CELSR1 and FZD6 have also been shown to associate in the secretory pathway, where
they were found in the same transport vesicles and delivered to the surface togeth&ang et al.,

2020) Oozeer etal. (2017) reveal that CELSR1 and FZD6 play a role in orienting planar cell divisions
in the mammalian embryonic skin. Devenport lab paper reveals a role for Fz6 in local collective cell

movements that drive hair placode formatig@etera et al., 2018)

1.9 WNTFPCP and cancer

The role of WNT signalling in cancer progression isegéblishedKatoh, 2005, 2017; Klaus &
Birchmeier, 2008)Mutations in several components of the canonical WNT pathway are associated
with several cancers (e.g., colon cancer), however, few studies have considered tbanumical
WNTPCP pathwagKlaus & Birchmeier, 20083everal components of the WNPTCP pathway have

been found to be upregulated/overexpressed in certain human cancers, including WNT5a, Frizzled
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receptors and RORKatoh, 2005)Specificallyupregulation of WNT5a and WNT11 has been found
to promote breast cancer migration/invasiveness and cell motility and tumour metastasis,
respectively(VanderVorst et al., 20184 review by Daulat and Borg (2017) lists other \R@GP

ligands, which were implicated in breast cancer progression, including \Nilifat & Borg, 2017)
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are involved when FZD6 works together with CELSR1

Thus upregulation/overexpression of noeanonical WNT ligands may trigger aberrant PCP

signalling, possibly independent Bfizzledupregulation and the loss @ELSRMany studies have
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also suggested that the tumour microenvironmeng( non-neoplastic cells) has a significant role in
cancer progressiofAllinen et al., 2004; Bombonati & Sgroi, 2011; Carraro et al., 2014; Duggal et al.,
2013) Notably, fibroblast derived exosomes promote WAEP signalling to drive breast cancer cell
metastasigLuga et al., 2012However, while Luga eal. showed a link between fibroblasts and Wnt

PCP, they did not show a direct link between eBf@EP and breast cancer.

VANGL has been implicatedMNT-PCRIriven breast cancgiHatakeyama et al., 20LAJANGL
dependent WNT signalling is initiated by a WNT5A binding to the Frizzled6 receptor and recruiting
DVL. VANGL and DVL then work together acting as scaffolds to activate downstream effectors that
mediate actin cytoskeletal rearrangements leading taéased cell motilitfHatakeyama et al., 2014;
MacMillan et al., 2014; Wald et al., 201Dpon activation Frizzled has been also shown to enrich to
the leading edge, where it interacts with integrins and the microtubule associated protein APC through
DVL, regulating cetlell adhesions in human breast cancer cell lifgstsumoto et al., 2010)
VanderVorst et.al. (2023) elegantly show how VANGL overexpression contributes t8@Adriven
invasiveness of breast carcinonf®anderVorst et al., 2023) WNT-PCP could be an important

consideration for this project, sind®NTPCRhis may be promoted by cells of the microenvironment.

1.10 Evidence for a role of FZD6 in breast cancer

Recently human Frizzled (FZD) receptors have been reported to be dysregulated in cancer
(VanderVorst et al., 2019There are 10 FZD receptors in mammals (FZIX110) and of these FZD6,
FzZD7 and FZD8 have been implicated in breast cancer invasiveness and are proposed as potential
candidates for targeted therap§King et al., 2012; Pohl et al., 2017; Simmons G. E. et al.,. 2014)
FZD6 and FZD3 receptors work within core f2iAg et al., 2018; Ghimire & Deans, 201veral
studies report on the role of the FZD6 receptor in cancer with one study focussing on breast cancer
(Cantilena et al., 2011; Corda et al., 2017; Q. L. Wu et al., 2009; C. Xu et al.Ha@18ysregulation
of FZD6 function is linked to increasing the metastatic potential of cancers, howeyet uisclear

but a plausible hypothesis put forward by several research groups is that FZD6 acts as a protooncogene
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(Cantilena et al., 2011; Corda et al., 2017; Corda & Sala, 2017; Katoh, 2005; Neta et al., 2011; Saramaki
et al., 2006; C. Xu et al., 2018pr example, Corda & Sala (2017) lists all cancers in which gene copy
number or RNA levels &ZD6vere found to be aberrant. They report that all studiesdate onFZD6

in breast cancer patients demonstrated either gene amplification or overexpression. Mor&@Rs,

has been reported to be frequently overexpressed in TNBC which may contribute to metastatic
progression(Corda & Sala, 2017Corda & Sala (2017) also demonstrated that FZD6 is frequently
overexpressed in the highly aggressive TNBC subtype compared to normal tissue, and that expression
levels progressively increase with the more invasive subtypes of breast c&hegralsshowed that

when FZD6is knocked down in a luminal type cell line, the effect on cell migration is insignificant.
However, wherZD6wvas knocked down the more aggressive HER2+ and TNBC slikeypell line,

the rate of cell migration was significantly slavérhese data are consistent with a role for FZD6 in
promoting cancer progressiom vivq FZD6 depleted cells injected into the mammary fat pad did not
slow down tumour growth however, indeed thimjected mice exhibited fewer metastases to
secondary siteg¢Corda et al., 2017Ymmunohistochemistry (IHC) on breast cancer patient biopsies
also revealechigh levels of FZD$taining in TNBC. The study has also shown that breast cancer
patients with FZD6 overexpression have a worse prognosis when it comes to relapse and distant

metastasis free survivéCorda et al., 2017)

Another member of the Frizzled familyZD3 has additionally been shown to be significantly
overexpressed in breast cancer and therefore could additionally impact on cancer progression and
invasivenesgCorda & Sala, 201%ZD3 and FZD6 are shown to cooperate in embryonic development
e.g. in the developing central nervous syst@bong et al., 2018; Ghimire & Deans, 201E)e
functional redundancy observed during development raises the hypothesis that FZD6 and FZD3 may

act together in breast cancer.

1.11 CELSR1 receptors in breast cancer

In breast cancer, Liao et.al. (2012), identified gene copy number gai& &Rt two subtypes
of DCIS which are pure DCIS (PDEIS without an invasive componéghtuggerud et al., 2010jand
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mixed DCIS (MD)invasive with anin-situ component. A further study oifCELSR&opy number
aberrations in DCIS reported th&ELSRtvas more commonly amplifiede., copy number was
increased, in noprogressive (benign) DCIS and lost in progressive (metastatic/invasivébe@i@s

et al., 2016) These authors proposed a protective role of CELSRL1 in breast cancer progression and
invasiveness whe@ELSRdopy number or RNA levels are amplifigeradts et al., 2016Notably

this outcome is opposite to that proposed f&iZD6(Corda et al., 2017; Corda & Sala, 2017)
Additionally, Geradts et al (2016) proposed that lossGELSRTopy number contributed to
progressive DCI®&eradts et al., 2016)Another recent study has elegantly shown that how CELSR1
could be a biomarker to distinguish between the luminal and HER3#&l subtypes of breast cancer,

by analysing proteins secreted into the tumour interstitial fluitFj{Terkelsen et al., 2021 his study

has shown that there are clusters of specific proteins secreted into the TIF which distinguish between
low-grade and higlgrade tumours. Proteiprotein interaction networks from differentially analysed

TIF proteins revealed two interestingdiings, first, that CELSR1 levels are markedly upregulated in
Luminal vs. TNBC type breast cancer. Secondly, its interaction partners included SHROOMS3, which is
linked to cell shape changes, and SFRP1, which is linked to WNT signalling and cel($BRiFy

Gene- GeneCards | SFRP1 Protein | SFRP1 Antibody SHROOM3 GeneGeneCards | SHRM3
Protein | SHRM3 Antibogyn.d.) The study has found that CELSR1 and BCAM were significantly
upregulated in Luminal type breast cancer compared to TNBC, which was also confirmed by IHC on
Luminal and TNBC type tissue samples. The authors of the study have suggested the potential use of

this expression signature as a biomarker.

The exact molecular mechanism by which invasiveness is linked to loss and gain respectively of
CELSRANnd FZDeexpression in invasive breast cancer is not yet fully understood, indeed published
data suggests that they may play opposing roles. Given their developmental roles , where CELSR1 and
FZD6 cepperate to directionally align cell structures and cell behargano highly organised epithelia
along both planar and superficibhsal tissue axg®evenport & Fuchs, 2008; Panousopoulou et al.,
2016)0One possibility is that their opposing dysfunction in cancer may first promote disorganisation of

epithelia, which is the most prominent hallmark of cancer, followed by promotion of tumour
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metastasis. With regard to the former, failure of tissue intrinsic outsidéradial) oriented cell
intercalation in the mous€elsrimutant Crash leads to aberrant muléiyering of the early surface

epithelium(Panousopoulou et al., 2016)

1.12EpitheliatMesenchymal TransitionEMT)

Epithelialto-mesenchymal transition (EMT) isreversible processwhere highly adhesive
epithelial cellsswitch to a more migratory characteand which may eventually lead, via gene
transcriptional changes, to &ighly differentiated cell typewith a distinct functionto the original
epithelial cell (Kalluri & Weinberg, 2009 EMT mostly requiresa delamination process.e., a
detachment from the basement membrand&MT processesare required during embryonic
development, tissue remodellingnd wound healing EMT is therefore a normal process that is
observed in thalevelopinghealing humartissues (Kalluri & Weinberg, 2009%MTalso has reverse
process termed MET (mesenchyrtalepithelial transition) where mesenchymal cells regain
epithelial characteristicéKalluri & Weinberg, 2009; M. Park et al., 2022)ere arethree different
categories of EMTLype | EMT is observed during embryatgégelopmente.g. delamination of neural
crest cells to generate the peripheral nervous sysigalluri & Weinberg, 2009; Y. Wang & Zhou,
2011) Type IIEMTis primarily observed during wound healifigalluri & Weinberg, 2009yWhile in
type | EMTMET is vastly observed, Type Il Eddm result in tissue fibrosis during the regenerative
process(Marconi et al., 2021)Type Il EMTS the primary mechanism by which cancer cgdi the
ability to migrate to secondary sitemd therefore becoming metastati(Kalluri & Weinberg, 2009)
EMT is one of the main hallmarks of canfildanahan & Weinberg, 2000, 201l) general,a major
characteristic of EMT is theuppression of £adherin a keyepithelial cell adhesion proteinwhich
occurs via loss of Ecadherin gene transcription. EMT is also characterisethbyexpression of
mesenchymal marker@&alluri & Weinberg, 2009; M. Park et al., 2028¢ most prominentof which
include Ncadherin and VimentinVimentin isa type Il intermediate filamenof the cytoskeleton
which interacts with other cytoskeletgdroteins to regulate cell adhesiomotility, and migration

(Usman et al.,, 2021)Jp-regulation of vimentin inincreasingly invasiveancer cells is thefore
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associated with their increased migratory abilitysman et al., 2021EMT isa complex process that

is usually initiated via a combination different signalling pathways and fadto&ang & Zhou, 2011)
TGH is seen as the main inducer and enhancBEMT in more aggressive types of breast cancer
TGHF ligand binds to TGicell surface receptors and activatetownstream Smadeffectors which
move into the nucleus anihducetranscription ofSnail a master regulator of EM¥. Wang & Zhou,
2011) Other regulators of EMT inde Sug and Twist. Thesdactors regulate the EMT program by
initiating metastasis and activating stem cell trai@ther activators of EMT include WNiiediated

via FZD receptsr receptortyrosine kinases (RTKdhe Notch signalling pathway, the hypoxia
pathway and TNF & A 3 Kalldri& W¢irberg, 2009; Y. WangBou, 2011)An elegant study on
breast cancer EMT has also shown tpattial EMT, rather than full EMT, is necessary for successful
metastasis and colonisation of the lungs. This study has showmttihabreast cancer cells in partial
EMT state have significantly colonised the lungs, compared to breast cancer cells which have

undergone full EMT and had no impact on lung metas{&siénd et al., 2021)

1.13 In vitro models of cancer

Mammalian cell lines are widely used and effective models of human development and
disease. Their use in cancer research is standard practice for testing various hypotheses and theories
before moving ontan vivoand human/clinical studies. One of the first model cell lines was established
over 80 years ag(Gey et al., 19523and the number of available breast cancer cell lines has been
increasing ever since, representing different subtypes of breast cdhodliday & Speirs, 2011)he
main two questions or issues with using breast cancer cell lineswvétso models of breast cancer are
(1) How representative are these cell lines of cancer heterogeneity? (2) When cultured outside their
native environment, cells lose access to the ECM and complex tumour microenvironment, thus how
well representative is this mad of an actual tumour®olecular profiling has enabled researchers to
classify breast tumour into distinct subtypes which has been translated into various breast cancer cell
lines. There is no official classification of breast cancer cell lines, however publications and reviews

have made a useful attempt to match them to their corresponding patient tumour sulfiyaeet al.,
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2017; Y. Qu et al., 2018)ai et al., 2017)Breast cancer cell lines have been classified into the 4
molecular subtypes introduced in sectioh4.1.¢ Luminal A, Luminal B, HER2+ and Basal. Growing
cells in 2D makes them behave differently than what one would obsierxévq nevertheless it
remains the most common way of culturing cancer cell lines for functional agssgction 1.4.1.)
Jensen & Teng, 202M4ence one of the objectives of this study was to optimise an3@tro cell
culture model system for use as a functional assay system. Téspégially important as PCP can
function in 3dimensions. 3D spheroid modelling is, however, more costly and time consuming to
establish, optimise and maintain. It also requires more expertise and sometimes more specialised

equipment and reagents. The folling cell lines have been used in this stiig.8)

1.13.1 Wildtype control breast epithelial cell line, MCF10A

According to ATCC the MCF10A cell line is an epithelial cell line derived froiyeardl
female patient with benign fibrocystic disease (MCF 1GREL0317 | ATCC, n.d.; Soule et al., 1990).
¢tKS a/Cmn! OStf tAyS Aa ayell By mSHAt it is ot urodigertica | WK
though it is immortal (Puleo & Polyak, 2021; Soule et al., 1990). These cells lack any sort of invasive or
oncogenic characteristics and fail to initiate tumorigenesis even when induced (Puleo & Polyak, 2021)
The MCF10A cell line is classified as basal simply because it lacks all three redeptdPikR and HER2+
(Kao et al., 2009). The MCF10A cell line is a powerful tool and is hence used to study normal mammary
gland functions (Qu et al., 2015; Puleo & Polg&R1). The MCF10A cell line is also a parental cell line

for the MCF10A cancer progression series.

1.13.2 Luminal A and-B/pe cell lines

1.13.2.1 T47D

According to ATCC the T47D cell line is a breast epithelial cell line derived from a pleural effusion
of a54-yearold female patient(T-47D- HTB133 | ATCCn.d.) The T47D cell line is an infiltrating
ductal carcinoma. It is EHbositive, PRpositive and HER2tegative, making it a Luminal A subtype

(Dai et al., 2017; Kao et al., 2009; Neve et al., 2006; Yu et al., Zbigell line has mutations in the
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TP53 and PIK3C pathways, it also does not express the hypoxia and-lnaalimg) gene signatures
(Kao et al., 2009From observations these cells grow slower and form uniform colonies until contact

inhibition occurs.

1.13.2.2 BT474

According to ATCC the BT474 cell line is an epithelial cell line obtained from a solid source of an
invasive ductal carcinoma fron6@-year old female patienBT474- HTB20 | ATCCn.d.) The BT474
cell line is ERRositive, PRpositive and HER24positive, making it a Luminal B type cell [{D&i et al.,
2017; Kao et al., 2009%imilar to T47D cells, BT474 cells exhibit a slower growth rate and form uniform

colonies until confluency.

1.13.2.3. Basallike cell lines

Basallike cell lines typically exhibit highly invasive features, including motility, and are also
usually triple negative (characterised by the absence of all three recefi®;sPR and Her2+). Again,
cell lines can be bashke but not triple negativeand vice versa. Dai et.al. (2017) and others further
classify the Basal subtype into Basal A and Basal B. Basal A cell lines dikebiastiiat they are
enriched for a plethora of basal markers, including integrins and cytokeratins. Basal B selltine
called normalike and claudidow are characteristic for ovesxpressing genes associated with

aggressive and invasive features. Basal B cell lines are usually of mesenchymal type.

1.13.2.4 MDA-MB436

According to ATCC the MBAB436 cell line is a cell line of the mammary gland derived from a
pleural effusion and is an adenocarcino(ai et al., 201 MMDAMB-436- HTB130 | ATC(n.d.) This
cell lines lacks all three receptors (ER, PR and Her2+) and is classified as a basal and triple negative
subtype(Dai et al., 2017; Kao et al., 200Bki et.al. (2017) classify the MibAB436 cell line as Basal
(triple negative) A with mutations in TP53 as well as the PTEN and PIK3CA pathways and wound healing
and hypoxia gene signatures. The phenotypical characteristics of these cell lines ar¢ idishat

they have a spindiike appearance and rather than grow in clusters/colonies, these cell lines spread
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individually all over the area when grown in 2D. Furthermore, their growth rate is much faster than

any of the Luminal type cell lines.

1.13.3.5 MDAMB231

According to ATCC the MBMB231 cell line is a breast cancer epithelial cell line derived from
a pleural effusion and is an adenocarcino(dai et al., 201 MDAMB-231- HTB26 | ATCCn.d.) It
is a Basal B (triple negative) cell line and is therefore the most aggressive and invasive cell line used in
this study(Dai et al., 2017; Kao et al., 2008he phenotypical characteristics of these cell lines are the
same as those of MDKIB436 cell lines except that MEMIB231 cells grow even faster. They also
possess TP53, PTEN and PIK3CA mutations as well as mutations in the hypoxia and wound healing

genesignaturegKao et al., 2009)

Less invasive More invasive TN
r"/“
) ® 4N
Phenotype ‘ ‘ % Q’.// 4
T47D BT474 SK-BR3 BT20 MDA-MB436 MDA-MB231
Breast cancer Luminal A Luminal B HER2+ N TN TN
subtype
Source IDC IDC AC IDC AC AC
Markers /PR+/HER2- PR+, ER-/PR-/ ER-/PR-/HER2- ER-/PR-/HER2- ER-/PR-/HER2-
Breast cancer
prognosis

|

Figure8 - Showing the characteristics of the cell lines used in this project as well as their
prognostic significance mirrored to tumours occurring in breast cancer patie@loured arrows
denote worsening prognosisGreeng Good, Orange Poor, Red; Worst. IDGIntraductal
carcinoma, AG Adenocarcinoma, ER-+/Estrogen receptor positive/negativeR +- -
Progesterone receptor positive/negative, HER2-HER2 +/- Human epidermal growth factor
receptor 2 positive/negative.
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1.13.3 MCF10A progression series

The MCF10A series cell lines were also incorporated into this study to assess whether they
could also be a good model to study the role of CELSR1 in breast cancer in addition to the common
cell linedescribed in the introduction. The advantage of the MCF10A series cell lines is that they have
a common genetic makeup since they all come from the same parental cel(Yin€ai et al., 2015)

NeoT is the least invasive in this series with AT1 also representing a low invasive benign type. DCIS.com
through toCal.A, @nd H show increasing invasive behavi¢dr Qu et al., 2015; Santner et al., 2001)
These cell lines are characterised by features of increasing invasive characteristics as seendn Figure
These include an increase in HRAS expression, which is a well characterised oncogene involved in
regulating cell division. Another feature is the decrease in function and expression of the tumour
suppressor TP53. Finally, the MCF10A progression ses@slaws an increase inAKT expression,

which is associated with oxidative stress, evading apoptosis, and motilit9) (Fig.

ﬁ:;m" cell T47D BT474  SK-BR3  BT20 MDA-MB436 MDA-MB231
Preinvasive/ Invasive
less invasive P~
73
e/
MCF10A — >
progression series MCF10A NeoT AT1 DCIS.COM Cal.A Cal.D Cal.H
HRAS expression N + + + + + +
TP53 N - - -
P-AKT N + + + + + +
Other pro-invasive
signalling pathways N + + + + + +

Figure9 - Characteristics of the MCF10A series cell lin€ommon cell lines included on top
comparison
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1.14 Aims and Obijectives

This thesis has sought to identify relevamtvitro models to study the role of PCP proteins in
breast cancer and to investigate how the key PCP protein CELSR1 impacts on the metastatic process

of breast cancer.

The aimsand objectives of this studgre:

1.Gain insight into the genetic variation and function of CELSR1 and FZD6 in breast cancer

patients by usinga computationalapproach

(a) Comparison of CNVs, mRNA and protein expression using thesd¢atgebreast cancer
patient datasets (such as TCGA), including different subtypes of breast.cancer
(b) Correlation of patient survival analysis to determine whet@&LSRand FZD6mRNA
expression haan effect on breast cancer patient survival
(c) Gene set enrichment analyses to determine whet@&LSRAnd FZD6éenrich gene sets
involved in signalling pathways which might contribute to or protect against breast cancer
invasiveness and aggressiveness

2.To characterise relevant breast cancer cell lines to act as potentialitro models to study
PCP in breast cancer
(@)Multiplex gPCR to assess the relative mRNA expressiokldBRAnd FZDan relation to
control.
(b) SDAGE and western blahalysisusing a commercial FZD6 antibogdyELSR1 isoform
specific 4gainst PDZ regioand CELSR1 commercial antibodies to assess protein expression
(c) RTPCR, gel electrophoresis and Sanger sequencing to conduct differential splicing analysis
of the Gterminal tail region of CELSR1 and FZD6
(d) Immunocytochemistry of breast cancer cell lines using commercial FZD6 and CELSR1
antibodies as well as a custamade isoform specific CELSR1 antibody to determine sub

cellular localisation and staining pattern of CELSR1 and FZD6 in human breastelatices
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3.To assess the role and significance of CELSRL1 in breast cancer using model cell lilres and
vitro functional assays
(a) Knock down of CELSR1 in MCF10A and BT474 cell lines using-€aetifiRlIShRNAs and

assessing any phenotgmhanges

(b)Overexpression of mouse Celsrl in highly aggressive-tygasalN MDAVIB231 breast
cancer cell lines and conducting functional assays including MTT, migration and colony

formation assays to determine any tumour suppressive functions of CHLSiR.

(c)3D spheroid assays, together with ICC 2wd@mensionaimaging techniques to study how cell
polarity might change in netransformed breast cancer cell lines as well as cells withdbss

function and gairof-function of CELSR1
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2 ¢ Materials and Methods

2.1. ¢ Bioinformatics

2.1.1 ¢ Analysis of mMRNA expression and copynber variation (CNV)

The cBioPortal for cancer genomics was used to access TCG&Aarean and METABRIC

datasets- https://www.chioportal.org/ (Cerami et al., 2012; Curtis et al., 2012; J. Gao et al., 2013; J.

Liu et al., 2018)CNV and mRNA expression datadat SRAndFZDévas downloaded and compared.
Loss/gain CNV events and mRNA expressggoes were analysed. Calculations and sconag
conducted in Microsoft ExcebHAL DEj deletion of one copy, Diploidoth copies, Gaig additional

copy. CNV events for matching patient samples were compare€ELSRaAnd FZD6 The effect of

CNVs on mRNA expression was then assessed. This was done by downloading mRNA expression z

scores and comparing them to each CNV event.

2.1.2- KaplanMeier survival plots

To assess the clinical relevance&€®&LSRANdFZDEn breast cancer, Kaplavieier survival plots
were generated using KM plotteér [ + y OT 1 & 9 .DeetalNStrvi¥alsplots werengénerated
using the mRNA gerehip datasets. The Affy ID f@ELSR¥vas 41660_at, folFZD6203987_at.
tFGASyda ¢SNB alLX Al dzaAiy3a GKS WrHdziz aStSOG oSai
subtypes without further specification; no other settings were changed. Next, we wanted to see
whether the significance cEELSRéxpression on overall survival changes with increasing invasive
potential of major breast cancer subtypes. The same analysis was conductlEd@thed above;

however, the breast cancer subtype was specified using the Sui@®allen option. Survival plots

were generated for Luminal A, Luminal B, HER2+ and Triple negative subtypes.
2.1.3c UALCAN

TheUniversity ofAlabama at Birminghar@ANer data analysis PortglUALCAN, was used to

determine CELSRAnd FZD6expression in different subtypes of breast canf@handrashekar et al.,
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2017, 2022) The TCGA breast invasive carcinoma dataset was probed, and the graphical outputs

downloaded

2.1.4- GEPIA2

GEPIA2 was used to assess the significance of CELSR1 and FZD6 as a tumour suppressor and
oncogene in breast cancer, respectivedy Tang et al., 2019\ body map was generated to see how
gene expression varies from normal to cancerous tissue followed by a comparison of expression

between different types of cancer.

2.1.5- Gene set enrichment analysis (GSEA)

The cBioporta{Cerami et al., 2012; J. Gao et al., 20b8)cancer genomics and the Gene set
enrichment analysis software (GSEKpotha et al., 2003; Subramanian et al., 200&re used to
assess how CELSR1 and FZD6 expression in invasive breast cancer affect various signalling pathways
and cellular processes related to oncogenesis and metastasis. TC&Aran significant mRNA
expression (RNAseq) data was downloadedGELSRANdFZD6A Y Wi adFDdQ F2NXIF G 1§
YDSYSQ YR W[ 23u zltdzSQ 6SNB RSt SGiSR® ¢KS TFA{S ¢
GKS D{9! A2FUO6I NBd ¢KS WNY1 ®Q Rehranked andysiSwag | & f 2
conducteddza Ay 3 G KS WK ff POHANHHDOMPlI adPadYo2fadayYiQ 3S
Wh2yg/ 2tf1LJASQd b2 20KSNJ aStdAy3aa ¢SNBE OKFy3aISRod

considered significant as recommended by GSEA software.

2.2.-Cell lines

Breast cancer cell lines representing invasive andineasive cancer were selected as potential
models for this study. All cell lines except MCF7 and MCRFA a kind gift from Dr.George

Poulogiannis (Institute of Cancer Research, LonddQF7 cells were obtained-hrouse (original

&

source: ECCACL/ Cmn! OStta& OAYY2NIIfATSR ay2NXIfé oN
Dr.Katiuscia Bianchi (QMUL, Londd)th the exception of the MCF1Q#arental/series, all cell lines

were grown in DMEM (Gibcohigh glucose, GlutaMAXsupplement, pyruvate; Fisher Scientific
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3196602) at 37°C, 5% £®he media was changed every Monday and Friday each week, INitl

growth of each cell line was supplemented with 1% Pen/Strep (Fisher scientifis68876), all
subsequent passages were grown without pen/strep. TheBREK cell line proved susceptible to
contamination, therefore 1% Pen/Strep was used more frequently. MCF10A, AT1 and NeoT cells were
grown in Gibco DMEM/F12 nutrient mix media (Fisheie®ific - 11554546) supplemented with
100ng/mL cholera toxin (MerckC80525MG), 5% horse serum (Fisher Scientifi?694207), 10

pg/mL insulin (Merck 192785ML), 20 ng/mL human epidermal growth factor (Fisher scientific
10193743), 0.5 pg/mL hydrocortisone (Fisher sciertitic199911) and 1% Pen/Strep (as above) at
37°C, 5% GOMCF10ACal.a, Cal.d, Cal.h and DCIS.COM were grown in Advanced DMEM (Fisher
Scientific- 11510436) supplemented with 5% horse serum (as above), 1% Pen/Strep (as above) and
2mM L=glutamine (Fisher scientific15410314)Cellaliquots were store ifiquid nitrogen in FBS and

10% DMSO.

2.2.1- Cell line authentication and mycoplasma testing

Media from cultured cells was routinely tested for mycoplasma by technical staff at the
University of Hertfordshire. Cell lines chosen as models were authenticatelddiytandem repeat
(STRprofiling. This technique results in a uniqbeb fing&¥printspecific to each cell lirend is done
by amplifying polymorphic markers using PERR profiling was outsourced to the UK Health Security

Agencies (UKHSA) cell line profiling services.

2.3 Ethical Approval for study of human NK cells and brezsicer tissue

NHS HRA ethics approval (19/SC/0451) and University of Hertfordshire ethics approval
(LMS/PGR/NHS/02939) were granted for the purpose of obtaining and using breast cancer patient
samples in this study. Patient samples were obtained from the Breast Caoeertibsue bank,
London. Initially 3 samples of DCIS, TNBC and normal breast tissue were obtained for the
characterisation of RNA and protein species. Fixed tissue slides of the same quantity were also

obtained for immunofluorescence assays.
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2.4. RNA extraction and quality assessment

Cells werecultured for RNA extraction as outlined in 2.2 above. Culture media was aspirated
and cells were washed once with iceld 1X PBS. Total RNA was extracted using the Absolutely Total
RNA Purification Kit (Agilent TechnologieB n ny nn 0 | & LIS NJ VYibng, daf &ddingy dzZNB N &
lysis buffer to the flask. Extracted RNA was store@@tC. The quantity and quality of extracted RNA
was assessed using the CLARIOstar Plus reader (BMG lab techy@d 220 wavelengthiMARS data
analysis softwar€BMG lab tech) was used for analysis. RNA samples with A260/A280 ratio of ~2 were
deemed to be high quality extracts. Agarose gel electrophoresis (1.5% TBE gel run for 90 min. at 100v)

was also used for qualitative assessment by observing 2 clear 188amgI2A bands.

2.5. RTPCR and direct sequencing of variant mMRNAs

cDNA was synthesised from RNA using a-Hidglity cDNA synthesis kit (Mergk081955001)
dzaAy3a GKS NIyR2Y KSEIFYSNILINAYSNI LINR(G202t S6AGK |y
using 100ug RNA. Primers were designed based on the sequeknuavat differentially spliced genes
from Ensembl genome browsgh. D. Yates et al., 2028)d NCBI gen@garwala et al., 2018Primers
for RFPCRCELSR)Fp Q ¢/ / D/ /' [ ]! }pQ DXDID¢ DD OX:D 'WHDERR)) ¢ ¢ D o0 ¢
F pQ /¢DDD/ ¢/ ¢DD/ DDpQR¢D¢DOODC¢DW / DPAID6 €1} I -p QT
P/ ¢/ V1 D¢/ !V / ¢-p@RDD/ DONI ' W! FZDERYFPDXX / ¢o¢QT ¢/ / 1V D/ /1 ¢D
RpQ!! I D¢c¢¢! /D! /! 1 DD¢D 0Q® t NBEYSREEp F/2¢ND!y DI it DR / D,
D! D/ ! D! /pQx®I ¢/ / D/ ! D/ / ¢D¢D 0Q® OYRLRAYUG t/ w
PCR core System | kit (PromegaTccnt | & LISNJ Y| igrdzint ad EppdidBokD a A y &
mastercycler nexus gradient thermal cycler. Cycling conditions were adjusted during the optimisation
phase for each primer pair and are detailed in Table 1. A negative control with no template was
included. The positive control was hamCS20 embryonic spinal cord cDNA obtained from the Human
Developmental Biology Resource (HDBR NewcgstHS HRA Ethics Ref. 18/NE/0290)}PRR

products were analysed by agarose gel electrophoresis and DNA sequencing on both cDNA strands.
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Tablel - RFPCR cycling conditions

Stage Temperaturg°C) No.of cyclesXTime
Initial denaturation 95 2 min.
Denaturation 95
Annealing 65 (Primerpair 1) _
66 (Primerpair2) 30x 1 min.each
Extension 72
Finalextension 72 5 min.

2.5.1. Agarose gel electrophoresis for detection of differentially spliced variantsxamgion of
bands

PCR products were analysed by agarose gel electrophonesig a standard laboratory
horizontal midigel tank. Samples were loaded on a 1.5% agarose gel made-Bofate EDTA (TBE),
which was run at 100V for 90 minutes. The gel was-ptahed with GelRed Nucleic Acid Gel Stain
(Cambridge BioscienceBT41003) RO solution in deionized water for 30 mins by gentle rocking.
Stained gels were viewed under UV light, and images acquired using an InGenius 3 manual gel

documentation system and GeneSys software (Syngene).

For Sanger sequencing, PCR was performed as describe@.&80ifPCR reactions using the
same primers were pooled per sample and a volume of 28D uL loaded on a gel madéth wells
of a larger width. PCR fragmeni&re separated using a 2% agarose gel made with TBE to better
resolve bands as they were within <100bp of each other. The gel was run for about 2 hours. Gels were
post-stained as described above but foRlhours, as a 2% gel was used. After stainireygd was
viewed on a UV table andhdividual bands were excised using axtra sharp scalpelExcised
fragments were purified using the QIAquick Gel extraction kit (Qiggey T nn 0 | & LISNJ Y I y dz7
instructions. The final eluate and primers were quantified using the CLARIOstar Plus reader (BMG lab
tech). Purified PCR fragments were verified by agarose gel electrophoresis on a 1.5% gel made in TBE,

at 100V for 90 minutegpoststained with GelRed as described above.
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2.5.2 DNA sequencing and analysis of sequencing data

Sequencing primers together with excised and purified Erisgments were diluted according
G2 {2dz2NOS . A23a0ASy0SQa 6/ YoONRRISOL {Iy3aSNI &S| dzs
DNA, 3.2pmol/uL sequencing primers). Purified fragments were submitted to Source Bioscience for
Sanger sequencing as per theirtimstions. cDNA fragments were sequenced on both strands.

Sequencing data was analysed in FinchTV chromatogram viewer software (Geospiza Research

Team- https://digitalworldbiology.com/FinchTY. Manual quality control was conducted for each

aSljdzSyO0S IyR ofly] abac GSNBE NBLXIOSR gAlK @K
chromatogram. Final forward and reverse sequences were translated using EXPASy translate tool

(https://web.expasy.org/translate/)Multiple sequence alignment of amino acid sequences was done

using EMBIEBI Clustal Omegat{ps://www.ebi.ac.uk/Tools/msa/clustalo/)Human splice variant

and mouse sequences from NCBI Gene were included in the multiple alignment as a reference. Final
alignments were prepared using JalVi@Waterhouse et al., 2009nd colourcoded using ClustalX

based on amino acid features.

2.6.- Quantitative PCR (gPCR)

2.6.1. Housekeeping gene selection

¢CKS NBflFGADS | dz @iwasTused to askedsthe Yo&els &f 2XRresSigrfare
and CELSRh our human breast cancer cell line models. Initially, the GeNorm kit (Primerdegegn
DD 6) was used to assess the most relevant housekeeping gene for our cell lines. The following
candidate genes were selected within the &ACTB, 18S, YWHAZ, GAPDH, ATPSYNTE!, TG¥ T
second set of genes analysed were obtained as re@aage assays from ThermoFisher Scientific based
on studies suggesting these as ideal housekeeping genes for dzaseel gPCRere (Kili¢ et al., 2014;
Tilli et al., 2016)PUML (ThermoFisher scientifie Hs00472881_m1) and CC3HRhermoFisher

scientific- Hs00397623_mH).
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2.6.2.Multiplex gPCR

Tagman primers and Tagman probes were obtained asdpsigned multiplex gPCR assays
from ThermoFisher Scientific with the following dye combinationsCCSERZAMMGB
(Hs00397623_mH};ZD6VIGMGB (Hs01092009_m1) a@ELSRIUNQSY (Hs00947709_m1). The
Oasig Lyophilised gPCR Master Mix (PrimerDesigsigstandard150) was used without ROX (a
background control). The reacton wasskt) I OO2 NRAYy 3 (2 GKS YI ydzFl O dzNJ
of the master mix, predesigngatimer/probe mix and water. Thiwas the main mix which was first
added to each well. The template was added to each well separately at a concentration of 100ng/pL.
The gPCR run was set up according to the Oasig Lyophilised gPCR mastermix user manual, with 40

cycles. The reference samplsed was MCF10A cDNA.

2.7. SDAGE and western blanalysis

2.7.1. Preparation of whole cell lysates

Cells were grown as described (2.2.0), mediaagpérated,and cells were washed with cold 1X
PBS. Whole cell lysates were prepared using a custane cell lysis buffer as reported by Formstone
et.al. (2010) 20mm TriisHCL pH8, 2mm EDTA, 2% TritetOR and 1 tablet of protease inhibitors
per 10mL (Fisher Saiific ¢ 15672129). 1 mL d€e cold cell lysis buffer was added directly to-25T
or T-75 flask on ice, respectively. The flask was left for 10 minutes after which lysis was aided by
scraping tke cells and washing down then sides of the flask. DNAse | (ThermaoFisher ScidBtic
015) was then added. The lysate was then centrifuged at 15,000 RPM for 20 minutes at 4°C. The

supernatant was aliquoted and stored-20°C.

2.7.2 Measurement of protein concentration

Prior to SDS PAGE, total protein was quantified by Bradford assay using the Pierce Detergent
Compatible Bradford Assay Kit (ThermoFisher Scieq@f8246). A standard curve was prepared, and
the standard microplate procedure was followed as per manufd@uN & A Y A0 NHzOGA 2y &4 @
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including the standard curve were prepared in triplicate. Thev@8 microplate was read using a
CLARIOstar Plus reader (BMG lab tech) at 595nm. MARS data analysis software (BMG lab tech) was
used to analyse the data. A curve fitting algorithm was usqudba quadratic standard curve, which

was used to determine the total protein (ug/mL) in each sample. The average of each triplicate was

used as the final total protein at pg/mL.

2.7.3 SDSPAGE

SDSPAGE was carried out using a 7.5% or po¥acrylamide gemade withProtoGel 30%
Soln. 37:5:1 (GeneflowA2-0074), ProtoGel resolvirauffer Tris/SDS (GeneflovB93-0012), ProtoGel
stacking buffer Tris/SDS (GeneflewB3-0014), TEMED (Bioragl 1610800) and 10% ammonium
persulfate+ TEMEDProtein samples were diluted in deionized water to a final concentration of
1lug/uL. Samples (10 pg) were then prepared in SDS fPég@iBent buffer as described by Formstone
et.al. (2010 4M urea, 3.8% SDS, 20% v/v glycerol, 75mrHiCipH 6.8 5% v/v 2Zmercaptoethanol
and bromothymol blue. Samples were then denatured at 95°C for 5 minutes. HumaelIdivere
used as a positive control for FZD6 (a kind gift from Dr Diana Hernandez, Anthony Nolan Trust). The
sample/treatment buffer mixture (20 ul) was loaded into individual wells, thiedyelrun at 180 V for
approximately 2 hours iftXtank buffer @5mM TrisBase 192.4mM Glycine3.46mM SD)s Precision

Plus Proteim All Blue Prestained Protein Standards (Biora610373) were used as a size marker.

2.7.4.- Western blotanalysis

Following SDBAGEthe gel wasequilibrated in transfer buffe(25 mM Tris, 192 mM glycine,
20% v/v methanol) for 15 minutes. The gel was then placed in a western sandwich for wet transfer to
a 0.45pm nitrocellulose blotting membrane (Fisher Scientii©600114), which was carried out for
2 hours in transfer buffeat 80v and 4°Qollowing transfer, membranes were blocked in 5% BSA/milk
PBST (1X PBS, 0.1% Twe@nfor 1 hour at RT or overnight at 4°C. Primary antibody was made in 1%
BSA/milk PBST. The membrane was then incubated in primary antibody overnighbaf4f@urs RT
with gentle agitation. Next, primary antibody was removed, and membranes were washed 3x with
PBST for 5 minutes. Membranes were then incubated with secondary antibody, also made in 1%

54



BSA/milk PBST, at room temperature for 1 hour with gentle agitation. Finally, secondary antibody was
removed, and membranes were washed 3x with PBST for 5 minutes. The membrane was placed on
the imager stage and covered in PietcECL Western Blotting Substrate (32X09hermoFisher
Scientific) or Novex ECL Chemiluminescent Substrate Reagent Kit (ThermoFisher Scientific
WP2000% andleft for 1 minute. Chemiluminescent imaging was the carried out with a myECL Imager
or the iBright 1500 imaging systems (bdthermoFisher scientific). Band size was estimated using the
overlay method which enabled the ladder to be overlayed over the chemiluminescent blot. Images
were exported and edited/labelled using a combination of iBright image analysis software ofgg Bi

ImageLab, Adobe Photoshop and Adobe lllustrator

2.7.5 Antibodies for western blots

Primary and secondary antibodies used for western blots are detailed in the table below

Table2 - Antibodies used for western blots

Antibody Type Dilution Manufacturer

Frizzled 6 rabbit mAb | Primary 1:1000 Cell signalling
technology- 5158

Celsrl pB (CELSR1is({ Primary 1:1000 Generated by
Formstone lab

CELSR1 (CELSR1sc) Primary 1:100 Santa Cruz
Biotechnology ¢ sc
514376

GAPDH Primary 1:5000 Merck Millipore ¢
AB2310

Actin Primary 1:5000 Merck  Millipore ¢
MAB1501

Betaactin monoclonal Primary 1:2000 Fisher  Scientific -

antibody 15597191

Transferrin Primary 1:500 Fisher  Scientific -
11533723

Vimentin Antibody Primary 1:50 DSHR; 40EC

EEAl monoclong Primary 1:1000 ProteinTech 680651-

antibody Ig

HRP conjugated ant| Secondary 1:1000 Cell siganlling

mouse technology- 7076

HRP conjugated ant| Secondary 1:1000 Fisher  Scientific -

rabbit 103796640

HRP conjugated ant| Secondary 1:1000 Cell signalling

rabbit technology- 7074S
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HRP  linked anti| Secondary 1:1000 Merck- A9046
chicken antibody

2.8. Immunocytochemistry

Cells were growin T-25 or F75 flasks until confluent. Cells were then washed with 1X PBS,
tryprinised and seeded at 50,000 cells/well in 2,4 om8ll chamber slides (Fisher scientific
16240681). Media was changed every Monday and Friday where necessary. Cells were fixed when
they reached 8®0% confluency. Media was aspirated from the wells and welte washed with 1X
PBS. Cells were covered in 4% methdred formaldehyde in 1X PBS (ThermoFishet8906).
Following a 18ninute incubation at RT, formaldehyde was rerad, and cells were washed twice
with 1X PBSChamber slides with fixed cells were then either stored sealed in sterile 1X PBS at 4°C

until further processing or immediately processed further.

PBS was aspirated from the chamber slide wells. Fixed cells were incubated in PBS/1% Triton
X-100 for 15 minutes with gentle agitation and subsequently incubated in a blocking soldtéa
goat serum (Fisher Scientifi€1475055) in PBS/1% TritoriLBO for30 minutes at RT with gentle
agitation. The blocking solution was aspirated, and cells were incubated in primary antibody (in 10%
goat serum PBS/1% TritoAlRO) overnight at 4°C with gentle agitation. Dilutions for each antibody
are shown in Tabl8. Primary antibody dilutions were vortexed to mix and centrifuged at 13,000
rpm to exclude large protein aggregates prior to pipetting into each chamber. Next day, the antibody
solution was aspirated, and cells were washed 3 times with PBS/1% Tite®fot 5 minutes. For
secondary antibody alone controls, cells were incubated in block without primary antibody. All cells
were subsequently incubated in secondary antibody (prepared as for primary) for 1hr at RT with
gentle agitation. Cells were then agaiastied 3x with 1X PBS/1% triton for 5 minutes. Where
indicated cells were incubated with Alexa Fluor 488 Phalloidin (ThermoFisher Scié&#R2237)
FOO2NRAY3A (G2 GKS Y HddzFslped inldaBEMGEE S webe yhanigdhtyQeimavady” a
f SFgAy3a 2yt e (KS -ddmidiRo2pherylindole (DAM)NPLXEBS tvére applied
each slide and left for 5 minutes. Excess liquid was gently dabbed off with tissue paper. To mount

the slides a few ibps of SlowFade diamond antifade mountartt€imoFisher ScientificS36967) or
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in-house made antfade mountant(Anti-Fade Mounting MediumJackson ImmunoResearchd.)
were applied to the slide and coverslip was gently dropped downwards at a 45° angle. The coverslip
was the sealed using nail varnish. The slides were protected from light and stored at 4°C overnight

allowing the nail varnish to dry.

2.8.1. - Antibodies for immunofluorescence

Primary and secondary antibodies used for ICC are detailed in the table §elow

Table3 - Antibodies used for immunocytochemistry

Antibody Type Dilution Manufacturer

Frizzled 6 rabbit mAb | Primary 1:1000 Cell signalling
technology- 5158

Frizzled 6 Primary 1:250 R&D systemsAF3149

Celsrl pB (CELSR1is{ Primary 1:1000 Generated by
Formstone lab

Celsrl pA Primary 1:1000 Generated by
Formstone lab

CELSR1 (CELSR1sc)| Primary 1:100 Santa Cruz
Biotechnology ¢ sc
514376

Vimentin Antibody Primary 1:50 DSHR; 40EC

EEAl monoclong Primary 1:1000 ProteinTech 680651-

antibody Ig

CD63 antibody Primary 1:1000 Merck - SAB4700215
100UG

YL 1/2 Primary 1:250 BioRad MCA77G

Cytokeratin Primary 1:1000

Anti-Laminin Primary 1:800 Merck- L9393

Anti-caspase 3 Primary 1:500 R&D systemsAF835

PARD3/Par3 Primary 1:1000 R&D systems -
MABB8030SP

Anti mouse Alexa Flug Secondary 1:1000 ThermoFisher

488 scientific- A-11001

Anti goat Alexa Fluo Secondary 1:1000 ThermoFisher

488 scientific- A-11055

Anti-rat Alexa Fluol Secondary 1:1000 ThermoFisher

568 scientific- A-11055

Anti rabbit Alexa Fluo| Secondary 1:1000 ThermoFisher

598 scientific- A-11012

Anti mouse Alexa Flug Secondary 1:1000 ThermoFisher - A-

647 21242
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2.82 Fluorescencenicroscopy

Fluorescent images were obtained using a Zeiss Axioimager M2 microscope fitted with an
Axiocam 503 imaging device using Zeiss ZEN software (Zeiss Microscopy). Cell fluorescence was
visualised using an EC RMaofluar 63X (1.25) oil objective. The follogiichannels were used for
various fluorophores DAPI (Ex353, Em465), Alexa Fluor 488 (E493, Em517). Alexa Fluor 568
(Ex- 577, Em603), Alexa fluor 594 (EX80, Em618) and Alexa fluor 647 (E663, Em668). The

ZenBlue (Zeiss) software wased for image acquisition and subsequent analysis.

2.9 3D spheroid assays

2.9.1. Matrigel

BT474 and MDMB231 cells grown as described in 2.2.0. above and resuspended in media pre
cooled on ice and mixed with Matrigel (Corni856234) at final concentration of 100,000 cells/mL
as per manufacturer instructions. 200 pL of the -caditrigel mixtre was then pipetted onto sterile
glass coverslips which had been positioned in the centre efialbplate. The mixture was allowed to
solidify for 1 hour at 37Cin a humidified cell culture incubat@and 5% Cgbefore media wasdded
Cellspheres were allowed to form typically for 7 days in a humidified cell culture incubator at/37°C

5% CQ

29.2 c Agarose

Agarosewas useds a substrate for the cells to grow upon as described previddalgwal et
al., 2017a)Briefly, molecular biology grade agarose (Fisher scierttilit66834) was mixed with 1X
PBS to create a 1.6% solution and heated on a hot phafde a biosafety cabinet until the mixture
simmered and agarose dissolvatie wells of a 96 well dottom plateor 8well chamber slidevere
then coated with the agarose whilst still molten. The plaliele was placed under a UV lamp inside
the biosafety cabinet for 1 hour for sterilisation. Cells were then seeded at varying densities

(depending on the cell type) onto the agarose within each well to form spheroids and maintained in
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complete DMEM for 7 days or until the spheroids reached a desired diameter of about ~300uM

measured by GXCapture software (GT Vision UK).

2.9.3. c Alginate beads in agar moulds

Cells were grown in alginate beads solidified in agar moulds as described pre(@ayset al.,
2018) Briefly, 1% technical agar (Fisher scientifi¢793523) in 25mM HEPES and cla@fer was
autoclaved to sterilise, poured in avéell plate, and allowed to solidify. A Pasteur pipette was used to
create 3 holes in the agar plug for each well. Ufitaie alginate (IFF Nutrition Norge AS d/b/a
NovaMatrix- Pronova SLG188BMP) was resspended in HEPES buffer to create a 2% stock solution.
Cells were mixed with alginate or a 50:50 alginate Matrigel mix to a dendi60dgd0 celland pipetted
into the aga moulds. The plate was then placed into a tissue culture incubator 4C8Y allow for
gelation of the alginate which involves diffusion of Ga@k from the agar into the alginate for 1 hour
and 15 minutes. The alginate beads were then carefully removed from the agar plug and placed in
suspension in a 9%vell plate. Media was added, and cells were grown within the alginate beads for a

week initidly.

2.9.5- Ultra-low attachment plates/spheroid plates

Cells were cultured in Corning® Elplasia® -dtka attachment plates (24vell) as per
Y ydzF I O dzNB NBRiafly, theplatdsNbdrOwielte?! yith 800 puL media and spun at 500 RPM
for 1 minute to get rid of any air bubbl@sthe micregrooves This was followed by seeding 5000 cells
per well. Spheroids were cultured for 7 days or until they reached32®0um in diameter, after which

they were processed as describpieviously(Gonzalez et al., 2021)

2.9.6 c Alginate beads

Cells were grown in 1.2% ultpaure alginate beads (IFF Nutrition Norge AS d/b/a NovaMatrix
Pronova SLG10BMP) as described previouglaiswal et al., 2017bBriefly, cells were trypsinised
and diluted to a desired concentration of a total of®ldlls/mL. The cells were sputown, and

trypsin/media removed. The cells were then mixed with 1mL of the 1.2% alginate without creating air
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bubbles. The mixture was drawn into a 1mL syringe with-g Béedle. The mixture was slowly ejected

to generate small drops of cell/alginate mixture over a petri dish with 20 mL sterile €&d@ion.

Upon contact the droplets immediately solidified and formed small beads. These were then placed
into an incubator for 15 minutes to allow further gelation. After the beads were washed twice with
0.9% NaCl and once with complete media. Completeimwas then added to the dish to cover the
beads and cultureth a humidified incubator with 5% @t 37° C for up to two weeks depending on

cell type.

2.11 Overexpression of mCelsrl in breast cancer cell lines

A fulHlength mouse Elsr1cDNA tagged at the-terminus with eGFP and cloned into a
pCDNA3.1 mammalian expression ve¢Eormstone et al., 201@yas stably transfected into breast
cancer cell lines. As the pCDNA3.1 expression plasmid contained a gentamycin (G418) antibiotic
resistance gene, an antibiotic G418 sulphate (ThermoFisher Scietffi@1035) kill curve was first
performed on MDAVIB-231, BT474 and MCF10A cells to determine an appropriate antibiotic
concentration for selective cell growth following transfection. Cells were then seeded iwallL2
plate according to the manufacturers protocol for Lipofectamine 3000 transfection (TheshaoFi
Scientific-L300000). 0.5 ug of mCelsrl expression plasfaidpty vectorwas transiently
transfected into each cell type following the manufacti@eprotocol. After 2 days transfected cells
were analysed using an EVOS FL fluorescent microscope (Invitrogen) with the GFP filter to check for
GFPpositive cells. If fluorescent cells were observed then cells were immediately trypsinised, pooled
if multiple wells wee transfected with the same plasmid for the same cell type, and seeded into a
20cm dish iimmedia containing sufficient G418 to kill nerpressing cell€ells were allowed to form
colonies for 12 weeks depending on the cell line periodically checked for colonies exhibiting green
fluorescence. Most of the media was then removed and-@#ditive colonies were marked with a
circle on the outside of the batim of the dish. Marked colonies were then picked by coincident

scraping and sucking up using a pipette and pipette tip and transferred into a 6 well plate.
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A - Matrigel method

2 The Matrigel cell mix was then deposited

s into wells of a chamber slide.
3.The chamber slide was then placed in an
m - incubator for 15 minutes for matrigel to
o undergo gelation, after which DMEM was
i added and cells were incubated for 7 days
1.Cells were mixed with Matrigel on ice
B - Agarose method
[ =

1.The surface of the wells 2.The agarose coated chamber 3.A desired number of cells was plated
was coated with agarose slide was placed under a UV into each well with complete media and
and let to solidify lamp for 1 hour cells were incubated for 7 days

C - Alginate beads in

agar mould method

1.The agar-CaClz was poured into 2.A Pasteur pipette was used 3. A desired number of cells in complete DMEM
the wells of a 6-well plated to create 3 holes in each well  was mixed with 1.2% ultrapure alginate and

pipetted into each mold

D - Ultra-low
attachment plates

5.The plate was incubated for Th15m
to allow calcium ions to diffuse from
the agar into the molds.

6.The beads were taken out from the
molds using a spatula and placed into
a 96-well plate with complete media
and incubated for 7 days

1.The ULAP plate was 'wetted' with media and spun at low sleep to remove air bubbles

2.A desired number of cells in complete DMEM was pipetted into each well and the

plate was placed inte an incubator with 7 days

1.A desired number of cells was SEUI'I d_own 3.The alginate-cell mixture was 4. Beads were then washed 3x
and the pellet resuspended in 1.2% alginate drawn up into a a syringe with a with 1XPBS and complete

2 The petri dish was placed into an incubator needle and was then slowly ejected media. Beads were then

for 15 minutes to allow for complete gelation dropwise inte a petri dish incubated in complete media
of the beads containing a CaCl2 solution for 7 days

F - EHS on-top culture

1.The surface of the wells 2.A desired number of cells was resuspended in
was coated 50ul EHS and assay medium and plated on top of the solidified
left to solidify in an EHS. Sphercids were grown for up to 14 days in
incubator an incubator
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Figurel0- Various methods used for 3D cell cultur&E- Method titles are selexplanatory. Detai
in text. Created with biorender.com

Once cells were confluent within thev@ell plate cells were grown up in a7b flasks for freezing
down, as described belowultiple vials were frozen as individual vials of frozen cells were grown on
for protein and functional analysis but only passaged once before disposal due to DNA recombinant

events in the cancer cell lines which silenced or removed the mCelsrl exprelssiond.

2.12- Lentiviral based shRNA knockdown GELSR1

2.12.1 Lentiviral based ShRNAs

Small hairpin RNAs (shRNA) fOELSRH SNE 02 i@ B & StWRAFlL & Gt AR G ¢
(SHCNLYV) from Sigma/MERCHELSRIhRNA containing MISSION pLKO.1 plasmids with puromycin
antibiotic resistance were either purchased as lentiviral particl&sg@n) generated by transient
transfection, or MERCK provided us directly with shRNA containing lentiviral transduction particles.
aKwb'!a aSljdzSy0Sa 6SNB pQ ! DD! DD¢D/ ! !/ / ¢D¢! ¢! ¢!
GAGKAY YR (FNBSISARATACSDbLOPLEDR/ ' §RoOQPQOEWIBDAAAAAMI
located within theCadherin3 domainf CELSR%ge FiguretO in Chapter 3. The MISSION® pLKO.1

puro nonrmammalian shRNA Control Plasmid DNA (SHC002) was used as a negative control.

2.12.2- Lentivirus production using Calcium phosphate method

To generate lentiviral particlddEK293 cells were grown in & 75 flask until confluent. Cells
were then trypsinised and seeded at a density of 2.3g&0s per well in a-vell plate. Once the cells
reached around 580% confluency, the transfection procedure was started. On day one, the shRNA
containing plasmid was transiently transfected into cells using the CalPhos Mammalian transfection
kit (Takara631312) along wittthe MISSION® Lentiviral Packaging Mix (Sigdrach- SHP001) which
containing vwal packaging plasmid§ 2t f 2 Ay 3 GKS Y| ydzZFl OGdzZNENR& Aya
overnight incubation, the calcium phosphate containing medium was removed and cells were washed

once with 1X PBS ar&dmLof fresh media was added. Media used was specific for each celidine
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describedThe cells were incubated for an additional 48 hours. On day 4, the virus containing medium
was collected and stored aP@. Media was replaced fresh and virus expressing cells shed virus into
the media for an additional 24 hours. On day 5 the second batch of virus containing medium was
collected and pooled with the first. The pooled media was centrifuged at 1500rpmrfanutes and

the supernatant transferred into fresh falcon tubes. A small quantity of raw supernatant was retained
for estimaton of viral titre. Following sterile filtration of supernatant using a 0.45filkér. The
supernatant was ultra&entrifuged at 26,000 RPM at 4°C for 2 hours to sediment the viral particles
which were subsequently rsuspended in 150uL sterile 1XPBS following aspiration of the
supernatant. 120puL aliquots were made, placed on dry ice, themexl at-80° C. The viral titre of

the concentrated particles was determined using qPCR as described below. All plasticware in contact

with lentivirus particles were #ated with 10% bleach solution before disposal by autoclaving.

2.12.3c Lentivirus production using Lipofectamine 3000 method

HEK293 cells were treated as outlined in 2.12.2 above and Lipofectamine 3000 transfection
reagent (ThermoFisher Scientifit. 3000001)was used together with the lentiviral packaging mix
LINE G202t | O02NRAY3 G2 GKS YIydAl OGdzZNBENDEA Ay ad N
according to the two protocols optimised for angll plate. The transfection cocktail was added to
the wells and cells were incubated overnight. On day two the media was removed and replaced with
fresh media which was left ocells for a further 24 hours. On day 3 the virus containing media was
harvested and stored at 4°C: fresh media was added to the cells. On day 4 the virus containing media
was harvested for a second time, pooled with the first and stored at 4°C. A sraalitguof media
was put aside for viral titration. The remaining media was subject sterile filtration aSidgum filter
followed by ultracentrifugation at 26,000 RPM at 4°C for two hours to concentrate the viral particles.
The supernatant was aspiratednd the viral pellet was resuspended in 150uL of sterile 1XPBS, 50uL
aliquots were made. The viral titre of the concentrated particles was determined using gPCR as
described below. All plasticware in contact with lentivirus particles were treated with h@ach

solution before disposal by autoclaving.
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2.12.4¢ Lentiviral titre determination

Viral titration wasperformed using the gPCR Lentivirus Titre Kit (&iwA00) following the
manufacturers protocol. Brieflithe ABI Quantstudio 7 Flex instrument (Applied Biosystems
ThermoFisher Scientific) was used with the SYBR green channel, as the kit included SYBR based probes.
CKS TFAYLf RSAANBR GANIt GAGNBE ot a OFftOdzZ-I §SR dz

https://www.abmgood.com/gpcHentivirustitration-titer-kit.html .

2.12.5 Lentiviral transduction

shRNA plasmids contain a puromycin resistance gene and thus a puromycin kill curve was
performed on cell lines to determine the minimum concentration of puromycin required toe{if
which do not express the shRNA plasmid. The protocol for MISSION lentiviral transduction particles
(SHCLNV, /IMERCK) was followed. Number of viral transduction particles required was calculated by
dzaAy3a GKS Sljdz GA2Yy A thisWaS defendérntanith® iundeioNEl& seeddt? ( 2 O 2
per well and the multiplicity of infection (MOI) desired (5 and 20 MOI were usgifly, 24 hours
prior to transduction, cells were plated in a-8&ll plate and incubated until they reached-B0%
confluercy. The lentiviral stock/viral particles were thawed on ice. Hexadimethrine bromide (Merck
H9268) in 1X PBS was added to cells at a concentration of 8ug/mL to enhance transduction. The
calculated volume of lentiviral particles corresponding to either 3®MOI was added to each well.
After 24 hours, media was changed and after a further 24 hours cells were tryprinised and moved into
a 6well plate with complete DMEM including 0.0005 mg/mL puromycin. Cells were grown until stable
colonies had formed. Theeto five colonies for each MOI were picked per cell line and expanded on
into 6 well plates. Once cells wetenfluent,they were trypsined and grown on into aZb flask and

multiple aliquots frozen in liquid nitrogeas described before, but with the addition obQug/mL

puromycin.
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2.12.6 ¢ Wound healing assay

Control and experimental cells were seeded in triplicate inveed plate at 200,000 cells per
well. Once cells reached confluency (typically 48 hours after seeding), a uniform horizontal scratch
was performed using a sterile yellow P200 tip. Another tsbravas performed in the same well
vertically resulting in a cross scratdris was done to maximize the number of imaging points and
minimize uneven scratch areas. Media was aspirated following the scratching process and cells were
washed once with 1XBS to remove cell debris. PBS was aspirated and replaced with fresh media.
Each scratch was photographed at 3 different time points, Oh, 24d48h, using @ OlympusCKX41
inverted microscopditted with a GXCAM HIChrom®ET cameraat 4X magnification (Ohr). The ecell
free area within the wound scratch was then measured usingage J (Schindelin et al., 2018)ng
a specialised plugin for wound healing asg8tsarezArnedo et al., 2020Mean of 3 scratch sites per
well x technical repeats for each of n=3 samples were calculated in excel and n=3 values for biological
replicates plotted on a graph using GraphPad Prism.-@©heé ' bhzx! GAGK ¢dzl Se ¢

comparisons test was done for sistical analysis.

2.12.7 MTTassay

Cell proliferation was assessed using the MTT assay kit (Abed211091) following the
manufacturers protocol. Briefly, 10,000 cells were seeded in each well ehvelflate in quintuple,
which included 5 control wells which contained media only amddils. Once cells had reached 70%
confluency, media was aspirated and replaced with 50uL fresh media + 50uL MTT reagent. The plate
was covered with foil and incubated at 37°C 5% 003 hours. After 3 hours the MTT reagent was
carefully removed andaplaced with MTT solvent, which had been{ararmed to 37°C. The plate was
again covered and shaken on an orbital shaker for 15 minutes at RT at moderate speed. Finally,
absorbance readings were taken at OD= 590 nm taken using a ClarioStar plate readdrg@bth).

An unpaired studentstest was conducted for statistical analysis.
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2.14c Figures

All figures were created using a combination of Adobe lIllustrator 2020, Adobe photoshop 2020,

Microsoft Powerpoint and Biorendew{vw.biorender.com). Where the figures were created solely

by the author, Biorender is not mentioned.
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3. RESULTGIN SILIC@HARACTERISATION OF THE ROLE OF CELSR1
AND FZD6 IN BREAST CANCER

3.1 Introduction

Computational biology has become a significant part of cancer research over the last decade
and plays an important role in modern day cancer research. L#@igegdatasetsderived from
extensivein-depth patient studieshavegranted cancer researchers access to a wealth of data, which
can beinstrumental in the design o vitro experiments. This project has utilisbbinformaticstools
to determine the significance CELSR1 and FZD6 have in invasive breast cancer. mRNA expression
levels, patient survivalataand gene set enrichmentere all analysedboth generally across breast

cancer butalso across suigpes of breast cancer.

3.2 CELSRAnd FZDEMRNA expressioare both alteredin breast tumoursamples

In order toverifythat CELSRexpression is altered in patients with breast cancer, IGERnd
UALCAN were used to probe the TCGA database for mRNA expression data. A body map and a
corresponding graph, showinQELSRand FZD6expression in all TCGA datasets (breast cagcer
BRACA s highlighted with a red arrow) were generated. In. EljCELSRexpressiorwas found to
beincreased in breast tumours (40.09 TRMg median) compared to normal healthy controls (8.89
TPM-Log median). From among all the different types of can€#| SRexpressiorwasmost altered
in breast cancer compared #€ZD6The lower panel of FiglA shows howZD@s expression is altered
and it can be seethat thereis a small differencebetweenF2D6 expression itumour (16.29 TPM
Log median) and normal healthy controls (13.07 THMg@ median)is 3.22 TPMLog median In
contrast, he difference between tumour and normebntrolsfor CELSR$ 31.2 TPMLog median.
These data are reflected in thetensity of colour for breast in thbody map schematics (FigA)
which overallprovides a useful visualisation EELSRAnd FZD6expression levels in healthy versus
tumour tissue for eaclorgan: FZP levels are highest in lurigmours (Figl1A). Next, we looked at
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mRNAexpression datdor breast cancegenerated by UALCAN. FigB showsCELSRéxpression
levels are significantly higher measttumours (26.7 TPMmedian) compared to normal (12.42 TPM
¢ median) controls, whereaBZD6expression levelare significantly lowen breasttumours (20.41
TPM¢ median),compared to normatontrols 4.26 TPM median) but with a smalleiP value than

for CELSR1

3.3 Opposing impact cEELSRAnd FZD6on patient survival with different breast cancer sutypes

Previous publications have reported increaseBELSRfiene copynumber in less invasive breast
cancers and decreasedELSRdene copy number in more invasive breast can¢&sradts et al.,
2016; Liao et al., 201®)hereas the opposite was reported fBZDECorda et al., 2017; Corda & Sala,
2017) Ouranalysis of invasive breast cancers (T@@&#cancer database) confirmed that up to 30%

of patient samples exhib@ELSRdbopy number loss anldZD&opy number gain (Fig.12A). Since copy
number variations are not always reflected in mRNA expression levels, mMRNA data mining was
performed. It was found that mRNAszore the number of standard deviations from the mean
decreases with reduced comumber for CELSRIih invasive breast cancer and increases with copy
number gains foFZD6 changes in copy number were significant in both cases when compared to
diploid tumour samples (Fig.12B). InterestingddELSRMRNA levels decreased in instances where
CELSRbpy-number was gained.ow expression diELSRbn the other hand, had a negative impact

on patient survival. In comparison, althou§ZD6expression isiot so drastically altered in breast
cancer patients (Fig. J2high expression has a significantly negative impact on the survival of breast

cancer patients.
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Figurell- CELSRAnd FZDéexpression is altered in breast cancer and affects patient survidal
Body map and doplot showing increased levels GELSRih breast cancer patients compared to
healthy individuals (top}-ZD&xpression levels are slightly increased in breast cancer patients
compared to healthy individuals. All expression levels are in transcripts per million (BPVWALCAN
data showing significantly higher mean expressio@BESRih cancer patients compared to health
controls.FZD@nean expression is significantly lower in tumour patients compared to healthy co
but expression is more varied. Studdrtest (all data for this figure was downloaded directly from
respective websiteshttp://gepia2.cancerpku.cn/andhttps://ualcan.path.uab.edu). P values are
indicated
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Figurel2- Copy number variations vs mRNA expression, survival plots and subtyf€eBotal % of
patients from TCGA BRCA tidELSRjain/FZDdoss andCELSRbssFZD&ain.B. mRNA
expression score vs. CNVs in the TCGA database. CELSR1 mRNA expression increases frc
CNV to diploid but then decreases with a gain CNV. FZD6 mRNA expression increases from
through to gainC.Kaplan Meier survival plots showing that differing expression levelSBESR1
(left) andFZD{right) significantly affect the overall survival (OS) of breast cancer pattdigts.
expressiorievels of CELSRiave a positive impact on patient survival compare#&D6D. Breast
cancer subtype distribution of the TCGA dataset taken from cBioPortal. Luminal A breast can
most common, followed by Luminal B, Basal and finally HER2aues are indicated.

The TCGA dataset comprises different breast cancetygés with luminal the most

commonly represented followed by basal (triplegative) sukypes and then HER2+ sub
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types (Fidl2D). Brealdown of expression data for each stype revealed thatCELSR1
expression levels were significantly increased in the less invasive Luminal subtype but
significantly decreased in the more aggressive HER2+ andrggkgive (TNBC) subtypes
(Fig. 13A). FZD6expression was significantly increased in TNBC, which is consistent with
previous studiegCorda et al., 2017; Corda & Sala, 201&¥sessment of patient survival for each
subtype however revealed no statistically significant difference<CieL SRir FZDGFig13C)
although high levels ac€ELSRANnd low levels oFZD6wvere nearing significance for a better
prognosis in Luminal A sdippes. It was also surprising that HER2+ and basal subtypes
AaK2 6 SR | CEESRpredHo0 levelgssociated withpatient survival with a trend

for higher expression ofCELSRa&ssociated with a worse outcome for surviva@his was
compared toa trend for higher CELSRé&xpressionassociated with @etter outcome for
survival in patients witlthe less aggressive Luminal A and Luminal B sub{ifiE3C). Taken
together, these dataconfirm that CELSR1 expression is significantly increased in Luminal
breast cancer subypes, which is associated with better survival outcomes for patients. In
more invasive breast cancer however the situation is reversed, and survival outcomes appear
worse whenCELSRéxpression levels are higheConversely, lowrZD6expression in less
aggressive breast cancer shows a trend for better survival outcomes, whilstFZiDB

expression is strongly associated with more invasive breast cancer.

3.4 GSEA software predicts positive and negative enrichment of gene pathways @trSRand
FZD6expression is alteredh breast cancer

TCGA BRCA data downloaded from cBioPortal using the GSEA software can be used to
predict which defined sets of genes are significantly enridbettveen two biological states,
which in this case is breast cancer exhibitiGgLSREand FZD6gene copy number

variations/mRNA expression levels and diploid breast cancer. This is possible through the
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computational analysis of thousands of gene expression patterns across hundreds of cancer

specimens.
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Figurel3- CELSRAnd FZD6éexpression varies across breast cancer subtypeUALCAN expressi

data showingCELSRh expression in the TCGA BRCA dataset (in TPM) based on different sul
of breast cancer. There is a significant increase in expression between normal and luminal ty
breast cancer, while in HER2+ and triplpative typesCELSRdxpression levels drop below the
normal healthy control.B. WhileFZD@evels are lower in luminal and HER2+ compared to norr
samples, there is a significant increase in the tripdgative breast cancer compared to healthy
controls. C KaplaAMeier survival plots for diérent subtypes of breast cancer (from the least
aggressive Luminal A to the most aggressive Basal subtype) ba§ifl 8ivdnd FZD6expression
levels. The logrank P test p value increases with subtype aggressivene&d 8RAM plots. There
is no direct pattern seen witRZD&M plots.P values are indicated
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Thestated goal of GSEA toidentify genes sets related to various signalling pathways
in a list of ranked genes and determine if there is statistically significant differ8rgraficant
gene enrichment is defined by agbability () value of <0.05 and a false discovery rate (FDR)
of <25%. Such enrichment profiles could direct research studies towards particular cancer
signalling pathways linked to change<€iBELSRaAnd FZD&xpression which may help uncover

their potential role in breast cancer progression.

Several gene sets with potential protective effects were found to be positively
enriched in the TCGA breast cancer datasets WhiehSRaxpressiorwas altered in patients
presenting with different breast cancer stypes, as shown in Eig2D. Luminal sulypes
were most highly represented within the TCGA databasel@).whichis consistent with
the positive enrichment of gene sets involved in early and late estrogen responsei)fFig.
Gene sets regulating mitotic spindle stability were also found tpdsatively enriched, which
is of interest a<CELSRi$ known to play a role in mitotic spindle orientation (Oozeer et al,

2017). However, MYC targetere also found to be enriched positively.

Gene set enrichment analysis revealed negative enrichment of multiple gene sets
involved in signalling pathways linked to oncogenegigtastasis,and drug resistance
(Figl5). Notable in this group are pathways linked to angiogenesis and epittelial
mesenchymal transition (EMT) which are strongly associated with cancer metéEtatiszzi
et al., 2014) Another gene set negatively enriched G¥LSRihcludes thekRas signalling
pathway kRas signalling incancer iswell known to contribute to breast cancer metastasis
(Galie, 2019; R. K. Kim et al., 20I8)e hypoxia pathway is also negatively regulated by
CELSR1Hypoxia is known to contribute to breast cancer metastasis, angiogenesis, and
resistance to drug therapyMuz et al., 2015)TNFr @A b CS . arAdylrttAy3Iz

hypoxia, increasesmetastasis, and correlates with poor prognosis in breast cancer
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(Mercogliano et al., 2020; Xia et al.,, 2018he reactive oxygen speci@ROS)pathway
influences the tumour microenvironment, particularly having an effect on metastasis,
angiogenesis and inducing cancer cell survival pathyaggarwal et al., 2019)nterferon

alpha (INP 0 highilevels has been reported to increase the metastatic potential of breast
tumours (Provance & Lewig/ambi, 2019) Metastasis promoting pathways, such as
IL6/JAK/STAT3 (which is known to promote EMT, cell proliferation and suppression of
apoptosis) and aberrant IL2/STAT signalling (which increases metastasis, survival, and
proliferation of cancer) are also signifitgnderegulated(Halim et al., 2020; Manore et al.,
2022) Components in the coagulation pathway, such as tissue factor, have been implicated
in breast cancer metastas(Belting et al., 2005)Components of apical junction signalling
have been attributed to have tumour suppressive and tumorigenic effects in cancer,
(GonzéaleaVariscal et al., 2020)As a PCP protein, altereadELSR#&xpression might be
expected to disrupt AB cell polarifshi et al., 2014) Interestingly, the WND-catenin
signalling pathway, even though negatively regulated was not altered significantly.
Upregulation of WNb-catenin signalling is well characterised in promoting breast cancer

metastasigKlaus & Birchmeier, 2008; MacDonald et al., 2009; Pohl et al.,.2017)

Of particular interest was the opposition of oxidative phosphorylation (positively
enriched) and glycolysis (negatively enriched). Tumour cells notoriously use glycolysis to drive
tumour growth, the secalled Wahlburg effecfHeiden et al., 2009)it is highly interesting

therefore that CELSR#$ associated with the downregulation of glycolytic datasets.

Gene set enrichment analysis was also conducted for TCGA BRCA &zédn
contrast toCELSR1t was found thaFZD6wvas significantly associated with positive

enrichment of gene sets involved in oncogenic and metastatic signalling processes (Fig.16).
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These included gene sets linkedd&F target genes involved in promoting cancer cell

survival and metastas{glollern et al., 2019; Yan et al., 2019)

Gene sets positively regulated by CELSR1
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Figure 14 - Gene sets positively enriched bELSR1IThe following gene sets are significa
positively upregulated b ELSRih invasive breast cancer. NESlormalized expression score, N
- Nominal p value, FDRfalse discovery rate (significant if <25%).

Another positively enriched gene set is linked to fatty acid metabolism. Cancer cells need
SYSNHe& (2 adaNVAGS FyR INB ¢Sttt (yz26y (G2 WKAZ
(Koundouros & Poulogiannis, 2018atty acids are known to act as secondary messengers in

the oncogenic process, as well as having an involvement in progression and metastasis, and

the ability to remodel the tumour microenvironmefKoundouros & Poulogiannis, 2019;

Snaebjornsson et al., 20203bnormal mTOR signalling is well characterised in breast cancer

and is known to promote tumour cell proliferation and metastdsisre & Harvey, 2017; Zou

et al., 2020)Both MYC targets and oxidative phosphorylation sigmificantly enriched by
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FZD&and CELSRFig.15 and Fig.16). MYC is known to be overexpressed in basal like breast
cancer and to contribute to oncogenesis and resistance to thefgalah et al., 2017; J. Xu

et al., 2010)
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Gene sets negatively enriched by CELSR1
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Figurel5 - Significantly positively enriched gene sets BELSRESc Normalized expression sco
NMp- Nominal p value, FDRfalse discovery rate (significant if <25%).
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Gene sets negatively enriched by CELSR1
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Figurel5 cont.- Significantly positively enriched gene setsGiLSRdont. NEE Normalized
expression score, NMpNominal p value, FDRfalse discovery rate (significant if <25%).

Overexpression of MYC in breast cancer is also linked to metastasis and generally a
poor prognosis, sustaining cancer cell growth and regulating metabolic pathways, which are
dzadzl £ £ @8 WKA2F O]l SRQ (2 (FaWatizéttal., 20173 O XIN&t &.52010) LINE f
Notably,oxidative phosphorylation pathway has been associated with a worse prognosis in
breast canceEvans et al., 2021Fz6 functions alongside Celsrl in mouse embryo skin in

orientation of spindle alignmenfOozeer et al., 2017)To complete the picture, gene sets
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negatively enriched bfZD6were investigated (Fig. 17). Surprisingly, only a few of these are
relevant to directly regulating the tumouenvironment. Moreover, and as foIlCELSR1
negatively enriched gene sets included those linked to apical junctions, EMT, KRA$~and
hkbC¢ . a loskyof dpical jirdtions is intimately connected to EMT. Both down
regulate cell adhesion, which is one of the hallmarks of metastasis, therefore positive
regulation and maintenance of cell adhesions is important to preeancer from spreading
(Brennan et al., 2010; Gonzé&lstariscal et al., 2020As reportedEMT is negatively regulated

by both CELSRand FZD6 This fits with our hypothesis abothe role of CELSRit luminal
breast cancerSpecificallyits knownrole in cellularand tissue organisation in the sense that
CELSR1 preventzll plasticity and maintains celkll adhesions.This is an interesting
phenomenon considering that FZD6 has been characterised as an on oneogereported

to positively regulate EM{ICorda et al., 2017; Corda & Sala, 20Hpwever, the oncogenic role

of FZD6 has been reported in already invasive breast canstould be noted that the GSEA
analysis has been conducted on all types of breast cancer. Ther#ier&ct that FZD6is
exhibiting negative regulation of EMT might reflect Aamasiveluminal subtypes of cancer

where its role might beinknown.

KRAS signalling and TNk b C¢ . ardaylrttAaya FINBE 4Stft OK
oncogenesis and metastag(salie, 2019; R. K. Kim et al., 2015; Mercogliano et al., 2020; Sero
et al., 2015)However, it has been also reported, thafiNBGncreased KRAS signalling might
be beneficialTokumaru et al., 2020Altogether the gene enrichment data highlight several
downstream signalling pathways affected by changeSEh SRAnd FZD&ene expression in

breast cancer patients, which can be investigated further usingtro-based assays.
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Gene sets positively enriched by FZD6
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Figurel6 - Gene sets positively enriched by FZO®e following gene sets asignificantly positive
upregulated by FZD6 in invasive breast cancer.q\¥gBmalized expression score, NMplominal |
value, FDR false discovery rate (significant if <25%).
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Figurel? - Gene sets positively enriched by FZO®e following gene sets are significantly positi
upregulated byFZDG@n invasive breast cancer. NESormalized expression score, NMpominal
value, FDR false discovery rate (significant if <25%).
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