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Summary

A role for Interleukinl receptorassociated kinase 1 (IRAK1) in promoting tumour growth
and metastasis has been identified in recent years, across seugedsiag cancer
subtypes (Rhyasest al 2013, Weeet al 2015, Dussiaet al 2015). In certain cases, this
has been linked to already recognized mechanisms associated with IRAK1 from its role in
regulating immune responses, such asaBFactivation (Weeet al 2015). However, novel
roles for IRAK1 in driving tumour growth have been identified that are unrelated to any
previously defined role, including inhibiting PIDDosomediated apoptosis (Liet al
2019). This study showed that IRAKexpression was elevated in tamoxifesistant
(TamR) ER+ breast cancewith IRAK1 knockdown significantly redug the growth of
TamR cells as assessed by 2D and 3D growth assays. Additionally, IRAK1 knockdown
impaired the agonistic effects that taxfen has on the growth ofamR cells and re
sensitizes the cells to tamoxifen. This work identified a novel role for IRAK1 in regulating
HER family expression in response to tamoxifen treatment, a significant finding as all
members of the HER family habeen linked to tamoxifen resistance previo8igitton et

al. 2006, Cuiet al 2012, Thranest al 2013, Wegest al. 2018) Further, we identified an
important role for IRAK1 in Aurora kinase AAuroraA) activation in response to
tamoxifen treatment. AoraA activity has been linked to aggressive tumour growth and
poor patient prognoses across a number of cancer subtypes, with-Aurdridition being
extensively studied as a potential therapeutic option (Bavetsias and Linardopoulos 2015).
This study &0 examined the efficacy of using drugs that inhibit IRAK1 and JNK family
kinases, alone or in combination, as novel therapeutic optionfaft¥R breast cancer.

JNK has aleadybeen linked to treatment resistance in TNBC and pancreatic cancer (Ebelt
et al 2017, Lipneret al 2020). We found that IRAK1 and JNK inhibition alone reduced
TamR ER+ breast cancer cell growth, with less marked effects observeanioxifen
sensitive Tam-S) cell lines with JNK specific inhibitors, as assessed by 2D and 3Darellu
assays. However, combined inhibition of IRAK1 and JNK synergized to potently inhibit
TamS and TarR ER+ breast cancer cell growth. These findings support progressing this
research tan-vivo models of TarS and TarrR ER+ breast cancer, as well as otheeast

and aggressive cancer subtypes. Overall, this work has identified a novel role for IRAK1 in



tamoxifenresistant breast cancer and indicated the potential therapeutic benefits of

targeting IRAK1 in this cancer subtype.
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Chapter 1

General Introduction

19



1.1. Interleukin-1 receptorassociated kinase 1 (IRAK1).
1.1.1.IRAK1.

IRAK1 is a serine/threonine kinase that is recognised for its role in the innate immune
response (Kawagoet al 2008, Gottipatiet al 2008, Flannery & Bowie 2010). The
mammalian IRAK family consists of four members, IRAK1, IRAK2, IRAKand IRAK4

which all play important roles in regulating Interleulinreceptor (Ik1R) and ToHlike
receptor (TLR) signalling pathways. IRAK1 was thestf member of the family to be
discovered, and is ubiquitously expressed in humans (Cres&n1995, Cacet al. 1996).

The IRAK family only share around 3% sequence homology, although they are
organised into similar structural domains. IRAK1 caméaan Nterminal death domain
(amino acids 1103), followed by a proling serine and threoningich region known as the
ProST region (amino acids 1:048), a central kinase domain (amino acids-399) and a
C-terminal domain that is separated into B-domains, C1 and C2 (amino acids 5218

and 619712, respectively). IRAK1 is catalytically active, with a lysine residue at K239 in
the ATRbinding pocket and a critical aspartate residue at D340 believed to be essential for
kinase function (Gottipagt al 2008, Flannery and Bowie. 2010, Jairal. 2014).

X = K239, D340 important 3 TRAF6 binding motifs
for kinase activity c

N
{ \
IRAKL d\ DD PR X X KD co | e IS

—

103 198 364388aa 522 618 712

Activation loop

N
C
IRAK2 d\ 5

94 196 489 590
N
C
IRAK -M d\ 5
106 157 469 596
N C
IRAK4 d\ 5
95 166 460
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Figure 1. 1. Structur al repr e slema gaet i aodha potfe dt
Gottepa2l08 and Flannery & Bowi e, 2010. D
Regi on; KD = Ki natseer mionmeali nDo ngdleDn mil )Ca C2 Do ma
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Following the stimulation of IELR/TLR, a signalling cascade is initiated by the
Toll/Interleukin1l Recepto (TIR) adaptor myeloid differentiation primary response protein
(MyD) 88. MyD88 is recruited to the intracellular TIR domain of the receptors after ligand
binding and interacts with the receptors via its own TIR domain. MyD88 oligomerizes and
then interats with IRAKs through their death domains, with IRAK4 binding directly to
MyD88 first (Jainet al. 2014). IRAK1 is then recruited to the complex, and subsequently
undergoes a series of phosphorylation events leading to its full enzymatic activation.
IRAK1 is initially phosphorylated at T209, which triggers a conformational change in the
kinase domain allowing for subsequent phosphorylation to take place. Phosphorylation at
T209 is essential to the kinase activity of IRAK1, with mutations of the residuiéingsn

loss of kinase function. Full activation of IRAK1 then requires phosphorylation at T387 in
its activation loop. IRAK4 has been previously suggested to phosphorylate IRAK1 at both
of these sites (Flannery and Bowie. 2010, &aial. 2014). Howevermore recent work has
shown that both sites are also recognised to undergo autophosphorylation and a recent
study found that the activation of IRAK1 does not require phosphorylation by IRAK4
(Vollmer et al 2017). IRAK1 activation is completed through kyautophosphorylation

in the ProST domain, which triggers the dissociation of IRAK1 from the complex.
Subsequently, IRAK1 interacts with TNEceptor associated factor 6 (TRAF6) through its

C-terminal domain.

This allows for the activation of a signaljircomplex that can phosphorylate the inhibitor

of 9B kinase (1 KK) complex (consistabBhg of
activation, or activate mitogen activated protein kinases (MAPKs) (Flannery & Bowie
2010, Jairet al 2014).

22
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In mammals, the N B transcription factor family ¢
homo and heterodimers: p65 (RELA), RELB, cREL,fdFB1 ( p50 and its p
andNFe B2 (p52 and its precursosBpdidlthers] ar e
to inhibitorymoe cul es of the | 8B pr ot ei-mndifigaomaih y, w
rendering them transcriptionally inactive (Baud and Karin. 2009, Hoesel and Schmid.
2013). NFe B signalling is separated into a cl
involves p65)50 dimers, and an alternative pathway (Brasier 2006). IRAK1 is exclusively
linked to the canonical pathway where, followinglR/TLR stimulation, the activation of

the I KK complex triggers the phosphoryl at
resicles leading to their proteasomediated degradation (Baud and Karin. 2009). This
freestheNFeB di mers to translocate to the nucl ¢
range of target genes involved in inflammation, proliferation and survival (P&B)). The

kinase activity of IRAK1 is dispensable in-IR mediated N6 B acti vati on,
adaptor function of IRAK1 being essential in this process @aat 2014). Aberrations in

the regulatonof N B ar e known to be ofnmmorewdisodders, n a
including psoriasis and Severe Combined Immunodeficiency (SCID) (Jetdan2012,
Stepenskyet al 2013). NFe B i s al so recognised to have
malignancies, most commonly lymphomas. The ActivatezkBsubype of Diffuse Large

cell B-cell ymphoma (ABCDLBCL) is highly dependent on constitutive NFB act i vat
to maintain its transformed phenotype and disruptinggNB act i vi ty has be:
a potential therapeutic strategy (Dastsal 2001, Caladet al 2010, Pulvincet al 2012).

The mammalian MAPK family consists of extracellular sigrgjulated kinase (ERK);c

Jun NH2terminal kinase (JNK) and p38. ERK is activated downstream of growth factor
receptors such as Epidermal Growth Factor Rece@®FR), while JNK and p38 are
primarily activated by pranflammatory cytokines such as-Lb or cellul ar
(Ramanet al 2007). The activation of these MAPKs leads to the phosphorylation of a
diverse range of target proteins including the transonptactors eJun and évyc and

proteins involved in regulating apoptosis such as-Bend Bad (Scheiet al 1999,
Boucheret al 2000, Sabapathgt al 2004, Alarcorvargas and Ronai 2004,). Signalling
through p38 and JNK has been specifically linked to regulating stress responses, apoptosis,

inflammation and autophagy while signalling through ERK has been associated with cell

24



proliferation, migration ad survival (Dhanasekaran & Reddy 2008, Roskoski 2012, Koul
et al 2013). As a result, aberrant activity of MAPKs has been linked to numerous
inflammatory disorders, with the hyperactivation of ERK and JNK also being detected in
various cancers, particubprendometrial and colon cancers (Chewtaal 2014, Kim and
Choi. 2015, Braiceet al. 2019).
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1.1.2. IRAK1 in cancer.

The data highlighting an important role for IRAK1 in the development and progression of
cancer has been building in recent years. IRAK4 been found to be overexpressed and/or
hyperactivated in a variety of cancers, particularly in aggressive subtypes such as leukemia,
lymphoma, hepatocellular carcinoma (HCC) and tripdgative breast cancer (TNBC)

(Ngo et al 2011, Rhyasemt al 2013,Weeet al 2015, Liet al 2016). The changes in
IRAK1 expression and activity in these cancers have been attributed to aberrations in IL
1R/TLR signalling cascades, but new mechanisms independent of these pathways have
been found in recent years (Rhyase¢ral 2013, Liuet al. 2019). The subsequent role that
IRAK1 plays in the oncogenesis of these cancers is also varied. Most research involving
IRAK1 in cancer has focused on its immesesociated role in NBB and MA P K
activation, but unique new roleseabeing identified for IRAK1 in other critical cellular
mechanisms including cell cycle regulation and apoptosist(hli 2018, Liuet al 2019).

IRAK1 has been associated with the growth and survival of several forms of leukemia, with
targeted inhibitio of IRAK1 showing promising results. Rhyassral (2013) showed that
IRAK1 expression is increased in ~20% of myelodysplastic syndrome (MDS) patients and
a subset of acute myeloid leukemia (AML) patients. This has been attributed to the deletion
of themiR-146a gene, a microRNA that targets IRAK1 and is commonly deleted in MDS
(Rhyaseret al 2013). IRAK1 was also found to be hyperphosphorylated in all MDS cell
lines and patient samples tested, although the reasons for this are inconclusive (Bthyasen
al. 2013). Targeted inhibition of IRAK1 kinase activity, using a dual IRAK1/IRAK4
inhibitor, blocked TRAF6andNB B acti vation in MDS dnel | s
vitro, while increasing survival in a xenograft model of human MDS. Interestingly, IRAK1
knockdown in MDS cells induced potent apoptosis in vitro, compared to the modest
apoptotic effect of the IRAK1/4 inhibitor. In the xenograft model, IRAK1 knockdown
reduced tumourigenicity and significantly delayed mortality in mice (Rhyaisan2013).

IRAK1 overexpression is also common ircdll acute lymphoblastic leukemia-@ALL)
regardless of the underlying oncogenetic abnormality or immunogenetic state of arrest, but
phosphorylation of IRAK1 at T209 is not present in certain forms of the diseasdreve
response to K1 b sti mul at et an 2016)D iRAKILI kmackdown reduced
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proliferation, increased apoptosis and disrupted the cell cycleAbLTcell lines (Dussiau

et al 2015). These findings would indicate a complex role for IRAK14ALL, wherein

the structural role of IRAK1 may play a role IRALL cell growth. Similar to what was
observed in MDS, pharmacological inhibition of IRAK1 using a dual IRAK1/4 inhibitor
redwed proliferation and increased apoptosis ALL cells that exhibit phosphorylated
IRAK1 but was much less effective than IRAK1 knockdown (Dusstaal 2015).

A role for IRAK1 in Activated Bcell diffuse large Bcell lymphoma ABC-DLBCL) and
Waldenstrins macroglobulinemia has also been identified. ARMCL is an aggressive

form of lymphoma that has a very poor prognosis for patients elNgb(2011) identified a

mutant form of MyD88, termed MyD88 L265P, that is present in 29% of ABBCL

cases. Thei analysis established that this mutation in MyD88 causes the
hyperphosphorylation of IRAK1, contributing to elevated®B acti vati on and
increased cell survival in this lymphoma type. Through an RNAi screen, they found that
shRNA knockdown DIRAK1 was toxic to all 5 ABCDLBCL cell lines tested. However,

IRAK1 kinase activity was not required for cell survival (Ngfal 2011).

The same MyD88 mutation is observed in ~95% of Waldenstréms macroglobulinemia.
Here, inhibition of IRAK1 and IRAK4 using a dual IRAK1/4 inhibitor showed -&umnour
effectsin-vitro andin-vivo (Ni et al 2018). These effects included inhibition of J4FB
activation. Interestingly, several other molecular responses were identified. IRAK1/4
inhibition disrupted the cell cycle, with reductions in cyalependent kinase (CDK) 4/6
expression, suppressed the Akt/mammalian target of rapamycin (mMTOR) signalling
pahway, reduced the expression eMyc and induced the endoplasmic reticulum (ER)
stress response, with increases in the expression of the key ER stress markers cyclic AMP
dependent Transcription Factor 4 (ATF) 4:b¥x Binding Protein (XBP) 1 and C/EBP
Homologous Protein (CHOP) (it al 2018).

Hepatocellular carcinoma (HCC) is an inflammatasgociated cancer that is a leading
cause of canceelated mortality worldwide (Sieget al 2020). Suet al. (2015 identified

a correlation between IRAK1 phogpiylation at T209 and patient survival. EigHtur
HCC patients were seprarated into phosaKl high or low based on

immunohistochemical staining, with 27% of patients exhibiting IRAKL
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hyperphosphorylation. Patients that exhibited high IRAK1 activatwwed significantly

worse overall survival when compared to the phodptAK1 low cohort. They found that
elevated IRAK1 activity increased the expression of the oncoprotein Gankyrin, through
IRAK1 activation of JNK, promoting oncogenesis (&uwal 2015. Subsequent analysis of

33 clinical HCC samples showed that IRAK1 was overexpressed in ~66% of HCC samples
compared to adjacent normal tissues €tial 2016). IRAK1 knockdown using two
independent siRNAs reduced HCC cell line growth and increasecetisgigity of HCC

cells to cisplatininduced apoptosis. Following up with an IRAK1/4 inhibitor, they found
that inhibition of IRAK1 phosphorylation at T209 reduced cell growth and migration in
vitro and tumour growtlin-vivo, confirming previous findingsfahe importance of active
IRAK1 to HCC cell growth (Liet al 2016). IRAK1 has also been linked to HCC stemness
and drug resistance. Sorafenib, Doxorubicin and Cisplatin are the chemotherapeutic drugs
widely used in HCC treatment but all show very po@pomse rates. Chemg al (2018

showed that IRAK1 expression was increased in HCC cells in response to drug treatment
and that IRAK1 knockdown increased the sensitivity of these cells to-induged
apoptosis. In xenograft models of HCC, the combinatbran IRAK1/4 inhibitor and
sorafenib significantly reduced tumour volumes (Chengl. 2018).
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1.2. Breast Cancer

Breast cancer is the most commonly diagnosed cancer in women and the second leading
cause of cancer related mortalitywomen (Siegeét al 2020) Human breast cancer has
always displayed significant heterogeneity in terms of its characteristics and response to
therapy. Extensive gene expression profiling has allowed for improved molecular
classification of breast cancers and further understandingpwf to provide beneficial
targeted therapies to patients with specific tumours. This concept was initially developed by
Perouet al 2000, who examined variation in gene expression patterns in breast tumours
using complementary DNA microarrays. Their wddentified molecular patterns that
correlated with cellular growth rate, activation of signalling pathways and cellular
composition. Analysis allowed for the separation of tumours into clinically described
estrogen receptor positive or negative cohorish) the ER+ cohort exhibiting increased
expression of genes expressed in breast luminal cells including FOXA1 and XBP1 (Perou
et al 2000). This correlation was further supported by immunohistochemical analysis of
breast luminal cell keratins 8/18 in ER#ours, while all but one of these tumours did not
express HER2 at high levels (Peretual. 2000). The expression of genes characteristic of
breast basal epithelial cells (CXCL1, PIK3CA, EGFR) were found to be elevated in a
clustered group of tumours. Sdmuent immunohistochemical analysis of breast basal cell
keratins 5/6 and 17 supported the bdikal profile of these tumours, which also failed to
express ER and most genes associated with the ER profile @exio2000). Additionally,

HER2 overexpresing tumours were associated with high expression of specific genes
(TRAF4, TIAF1) while showing low levels of ER expression and-reRted gene
expression (Peroet al 2000). These findings provided early molecular framework for

precisely categorizingawly diagnosed breast cancer patients.

The understanding of this framework has evolved through the years and culminated in
breast cancer subtypes being defined into 4 categories; Luminal A, Luminal B,-HER2
overexpressing and badiéde (Goldhirschet al 2013). Luminal A breast cancer is ER and
progesterone receptor positive, HER2gative and exhibits low K7 levels. Ki67 is a
cellular proliferation marker, with a K87 level <14% acting as the eoff for luminal A

classification. Additionally, multigene expression assay analysis-¢2he recurrence score

29



assay) indicating a low recurrence risk is further indication of the Luminal A subtype
(Goldhirschet al 2013). Luminal B breast cancer is separated into tweckdses; HER2
negative and HER2 posie. Luminal B (HER2) shows ER positivity, HER2 negativity

and at least one additional factor out of highoRilevels, Progesterone receptor negative or

low and a high risk of recurrence based on the previously mentionedgandiexpression

assay. Lumal B (HER2+) is ER positive and HER®erexpressed ciamplified, while

having any Ki67 or progesterone receptor status. HERErexpressing breast cancer
exhibits HER2 overexpression or amplification, while ER and progesterone receptor are
both absentBasall i ke br east cancer iIisnegdeiliyedeso
where ER, progesterone receptor and HER2 expression are absent. The overlap between
triple-negative status and the babké subtype is only ~80% as low ER staining tumours
cancluster into basdike based on gerexpression analysis, while tripteegative breast

cancer also incorporates some additional histological types including adenoid cystic
carcinoma (Goldhirscht al 2013).

These advancements in molecutdassification of breast cancer have allowed for the
optimization of targeted treatment strategies to improve patient outcomes. The standard of
care for breast cancer patients classified as ER+ currently includes endocrine therapy with
the selective ER matdator Tamoxifen (Premenopausal) or an aromatase inhibitor
(Postmenopausal) which both serve to impair ER fundi@uriglianoet al 2017) These

drugs are both discussed in more detail in section 1.3.2. These treatments are further
combined with ovariarfunction suppression or chemotherapy in more aggressive ER+
breast cancer cases (Curigliaeb al 2017). The standard treatment of breast cancer
patients that have developed HEBZrexpressing disease includes the use of the
monoclonal antibody trastuzwah in combination with chemotherapy. Trastuzumab binds

to the extracellular domain of the HER2 receptor and impaeptor dimerizationin

cases that are ER+ and HER2+, endocrine therapy can be combined with HER2 targeted
therapy to optimize patient aament (Curigliancet al 2017). TNBC patients are currently
recommended to receive treatment that includes anthracycline and -besmte
chemotherapeutics, while BRCA1/2 mutated TNBC cancers should receive alkylating
chemotherapy (Curiglianet al. 2017).

30



These advancements in breast cancer classification and treatment optinhzatited to
breast cancer patient prognoses improving to the point whgearsurvival rates for stage
1 ER+ breast cancer now stand at ~999%e&r survival for stage 1 HERD¥east cancer is
~95% and 5year survival for stage 1 TNBC is 58, although TNBC casesme associated
with a much higher chance of recurrence. TNBC &gk to be more advanced and these
cases are associated with significantly reduced overall patievival (Waks and Winer
2019)
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1.2.1 IRAK1 in breastcancer.

Most relevantly, IRAK1 has recently been implicated in the tumourigenicity of aggressive
forms of breast cancer (Weg al. 2015, Gohet al 2017, Liuet al. 2019). An early study
focused on miRL46a indicated a potential role for IRAK1 in breast cancéa(Bniket al

2008). Research on the TNBC cell line MBMB-231 showed that overexpression of miR
146a, known to target IRAK1 and TRAF6, reduced the metastatic potential of the cell line
in-vitro, with significant reductions observed in migration and inwasihrough a 3D
matrix (Bhaumiket al 2008).

Scheereret al (2014) further implicated IRAK1 in breast cancer growth. Through genomic
analysis of breast cancer data, they were able to identify that IRAK1 amplifications are
present in ~24% of breast careeStudying human breast xenograftrogen Receptor
(ER)-negative tumours and Epbsitive andi negative breast cancer cell lines, they found
that IRAK1 knockdown reduced clonogeniciip-vitro and tumourigenicityin-vivo
(Scheerert al. 2014).

Analysisof The CancerGenomeAtlas indicated that IRAK1 expression is increased across

all subtypes of breast cancer when compared to normal breast tissue, most significantly in
the basal subtype, and high IRAK1 expression is associated with poorer patient igrognos
(Weeet al. 2015). Weeet al. (2015) subsequently found that TNBC cells gain dependency

on IRAK1 as they progress and metastasise, with IRAK1 expression and activity increased

in higher grade metastatic tumours. Their findings showed that IRAK1 drhvies t
aggressive tumour growth through FB act i vati on and a res.|
expression of prinflammatory cytokinesnterleukin (IL}6 and I-8. They also indicated

that IRAK1 confers resistance to the chemotherapeutic paclitaxel. Interestirglyple of

IRAK1 here involves increasing p38 MAPK activation and nota\B . | RAK1 knoclk
was sufficient to impair TNBC growth and metastasisivo, and the use of an IRAK1/4
inhibitor in combination with paclitaxel was capable of inhibiting theaginoof paclitaxel

resistant breast cancer cells (W@l 2015).

The same group identified a 1921.3 chromosome amplification that is present in a high

percentage of breast tumours (Geh al 2017). The genes for several S100 family
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members, a family of ERand C&" binding proteins, are located at 1g21.3. They were abl

to identify a positive feedback loop involving S100A7/8/9 and IRAK1 that drives
tumoursphere growth in cancers possessing this amplification. Pacritinib, a small molecule
kinase inhibitor that inhibits the kinase activity of IRAK1, Janus Kinase (JAK)d2Fans

like tyrosine kinaseHlt) 3, was able to disrupt tumour growthvitro andin-vivo, showing

increased efficacy in samples where the 1g21.3 amplification was presergt(@x017).

IRAK1 has also recently been associated with resistance wticadiherapy, a treatment
course that ~60% of patients with cancer undergo, in cancers possessing mutant 63 (Liu
al. 2019). Mutation of the p53 transcription factor is present in ~50% of solid tumours and
cells with mutant p53 fail to undergo apopso$ollowing radiation. Additionally, in a
number of cancers including glioblastoma, colorectal and breast cancer, patients with
mutant p53 have been shown to have significantly poorer outcomes following radiation
therapy when compared to patients expregssiid-type p53 (Liuet al. 2019). Liuet al

(2019) identified a unique role for IRAK1 in mediating resistance to radiation therapy
across cancers possessing p53 mutations, including breast. In cancers possessing mutant
p53, IRAK1 was shown to inhibit BDosome mediated apoptosis in response to radiation
independently of any association with MyD88. They found that targeted inhibition of
IRAK1 kinase activity, using kinase inhibitors specifically targeting IRAK1 and not
IRAK4, in mutant p53 tumour cell metk resensitized these cells to radiation therapy (Liu

et al 2019).

These findings highlight the important role that IRAK1 has been indicated to play in breast
cancer development and progression, and the relevance of investigating the potential of
targeing IRAK1 to improve treatment responsegamoxiferresistant breast cancer
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1.22. Estrogen Receptorpositive (ER+) breast cancer.
1.22.1. Estrogen Receptora | pha ( ERU) .

Breast cancer is the most commonly diagnosed cancer in women and the sedogd lead
cause of cancer related mortality in women (Siegell. 2020). Of newly diagnosed breast
cancer cases, ~70% exhibit high expressiol
ERU, a member of t he nucl e aependeatcaespriptionr s u [
factor that is encoded by the ESR1 gene, and is differentially expressed across various
tissues (Renoietal. 2 0 1 3 ) . Structurally, the function
A/B, C, D and E/F regions. The A/B region represents thieridinal domain, which
contains a zinc finger and is involved in transactivation. The C region contains the central
DNA-binding domain which facilitates dimerization and binding to specific Estrogen
Response Elements (EREs). The D region consists of a Bemment that allows for
structural rearrangement and can bind to chaperone proteins that support nuclear
translocation following ligandbinding. The CGterminal E/F region contains the ligand
binding domain as well as binding sites for cofactors (AnbalagdrRowan 2015, Fuentes

and Silveyra 2019). ERU also contains two
are critical to full receptor function termed AFand AF2. AF1 is located within the N

terminal domain and is regulated by phosphorylasibkey sites including S118 and S167,

while AF-2 is contained within the ligadoinding domain and its activation is ligand
dependent . Ful I ERU transcr i plandAFadctvitye gul &
(Anbalagan and Rowan 2015, Fuentes aihckfa 2019).

N Sl18  S167 S305
- | ‘
ERU AB X X C D F \S
180 263 302 552 595
( ] | J \ J
| | |
AF-1 DBD f LBD |
HR AF-2
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Figure 1. 2. Structur alReaceptrers ealgpphh sadmapoed
Anbal agan and -1Ro=waAw fF2uinlast.i oAMfF Domai -Bi hdi BDBD
Domai n; HR = Hinge RBign doinnm g LOB@Oma= nAa nghdnalt

FunctiormR.Domai n
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ERU is expressed at |l ow levels in nor mal k
poorly-d e f i ned rol e i n t he breast, wi t h ERU
mammary development (Tekmatal2 0 0 5) . I n the absence of I
shuttle between the cytoplasm and nucleus as a monomer, maintained inshobkat

protein (Hsp) complex primarily consisting of Hsp70 and Hsp90 family members. This
complex keeps the receptor in an imae state but is also important for maintaining the

receptor in a conformation that is primed for ligandding (Dhamackt al 2016).

There are three main physiological forms of estrogens in women, these being estrone,
estradiol (E2) and estriol, with H2ei ng t he predominant ERU
ERU pat hwhinding rdsiltgia comformational changes to the receptor, triggering

the activation of the AR domain and the rel eas eshok ERL
protein complex. The repéor also undergoes phosphorylation at several sites within-the N
terminal, most importantly S118 and S167, which triggers the activation of the AF
domain (Anbalagan and Rowan 2015). The receptor can then dimerize and translocate to
the nucleus. Here, HR r egul ates the transcription of
to DNA at specific ERESs, recruiting cofactors (primarily members of the pl&@towmtor

family such as steroid receptor coactivator (SR@nd amplified in breast cancer (AIB) 1)
andtranscriptional machinery, or indirectly by acting as a cofactor for other transcription
factors including specificity protein (SR)and activator protein (AP) (Philipset al 1993,

Onateet al. 1995, PlanasSilva et al 2001, Safe 2001, Fuentesand 8ieyr a 2019) .
recognised to target a widange of genes, which are well documented byetial (2004),

involved in promoting proliferation, cetlycle progression and cell survival.

Several post r ans| ati onal modi f i c & tfullyofunstion,amostly i mp o
involving phosphorylation. As mentioned above, the role of phosphorylation at S118 and
S167 has been most widely analysed and understood. A number of kinases have been
identified to phosphorylate S118 including ERK1/2 (Kataal 1995), glycogen synthase

kinase (GSK) 3 (Medunjaniat al 2005) , el & ROO5) ¢né eycliddependent

kinase (CDK) 7 (Cheret al 2 0 0 2 ) . Phosphoryl ation of ERU
enhance dimerization and transactivation, increasing intenaovith members of the p160
co-activator family and SRC3 (Dutertet al. 2003, Likhiteet al. 2006, Le Romanceat al.

36



2011). Kinases involved in phosphorylation at S167 include 90 kDa ribosomal S6 kinases
(RSK, S6K1) (Yamnik and Holz 2010), Akt (Camfiibet al 2001), casein kinase (CK) 2
(Arnold etal. 1995) | K K @t al 2610)andAurora kinase A (Zhengt al. 2014) with

S167 phosphorylation being associated with an increasedihnAng capacity (Shah and
Rowan 2005). Another important phosgdite is S305, which is phosphorylated by protein
kinase A (PKA) (Michalidest al 2004), Aurora kinase A (Zhergt al 2014) and p21
activated kinase (PAK) 1 (Wareg al. 2002). S305 is located very close to the hinge region
and its phosphorylation supportenformational changes to the receptor and subsequent

dimerization and transactivation (Le Romaneeal. 2011, Anbalagan and Rowan 2015).

I n addition to the genomiscsogii@naldl iamg afyt
signalling has been identifie These mechanisms trigger the activation of signalling
cascades that all ow for rapid responses t
activate subunits of the G protezoupled estrogen receptor at the plasma membrane,
conferring roles for membn@a s soci at ed ERU in activating
including the phospholipase C (PLC)/protein kinase A (PKA) pathway and the cyclic
adenosine monophosphate (CAMP)/protein kinase C (PKC) pathway to indirectly regulate
gene expression (Gu and Mo0%996, Marincet al 1998). This mechanism has also been
indicated to contribute to enhanced Epidermal Growth Factor Receptor (EGFR) activation,
and subsequent downstream activation of ERK1/2 (Filatdal. 2000). Unique roles for

ERU i n t he cyoplasiniv signalliogncompléxes have also been identified. In
response to estradiol stimulati on, ERU wa
with Src, focal adhesion kinase (FAK) and the p85 subunit of phosphoineikomse

(PI3K) leading tolie activation of important downstream kinases such as ERK1/2 and Akt,

allowing for rapid regulation of cell proliferation and survival (Le Romaetat 2008).
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families) to support binding tequeeartrum resp
transc(rbBflaconvi ty can also be altered as 8
receptor tyrosine kinases (RTKs) including
phosphoilgt at mp&Rt ant residues (8esat8jvsaer
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1.2.22. Endocrine therapy andtamoxifen

The standard of care for ER+ breast cancers generally includes 5 years of adjuvant
endocrine therapy, which has been found to reduce the rate of tumour recurrence by up to
50% (Levineet al 1998). For ER+ breast cancer patients, there are several \ndbleriee

therapies that are prescribed based on the characteristics of the patient and the tumour.

Tamoxifen is a Selective Estrog&eceptor Modulator (SERM) that was first approved for
clinical use in 1973 and has remained the most commonly prescrijpedrtdreatment for

ER+ breast cancer patients to this day. Adjuvant therapy with tamoxifen for 5 years was
found to reduce contralateral breast cancer development by 50%, while reducing patient
mortality by ~30% (Levineet al. 1998). SERMs like tamoxifeact by competing with
estrogen for binding to the ligatidi ndi ng domain of ERU. Wh e n
the receptor undergoes conformational changes, with estrogen being sealed in the binding
pocket by helixd2. These structural changes trigger-2FRctivation and allow for
interactions with coactivators. When tamoxifen binds to the ligamdn di ng domai n
similarly undergoes structural rearrangements but the binding pocket cannot be sealed by
helix-1 2 . This disrupts t hwih cadtivatorstanyd inbiiits AERU t ¢
mediated transcription (Ring and Dowsett 2004, Arealal 2017). However, the
expression of AH regulated genes, which include TFF1, XBP1, GREB1 & FKBP4, are

not necessarily inhibited (Ring and Dowsett 2004). Tamoxdf@n have a weak agonistic

effect on the transcription of these genes, with the potential for enhanced S118 and/or S167
phosphorylation to drive their expression further (Beztyal 1990, Fenget al 2001,

Caizziet al. 2014). This has been suggested as a reason behind thesgissiie effects of
tamoxifen as, while it has inhibitory effects on growth in the breast, it can actually promote
growth in other tissues, such as the uterus (Ketlak 1994, Wysowsket al. 2002).

While tamoxifen continues to be the most commonly prescribed adjuvant treatment for
ER+ breast cancer patients, clinical trials over the past 20 years have identified that the use
of more aggressive estrogtargeted therapies alone or in combimatwith tamoxifen can

improve patient outcomes, particularly in postnopausal women. Fulvestrant is a
Selective EstrogeRecept or Degrader ( SERD) t hat act

function. Unlike tamoxifen, which can have partial agonistic activitijvestrant binds to
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ERU and i mplaand A$2 rbedidteu trafderiptional activity (MoveraBértic et

al. 2014) . Further, the conformati onal chan
it unstable and accelerate the degradation of treptec(Osbornet al 2004). Fulvestrant

has not shown significantly increased efficacy compared to tamoxifen but has been
indicated for patients with advanced ER+ breast cancer, where studies have shown that it
can improve patient survival in both endoerinaive patients and patients whose cancer has
progressed following tamoxifen therapy (Howefl al 2002, Robertsoret al 2009,
Robertsoret al 2016).

Aromatase inhibitors, such as letrozole and anastrozole, have similarly shown the ability to
enhanceER+ breast cancer patient survival. Aromatase inhibitors act by preventing the
metabolization of androgen into estrogen, thus removing the receptor agonist (Smith and
Dowsett 2003). They have been studied alone and in combination with tamoxifen as a
treatment option, particularly for poshenopausal women, and have been shown to
increase patient survival by up to 25% in comparison to tamoxifen therapy (Blasest
International Group (BIG) -B8 Collaborative Group 2005owell et al 2005, Arimidex

2008, Musset al 2008).
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1.22.3. Tamoxifen resistance.

Tamoxifen has remained a highly effective treatment for ER+ breast cancer for nearly 50
years, but a significant percentage of patients will present with or develop resistance to
tamoxifen therapy (Howekt al 2005, Arimidex 2008). This is one of the major problems

facing ER+ breast cancer patients, with limitations in other available treatment options for
premenopausal women and significantly worse prognoses for patients that develop

acquired resistance.

It has been suggested that approximately 20% of patients will presentdevitiovo
resistance to tamoxifen (Gutierrezal 2005, Hoskingt al 2009). Two main mechanisms

have been associated wde novor e si st ance to tamoxi éssion t he.
and loss of cytochrome p450 family member expression (Gutietralz 2005, Hoskingt

al. 2009) . The expression of ERU is wunder
efficacy, and the majority o fresporadtoitaenoxifea t h e
(Kuukasjarvi et al. 1996). Members of the cytochrome p450 family are integral in
metabolizing tamoxifen, and the lack of their expression limits the efficacy of the drug
(Hoskinset al 2009). Another mechanism is the presence of inwlah s i n ERU bu
rarely seen in cases di novoresistance (Clarket al 2003, Herynk & Fuqua 2004).

These mutations have been reported in the liganding domain and can promote ligand
independent activation of the receptor. Mutations have ladésm found to functionally

i nactivate the receptor. These mutational
despite the presence of an ER+ phenotype (Cktrié 2003, Herynk & Fuqua 2004).

The i mpact of ERU phos plsbeeryfbuadttd be nomplex wih1l 1 8
regards to patient responses to tamoxifen and overall patient prognosis. The presence of
S118 and S167 phosphorylation has been associated both positively and negatively to
tamoxifen responses in clinical trials (Murpétyal 2004, Kirkegaaret al 2005, Sarwaet

al. 2006, Jianget al 2007) . This may be | inked to the
and after tamoxifen treatment. The presence of S118 and S167 phosphorylation at the time
of tamoxifen treatment indicde f unct i onal ERU, wherein t;
However, the presence of high S118 and S167 phosphorylation after tamoxifen treatment

indicates potential liganthdependent receptor activity and resistance to tamoxifen therapy.
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Research has shownathof patients that initially respond well to tamoxifen treatment,
~30% will present with a resistant recurrence within 10 years of finishing therapy (Howell

et al 2005, Arimidex 2008). These recurrences generally present an aggressive phenotype
and a vey poor patient prognosis, with an estimatege@ar survival rate of 20% (Robertson

et al 2003, Sotgiaet al 2017). Numerous mechanisms have been identified that can
contribute to the development of acquired tamoxifen resistance. For the majority of cases
tamoxifen resistance has been linked y@regulated expression and activity of human
epidermal growth factor receptor (HER) family members (Refer to section 1.3 for detailed
review) (Knowldenet al. 2003, Hutchesoret al. 2003). The expression of epidal

growth factor receptor (EGFR) and HER2 has been found to be increased in cells that are
resistant to tamoxifen (Knowldeet al 2003, Hutchesort al 2003). EGFR/HER2 can
activate several signalling cascadansedt hat
phosphorylation at S118 and S167, with the potential to trigger igamdd e penden't
activity (Katoet al 1995, Campbekt al 2001). The increased expression of EGFR/HER?2
can also drive tumour gr owt h-estrogebénpflecivee nt |
(Knowlden et al. 2003, Hutchesort al 2003). Similarly, the insuliike growth factor

receptor (IGFR) family has been associated with tamoxifen resistance by activating the
same signalling cascades as HEHdRNndtoameratty me
directly with IGFR1 and promote the initiation of downstream signalling (FagahYee

2008, Milleret al. 2009).

The increased expression and/or activity of members of the PI3K/Akt signalling pathway
has been linked with acquiredtamiox@ n r esi st ance. There i s ey
PISK and promote activation of Akt, a kinase that is recognised to promote cell
proliferation and inhibit apoptosis. Akt is also active downstream of growth factor receptors
including EGFR and HER2 andas been identified to pho
promoting liganeindependent receptor activity (Arpird al. 2008).

The altered expression of-cegulators may also have a significant role in the development
of resistance to tamoxifen therapy. Amplifie i n br east cancer ( Al
activator that is overexpressed in ~50% of breast tumours. Studies have shown that high

AIB1 expression is associated with poorer response to tamoxifen therapy and worse
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diseasdree survival (Osbornet al. 2003). This would suggest that the overexpression of
coactivators can overcome the transactiva
binding. Similarly, the reduced expression of-repressors such as nuclear receptor
corepressor (NCOR) 1 can prevent tamoxifierm successfully repressing the expression

of ERU target genes (Ring and Dowsett, 200
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1.3. The human Epidermal Growth Factor receptor (HER) family.
1.3.1. HER family.

The HER family of receptor tyrosine kinases (RTKs) is one of the most widely studied in
biology. It consists of four members (Epidermal Growth Factor Receptor (EGFR), HER2,
HER3, HER4) that are ubiquitously expressed, and research in knockout mice has show
their critical importance in regulating the development of many organs (Miettinah

1995, Gassmanat al 1995, Leeet al. 1995, Riethmachest al. 1997). The HER family
members share significant structural similarities, with an extracellular ligigathg
domain, a small transmembranegion and an intracellular kinase domain. The
extracellular region is divided into four domains, with leugilth domains | and IlI
involved in ligand binding and cysteineh domains Il and IV supporting dimeriiat
through the formation of disulphide bonds. The intracellular component consists of a
juxtamembrane (JM) region of around 40 residues, which has been identified to have a role
in dimerization and protein kinase activation, a protein kinase domain atefrainal tail

that contains various residues that undergo phosphorylation and further regulate the kinase
activity of the receptor. The receptor family, like all receptor tyrosine kinases, requires
dimerization and/or further oligomerization to functigiinumber of isoforms have been
discovered for each receptor, which generates a wide array of potential dimer combinations
and robust signalling regulation. There are eleven Epidermal Growth Factor-(E&E}
ligands that possess conserved EGF motits leave affinity for specific receptors within

the HER family. Two important characteristics of the family to take note of are the absence
of a known ligand for HER2 and the presence of a functionally impaired kinase domain on
HERS3, which inhibits the sigiiang potential of HER3 homodimers. However, HER?2 is the
favoured dimerization partner for all the other members of the family and HER2
heterodimers with EGFR and HER3 are recognized to exhibit potent signalling activity.
This is thought to be due to theER2 extracellular domain remaining in a constitutively
active conformation, while other members of the family require ligand binding to trigger
structural rearrangements of their extracellular domains to ready them for dimerization
(Choet al 2003). Dimeization initiates tranphosphorylation of tyrosine residues which

activates the kinase domain, while also triggering conformational changes tetineirzal
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tail to allow for interactions with adaptor proteins that promote downstream signalling
cascadesThese signalling pathways are often interconnected, with the Ras/Raf/MAPK
cascade and the phosphatidylinositdlidase (PI13K)/Akt pathway being the main cascades

that are activated, conferring major roles for HER family signalling in mediating cell

proliferation, cell survival, angiogenesis, and cell motility (Roskoski 2014).
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The MAPK signalling cascade can be initiated by all members of the HER family. The
activation of this pathway is mediated by the adaptor proteins growth factor reloeypiar
protein 2 (Grb2) and Src homology domain containing (Shc), which can bind to multiple
phosphotyrosine sites on each HER receptor. These adaptor proteins are then able to recruit
the guanine nucleotide exchange factor son of sevenless (SOS) whichtaiuecthe
activation of RasGDP to RasGTP, the first component of the MAPK cascade, which leads
to the activation of Raf kinases (Roskoski 2010). Raf kinases then catalyze the
phosphorylation of MEK1/2, which can subsequently activate the effectorekifzK1/2

by phosphorylation at T202 and Y204. Activated ERK1/2 can then translocate to the
nucleus and regulate the activity of transcription factors such as-tiedl factor (TCF)
family, Elk-1 and eFos. This confers an important role for ERK1/2 inulegng the
expression of a wide array of genes involved in cell cycle regulation, cell proliferation, cell

migration, cellular metabolism and cell survival (Roskoski 2012).

The PI3K/Akt pathway is activated in response to ligand binding of a number 0§ RTK
including the HER family, but requires the presence of HER3 dimerization in each case as
the cterminal tail of HER3 contains multiple consensus sites for binding the p85 subunit of
PI3K. This binding triggers the pl110 subunit of PI3K to interact with stibstrate
phosphatidylinosite#t,5-bisphosphate (PIP2) at the plasma membrane. The p110 subunit
can also be activated by Ras, due to the presence of -hirRiasgy domain. PI3K
phosphorylates PIP2 to generate phosphatidyline3jthbtrisphosphate (PIB3Proteins
containing a pleckstrin homology (PH) domain can then bind to PIP3, including Akt and
phosphoinositidelependent kinase (PDK) 1, leading to their activation. Akt activation
requires phosphorylation at T308, located within the activation lopgR?DK1. This is
sufficient to initiate Akt activity, but full enzymatic activation requires subsequent
phosphorylation at S473 by a complex containing mammalian target of rapamycin
(mTOR)/Rictor (MTORC2) (Garci&cheverria & Sellers 2008). Three isoformis Akt

have been identified in mammals and they play critical roles in regulating cell survival and
the cell cycle through the phosphoryl atio
FoxO family of transcription factors, BAD, p21 and p27 (Cressl 1995, Dattaet al

1997, Matsuzakiet al. 2003, Manning and Cantley 2007). The pathway is negatively
regulated by phosphatase and tensin homologue (PTEN), which dephosphorylates PIP3.
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Importantly, Akt can also phosphorylate and inactivate tuberin, leaditige activation of

the mTOR/Raptor (MTORC1) complex. This complex is involved in the regulation of
additional cellular processes including protein synthesis, autophagy and glucose
metabolism (Mayer and Arteaga. 2016). The downstream substrate S6 kifggiel) is

an important mediator of mTORC1 signalling and has been shown to phosphoryfea ER
S167 within the AFL domain and contribute to ligamudependent ER signalling
(Yamniket al 2009).
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downstream s i g(a @he hctivatgpn of thesMARKI pathway is mediated by

the adaptor proteins Grb2 and Shc, which can bind to multiple phosphotyrosine sites on
each HER receptor. These adaptor proteins are then able to recruit SOS which can catalyze
the activation of Ra&SDP toRasGTP, the first component of the MAPK cascade, which
leads to the activation of Raf kinases. Raf kinases then catalyze the phosphorylation of
MEK1/2, which can subsequently activate the effector kinases ERK1/2 by phosphorylation
at T202 and Y204. Actated ERK1/2 can then translocate to the nucleus and regulate the
activity of transcription factorgb) The p85 subunit of PI3K binds to phosphosites on the
c-terminal tail of HER3, triggering the p110 subunit of PI3K to interact with its substrate
PIP2 atthe plasma membrane. PI3K phosphorylates PIP2 to generate PiR8ins
containing a PH domain can then bind to PIP3, including Akt and PDK1. Akt activation
requires phosphorylation at T308, located within the activation loop, by PDK1. Fully
activated Ak can then phosphorylate a number of targets to regulate cell proliferation and

survival.
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In addition to their role as plasma membrane receptors, all members of the HER family
have been found to translocate to the nucleus where they have furthee woies in
regulating gene expression. These roles have not yet been fully elucidated, and are an area
of ongoing research.

Nuclear localisation ofuil length EGFR has been identified in various cell and tissue types
and while its roles are not fully uastood, several mechanisms have been reported (Wang
et al 2006,Ha d g i ®tea] 2010, Brandet al 2011). In breast cancer, patients that
present with tumours possessing high levels of nuclear EGFR were found to have poorer
overall survival (Loet al. 2005). Here, nuclear EGFR has been suggested to interact with
the CyclinD1 promoter, indicating a direct role in cell cycle regulation, while also having a
role as a transcriptional exctivator of CyclinD1 expression (Liret al. 2001). However, a
corrdation between EGFR and Cyclidl expression has not been found across breast
cancer patient cohorts (Liet al. 2001, Loet al 2005,Ha d § i stealj 2010). Nuclear
EGFR has been shown to associate with ataxia telangiectasia mutated (ATM) and mediate
proliferating cell nuclear antigen (PCNA) phosphorylation, proteins that are important for
DNA damage repair and DNA synthesis (Wasigal 2006, Leeet al 2015). Nuclear
EGFR has also been found to bind to the promoter region of Aurora kingsardya-A),

in a complex that also contains the transcription factor signal transducer and activator of
transcription (STAT) 5, and enhance the expression of Auko(Brand et al. 2011).
AuroraA is a serine/threonine kinase that associates with the centrosomecaatiibules

during mitosis to ensure precise spindle formation, chromatid separation and integrity of
the spindle checkpoint (Brared al 2011).

CDK1 has been identified as a substrate of nuclear HER2, with phosphorylation of CDK1
at Y15 inhibiting its activity and delaying mitosis progression (Tah al 2002).
Interestingly, nuclear HER2 has also been demonstrated to colocalize in the nucleus with
CDK1, an interaction that has been linked with taxol resistance in breast cancer cells (Tan
et al 2002).Nuclear HER2 has been demonstrated to act as a transcriptieactivator of
STAT3, forming a complex with STAT3 at the Cyeclil promoter and promoting growth

in breast cancer cells (Beguebh al. 2010). A role for nuclear HER3 in the formation of

this complex, and subsequent regulation of CybDliin has been reported (Russbal
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2015). High nuclear levels of HER3 have been linked to tumour progression and increased
chance of metastasis in prostate cancer (Koumalgiafi 2006). These mechanisms have

all been linked to resistance to HER2geted therapies.

In response to Neurefyu (Nrg)-1 binding, the Jma isoform of HER4 is cleaved to a
soluble dimeric form of its intracellular domain termed HER4:ICD @tlial 2001).
HER4: 1 CD has been shown to f o-casein pronotermp | e
implicating nuclear HER4 in regating the STAT5 mediated expression of essential milk
genes during lactation (Williamset al. 2004). Another study performed in glial cells
identified that HER4:ICD formed a complex with the adaptor protein -b&Etivated

kinase 1 binding protein (TAB) and the nuclear receptor-cepressor NCoR, with this
complex then translocating to the nucleus and inhibiting the expression of genes such as
S100B (Sardet al 2006). This finding may be interesting due to the recent link between
IRAK1 and S100 familynembers in driving tumour growth in the breast (@bhl 2017).
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1.3.2. HER family in breast cancer.
1.3.2.1. HERZ in breast cancer.

Aberrant HER family expression and activity has been found to contribute to various
cancers including lung and breakiobayashiet al 2005, Maziere®t al 2013, Loibl &

Gianni 2017). HER2 has been most strongly associated with breast cancer, where HER2
overexpression with gene amplification is observed in ~20% of breast cancer cases (Loibl
& Gianni 2017). This form of tkeast cancer was previously associated with an aggressive
phenotype and poor prognosis for patients. However, the development ofthiged
therapies, such as the monoclonal antibodyAlf) trastuzumab which targets the
extracellular domain and the dustrosine kinase inhibitor (TKI) Lapatinib which blocks
EGFR and HER2 phosphorylation, have significantly improved patient survival (Rexer &
Arteaga 2012). These treatments have been found to promote cell cycle arrest, with
trastuzumab increasing p27 exmies while reducing cyclibl and CDK2 levels (Yakes

et al. 2002). These drugs alone do not induce a significant level of apoptosis, however
when used in combination (trastuzumab &mghtinib) the apoptotic effects are enhanced
(Ahmedet al. 2015). They g also commonly used in combination with other drugs in the
clinical setting where they have been shown to be synergistic with many
chemotherapeutics, including docetaxel (Ahne¢cil 2015). It is generally accepted that

the efficacy of HERZargeted theapies is dependent on the resultant inhibition of the
PISK/Akt/mTOR signalling pathway, which is known for its role in cell survival (Rexer &
Arteaga 2012).

Two variations in the HER2 receptor have been identified that significantly reduce
responses tdrastuzumab specifically. A truncated form of HER2, termed-HER2,

which lacks the antibody binding region has been identified in patients (&h@lo2006).

A splice variant that lacks exon 16 has also been found in HER2+ breast cancer patients

and celllines, and has been linked to trastuzumab resistance (Castejl@an?2006).

A common observation in HER2mplified breast cancer is the-amplification of the
oncoprotein éMyc. Studies have shown that the overexpression of these two oncogenes

togeher enhances tumourigenesis significamhbyitro andin-vivo, when compared to the
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overexpression of either oncogene alone, and these tumours resemble the aggressive basal
HER2 phenotype. The eexpression of HER2 andMyc in breast cancer patients Haeen
associated with poor prognosis (Neiral 2014).

A number of combined therapies have also been trialled in an attempt to improve the
efficacy of HER2targeted therapy. Heahock protein 90 (Hsp90) is a chaperone protein
that has a role ifolding proteins and maintaining their structural integrity in response to
cellular stresses. HER2 is known to interact with Hsp90 in this way, and inhibition of
HspO0 function promotes the proteasomal degradation of HER2 (BasH02002). In a
phase llclinical trial, the combination of trastuzumab with a Hsp90 inhibitor showed
enhanced antumour activity in patients with progressing metastatic HER2+ breast cancer
(Modi et al. 2011). Sequestosome 1 (SQSTML1 or p62) is a scaffold protein that has been
shown to correlate with HER2 overexpression. p62 has been implicated in the activation of
several signalling pathways including NFB , Pl 3 K/ A kcatenir& sighslirtg / b
pathways. Recently, studies have shown that p62 is involved in HieRliated mammary
tumourigenesisin-vivo with p62null, HER2overexpressing mice exhibiting impaired
HER?2 signalling and delayed HER2duced tumourigenesis (CkIcRae et al 2015).

HER2 overexpressing breast cancer cells have been shown to enheahcsedtetion,
which subsquently increases the activation of STAT3. Enhanced STAT3 activity has also
been observed in HER2+/ER+ breast cancer cell lines and primary tumours, with targeted
inhibition of STAT3 reducing cell growth and enhancing trastuzumab effioaoytro
(Chunget al 2014).
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1.3.2.2. EGFR in breast cancer.

EGFR expression has been observed in all subtypes of brcaaser but EGFR
overexpression is most commonly found in TNBC, a subtype that is defined by the absence
of ER, progesterone receptand HER2 expression and is highly proliferative. EGFR
overexpression is observed in up to 70% of TNBC cases and is associated with large,
poorly differentiated, aggressive tumours in breast cancer patients, and increased
development of distant metastases (Faewl 2010). The presence of limited therapeutic
options for TNBC has led to studies on the potential of targeted EGFR inhibition.-EGFR
targeted therapies have been developed in the form of TKIls (gefitinib)neizs
(cetuximab), but phase Il clinical tlain advanced metastatic breast cancer were
disappointing (von Minckwitzet al 2005, Baselgat al 2005, Dickleret al 2009, Careyet

al. 2012). The use of gefitinib and cetuximab as monotherapies showed very little effect on
patient response rates,lab ugh t hese trials didnoét-sele
positive. Subsequently, when TNBC cohorts were tested, the use of -ta@fdRed
therapies in combination with other chemotherapeutics (carboplatin, cisplatin) seemed to
improve patient outcomesd provide significant clinical benefits (Baselgaal 2013).
However, these therapies have not been approved for the treatment of TNBC patients and
have not progressed beyond phase Il clinical trials (Netkali 2016).

Mutations to the EGFR have bebnked to oncogenesis in certain cancers, particularly
lung cancer and glioblastoma (Kobayashid. 2005, Liuet al 2015). Many of these
mutations can affect the E3 ubiquHpnotein ligase CBL («Cbl)-binding site, impairing ¢

Cbl mediated degradatianf the EGFR. One of the most commonly observed mutations,
L858R, exhibits enhanced phosphorylation at Y1045, #@bldinding site, but shows
impaired eCbl recruitment and receptor degradation which is explained by enhanced
EGFR heterodimerization witHHER2 (Shtiegmaret al 2007). The L858R mutant was
found to dimerize with HER2 prior to ligaduinding, and HERZ2 is recognized to have
reduced interaction with-€bl, allowing the L858R mutant to evadeCbl (Shtiegmaret

al. 2007). In contrastseveral other mutations can result in lgtwsphorylation of the
Cbl-binding site, similarly disrupting receptor ubiquitination and degradasiostaining

EGFR signalling (Sigismunett al 2018). The EGFR is also recognized to have an
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important role in egatively regulating autophagy, the process of recycling defective
components of the cell, a process that is commonly altered in canceet(le2013, Tan

et al 2016). EGFR inhibits autophagy, directly through phosphorylation and inhibition of
Beclin-1 and indirectly through activation of the PI3K/Akt/mTOR signalling pathway (Wei
et al 2013, Taret al 2016).

Increased EGFR expression in ER+ breast cancer has been associated with enhanced
tumour growth and tamoxifen resistance (Ciupe¢lal 2015). Eleated EGFR expression
drives ERK1/2 mediated phosphorylation of

function for tamoxifen (Ciupekt al 2015).
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1.3.2.3. HERS3 in breast cancer.

The role of HER3 in breast cancer has been primarily studied in the HERRFNBC
subtypes, where high HER3 expression has been specifically associated with tumour
progression and poor patient prognoses (Baal 2013). Interestingly, analysis of the
cancer genome atlas identified that HER3 copy number gains are presend b 1i.
luminal A, 21.1% of luminal B and 27.6% of HERPplified breast tumours. However,
HER3 copy number losses were much more common in basal (33.3%) and-audin
(25%) breast tumours (Morrisat al 2013) The role of HER3 in HER@mplified breast
tumours has been linked to the ability of HER3 to potently activate the PI3K/Akt signalling
pathway, with HER3 being the preferential dimer partner for HER2 (Roskoski 2014).
HER3 overexpression has been associated with resistance to HER2 targeted thedapies
reduced survival in HER2+ breast cancer patients (Bergabfal 2014). Targeted
knockdown of HER3 significantly reduced the proliferation of HER®plified breast
tumoursin-vitro and in-vivo, implying that the HERHER3 heterodimer is essential for
HER2driven oncogenesis (Lddoeflich et al. 2008). A negative feedback loop has been
identified between the PI3K/Akt pathway and HER3 expression in breast cancer cell lines,
wherein Akt limits the expression of HER3 and other RTKs (Chandarlaaty 2011).
Targeted inhibition of the PI3K/Akt has been explored as a therapeutic option for breast
cancer patients, but the presence of this negative feedback mechanism indicates limitations
to the efficacy of this type of treatment. Akt inhibition was shownintuce HER3
expression and enhance phosphorylation of HER3, along with several other RTKSs,
indicating that combination treatments targeting Akt and HER3 would provide more benefit
to patients (Chandarlapagy al 2011).

Pertuzumab, a drug targeted towards the extracellular domain of HER2, has been shown to
inhibit HER2HER3 dimerization. This drug showed promisevivo for the treatment of
HER2+ breast cancer, with enhanced efficacy compared to trastuzumaHdg#ieh et

al. 2008). Pertuzumab has since been approved for the treatment of HER2+ metastatic
breast cancer, and is given in combination with trastuzumab and chemotherapy where it has
improved progression free survival by 6 months over the combination of trastbhzand

chemotherapy (Blumenthat al. 2013).
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There have been some contradictory findings in relation to the potential of using HER3
status as a prognostic factor. Several publications have shown that high HER3 expression
correlates with improved diseaBee survival in breast cancer patients (Pawloveskal.

2000, Leeet al 2007) while others have shown the converse (Giiwal 2010). A
suggestion for this has been the subcellular localisation of HER3, with the receptor having

a different impact on el responses dependent on its location. Nuclear HER3 has been
shown to activate the transcription of Cyclin D1, through directly binding to the Cyclin D1
promoter, in lung and breast cancer cells (Bretnal 2013). The presence of high nuclear

levels d HER3 have been linked to tumour progression and increased chance of metastasis
in prostate cancer (Koumakpagi al 2006). HER3 expression has also been correlated
with ERU expression, indicating a potenti e
ERU expression has been found to correlate
HER family members (Greeet al 2014). HER3 has also been linked to HER@diated
tamoxifenresistance (Liet al 2007). In a HERverexpressing cell model of tamtea-

resistant breast cancer, siRNA knockdown of HER3 was shown to reduce cell growth and
colony formation while increasing the sensitivity of these cells to tamoxifen treatments (Liu

et al 2007). These results were primarily associated with disruptiotiheoPI3K/Akt
signalling pathway (Liwet al. 2007).
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1.3.2.4. HERA4 in breast cancer.

HER4 expression is less studied in breast cancer and has been mostly associated with an
anti-proliferative and praapoptotic role in the breast (Naresthal. 2006, MurakaCook et

al. 2006). HER4 expression is primarily observed in the luminal subtypes, and high HER4
levels have generally been found to correlate with improved patient survival €T labr

2009). The loss of HER4 expression, which is observed in most HBER@ TNBC breast

cancer cases, has been associated with high tumour grade and an increased chance of
tumour recurrence and metastasis (Sundetlal 2008, Kreikeet al 2009, Daset al

2010).

Loss of HER4 expression has also been suggested as aenddepmarker of resistance to
tamoxifen in breast cancer patients (Gud¢ral 2007). In ER+ breast cancer patients,
HERA4 is commonly cexpressed with ERin ~90% of cases. The role of HER4 in ER+
breast cancer appears to predominantly involve the dbfarm of HER4. which has been
found to be cleaved to a soluble intracellular HER4:ICD form (Weingl. 2016). The
presence of HER4:ICD in the nucleus has been shown to directly enhanceblayarth

ERU activity by -aatvator, and ugmdating thep exgression of many
estrogen response genes including the progesterone receptor (PR) and CXCL12, and
driving ER+ breast cancer growth and progression (Han & Jones &@idljn Eremoet

al. 2015,Wanget al 2016).Tamoxifen treatment was found to impair the formation of the
HER4:ICDERU transcriptional compl ex and stinm
HER4:ICD which induces apoptosis in a Bd8main dependent manner through the
activation of BAK (Nareslet al 2006, Rokickiet al. 2010, Han and Jones 201Ahother

novel role for HER4:ICD has been demonstrated in the regulation of Mdm2, a negative
regulator of the tumour suppressor p53. Stimulation of HER4 and translocation of
HER4:ICD to the nucleus resulted mcreased phosphorylation of Mdm2 through a direct
interaction with HER4:ICD, subsequently enhancing the ubiguoitdiated degradation of
Mdm2. This led to elevated levels of p53 and the CDK inhib{{GDKI) p21, a
transcriptional target of p53 (Arasadaladarpenter 2005).

However, there have been contradictory findings in relation to the prognostic value of

HERA4, most likely related to the breast cancer subtype studied and the existence of multiple

59



HER4 isoforms with diverse signalling activities (Pawl&ivst al 2000, Sucet al 2002,
Biecheet al. 2003, Lodgeet al 2003, Thotet al. 2009, Nafiet al 2014). Subsequent meta
analysis of past HER4 studies in breast cancer were unable to identify a significant
correlation between nuclear HER4 levels andrall or relapsdree survival. In contrast,

the presence of elevated levels of cytoplasmic HER4 was associated with significantly

prolonged relapsé&ee survival in breast cancer patients (Wahgl 2016).
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1.4. Aurora kinase A

The Aurora kinase family consists of three highly conserved serine/threonine kinases,
termed Aurora kinase A, B and C which are primarily recognised for their role during
mitosis (Vader and Lens 2008). Aurora kinase(AuroraA) has important roles in
centrosoe maturation, spindle assembly and spindle damage recovery. Aulocalises

to the centrosome during G2 phase and is also present on the mitotic spindle during mitosis.
Targeting to the centrosome requires several kinases, includirgcti2ated kinas (PAK)

1 which is known to directly bind and phosphorylate AwAraAuroraA activation is
dependent on phosphorylation at T288, located within its activation loop. Activation is
essential in triggering the assembly of a large Auforeomplex on the mdtic spindle,

which supports chromatidriven spindle assembly (Vader and Lens. 2008).

AuroraA has been identified as an upstream regulator of polo like kinase (PLK) 1, a
mitotic kinase that stimulates cell cycle progression. Aufoan directly and idirectly,
through the phosphorylation of PLK1 at T210, phosphorylate and activate the phosphatase
cell division cycle (CDC) 25B which is required for initial cyclinB/CDK1 activation during

the G2/M transition (Dutertret al. 2004). A role for Aurorad in mediating cellular
responses to DNA double strand breaks has also been shown, through inhibition of RAD51
recruitment to the damaged site (Sourissetal 2010). This process is linked to the
activity of PLK1 which inhibits the checkpoint kinase (KH1, implicating AuroraA in

tumourigenesis (Sourisseatial 2010).

The aurora kinases are overexpressed in a number of cancers, including breast, and have
been associated with poor patient prognoses (Taataddal999, Gritskaet al 2003, Dauch

et al 2016, Shafet al 2019). AuroraA overexpression has been linked to override of the
spindle assembly checkpoint and abrogation of DNA danrayeced apoptosis which

leads to the development of genetic instability and aneuploidy (Katagtahd2012, Doet

al. 2014). As a result, the therapeutic potential of targeted aurora kinase inhibition has been
investigated in recent years and has shown promise. AAramhibition disrupts mitotic

spindle assembly and potentiates both-géBendent antindependenmechanisms of cell

death (Kaestneet al. 2009). Alisertib is a selective Aurefa inhibitor that has shown

potent antiproliferative effectsin-vitro and in-vivo across a variety of cancer subtypes.
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Alisertib has progressed to clinical trials for lymptas but has shown only modest
efficacy and has not been approved for treatment at this point (Bavetsias and Linardopoulos
2015).

The MYC family of transcription factors have been implicated in the tumourigenesis of
various cancers, and a link has recebi¢n established between Aurdyand members

of the MYC family. In neuroblastoma, a kinaselependent function of Auror& was

found to be stabilizing MYCN, with targeted disruption of the native conformation of
AuroraA enhancing MYCN degradatiof®©tto et al 2009, Brockmanret al 2013). This

finding is of particular relevance to cancers that present with altered p53, where the
development of MYC dependency is common. Studies have recently shown the potential of
targeting AuroraA in the mutant p53 swet of liver cancer (Daucét al 2016). In p53
altered liver cancer, AurorAd was found to be activated by the tumour suppressor p19 in
response to oncogenic stress and contribute to G2/M cell cycle arrest @alcR016).
However, the presence of higevels of MYC in these tumours resulted in tumour
progression and was dependent on Audramediated MYC stabilization (Daucét al

2016). The use of conformatiaitering AuroraA inhibitors prevented the formation of the
AuroraA-MYC complex, resultig in increased MYC degradation and reduced tumour
growth (Dauchet al 2016). The efficacy of AurofA inhibition was observedn-vivo,

where 50% of mice harbouring an aggressive liver tumour presented with reduced tumour

size and improved lonterm survial following treatment (Daucét al 2016).

Interestingly, AuroréA has also been shown to functionally inactivate p53 in cells
expressing wiledype p53. AuroraA can phosphorylate p53 at S315, which promotes
Mdm2-mediated degradation of p53, and at S215, which inhibits the-DIN&ing ability

of p53 (Katayamaet al 2004). In ovarian cancer cells, the inhibition of p53 function by
AuroraA was shown to enhance Akactivation and drive resistance to several
chemotherapeutics including paclitaxel (Yagl 2006) Aurora-A has also been found to
regulate the activity of p73, a tumour suppressor with a similar role to p53 (Katayana
2012). AuroraA can phospbrylate p73 at S235, diminishing p73 DMNnding and

transactivation activity by sequestering p73 in the cytoplasm. This phosphorylation of p73
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was found to directly contribute to the abrogation of DNA damadeced apoptosis and

impaired the role of p78t the spindle assembly checkpoint (Katayatnal 2012).

Studies in gastric cancer have indicated a role for AvdoraNF-a B si gnal | i ng.
of gastric cancer cell lines showed that AurBraverexpression resulted in increased
phosphorylation of 8 B U, i ndi c a-A has g direchralé in MeUB oaat i vat.i
The potential of targeted inhibition of Aurefain gastric cancer was demonstrated in vivo

in both a mouse model of gastric cancer and a xenograft model, with a significant reduction

in tumour growth and enhanced apoptosis observed (Katsila2013).

Importantly, AuroraA has recently been linked to tamoxifen resistance, with Auhora
inhibition showing the ability to impair the growth of tamoxHesistant(Tam-R) breast
cancer cell (Zhenget al 2014, Thraneet al 2015). The overexpression of forkhead box
protein (FOX) Al has been identified in metastatic ER+ breast cancer and has been linked
to driving TamR cell growth (Hurtadaet al 2011, Rosgnneset al 2012). Inhibition of
AuroraA in TamR breast cancer cells was shown to impair cell growth, and reduced
FOXAL levels were observed in inhibitor treat€dm-R cells (Thraneet al. 2015). The
inhibition of Aurora kinase was found to cause G2 arrest and induce apoptdsis+iR

cells (Thraneet al. 2015). Furthermore, knockdown of Aurekadecreased the growth of
TamR cells and improved the efficacy of tamoxifen treatment (Thranal 2015).
Similarly, Zhenget al (2014) found that Aurora inhibition workedsynergistically with
tamoxifen and overcame tamoxifen resistance. Their work also showed that-Aurara
phosphoryl ate ERU at S167 and S305, dri vi
(Zhenget al 2014).
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1.5c-Jun N-terminal kinase (JNK) signalling in cancer.

The JNK family of MAPKs consists of three proteins JNK1, JNK2 and JNK3 whose genes
are alternatively spliced resulting in at least ten isoforms (Getptd 1996). JNK1 and
JNK2 are thought to be expressed in all tissue types, while INpi@arily expressed in

the brain. JNIs are primarily activated by pranflammatory cytokine signalling and
environmental stresses, with active JNK having a significant role in regulating cell
proliferation, survival and migration in specific cell typesgdtdon and Davis. 2007, Rincon
and Davis. 2009). JNKs require phosphorylation at both T183 and Y185 for full activation
(Fleminget al. 2000). eJun is a substrate of JNK kinases, with phosphorylatiorJohcat

S73 supporting the activation of Activatiqotein (AP}1, a master transcription factor
consisting of homeoand heterodimers of jun, fos and activating transcription factor (ATF)
family members (Karinet al 1997). This confers a role for JNK in controlling the
expression of an array of target ger(CyclinD1, p53, p21) that contain AFbinding sites,
genes that are involved in cell cycle regulation, survival and apoptosis (Shaulian and Karin.
2002).

However, the actual role that JNK signalling can play in these cellular processes can vary
dependhg on the cell type, the form and duration of stimuli and the isoform of JNK that is
activated. For example, JNK has been indicated to haveapib antiapoptotic roles in

cells through differential phosphorylation of BZlfamily members. JNK can proneot
apoptosis by phosphorylating the fapoptotic Bcl2 family member BIM, while also
supporting the cleavage and fapoptotic role of BID. Conversely, JNK can phosphorylate
the preapoptotic BAD, leading to its sequestration and preventing the inactivatithe
pro-survival protein BelL (Zha et al 1996, Lei & Davis, 2003, Dengt al 2003).
Similarly, JNK has been found to have a significant role in balancing autophagy, the
process of recycling old proteins and dysfunctional cell organelles, betwetibating to

cell survival or cell death depending on cell type and stimulusefSali 2014). A study in
Head and Neck Sgaumous Cell Carcinoma (HNSCC) found that thebdrtegzomib
induces JNK activation and autophagy induction, leading to apopttideath (Li and

Johnson, 2012). Conversely, increased JNK activation and JNK driven autophagy in
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myeloid leukemia cells was shown to promote cell survival and render cells resistant to

treatment with chemotherapeutic drugs including Vincristine and&@haoet al 2011).

As a result, JNK has been found to have a complex role in cancer, with both tumour
promoting and tumousuppressing effects. JNK1 has been associated with driving HCC
tumour growth and progression. JNK1 downregulation was showrstopdiliver tumour
formation and proliferation in mouse models, with observed increases in the expression of
the CDK inhibitor p21 (Huket al, 2008). Additionally, pharmacological inhibition of INKs

was shown to impair HCC development in xenograft studiésen et al 2009).
Conversely, JNK1 has been linked to a tumour suppressive role in skin cancer, with JINK1
deficient mice exhibiting increased susceptibility to skin tumour formation. However, in
skin cancer JNK2 was shown to promote tumour developméiit,JMK2-deficient mice
showing significantly reduced carcinogenesis (Cletnal 2001, Sheet al 2002).
Importantly, high INK2 expression has been associated with reduced survival of patients
with basal like breast cancer, while JNK2 has been linkeduteotr migration and
metastasis in murine mammary tumour modelss@zdani and Van Den Berg 2010,
Mitra et al. 2011).

Altered JNK activation has also been linked to chemotherapeutic resistance across multiple
cancer subtypes (Set al 2014, Suzuket al 2015, Ebelet al 2017, Lipneret al. 2020).

JNK activation has been shown to contribute tflubrouracil (5FU) and gemcitabine
(GEM) resistance of pancreatic cancer stem cells, due to JNKs ability to reduce
intracellular reactive oxygen species (ROS) accumulation (Sueulal 2015). JNK
inhibition was shown to rsensitize pancreatic cancer stem cells tbUsand GEM,
promoting ROSnduced apoptosis (Suzu&i al 2015). Similarly, JNK activation has been
associated with U resistance in colon cancer by upregulatingqunvival autophgic
signalling, with increased JNK phosphorylation of Babbserved. JNK inhibition impaired

the autophagic responses and returned sensitivity of colon cancer celdJtdor&tment
(Suiet al 2014). INKIN-8 is an irreversible inhibitor of INK3 famiy kinases. Lipneet

al. (2020) showed that JNKN-8 treatment enhanced the sensitivity of 5
FU/FOLFOX(Folinic Acid + 5Fluorouracil + Oxaliplatiji resistant pancreatic ductal
adenocarcinoma to-BU/FOLFOX, producing growth arrest of tumoumsvivo and timour
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regression in some cases (Lipregral. 2020). Ebeltet al (2017) were similarly able to
show a synergistic role for JNK inhibition in TNBC using JN-8. Gefitinib, an EGFR
inhibitor, and Lapatinib, a dual EGFR/HER2 inhibitor, have shown minirfieaey in
treating TNBC despite the presence of EGFR signalling. In breast cancer, EGFR signalling
correlates significantly with JNK activation. Combining JN¥-8 with Lapatinib was
found to synergize to promote cell death in TNBC cells (Ededt 2017). Here, INK1 was
indicated to be driving resistance to lapatinib treatment by limiting reactive oxygen species
accumulation and supporting cell survival. Combining JINK8 treatment with lapatinib

led to 16fold increases in reactive oxygen specieseamuanced cellular apoptosis (Eletlt

al. 2017). Overall, these research findings highlight the potential of JNK inhibition as a
combination therapeutic option in tumours that have developed chemotherapeutic

resistance

1.6. Aims and Objectives

The aim of thisvork was to examine the role of IRAK1 ifam-R ER+ breast cancer cells
determine whether targeted inhibition of IRAKdlone or in combination with JINK family
kinase inhibition,had an impact othe growth ofTamR ER+ breast cancer celland

whetherthis inhibition re-sensitized TarR cells to tamoxifen treatments.
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Chapter 2

Materials and Methods
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2.1. Standard Laboratory Procedures.

Good laboratory practices were followed in all activities. All tissue culture materials and
reagents were kept sterile and used in a class Il (laminar flow) biological safety cabinet.
Nucleic acidfree pipettes and nucleafee solutions were used for aRNA work.
Composition of all solutiongeagent and product sourcegRT-PCR primers and ImageJ

analyses are outlined in Appendix I, Il, lll, and IV, respectively.

2.2. Cell culture.
2.2.1. Cell lines.

The ER+tamoxifensensitivebreastcancer cell line MCF (Adenocarcinoma patientyas
purchased from the American Type Culture Collection (ATCC) and gifted from the Young
group (Royal College of Surgeons in Ireland) whiletémoxiferrresistant subline LY?2
was gifted from Prof. Robert Clarke (Georgetown UniversityYICF-7 cells were
established in 1973 from the pleural effusion of ayé8r old female breast cancer patient
who had developed metastatic disease (Seubd. 1973).MCF-7 cells have an epithelial
phenotype whilst beingER+, progesteroneeceptorpositive and belong to the luminal A
molecular subtypéBrandes and Hermonat 1983 o0 mietaal. 2019. This celtline has
subsequentlppeen used worldwide as a model for studying ER+ breast céghicem et al

2015). The LY2 cell line was established in 1985, by gradually increasing the concentration
of LY117018 in the growth media of MCF cells from 1 to 10° M as the cells became
resistant (Bronzeret al 1985). LY117018 is a raloxifene analog, a selective estrogen
receptor modulator that exerts aptbliferative effects inER+ breast cancer cells. LY2
cells were subsequently found to exhibit resistandddcsimilar antiestrogens tamoxifen
and 40H hydroxytamoxifen(Bronzertet al 1985) The ER+tamoxifensensitivebreast
cancer cell line T470Ductal carcinoma patienglong with itstamoxifenresistant subline
TR-1 were purchased from the European &mlbn of Authenticated Cell Cultures
(ECACC). T47D cells were isolated from the pleural effusion of ay&dr old female
breast cancer patient (Keydatral. 1979). T47D cellhave an epithelial phenotype and are

ER+, progesterone receptor positive anbbig to the luminal A molecular subtyg¥u et
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al. 2017) Thus, they have been widely used as a model to research ER+ breastTdaacer.
TR-1 cell line was established in 2014 from the T47D subline T47D/S2, T47D cells that
had been adapted to grow in 2% FBThese cells were treated leteggm with 1uM
Tamoxifen and after ~10 months the growth of-TRells was similar to that of parental
cells (Thraneet al. 2015).

2.2.2. Reagents for cell @ssage and treatment.

Z-(4)-hydroxytamoxifen was purchased from Tocris. JNMK7 and JNKIN-8 were
purchased from MedChemExpress Europe. Pacritinib was purchased from SelleckChem.
AS602801 was purchased from MedChemExpress Europe. Fetal Bovine SerumvésBS)
purchased from Sigmaldrich, with specific batches that had been tested for any excessive
hormonal responses used. FBS was briefly inactivated prior to use by incubatifg at 56
for 30 minutes. The FBS that was used for the tamox#sistant cell hes was first
stripped of hormones using Charcoal, dextran coated (S#ddnech). 1% (w/v) Charcoal

was added to a bottle of FBS, which was then incubated overnigiCatvith gentle
agitation on a rocker. The charcoal was then removed by centrifugdtib®00g for 30

mi nutes, foll owed by sterile filtration us

The MCF7 cell line was cultured in DMEM Higkslucose (Sigmaldrich) supplemented

with 10% FBS and 0.1% Gentamicin. The LY2 cell line was cultured in Gtbpbenot

free MEM (ThermoFisher Scientific) supplemented with 10% chastopped FBS

(CSF), 1% LGlutamine (Sigm&ldrich), 10nM Z(4)-hydroxytamoxifen (Tocris) and

0.1% Gentamicin (SigmaAldrich). The T47D cell line was cultured in GidébRPMI-

1640 (ThermoFisheScientific) supplemented with 10% FBS and 0.1% Gentamicin. The
TR-1 cell line was cultured in phenfriee RPMI1640 (SigmaAldrich) supplemented with

10% CSF, 2.5mM AlanyGlutamine (Sigm& |l dr i ¢ h) , 8 € g /-Adrich)] ns ul
5nM Z-(4)-hydroxytamoxien and 0.1% Gentamicin. Cells were maintained in an incubator

at 3PC and 5% C®in a humidified atmosphere. All cells were passaged using 2% trypsin

EDTA in PBS when reaching approximately 90% confluency. Cell number was determined
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using a haemocytometeBriefly, cells were loaded onto the chamber by capillarity, and

then visualised and counted using a microscope.

2.2.3. Lentiviral shRNA knockdown.

HEK293T cells were seeded at a density of 2xBlls/ml (3mls) in éwell plates to reach a
confluency of 70-80% for next day transfection. Cells were transfected using
Li pofectamine 2000 (lnvitrogen) according
packaging plasmid psPAX2 (lgg), envel ope
pLKO. 1 vect or-AldrfcB)e gr; conttol ghomairpin  RNA (ShRNA)
(SigmaAldrich). The control shRNA was a ntargeting shRNA vector. Medium was
replaced 24 hours pestansfection with a 30% (v/v) FB&ontaining medium for a further

24 hours. The lentivirusontaining medium wathen harvested, fresh medium was added,
and lentiviral particles were collected again 24 h later. Collected lentiviral medium was
centrifuged at 1200rpm for 5 minutes before transfer to falcon tubes fotdongstorage
at-20°C. For transduction, cellsere seeded into T75 flasks and at a confluency of ~70%,
cells were transduced with 2mls of lentivhersntaining medium with hexadimethrine
bromide (8 mg/ml). The following day medium was removed and replaced with fresh
medium supplemented with the sebeet agent puromycin (InvivoGen) at a final

concentr at iResalts shdwn are fgph RAKLshunless otherwise stated.
Human IRAK1 Sequence (IRAK1sh)

CCGGGCCACCGCAGATTATCATCAACTCGAGTTGATGATAATCTGCGGTGGCTT
TTTG

Human IRAK1 Sequence (IRAK1s?):

CCGGCCGCTTCTACAAAGTGATGGACTCGAGTCCATCACTTTGTAGAAGCGGTT
TTTG

Dr. Marion Butler (PhD supervisor) generated the control and IRAK1 knockdown
cell lines for MCF-7,LY2, T47D and TR-1 that were used in this project
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2.2.4. Cryopreservation of cells.

Cells were trypsinized and pelleted by centrifugation at 1500rpm for 5 minutes at room
temperature and fsuspended in preooled (4C) freezing medium (Complete culture
medium containing 15% FBS and 10% DMSO) at a concentration of telle/ml. Cells

were then transferred to cryotubes (Nunc) and placed in a Mr. Frosty (8ignnzh) in a-

70°C freezer overnight. This container has a cooling rate of approxim&i@hmihute.

Vials were then transferred to liquid nitrogen for long term storage.

2.2.5. Recovery of cells from liquid nitrogen.

Cells were quickly thawed at 82 and transferred to a 50ml Falcon tube for centrifugation
at 1500g for 5 minutes at room temperatulThe freezing medium was removed and the
cell pellet was resuspended in the relevant complete media. Cells were then transferred to
a sterile tissue culture flask and placed in an incubator as detailed previously.

2.3. Cell Growth and Migration assays
2.3.1. 2D cell proliferation assay.
Knockdown assays

Cells were seeded in two individual -6l plates at 4x1Dcells/ml in their relevant
complete media. Cells were then incubated for either 4 or 7 days. One plate was counted
after 4 days and the other after 7 days.
was added for ~5 mi nut eed, wel® Wé&e resuspehdedPaBES W
counted using a haemocytometer to determine the cell concentration/ml. Cells were seeded
in quadruplicate and counted in triplicate. Whole cell lysate was collected from the extra
well to confirm that knockdown was presenhese results can be seen in Appendix V.
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Inhibitor assays.

Cells were seeded in two individual -a2ll plates at 4x1Dcells/ml in their relevant
complete media. Cells were treated after 24 hours with the indicated inhibitor or DMSO
(vehicle control). Cefl were then incubated for 7 days. One plate was counted after 4 days
and the other after 7 days. Here, media wa
~5 minutes. 800¢l of PBS was then added,
haemocytometeto determine the cell concentration/ml. All treatment conditions were

counted in triplicate.

MTS assays for tamoxifenresistant cell lines.

Tamoxifenresistant (TarR)c el | s wer e seeded at 2000 cel |l
containing no supplem¢ary tamoxifen in a S@vell plate. After 24 hours, cells were
treated with 30¢l of the indicated concent
After 72 hour s, 20¢ | o f MTS reagent (abca
returned to the Cgtissue culture incubator for 2 hours. The plate was then placed on a
rocker at 50rpm for 2 minutes to equilibrate and absorbance was then read at OD=490nm
(Biotek Synergy HTX plate reader).

2.3.2. Colonyform ation assa.
Knockdown assays.

Cells were seded in éwell plates at 3000 cells/well (MCF and LY2) or 9000 cells/well
(T47D and TR1) in relevant media (Section 2.2.2). After ~17 days, media was removed
and wells were gently rinsed with PBS. Colonies were then fixed in methanol ¢(Sigma
Aldrich) for 5 minutes. Methanol was removed and colonies were stained with 0.5% (v/v)
Crystal Violet (Sigma&Aldrich) diluted in 20% Methanol. Colonies were counted using the
OpenCFU software.
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Tamoxifen response assays.

Cells were seeded inBell plates at 3000 caliwell (LY2) or 9000 cells/well (TR) in
relevant media containing no supplementary tamoxifen. Wells were treated with tamoxifen
after 24 hours and left for ~1 days. At this point, media was removed and wells were gently
rinsed with PBS. Colonies were thdixed in methanol for 5 minutes. Methanol was
removed and colonies were stained with 0.5% (v/v) Crystal Violet diluted in 20%

Methanol. Colonies were counted using the OpenCFU software.

2.3.3. 3D Matrigel assays.

Flatbottom 96w e | | pl at es (Corning) were <coated
(Sigma) diluted in 96% ethanol to inhibit the ability of cells to adhere to the well surface.
PolyHEMA was solubilised by heating overnight in a water batBO& and vortexing
multiple times Following the coating, plates were dried for 2 days 4€50

Knockdown assays.

Cells were seeded at 5¥1€ells/ml in complete media with 2% (v/v) Matrigel® Basement
Membr ane Matrix, growth factor reduced (Cc
to each well. Plates were wrapped in parafiim and incubated for 10 days, supplemented
with 30¢l diod évesyn ®medays. O nGlo® 8y viakilidy, 50c¢
reagent (Promega) was added to the wells. The plate was wrapped in tin foil and rotated at
150rpm for 5 minutes to induce cell lysis, followed by incubation at room temperature for

25 minutes Luminescence was then read using a CLARIOstar® plus microplate reader
(BMG Labtech).

Inhibitor assays.

Cells were seeded at 5¥1€ells/ml incomplete mediavi t h 2% (v /v) Matri
cell suspension was added to each well. Wells were treatedndicated inhibitors on Day

4 to allow for colony formation before the addition of inhibitors. Plates were wrapped in
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parafilm and incubated for a further 3 days. On Da} 2/¢ o f PrestoBl ue C
(Invitrogen) was added to the wells and platese returned to the incubator for 7 hours.

Fluorescence was then read using a CLARIOstar® plus microplate reader (BMG Labtech).

2.3.4. 3D spheroid assays.
Knockdown assays.

Cells were seeded at 500cells/well in complete media mveéb U-bottom ultralow
attachment plates (Greiner B@ne). Spheroids were allowed to develop for 24 hours, and
then imaged at 10X magnification (Optika Vision Pro) and the diameter measured
(Olympus EP50) under a microscope using\iR®v software to record spheroid diameter

at Day 1. Spheroids were left to develop for 10 days in total with spheroids being imaged
and the diameter measured at Day 6 and Day 10. Day 1 diameter was subtracted from the
Day 6 or Day 10 measurement to determine spheroid progression.

Inhibitor assays.

Cells were seeded at 500cells/well in hormdeelete media in 9@&ell U-bottom ultra

low attachment plates (Greiner Biane). Spheroids were allowed to develop for 24 hours
and then imaged at 10X magnification (Optika Vision Pro) and the diameter measured
(Olympus EP50) under a microscope usingvieRv software to record spheroid diameter

at Day 1. Wells were then treated with the indicated concentration of tamoxifen c® DMS
(vehicle control). Spheroids were then left to develop for 10 days in total with spheroids
being imaged and the diameter measured at Day 6 and Day 10. Day 1 diameter was

subtracted from the Day 6 or Day 10 measurement to determine spheroid progression.

74



2.3.5. 2D Migration assagy.

4-chamber inserts (IBIDI) were placed in the centre of the wells ofvalbplate. Cells

were seeded into the individual chambers-8k6Pc e | | s/ ml and |l eft for
cell suspension was added to each chambiéer 24 hours the inserts were removed and

the wells were gently rinsed with PBS. 3mls of fresh complete media was gently added to
the wells and the gap left between the cells was immediately imaged and measured at
~500em at 10X ma g n iVisioncPeotcanenm usomg Optka Visibp Pro k a

software. Images were then taken twice daily until the gap closed.

2.4 Western Blot.
2.4.1. Preparation of samples.
Whole Cell Lysates.

Cells were seeded intev@ell plates at a density of 4x16ells/ml (3mligwell) for next day
harvest. For inhibitor treatments, cells were seedeelat. @ cells/ml for 24 hours prior to
treatment. The details for each experiment are described in the correspondent results
section and figure legends.

When harvesting cell lysas, plates were placed on ice. Media was removed and the cells
were gently washed once withiceol d PBS. 200¢l of Lysis Buf
to each well, and the plates were incubated®@t @n a rocker at 35rpm for 35 minutes.
Lysates were thewollected into 1.5ml tubes and centrifuged at 12000g°@t fér 10
minutes. The supernatants were transferred into new 1.5ml tubes and the appropriate
amount of 4X Sample buffer (Appendix 1) was added. Samples were then boiled for 10
minutes at 9%C, before being stored a20°C.

Nuclear Extraction.

Cells were seeded in 10cm dishes at &xdélls/ml (10mis/dish). After 24 hours, the
medium was removed from the wells and nuclear and cytosolic fractionation was

performed a Nuclear Extraction Kit (Active Mot My Bi 0) as per ma n
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instructions. Dishes were gently washed with-dgotd PBS containing phosphatase
inhibitors. 1ml of PBS with phosphatase inhibitors was then added to the dishes and cells
were collected with a scraper into 1.5ml tubes, then centrifuged at 500g for 5 minutes at
4°C. Supernatant was removed and the cell pellestres us pended i n 400¢]l
buffer and Il eft for 15 mi nudl0ewss added ancceach 2 0
tube was vortexed for 10 seconds, prior to centrifugation at 12000g for 30 secof@s at 4
The supernatant (cytoplasmic fractiomas collected in a new 1.5ml tube. The cell pellet
was washed in 500l of PBS containing prot
at 12000g for 1 minute at’@. All supernatant was removed and the cell pellet was re
suspended in nuclear lysmffer, with samples then placed on a rocker at 70rpm for 30
minutes. All samples were +®ispended every 10 minutes while on the rocker. All tubes
were then vortexed for 30 seconds, followed by centrifugation at 12000g for 10 minutes at
4°C. The supernatd (nuclear fraction) was transferred to a fresh 1.5ml tube. The
appropriate amount of 4X sample buffer was added to cytoplasmic and nuclear samples and

they were subsequently boiled aP@For 10 minutes, followed by storage-2€°C.
2.4.2. SDSPAGE.

SDS-polyacrylamide gel electrophoresis (SP8GE) was conducted in a Biorad Mini
Protean® Tetra System, according to the method of Laemmli (Laemmli, 1970), as modified
by Studier (Studier, 1973). Typically, 10% gels were used with alterations made depending
on the size of the protein of interest. Details about the preparation of all gels are displayed
in Table 2.1, whilst all the buffers used can be found in Appendix |.-pitra Protogel®

was purchased from National Diagnostics; APS and TEMED from SAjahach. Samples

and prestained protein marker (PageRuMrPrestained Protein Ladder, 250kDa,
ThermoFisher Scientific) were loaded into separate wells. They were then run in 1X
Running buffer at 90V through the 5% stacking gel, followed by 120V thrahgh
resolving gel for between2 hours depending on the size of the protein of interest
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Lower Resolving Gels:

% Total Acrylamide 8% 10% 12% 15%
H20 mi 12.1 10.5 8.75 6.25
4X Lower Tris Buffer | ml 6.25 6.25 6.25 6.25
Protogel mi 6.67 8.35 10 12.5
10% (w/v) APS el 130 130 130 130
TEMED el 14 14 14 14

Total Volume ml 25 25 25 25

Upper Stacking Gel:

% Total Acrylamide 5%
H.0 ml 5.8
4X Upper Tris Buffer mi 2.5
Protogel ml 1.7
10% (w/v) APS e | 40
TEMED e | 20
Total Volume mi 10

Table 2.1 Composition of the polyacrylamide gels used.

2.4.3. Immunoblotting (Western Blot).

Following the electrophoretic separation, the proteins were transferred onto Imrv@bilon
PVDF membranes (0. 4-B5ilipore)poa RBiometra EastBIOY celtie r ¢ k
dry transfer unit at 90mA/gel (4 gels maximum, correspondent to 360mA) @5 25

minutes, depending on the size of the protein of interest, using PVDF and whatman paper

77



(SigmaAldrich) presoaked in transfer buffer (Appendix. \mersham™ nitrocellulose
membranes (GE Healthcare) were used when probing for smaller proteins (<50kDa). All
membranes were activated prior to use in methanol (PVDF) or water (Nitrocellulose) for 1
minute. At the end of the transfer, the membranes aqu@ickly washed in TBST (Appendix

), and their norspecific binding sites blocked for 1 hour using TBST containing 5% (w/v)
powdered milk (Marvel). The membranes were then quickly washed in TBST, prior to
overnight incubation at°€C with the appropriate nary antibody, diluted in 5% milk
TBST or 5% BSATBST. The specificity and dilution used for the various antibodies are
listed in Table 2.2. After overnight incubation, membranes were washed in TBST for three
5 minute washes, length and number of waslaegivg slightly depending on the antibody
being used. Following washing, the membranes were incubated for 2 hours at room
temperature with the HREonjugated secondary antibody. AMbuse or AntiRabbit IgG

HRP (Cell Signalling Technology Inc. (7076S) adigmaAldrich (A6154), respectively)

was diluted 1:2000 in 5% mHKBST. The membranes were finally washed three times for

5 minutes in TBST, transferred to an autoradiography cassette and covered with either
Luminata Forte Western HRP substrate (Sigkhdrich) or a 1:1 mix of Solution A and
Solution B (Appendix I). The cassette was then transferred to a dark room, where
autoradiograph film (Santa Cruz Biotechnology) was placed on top of the membranes, left
to expose for 60 minutes and developed usingzel@per and fixer solutions (LabTech).
Blots were scanned and the relative abundance of protein quantified by densitometric
analysis using ImageJ software (NIH, Bethesda, MD). All Western Blot densitometry data

were nor maiini zed t o b
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Primary Ab Souce Dilution Secondary Ab
b-actin (A5441) Sigma 1:2000 | Anti-mouse IgGHRP
IRAK1 (D51G7) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
pERU ( Ser 11 8)| CellSignaling| 1:1000 | Anti-mouse IgGHRP
PERU ( Ser 16 7)| Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
TotalERJ ( D8 H8 )| Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
PCNA (D3H8P) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
Tubulin (DM1A) Cell Signaling| 1:2000 | Anti-mouse IgGHRP
EGFR (D38B1) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
HER2 (D8F12) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
HER3 (D22C5) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
HER4 (111B2) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
HDACL1 (10E2) Cell Signaling| 1:1000 | Anti-mouse IgGHRP
p21 Wafl/Cipl (DCS60) | Cell Signaling | 1:1000 | Anti-mouse IgGHRP
p27 Kipl (SX53G8.5) Cell Signaling| 1:1000 | Anti-mouse IgGHRP
pAurora A (Thr288) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
(C39D8)

Total Aurora A (D3E4Q) | Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
pPJINK (Thr183/Tyrl85) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
(81E11)

Total INK (9252) Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
pc-Jun (Ser73) (D47G9) | Cell Signaling| 1:1000 | Anti-rabbit IgGHRP
Total cJun (60A8) Cell Signaling| 1:1000 | Anti-rabbitlgG-HRP

Table 2.2.Specificity, source, dilution and correspondent secondary antibody of all

primary antibodies used.

79




2.5. RNA isolation and cDNA synthesis.

All plasticware in use was certified RNAfee.

2.5.1. Preparation of samples.

Cells were seded in 12well plates at a density of 4xA@ells/ml (1.5ml/well) and left
overnight. The details about each individual experiment are described in the relevant results
section and figure legend. When ready, cells were gently washed with 1micoldcEBS,
harvested in 500c¢]!| -AldrRH) and traasferresl o9l &ml tubeg. Sheg ma
samples were then subjected to RNA isolation or frozesv@C until ready for RNA

isolation procedure.
2.5.2. RNA isolation procedure.

Total RNA extraction was peror me d according to t he ma
(TRIzoI® reagent- SigmaA |l dr i ¢ h) .-brofaaBcHhloroppopanel(SigmaAldrich)

was added to each sample, which were each then vortexed briefly and allowed to sit for 5
minutes at room temperature, lisved by centrifugation at 12000g for 15 minutes %t.4

Here, the mixture separates into a lower red phenol phase, an interphase and a colourless
upper aqueous phase; the RNA remains exclusively in the aqueous phase which was
transferred to fresh 1.5mlltes, avoiding any contact with the interphase or phenol layers.
250¢ | of | s o fAldrizh) avasoddded( t& ieagimsample, they were briefly
vortexed and allowed to sit for 10 minutes at room temperature, followed by centrifugation

at 12000g for 10 mimes at 4C . The supernatant was then
ethanol (SigmaAldrich) was added. Samples were inverted 5 times, followed by
centrifugation at 8000g for 5 minutes 4C4 Ethanol was removed and the pellet was left
toairdryinalaminaf | ow hood for 7/ 8 -4+neemwatér vas.add&l5 ¢ |
and the samples were heated for 10 minutes %.@amples were then briefly mixed and
centrifuged to return all of samples to bottom of tubes. The quality and quantity of the
isolated RNA vas then determined using a Nanodrop 1000 spectrophotometer v3.3
(ThermoScientific).
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2.5.3. cDNA synthesis.

400ng of RNA was converted into cDNA using the 5X-lHOne RT MasterMix (NBS

Bi ol ogicals), according to t Mastervhawasdddedt ur e
to 8¢l of 50ng/ ¢l RNA, for a final vol ume
placed in a thermal cycler (Storm, Gene Technologies). Samples were incubatetCat 4

for 5 minutes, 2% for 10 minutes, £Z for 50 minutes, 8& for 5 minutes and then held

at £C prior to retrieval.
2.5.4. Realtime PCR.

The realtime PCR was performed on cDNAs using the FastStart Universal SYBR Green
Master (ROX) (Roche Diagnostic). The mix used for the quantification of the target genes

i ncluded 5¢l of the Master mix, O0.5&gM of e
and water wup to a final wofthepnmersou$ed i $hewn. T |
in Appendix Il. The thermal cycling conditions are shown in Table 2.3. The annealing
temperature was selected based on the primer set being used, and was gé@eledly 2

than the lower i value. Reatime PCR was performesh a StepOnePlus Redime PCR

System (Applied Biosystems) using MicroAmp Fast-v@8l reaction plates (0.1ml,

Applied Biosystems). All Regime PCR experiments included a negative control to ensure

the absence of contaminating DNA. The data was analysied the Z®¢ method, with

all samples normalised ®APDH
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Initial denaturation 95 10 min 1

Denaturation 95 15s
Annealing 52-60 1 min 40
Extension 72 15s

Table 2.3.Thermal cycling protocol followed for retime PCR experiments.

2.6. Statistical analysis.

Data analysis was carried out using paired or unpaired Student t tests using GraphPad
Prism. Statistically significant differences are indicated by the asterisk®<0.05; **,
P<0.01; ***, P<0.001.

82



Chapter 3

Targeting IRAK1 in Tamoxifen-ResistantBreast Cancer
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3.1. Introduction.

IRAK1 has been extensively researched in innate immunology, where it is recognized as an
important mediator of signalling downstream of thellland Toltlike receptors (Flannery

and Bowie 2010). In the innate immune response, IRAK1 plays a crucial n@gutating
cellular responses to various infections, influencing processes including cell cycle
progression, apoptosis and inflammatory responses (Flannery & Bowie 201@t Jdin
2014). The predominant mechanisms by which IRAK1 modulates the innate immune
response is through the activation of the-hB-and MAPK signalling cascades. Given the

role that aberrant NKB and MAPK activity can play in cancer development and
progressiona potential oncogenic role for IRAK1 has subsequently been studied in various
cancers (Zhangt al 2017, Braictet al 2019).

In recent years, IRAK1 has been found to be overexpressed in Myelodysplastic Syndrome
(Rhyasenet al 2013), Fcell Acute Lymploblastic Leukemia (Dussiaet al. 2015) and
Hepatocellular Carcinoma (HCC) (% al. 2015) while hyperphosphorylation of IRAK1

has also been identified in HCC and Activatedd like Diffuse Large Bcell Lymphoma

(Ngo et al 2011, Suet al 2015). In eah of these cases, targeted inhibition of IRAK1
through shRNA knockdown and/or the use of an IRAK1/4 kinase inhibitor showed
potential therapeutic benefits, reducing cancer cell granvthtro and increasing survival

in xenograft models (Rhyasenal 2013, Liet al 2016).

Weeet al (2015) investigated the role of IRAK1 in breast cancer where, through analysis
of The Cancer Genome Atlas, they were able to identify that IRAK1 expression was
elevated across breast cancer subtypes when compared to bogasl epithelium, most
significantly in the basal subtype. Their research focused on TNBC, where they found that
blocking IRAK1 kinase activity reduced cell growth and migraimiwvitro. Their findings
indicated that the inhibition of IRAK1 kinase actywiwas sufficient to reduce N& B
activation and the subsequent production of theirftammatory cytokines It6 and 1-8
(Weeet al 2015). They were subsequently able to show that IRAK1 knockdown impaired
the growth of TNBC xenograft models and redutet metastasis while IRAK1 kinase
inhibition was also capable of impairing lung metastasisivo (Wee et al. 2015).

Additionally, their research revealed a role for IRAK1 in the development of resistance to
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the chemotherapeutic paclitaxel, with both IRA knockdown and IRAK1 kinase
inhibition reducing the growth of paclitaxedsistant cells and 1gensitizing cells to

paclitaxel treatment®-vitro (Weeet al, 2015).

Recently, two further publications have expanded on the role of IRAK1 in breast cancer.
Research by Goflet al (2017) was able to identify the presence of a chromosome
amplification at 1g21.3 in a high percentage of breast tumours. The genes for several S100
family members are located here and their findings showed that IRAK1, throughiaeposi
feedback loop with S100A7/8/9, was driving tumoursphere growth in lg2dgsified
breast cancer cell lines. The inhibition of IRAK1 uspagritinib, a small molecule kinase
inhibitor that also targets JAK2 and FIt3, reduced cancer cell growthro andin-vivo,
showing enhanced efficacy in 1g2Z&a6plified cells (Goket al. 2017). Liuet al (2019)
identified a unique role for IRAK1 in mediating radiation resistance across cancers
containing mutant p53, including breast cancer. Their researchutanimp53 cancers
showed that, in response to radiation therapy, IRAK1 was inhibiting PIDDeswd&ted
apoptosis. They were subsequently able to show that targeted inhibition of IRAK1 kinase
activity in mutant p53 tumour cell models was able tgsegsiize cells to radiation therapy

at thein vitro andin-vivo level (Liu et al. 2019).

However, the role of IRAK1 in ER+ endocrhinesistant breast cancer has not yet been
studied. A role for IRAK1 in the growth of tamoxifeensitive (TarS) ER+ cells was
demonstrated with the use of pacritinihich impaired the growth of the 1g23agplified
ER+ breast cancer cell lines M@Fand T47D (Golet al. 2017).

This work assessed the role of IRAK1 in ER+ breast cancer, with particular focus on the
part that IRA1 may play in the tamoxiferesistant phenotype. Additionally, we studied
whether targeting IRAK1 would fsensitize tamoxifemesistant (TarR) ER+ cells to
tamoxifen treatments. Our findings show that targeting IRAK1 impairs the growth of Tam
R ER+ breat cancer cells and #sensitizes TarR cells to tamoxifenn-vitro, supporting
progression to animal models to assess the efficacy of targeting IRAK1 inRRTam

xenografts.
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3.2. Results.

3.2.1. High IRAK1 expression is a significant negativprognostic marker in Luminal

A breast cancer.

Analysis of data from The Cancer Genome Atlas database previously identified that IRAK1

Is overexpressed across breast cancer subtypes when compared to normal breast epithelium
(Weeet al. 2015) Subsequent analysis bifeast cancepatient outcomes found thlaigher

IRAK1 expression correlated with reduced survival and an increased chance of developing

metastatic diseas@/Neeet al, 2015).

Analysis of the COSMIC databgg®ovided by the Sanger institushowed that IRAK1 is
overexpressed in 12.23% lmfeast cancer samples tested while IRAK1 point mutations and
copy number variations are rare in the breast (0.78% and 0.47% respectively)
(https://cancer.sanger.ac.uk/cosmic/gendyas?In=IRAK1). We analysedbreast cancer

patient survivabata from the Kaplameier cancer survivalatabas¢kmplot.com)

(Gyorffy et al 2010) to assess how IRAK1 expression affects the survivauofinal A
breastcancer patients specificgllFor this analysis, we compared the survival of patients
with upper quartile IRAK1 expressiamth patients with lower quartile IRAK1 expression
(Q1 vs. Q4). We found that high IRAK1 expression correlated with significantly reduced
relapsefree survival (RFS) of uminal A breast cancer patients (Figure 3.1 (A),
P=0.00088, n=966), with this correlation enhanced further when the lymph node positive
Luminal A cohort was isolated (Figure 3.1 (B), P=0.0018, n=264). Additionally, high
IRAK1 expression was a significaneégative prognostic marker for overall surviy@lS) of

Luminal A breast cancer patients (Figure 3.2, P=0.0043, n=307).

Taken together,hese findingsimplied that high IRAK1 expression is associated with
tumour recurrence, cancer progression eeliced survivaln patients withLuminal A

breast cancer.
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3.2.2. IRAK1 mRNA and protein levels are elevated in tamoxifemesistant breast
cancer cell lines when compared to their tamoxifeisensitive parental cell lines, and

this correlates with increased ERU express

We analysed the expression of IRAK1 in the T@nhuminal A breastcancer cell lines
MCF-7 and T47D, along with their TafR sublines LY2 and TR, respectively. We first
measured mMRNA levels in these cell lines by quantitativetimal PCR (QRTPCR). As
shown in Figure 3.3. (A), IRAK1 mRNA levels were significantly higher in both FRm

cell lines when compared to their T&®nparental cell lines. Similarly, we observed
increases in IRAK1 protein levels in both Td&rcell lines (Figure 3.3. (C), Supplementary
Figure AIV.1). The presence of elevated IRAK1 levels in both tamoxdsistant cell lines
together with the kmplot.com data (Figure 3.1 and Figure 3.2) supported an investigation

into the role of IRAK1 in the growth of TaiR ER+ breast cancer cell lines

We next assessed the expr esSandTarReERHbreast t i v i
cancer cell l i nes. ERU expr elweastcanter and is s i g n
recognised to drive ER+ tumour growt h. \
significantly increased in the LY2 cell line, when compared to the MGiell line.
However, this result was not mirrored when we compared the T47D a+id CER lines,

where there was no discernible difference inAERpression (Figure 3.3. (B)). When we

looked at the protein level, the same results were observed (Figure 3.3. (C), Supplementary
Figure AIV.1). To expandfurther, we sSsubsequently sought to
by |l ooking at the phosphoryl at i onhthesefsiietERU ¢
is important for the full activation of the receptor, and its abilityegulatetranscription of
target genes. Figure 3. 3. (C) shows that
increased in both TR LY2 and TR1 cells, when compardd their tamoxifersensitive

parental cell linesThese findings indicated that there may be a link between IRAK1 and
ERU acti vRcellg in Tam
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As there were major differences obseRved

LY2 and TR1 breast cancer cell lines, we next analyseegtikepr essi on of a n

target genes (Figure 3.4). The most significant changes we observed were in the expression
of EGR3 and GREB1, which were significantly reduced in Ba@mR cell lines (Figure

3.4. (A) & (C)). These genes are commonly usedt®s ess ERU functi on
estrogen stimulation, while the loss of GREB1 expression has been linked to reduced
tamoxifen efficacy previously (Ghoskt al 2000, Inoueet al 2004, Mohammecbt al
2013).The changes observed in the expression aoth ERU t ar get genes
the TamR cell lines (Figure 3.4). The expression of TFF1 and CCND1 was reduced in
LY2 cells when compared to their parental MZFcells, while their expression was
increased in TR cells when compared to their paretdl’D cells (Figure 3.4. (B) & (E)).
Conversely, the expression of SIAH2 was increased in LY2 cells whilst being reduced in
TR-1 cells (Figure 3.4. (G)). Overall, these findings show that there are major alterations in
ERU function f ol | oafiresigtancé toetamalxidem eréatmpnmn elhet
expression of CDK1 was also altered in both TRroell lines (Figure 3.4. (F)). Combining

this result with the changes in CCND1 expression would indicate that significant
modifications are made in cell cycle regtibn during the development of tamoxifen

resistance.

92



TFF1

GREB1

uerssaadxa danePy

*kk

(I .

*kk

T T
= iy

0.0-

- =
uoIssaadxa sane Py

FKBP4

EGR3

uoissaadxa aanepRy

*k*k

*

*%

1.59

uorssaadxa aane Py

CDK1

CCND1

&

uoissaadxa aanepPy

KKk

T T T T
= " = vy
i - - =

0.0-

uerssaadxa aanePy

XBP1

SIAH2

r T T 1
n = n =
- - = =
:e_wmo._;wum»_un_uz

J
il

M

e

u01ssa1dxa dAnEPY

/.

&

93
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3.2.3. IRAK1 knockdown disrupts the growth of tamoxifenrresistant ER+ breast
cancer cell lines across severah-vitro growth models, with reductions in cell growth

also observed in the tamoxifersensitive T47D cell line.

IRAK1 has been identified to be overexpressed and/or hyperactivated in a number of
cancers. These findgs have led other researchers to assess the effects that targeted
inhibition of IRAK1 has on the growth of these cancers. Weal (2015) have already
shown that both kinase inhibition and IRAK1 knockdown reduce the growth of TNBC
cells.

Knowledge thahigh-IRAK1 expressing Luminal A breast cancers show poorer RFS and
OS (Figure 3.1 and Figure 3.2), together with our data on higher IRAK1 expression in
TamR cells (Figure 3.3), prompted us to address whether targeting IRAK1 would have an
effect on the grwth of both TarrR and TamS ER+ breast cancer cell lines. We first
generated stable knockdown of IRAK1, using two independent shRNAs targeting IRAK1,
through a lentiviral approach in Taghbreast cancer cell lines M&Fand T47D and their
TamR sublines Y2 and TR1, respectively. We performed proliferation assays, seeding
cells at 4x16 cells/ml in triplicate and counting on day 4 and day 7. We found that IRAK1
knockdown significantly reduced the proliferation of F&rLY2 and TR1 cells (Figure

3.5. (B &D)). IRAK1 knockdown also significantly reduced the growth of Tarm47D

cells but had no impact on the growth of MZFells as assessed by this 2D proliferation
assay(Figure 3.5 (A & C))

95



MC F7 LY?2
201 -~ Ctrolsh 304 - Ctrolsh

:'E‘ -# JRAKIsh-1 =E‘ -# [RAKIsh-1
\r; 154 -+ IRAKI1sh-2 .r‘.; -+~ TRAKIsh-2

= = 204

210 E

E E

£ 2 10

I 3

&} o

]

Day

C D
T47D TR1
204 -~ (Ctrolsh 81 -~ Ctrolsh
-# [RAKIsh-1 - [RAKIlsh-1

-+ [RAKIsh-2 -+ [RAKIsh-2

—
un
1
=2
1

wn
1

~
1

Cell Number (x10%/ml)
=

Cell Number (x10%/ml)
=

=

]

Figure 3.5. IRAK1 knockdown reduced 2D proliferation of TaR LY2 and TR1 cells,
while also reducing the growth of Taf8 T47D cells.Cells were seeded in two “zell
plates at4x1Ccells/ml in quadruplicate. LY2 cells were cultured in relevant media
supplemented with 10nM -#)-hydroxytamoxifen. TRL cells were cultured in relevant
media supplemented with 5nM-@)-hydroxytamoxifen. Wells were counted in triplicate
on day 4 andlay 7 using a haemocytometer. Whole cell lysates were generated from the
extra well on day 7 and subjected to Western Blot analysis to confirm IRAK1 knockdown
(Appendix V). Results were obtained from at least 4 independent experiments. (A.J MCF
(B.) LY2 (C.) T47D (D.) TR1. P value was calculated using the paired Student t test.
Statistically significant differences are indicated by the asterisks: *, P<0.05; **, P<0.01;
*** P<0.001. Dr. Marion Butler (PhD supervisor) generated the control and IRAK1
knockdown cell lines for MCF-7, LY2, T47D and TR-1 that were used in this project
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We next addressed whether IRAK1 knockdown impacted cdiomgation in TarR and
TamS ER+ breast cancer cell lines. IRAK1 knockdown impaired the ability of-Ram
LY2 and TR1 cdls to form colonies, with pronounced differences observed betweeh TR
control and IRAK1 knockdown cells (Figure 3.6. (B & D)). Similar to that observed in our
2D growth assays, colofgrmation was decreased in T47D IRAK1sh cells compared to
control cels while no differences were observed for MCIRAK1sh cells(Figure 3.6 (A

& C)).
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Figure 3.6. IRAK1 knockdown reduced colorfgrmation of TamR LY2 and TR1 cells,

while also reducing the colony growth of Ta#® T47D cellsCells were seeded ingell

plates at3000cells/well (MCF7, LY2) and 9000cells/well (T47D, TR) to generate
singlecell derived colonies. LY2 cells were cultured in relevant media supplemented with
10nM Z-(4)-hydroxytamoxifen. TRL cells were cultured in relevant media supplemented
with 5nM Z-(4)-hydroxytamoxifen. Colony formation was assessed at da®11at which

point colonies were fixed in methanol and stained with 0.5% crystal violet. Analysis was
done using the OpenCFU software tool. Results were obtained from at least 3 independent
experiments. (A.) MCF/ (B.) LY2 (C.) T47D (D.) TR1. P value was calculated using the
paired Student t test. Statistically significant differences are indicated by the asterisks: *,
P<0.05; **, P<0.01.
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To build on these findings, we wanted to address whether the results from these cellular
assays would translate to a 3Bvitro growth assay. 3D growth models more closely

mimic in-vivo growth.

Firstly, we used a 3D Matrigel growth model. Results shoedodest reduction in the
growth of TamR LY2 and TR1 IRAK1sh cells compared to control cells. However,
images captured at the time of analysis clearly showed growth differences between control
and IRAK1 knockdown for LY2, TRl and T47D cells, whereas rfferences were
observed for MCH cells (Figure 3.7).

100



MCF-7 Ly2

RLU

Ctrolsh IRAK1sh

T47D TR-1

2000000

15000004

10000004

RLU

500000

Ctrolsh

Figure 3.7. IRAK1knockdown reduced the 3D growth of TaR LY2 and TR1 cells in a

3D Matrigel model, while also reducing the growth of Tagh T47D cells.Cells were

seeded at 5x#0 ml (90¢e!l / wel l) i-bottold @8wegllhpatesain ther a t e d
respective media contang 2% Matrigel.LY2 cells were cultured in relevant media
supplemented with 10nM -#)-hydroxytamoxifen. TRL cells were cultured in relevant
media supplemented with 5nM(4)-hydroxytamoxifen.Cells were then allowed to grow
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out for 10 days, whilstbetn suppl ement ed with 30¢l of co
Day 10, 50¢l of Cell Titer Gl o 3D viabiliHt
covered in tinfoil before being placed on a rotator &450rpm for 5 minutes, and
subsequently allowed to sit edom temperature for 25 minutes. Luminescence was then
read on &CLARIOstar® plus microplate reader (BMG LabtecWells wereimaged using

an Optika Vision Pro camera at 10X magnificatidResults were obtained from at least 3
independent experiments. .JAMCF7 (B.) LY2 (C.) T47D (D.) TR1. P value was
calculated using the paired Student t test. Statistically significant differences are indicated
by the asterisks: *, P<0.05.
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To strengthen our 3D growth findings, we also used ag@eroid growth model (Figure
3.8). IRAK1 knockdown significantly reduced the growth of FRmMLY2 and TR1
spheroids, with a marked effect on T&MTR-1 spheroids (Figure 3.8 B & D) IRAK1
knockdown significantly reduced the growth of T&47D spheroidyut had no impact
on the growth of the MG spheroids which is in agreement with our 2D proliferation,

colony-forming assay and 3D Matrigel results for IRAK1sh T47D and MGiells.
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Figure 3. 8. | RAK1 knockdeRvnL Yr2e daduncde @T Rt hhei mr
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Altogether, our results from these 2D and 3D asshgsvedconsistent findings for IRAK1
knockdown in the TaAR and TamS ER+ breast cancer cell lines used in this study.
Firstly, IRAK1 knockdown has no significant effect on the growth of T&MCF7 cells,
whilst significantly reducing the growth of TaB1T47D ells, highlighting the existence of
growth-pathway differences between these two most commonly studieeéSTABR+ breast
cancer cell lines. In contrast, IRAK1 knockdown significantly reduced the growth of Tam
R LY2 and TR1 cells, which are the TaR sublires of MCF7 and T47D, respectively. It

Is interesting that IRAK1 has a growth promoting role in TFRnbY2 cells, given our
findings for the parental cell line, MCF. These findings suggest that IRAK1 has a major

role in maintaining the growth of TaRR ER+breast cancer cells.

We next assessed the impact of IRAK1 knockdown on 2D migration in theSTand
TamR ER+ breast cancer cell lines used in this study. There was no significant change in
migration observed in IRAK1sh MCF cells when compared to couoit cells (Figure 3.9.

(A)). In contrast, IRAK1 knockdown significantly impaired the migration of LY2 and
T47D cells when compared to control cells in this 2D migration assay (Figure 3.9. (B) &
(C)). Interestingly, in disparity with the results from ourogth analysis, IRAK1
knockdown had no significant effect on the migration of FRMR-1 cells (Figure 3.9.

(D)). The TR1 cells migrated slower than the other FT8nand TanR cells, as gap closure

time was 5 days for TR cells compared to 2/3 days for thiner ER+ breast cancer cells

used in this study.
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Figure 3.9. | RAK1 kmgaokddwR iofieaTiared {Sish ea n c
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3.2.4. IRAK1 knockdown alters RU ex pr essi on and/ oesismut i vi t

ER+ breast cancer cellines, and in the T47D cell line.

Given the <correlations observed between
parent al cel |l l i nes, we wanted to see wha:
and function. We initially measured the mRNévels of IRAK1 through RIPCR and
confirmed successful knockdown of ~80% when compared to respective control cells
(Figure 3.10 (A)). Subsequently, we analysed mRNA levels of ESR1 and found that the
expression of ERU was 4tDiandfTRIrcells folioveng IRAKLa | t e r
knockdown. Interestingly, we found that IRAK1 knockdown significantly reduced ESR1
MRNA levels in T47D cells, whereas the opposite trend was seen-ih ddis (Figure

3.10. (B)). No change in ESR1 expression was obsdryeetleen the MCH or LY2 cell

lines at the mMRNA level.

Using whole cell lysates, we next sought to assess changes in the expression and activity of
ERU through Western blot analysis (Figure
levelin T47Dand TRL | RAK1sh cell s matched tot al ER
bl ot analysis. Reduced phosphoryl ation of
knockdown T47D cells compared to control C

at these same phatso-sites was found in IRAK1 knockdown TRcells.

Inthe case of MCHF and LY2 cell s, | RAK1 knockdown
at S118 in MCK cell s, whi | e | RAK1 knockdown d
expression or activity in LY2 whole celldgtes as assessed by Western blot (Figure 3.10

(C), Figure AIV.2). However, when we isolated the nuclear fraction in these same cells, we
found a pronounced increase in nuclear | ev
cells compared to control cel{figure 3.11 (A)). In IRAK1sh TR cells, the increase in

nuclear levels of phospdRU s howed a | ess marked chang
with slight increases in both nuclear and cytoplasmic phegpRdJ ( Fi gur e 3. 1:
the case of Tars T47D ells, IRAK1 knockdown showed a marked reduction in
cytoplasmic levels of phospBRU ( S118/ S167) , with modest
ERU |l evels in the nuclear fraction (Figure
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We used qRIPCR to assess the impact of IRAK1 knockdown on therexe s si on of
target genes (Figure 3.12). Specifically f
GREB1, EGR3 and TFF1, which are frequent]l )
IRAK1 knockdown increased the mRNA levels of two or moreefshe ERU t ar get
both LY2 and TR1 TamR cells. Having previously observed (Figure 3.4) the dramatically
reduced levels of both GREB1 and EGRS3 in the FRarhY2 and TR1 cells when
compared to theifam-S parental cells, the increased expressiorhesé genes in IRAK1
knockdown cells points to increased liggndr d ependent ERU -Recdls vity
(Figure 3.12 (A) & (F)). Increased GREB1 expression has been linked to tamoxifen
responsiveness previously (Vi al. 2018). These TafR cells arecultured in estrogen

deplete media and in low levels of tamoxifen with the purpose of maintaining tamoxifen
resistance. Previous work in LY2 cells identified GREB1, EGR3 and TFF1 as steroid
independent ERegulated genes (Vareslig al 2016). Further widk was needed to clarify
whether this finding translates to a higher sensitivity to tamoxifen using increasing
tamoxifen concentrations in cellular growth assays. IRAK1 knockdown also increased the
expression of TFF1 in TaR LY2 and TR1 cells, and in Tar® T47D cells (Figure 3.12.

(B)). Increased TFF1 expression has been positively correlated with tumour migration and
metastasis in breast cancer previously (Petsal 2002). However, studies in TFF1
knockout mice showed that the absence of TFF1 actingifgased breast tumour incidence

and breast tumour growth, indicating that our result may contribute to the reduced growth

we observed in these cell lines (Buaehal 2011).

Subtle wvariations were observed alyrteess t |
expression of the estrogeegulated cell cycle protein CDK1 was reduced in both the LY2

and T47D cell lines following IRAK1 knockdown (Figure 3.12. (D)). Additionally, we
observed that IRAK1 knockdown reduced the expression of XBP1 in T47Dcoeligared

to control cells. The expression of XBP1 and its splice variant XBP1s are upregulated by
ERU. XBP1 can act as a cofactor for ERU
major role in the endoplasmic reticulum (ER) stress response @aig2003, Senguptet

al. 2010).The ER stress response is commonly upregulated in cancers to cope with the
increased protein turnover associated with aberrant tumour growth (kbah@006).
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Overall, these findings indicate that IRAK1 has an important e i n r egul at
function in Luminal A breast cancer cells and further work is needed to fully explain these

intriguing findings
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(4h)ydroxytamoxi fen. After 24 hour s, cell s
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3.2.5. IRAK1 knockdown increases the sensitivity of tamoxifenesistant cells to

tamoxifen treatment.

The TamR LY2 and TR1 cell lines were generated through ldgegm culture in low
concentrations of tamoxifen. Interestingly, for the-TRells we have shown that treating
these TanrR cells with increasing concentrations of tamoxifen has an agonistic effect
their growth. We next wanted to examine whether IRAK1 knockdown would sensitize

Tam-R cells to tamoxifen.

We analysed whether IRAK1 knockdown affected the growth of tamoerésistant breast
cancer cells in response to tamoxifen treatments through 25 &4says, colorforming
assays and 3D spheroid assays. Initially, using an MTS assay we found that IRAK1
knockdown significantly increased the potency of increasing concentrations of tamoxifen in
both resistant cell lines (Figure 3.13). Importantly, RAK1 knockdownTamR LY2 and

TR-1 cells the agonistic growth action of tamoxifemich can be clearly observed in Tam

R controlshcells was los{Figure 3.13).

Subsequently, we studied whether IRAK1 knockdown could lead to similar findings in
colonyformation assays. Here, IRAK1 knockdown did similarly increase the
responsiveness of TaR cells to tamoxifen. The agonistic effect of tamoxifen on cell
growth was limited for both LY2 and FR cells following IRAK1 knockdown, with
reduced colony fanation seen in response to increasing concentrations of tamoxifen in
IRAK1 knockdown cells when compared to control tamoxifen treated cells. Tamoxifen
treatments had a potent agonistic effect on the growth ef T&ntrol cells, with this
response beingiminished following IRAK1 knockdown (Figure 3.14). The OpenCFU
analysis tool was used to count the colonies, software that had difficulty precisely counting
colonies in wells with a higldensity of colonies as observed in LY2 control cells.

We next progressed to the 3D spheroid assay, where findings for the LY2 cell line were
different to that observed for the 2D and colony formation assays. The agonistic effects of
tamoxifen were absent, with tamoxifen treatment reducing the growth of koali® at

low concentrations. However, IRAK1 knockdown did increase the inhibitory effects of
tamoxifen (Figure 3.15 (A)). We found that the growth of IRAKIshY2 spheroids was
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significantly lower at DMSO treatment conditions when compared to contrd LY
spheroids, while tamoxifen treatments had a more pronounced effect on the growth of
IRAK1sh-1 LY2 spheroids when compared to control spheroids. Interestingly, the growth
of IRAK1sh-2 LY2 spheroids was not impaired as much at DMSO treatment conditions
when compared to control LY2 spheroids but did show increased responsiveness to
tamoxifen treatment (Figure 3.15 (A)). We plan to repeat this assay in future, assessing the
growth of spheroids over a longer period of time to further study the effects of IRAK1

knockdown on tamoxifen sensitivity in this 3D spheroid assay.

Results for TRL cells using this 3D spheroid assay aligned with results from both the MTS
and colonyformation assays, with tamoxifen treatments showing an agonistic role on the
growth of TR1 control spheroids, which was lost in IRAK1 knockdown-TRells. In

IRAK1 knockdown TR1 cells, spheroid growth regressed in response to tamoxifen
treatment (Figure 3.15 (B)). Similarly, we plan to repeat this assay to assess spheroid
growth up to 21 dag; with measurements and images taken at day 6, 10, 14 and 21.
Additionally, we want to measure the diameter of TBpheroids on day 2 and day 3.-IR

cells did not condense into clean spheroids as quickly as LY2 cells, which may have added

some variancé the day 1 measurements.

Results coming from these 2D and 3D assays show that IRAK1 knockdownsmmsiéze
TamR ER+ breast cancer cells to tamoxifen treatments and provides the rationale to test
whether targeting IRAK1 could reduce tumour burderdanograft models of TafR ER+

breast cancer.
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3.2.6. IRAK1 has a role in regulating the expression of HER family members in

tamoxifen-resistant cells.

Following on from our observation that IRAK1 kria@own increases the efficacy of
tamoxifenin inhibiting the growth of TaAR LY2 and TR1 cell lines (Figure 3.13, Figure
3.14 and Figure 3.15), we attempted to gain further insight into the mechanism behind these

results.

We started by studying the expression of the HER family members, which have been
extensively studied across breast cancer subtypes and have previously been linked to
tamoxifen resistance (Brittoat al 2006, Cuiet al. 2012, Thranest al 2013, Wegeet al

2018). Initially, we analysed the basal expression of HER family members i¥RTavi?

and TR1 cells. We found that the expression of all HER family members was higher
basally in TR1 cells when compared to LY2 cells, with EGFR and full length HER4

expression very low in LY2 cells.

In the TamR LY2 cell line, HER 4 was undetectable in control cells by Western blot
analysis (Figure 3.17). We found that IRAK1 knockdown triggered a dramatic increase in
HER4 expression levels, at both the mRNA and protewrels (Figure 3.16 & 3.17).
Tamoxifen treatments increased the expression of HER4 even further in IRAK1
knockdown LY2 cells. Another important finding was the presence of high levels of
HER4:ICD in IRAK1 knockdown LY2 cells, when compared to control c@lie levels of
HER4:ICD increased further with tamoxifen treatment, mirroring what was observed with
full-length HER4 protein. This response was absent in control cells. This finding may have
particular significance as HER4:ICD has been linked to driviRg Breast cancer growth
previously (Wanget al. 2016). However, tamoxifen treatment can impair the function of
HER4:ICD and stimulate mitochondrial accumulation of HER4:ICD, inducing apoptosis
through the activation of BAKNareshet al 2006, Rokickiet al 2010, Han and Jones
2014). Studying the subcellular localisation of HER4:ICD will be an important part of

future work.

HER2 and HERS3 expression was detected in both control and IRAK1 knockdown LY2
cells (Figure 3.16 & 3.17)nterestingly, when we lookt their expression at the protein
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level, we observed some differences in HER3 expression. Tamoxifen treatments gradually
increased the protein levels of HER3 in control cells, while reducing HERS3 protein levels
in IRAK1 knockdown cells at later timepoin{Eigure 3.17). We failed to detect EGFR
expression by Western blot analysis in control and IRAK1 knockdown LY2 cells.

For TR1 cells, EGFR expression was detectable by Western blot analysis. The expression
of EGFR, HER2 and HER3 was increased basallyRAK1 knockdown TR1 cells
compared to control cells, with HER4 expression being reduced basally in IRAK1
knockdown TR1 cells. Interestingly, tamoxifen treatments triggered a dose dependent
increase in EGFR, HER2 and HER3 expression in contrell Tdells, while full-length

HER4 expression was reduced in response to tamoxifen treatments with increased cleavage
to HER4:ICD (Figure 3.18 & 3.19). Importantly, these responses were disrupted following
IRAK1 knockdown. EGFR levels in IRAK1 knockdown TRcells renained unchanged in
response to tamoxifen (Figure 3.19). HER2 and HER3 expression was reduced in IRAK1
knockdown TR1 cells following tamoxifen treatmenivith a more pronounced reduction
seen for HER3Figure 3.19). HER4 expression was very low basalfRiiK1 knockdown

TR-1 cells, withlow levels seen in response to tamoxifen treatments, while HER4:ICD
levels are almost completely absent (Figure 3.19)

Next, we analysed the nuclear and cytoplasmic levels of HER3 and HER4 wRTari2

and TR1 control and RAK1 knockdown cells (Figure 3.20). For the LY2 cells, nuclear
levels of HER3 were increased in IRAK1 knockdown cells. Nuclear HER4 levels were
undetectable in control and IRAK1 knockdown LY2 cells, while increased cytoplasmic
HER4 levels were detected IRAK1 knockdown cells when compared to control cells
(Figure 3.20). Nuclear HERA4 levels were reduced in IRAK1 knockdowsi TBIIs (Figure

3.20). We were unable to cleanly assess HERA4:ICD nuclear levels across these

experiments.

Overall, these findings incate that IRAK1 and the HER family may synergize to play
important roles in supporting the tamoxiesistant phenotype seen in T&nLY2 and
TR-1 cells. Importantly, IRAK1 knockdown appears to disrupt this dynamic, although the
impact varies between trezll lines. The most interesting observation may be the HER3

levels, as the profiles are very similar for both TRngell lines. HER3 overexpression has
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been linked to poorer patient outcomes in breast cancer previously, including in response to
tamoxifentreatment, and our findings indicate that IRAK1 knockdown can impair HER3
expression (Tovegt al 2005, Chiuet al 2010). Additionally, the increases observed in
HER4 and HER4:ICD expression in IRAK1 knockdown LY2 cells following tamoxifen
treatment maye significant, given that HER4 has generally been associated with an anti
proliferative and preapoptotic role (Naresét al 2006, Sundvalét al. 2008). Studying the
subcellular localisation of HER4:ICD will also be an important part of future woviengi

that HER4:ICD has been linked to driving ER+ breast cancer growth but mitochondrial
accumulation of HER4:ICD in response to tamoxifen treatment can induce apoptosis
(Nareshet al. 2006, Rokickiet al. 2010, Han and Jones 20Wanget al 2016).
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3.2.7.IRAK1 has an important role in regulating cell cycle proteins in TamR ER+

breast cancer cells.

Given the reduced CDKL1 expression detected in IRAK1 knockdown LY2 and T47D cells
(Figure 3.12 (D)), we wanted to expand on our analysis of the role of IRAKheogell
cycle in the TarR LY2 and TR1 ER+ breast cancer cells.

We examined the expression of the CDK inhibitors p21 and p27 byRffR and Western

blot analysis of whole cell lysates in TéRLY2 and TR1 cells. In LY2 cells, IRAK1
knockdown increasethe basal expression of both p21 and p27 at the mRNA and protein
levels (Figure 3.21). The expression of p21 at the mRNA level increased further in response
to tamoxifen in IRAK1 knockdown LY2 cells. However, tamoxifen had no visible
influence on p21 prein levels in IRAK1 knockdown LY2 cells, with p21 levels already
being very high basally. The levels of p27 were found to decrease slightly following
tamoxifen treatment conditions in IRAK1 knockdown LY?2 cells as assessed by Western
blot analysis (Figure.21). Interestingly, control cells showed a ddependent increase in

the expression of both p21 and p27 at the protein level. However, the level of both CDK
inhibitors in control cells never reached the basal levels that were observed in IRAK1

knockdowncells.

In TR-1 cells, the expression of both CDK inhibitors was again increased basally in IRAK1
knockdown cells (Figure 3.22). However, the response profiles of p21 and p27 to tamoxifen
treatments in TR cells presented some interesting results. p21 @i expression
increased in a dose dependent manner in control cells in response to tamoxifen treatment,
while the opposite profile was observed in IRAK1 knockdown cells with a-degendent
reduction in the levels of both CDK inhibitors. These resulteewery clear but present

some challenges to understand as they contradict what would be expected, based on the
outcome of our growth experiments on the sensitivity of these cell lines to tamoxifen. We
plan to assess the expression and activity of Aktingsortant kinase that is activated
downstream of HER3, which can phosphorylate and inhibit the function of p21 and p27
(Manning and Cantley 2007). Given the increased HER3 expression following tamoxifen
treatment of control TarR LY2 and TR1 cells (Figure3.17 and Figure 3.19), examining

subsequent changes in downstream Akt activity may provide further mechanistic insight.
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Using flow cytometry for cell cycle analysis will also be essential to future work, allowing

us to further understand how IRAK1 knockdomay be disrupting the cell cycle.

Subsequently, we studied the expression and activity of Aurora kinase A (A)rdna
Western blot analysis in untreated and tamoxifen treatedR&¥2 and TR1 IRAK1sh

and control cells. In IRAK1 knockdown LY2 cellgyuroraA expression was slightly
increased basally when compared to control LY2 cells, but Aukarativity levels were
very low in IRAK1 knockdown LY2 cells even in response to tamoxifen treatment (Figure
3.21. (B)). However, in control LY2 cells, whiexpression and activity of Aurora were

very low basally, the expression and activity of Aurfrancreased in response to

tamoxifen treatments (Figure 3.21 (B)).

In TamR TR-1 cells, this result was even more defined. ControllTéells showed a very

clear dosadependent increase in Aurefaactivation following tamoxifen treatments, a
response that was completely abolished by IRAK1 knockdown k1 TBlls (Figure 3.22.
(B)). Additionally, we assessed thetphospl
AuroraA has been shown to phosphor gtlaa20®). ERU
While phosphoryl at i osite dulfappdaRdinceedse ih tespsnsepch o s
tamoxifen treatment in both cell lines, there was no correlation with theatoti of

AuroraA (Figure 3.23). This would indicate that Aurefais not involved in regulating

ERU in these cell | 1 ne $S6K1 &annix and Holz@Q10),eAkt Kk i n
(Campbelletal, 200 1) a nedal POKOKhve(edn shownfioch o s phor yl at e

at S167 and their activity would be worth assessing in future work.

Overall, these results suggest that IRAK1 has a major role in regulating t#uyatellin

TamR LY2 and TR1 cells. Our findings indicate that IRAK1 has an integraé rm
AuroraA activation in response to tamoxifen treatment, which is very clearly defined in the
TR-1 cell line, implicating IRAK1 in driving cell cycle progression and sustaining the
growth of tamoxiferresistant cells.AuroraA has important roles in o&osome
maturation, spindle assembly and spindle damage recovery during G2/M phase of the cell
cycle (Vader and Lens 2008). Increased Aulsraxpression has recently been linked to
tamoxifen resistance, with Aurerainhibition inducing G2 arrest and gmosis in TamR

cells (Thraneet al 2015).IRAK1 also has an impact on the expression of the CDK
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inhibitors p21 and p27, although this role is not as well defined due to variations in CDK
inhibitor expression between the two cell lines in response toxiéenotreatment. Future
work assessing the expression and activity of Akt may help us to gain a better
understanding of how IRAK1 knockdown is affecting p21 and p27 activity (Manning and
Cantley 2007).
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Figure 3.21. | RAK1 knockdown increases t he
p27 iR Txml(sAsCel | s were 5Sfceeetdesalwvl%!etlIipﬂl(ﬁtes

rel evant media containinmgrnaaids thpplresme nG alr
treated with the indicated concentrations
hour s . weCel lharvested in Tri Zol, RNA was i ¢
reverse transcription mR&NA preweil cuslfy pdels c
det er mi nePdCRbyangRThor mal i sed against GAPDH.
( SEM) of three independent eBel il memwtes ep s

at Zx10 s /well |j npléat es andn sftoarr v2edd hoofu rtsa moCke
treated with the indicated concentrations
hourbkol eV cel | |l ysates were extracted and

resulting membranes wepllAuyrrorbae dA wWiTt2h8 8p)2,1 ,t
tot al | R-RAKLi andSi mil ar results were obtai
Densitometric analysis comparing the expr
DMSO) was performed ugumg AImd.gx)]. s fuadaue
the wunpaired Student t test. Statistical
asterisks: *, P<O0.05.
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Figure 3.22. | RAK1 Kk pPAo cakcdt o wn tiympaanidr sa | Auerros
the CDK inhibitors-RpZ'R aeldNTsp.RI7s i we rTeams e ¢

2x kel | s/mel i niprl 2t elsev ant media containing
for 24 hours. Cells were then treated wit
DMSO (vehicle cont rwelr)e fhar v24tkbdurnsn. TCe lZlo
and subsequently subjected to reverse tra
|l evel s of p2l1 and p2-PCRveaprd deoemali nedd b §¢

Results shown S&rM9 tolfe trheaere ( ndependent e

dupls B&@teel s Werestsaeleldselwrelaiirﬁkaat)es and start
for 24 hour s. Cells were then treated wit
DMSO (vehicle conhaolod )cdlolr 12ys ahtoeus swie oe e

Western bl ot analysis. The resulting- memb
Aurora A (T288), tot abacAurnor aT hhe, theottaailn || RRBA
t hese |l ysates bl ot s are shown i n Fwogur e
i ndependent experi ments. Densitometric an:t

(relatilv€trol BR DMSO) was performed using
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Figure 3.23. Uphamipmiomg | &tRi on at S167 i n
treat menR LYY2 Talmdc.€JlHRlI 4§ s wer e 5$«=Jdadieaj-vvnelalltliﬁx

pl aitresr el evant media contaifmomg2hohcumppl et
then treated with the indicated concentr at
24 hobose Well |l ysates were prepared and
resulting membranes -WR(81Pprob@dawit BR pRAK)
b-acti n. The tmacatli nl RFAKrl tahnedse same | ysate

Similar results were obtained in two indep
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3.3. Discussion.

IRAK1 has become a target of interest in recent years for several cancers, particularly in
aggressive cancers such as ABCBCL, T-ALL, HCC and TNBC (Ngoet al 2011,
Dussiauet al 2015, Weeet al 2015, Liet al 2016). In each of these cancers, targeted
inhibition of IRAK1 kinase activity and/or IRAK1 knockdown has reduced tumour growth
and, in several cases;sensitized tumour cells to certain chemotherapeutics, indicating the
potential of targeting IRAK1 fotherapeutic benefit (Nget al 2011, Dussiaet al. 2015,
Weeet al 2015, Liet al 2016). To this point, there has been limited research into any role
for IRAK1 in ER+ breast canceGohet al (2017) did show as part of their research that
treatment 6 the ER+ breast cancer cell lines MCFand T47D with pacritinib, which
targets IRAK1 along with JAK2 and FIt3, reduced the growth of both M@®Rd T47D
cells in-vitro, while also impairing the growth of MGF xenografts. However, there has
not been anynsight into the mechanistic role of IRAK1 in ER+ breast cancer.

ER+ breast cancer accounts for approximately 70% of newly diagnosed breast cancer cases
and is generally associated with a good prognosis. Treatment for this type of breast cancer
generally ncludes the use of estrogargeted therapies, including the SERM tamoxifen.

Five years of adjuvant therapy with tamoxifen has been shown to reduce the rate of tumour
recurrence by up to 50%evineet al 1998) However, approximately ortlird of patiers

that initially respond to tamoxifen treatment will develop a resistant recurrence within 10
years of finishing therapfHowell et al 2005, Arimidex 2008)Understandably, patients

that develop a resistant recurrence currently have limited treatmémsphd a very poor
prognosiswith an estimated-year survival rate of 20% (Robertsenal. 2003, Sotgiaet

al. 2017)

The aim of this work was to investigate the role of IRAK1 in ER+ tamossmsitive
(Tam-S) and tamoxifemresistant (TarR) breast ancer subtypes and to determine whether

targeting IRAK1 resensitizes TaAR ER+ breast cancer cells to tamoxifen.

Initially, we analysed survival data of Luminal A breast cancer patients from kmplot.com
(Gyorffy et al. 2010) to determine whether IRAK1 ergsion levels had an impact on RFS
and OS of Luminal A breast cancer patieM& found that high IRAK1 expression was
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correlated with significantly reduced RFS in Luminal A breast cancer patients (Figure 3.1
(A), P=0.00088, n¥933, with this correlation becoming very distinct when the lymph
node positive Luminal A cohort was isolated (Figure 3.1 (B), P=0.001&300~We also
found that high IRAK1 expression was a significant negative prognostic marker for OS in
Luminal A breast cancer patien(Figure 3.2, P=0.0043, 6%1). These findings indicated

the significance of high IRAK1 expression to Luminal A breast cancer recurrence and

tumour progression.

These findings are further supported by recently published data byefahd2019), who
examined data from The Cancer Genome Atlas on IRAK1 expression across Luminal A,
Luminal B, HER2positive and basal subtypes of breast cancer. Their analysis of patient
data across these breast cancer subtypdicated a relationship between IRAK1
expressia and lymph node status and metastasis. Using the TNM classification system,
tumours were graded from NO to N3 based on the degree of spread to the lymph nodes and
MO or M1 based on whether the cancer had spread to distant parts of the body. Statistically,
it was found that 9% of NO patients showed IRAK1 expression compared to 20% of N3
patients, while 14% of MO patients exhibited IRAK1 expression compared to 81% of M1
patients (Yanget al. 2019).

Having established that IRAK1 has a significant role in hahA breast cancer recurrence
and progression based on our analysis of luminal A breast cancer patient RFS and OS, we
focused our research on the F&huminal A breast cancer cell lines M@Fand T47D and

their TamR sublines, LY2 and TR, respectively.Our results showed that IRAK1
expression was increased in both TRntell lines at both the mRNA and protein level
when compared to their parental cell lines (Figure 3.3). This finding built on the results that
we had gained from our data analysis, intlicathat increased IRAK1 expression may be
contributing to tamoxifen resistance. IRAK1 has previously been linked to drug resistance
across a variety of cancers, including resistance to paclitaxel in TNBC and radiation
resistance across breast cancerypés including ER+ (Weet al 2015, Liuet al 2019).

This is the first study to address whether high IRAK1 expression found inRT &R+

breast cancer cells affects their sensitivity to tamoxifen.
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The increase observed in IRAK1 expression in both -Ramell lines correlated with
increased ERU phosphorylation at both S11
domain and are i mportant for ful/l ERU acti
with enhanced dimerization and transactivation and gdthmylation at S167 increasing the
DNA-binding capability of the receptor (Shah and Rowan. 2005, Le RomeinakR011,
Anbalagan and Rowan. 2015). Increased phosphorylation at S118 and S167 has been linked
both positively and negatively to tamoxifenpessiveness (Yamashiét al. 2005, Sarwar

et al 2006). The reason for this may be that phosphorylation at these sites prior to
tamoxifen treatment is indicative of a functionally active estrogen receptor, which is
obviously necessary for tamoxifen to éfficacious, while high levels of phosphorylation at

these residues after tamoxifen treatment has been suggested to be indicative of ligand

I ndependent ERU activity aetdhl 200 sZoubitetaah c e t
2008). Given the correlatiothat we observed between increased IRAK1 expression and
enhanced ERU act i vresistant delhlines, low sesultstsaggestedi tHate n

| RAK1 may have a role in regulating ERU
supporting the resistant ghotype.

Addi tionally, when we | ooked at the expr e
confirm major alterations to ERU signal/|
tamoxifen (Figure 3.4). This was most apparent when we analysed the exprefsi
GREB1 and EGR3, two early estrogen response genes that are commonly used to assess
estrogen signalling (Ghosdt al 2000, Inoueet al 2004). The expression of both genes is
generally increased by estrogen stimulation and inhibited by tamoxifémémtain ER+

TamS breast cancer cells. Our findings showed that the expression of GREB1 and EGRS3
was significantly reduced in both TaRcell lines when compared to their parental cells.
Recent publications, particularly in relation to GREB1, have poitttedduced expression

of these genes contributing to the development of tamoexésistance (Mohammest al

2013, Wuet al 2018). Interestingly, siRNA silencing of GREB1 expression has been
shown to prevent the inhibitory effects of tamoxifen on ERH#sc@Vu et al 2018).
Mohammedet al (2013) found that GREB1 expression correlated with improved patient
outcome. They found that GREB1 expression in their tamoxdsistant cell model was

lost, and reexpression of GREBL1 resulted in reduced growttefdells in the presence of
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tamoxifen (Mohammeet al 2013). Our finding on GREB1 matches these recent findings,
wherein loss of GREB1 expression has been associated with tamesistance. GREB1

I's recognized as an-medmatedendr reguldtion¢Moliammedalr f or
2013). While reduced GREB1 may be indicative of the inhibitory effects of tamoguen,
significantly lower levels of GREBlin TamR cells may also belimiting the ability of
tamoxifenb ound ERU t o r e gaf bemds @ssociltes withxhe inkistayi o n
profile (Mohameckt al 2013, Wuet al 2018). The same may be true for EGR3, which is a
transcription factor t hat acts as a seco
regulation and may similarly act as afca c t o r -mediated gerie Wegulation, but the
significance of EGR3 expression to tamoxiesistance has not yet been shown
(Drabovichet al 2016) . We al so observed variatiorl
genes TFF1, CCND1 and SIAH2, furthedin cat i ng the di srupti on

tamoxifenresistant cells (Liret al 2004).

Expression Levels | IRAK1 Acti ve |GREB1 EGR3
Tam-S Moderate | Moderate High High
Tam-R High High Low Low

Table 3.1. Expression levels parental Tam-S and TamR ER+ breast cancer cell lines.

IRAK1 expression is increased in TaRncells whencompared to parental Tas cells,
which correlates with elevated ERU activit
Ser 167. However, despite E-RUellsathetexpvessioryof b e i
the estrogenic genes GREB1 and EGR3 is saamifly lower in TamR cells.
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Summarizing, increased IRAK1 levels were detected in-RaBR+ breast cancer cell

l i nes, and this correlated with <changes
prompted us to investigate the role of IRAK1 in F&ER+ breast cancer. To do this, we
first generated stable IRAK1 knockdown in both F&nhuminal A breast cancer cell lines
(MCF-7, T47D) and their respective Tar sublines (LY2, TRL). Subsequently, we
examined whether the knockdown of IRAK1 impacted the growth of theseSTand
TamR cdl lines in cellular assays including 2D proliferation, coldoymation assays and

3D growth assays. We found that IRAK1 knockdown impaired the growth of both LY2 and

TR-1 TamR cell lines across all growth models.

This result pointed to a key role faRAK1 in regulating the growth of these Tdrncells, a

novel finding. Interestingly, IRAK1 has been shown to play an integral role in resistance to
the chemotherapeutic paclitaxel in TNBC (Weteal 2015) and radiation resistance in
mutant p53 cancers (Liet al. 2019). This data provides further evidence that IRAK1 plays
an important role in cellular adaptations towards survival and growth progression in
response to therapy in breast cancer, and across multiple cancer subtypes @uasiau
2015, Chenget al 2018). Interestingly, IRAK1 knockdown potently inhibited the growth

of TamS T47D cells but had no effect on the growth of TarICF7 cells. A recognised
difference between these cells would be the presence oftypidd p53 in MCF7 cells,

while T4 cells express mutant p53 (Lat al. 2019). IRAK1 has recently been shown to
drive resistance to radiotherapy in mutant p53 cancers, including T47D cells, through
inhibition of PIDDosomeamediated apoptosis (Gat al 2017).

We also examined the impadtI®AK1 knockdown on cell migration in Tas8 and Tam

R ER+ cell lines at the 2D level. IRAK1 knockdown significantly reduced migration in
tamoxifenresistant LY2 cells and tamoxifesensitive T47D cells but did not disrupt the
migration of either the MCH or TR-1 cells. The lack of impairment in cell migration of
the MCF7 cell line supports the findings from our growth models, wherein IRAK1 appears
to have no significant role in these cells. However, thelTRsult diverges from the
consistent results # we obtained in relation to the TénTR-1 cells from the growth
model. Gap closure took five days for -IRcells compared to two to three days for the

other breast cancer cells used in this study. As a result, the healthlo€dlR throughout
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this asay deteriorated and may have affected the results. TFF1 expression intheellR

line by gRFPCR show that TFF1 expression increases significantly (~2.5 fold) following
IRAK1 knockdown, compared to more modest increases in the LY2 (~1.6 fold) and T47D
(~1.4 fold) cell lines. High TFF1 expression is widely recognised to correlate positively
with increased tumour migration and metastasibreast cancefPrestet al. 2002). The
significant increase in TFF1 levels in TRcells following IRAK1 knockdown =y be

preventing any impairment of cell migration.

Assay IRAK1 knockdown
MCE-7 LY2 T47D TR-1
2D Growth No impact Growth Growth Growth
Impaired Impaired Impaired
Colony No impact Growth Growth Growth
Formation Impaired Impaired Impaired
3D Growth No impact Growth Growth Growth
Impaired Impaired Impaired
2D Migration | No Impact Migration Migration No Impact
Impaired Impaired

Table 3.2.The effectsof sShRNA IRAK1 knockdown on the growtland migration of
Tam-S and TamR ER+ breast cancer cell lines acrogs-vitro growth modes. IRAK1
knockdownimpaired the growth of both TaR cdl lines (LY2 and TR1), while also
disrupting the growth of Tas8 T47D cells. IRAK1 knockdown had no significant impact
on TamS MCF-7 cell growth.
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An important part of future work would be to build on these 2D migration findings using
other cell migration analysis techniques, such as transwell migration assays, which could
clarify the migration datéhat we have obtained during this project. Transwell migration
assays examine migration of cells through a 3D matrix, and as such should be a better
representation of what could be expected airthavo level. Based on the outcome of these
experimentsjt may be valuable to try to expand on our mechanistic understanding of
changes to migration in these cells by examining the expression of other migratory factors.
Wee et al (2015) showed that IRAK1 knockdown reduced Interleukin-@L)L-8 and
Chemokine(C-X-C motif) ligand (CXCL)1 levels in TNBC cells, cytokines that have
major roles in TNBC growth and metastasis. Future work could begin by assessing whether

similar effects are seen in tamoxifessistant ER+ breast cancer.

We next investigated how IRAK knockdown i mpacted ERU expr
TamS and TarR ER+ breast cancer cells. We found that IRAK1 knockdown was altering
ERU function in the cell ' ines that were ¢
impact in MCF7 cells. Weobserved that ERU expression
T47D cells following | RAK1 knockdown whi
slightly increased in TR cel | s. Similarly, when we st
phosphorylation at S118 and S1Wd@s reduced in T47D cells and increased inITéells.

When we analysed H#RUefusctwieosawntM@F ERU
was reduced slightly, but not reduced to the same degree as what was observed in T47D
cells. This finding may explaithe differences we observed in the growth of these cells in
our cell ul ar assays following | RAK1 knocl
impairedinMCF7 cel Il s foll owing | RAK1 knockdown,
disrupted in these cells. Mgn we looked at the whole cell level in the LY2 cell line, we
observed minor increases in ERU expressio
However, Western blots examining nuclear and cytoplasmic fractions of LY2 cells showed
that IRAK1 knockdown reul t ed i n an increase in | evel

fraction of LY2 cells.

Considering these findings, | RAK1 has an i

luminal A breast cancer cell lines. However, this regulation diverges in tamoxife
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resistance and | eads to converse -Rgelisect s
|l RAK1 appears to support ERU expression an
ERU funct-Booel hsTamarticularly the asact i vat
ERU has been shown to form signalling co
estrogen responses, and our data indicates
function (Cabodet al. 2004, Gregeet al. 2007).

We did not observe any redimt in the growth of MCH cells following IRAK1
knockdown, but the mechanistic changes o0bs
MCF-7 and T47D cells. This overlap was confirmed with ¢RIR data which looked at

the expressi on CohfanEgRWG tianr gehte geexmperse.s sk on o
7 cells is altered similarly, but to a lesser extent to that observed in the T47D cell line. This

IS most clearly observed with XBP1 and CDK1 (Figure 3.12 (C) & (D)). These findings
further supportIRAKk nockdown having mini mal -7eélld.ect s
I nterestingly, the i mpairment we observed
the expression of known positively regulated estrogen response genes such as EGR3 and
GREB1 (Ghoshet al. 2000, Inoueet al. 2004). This might be explained by the fact that

these cells are cultured in low estrogen conditions, and as a result the expression levels of
EGR3 and GREBL1 is not high enough basally to observe a clear reduction in their
expressiof ol | owing the inhibition of ERU actiyv
increasing concentrations of estradiol to examine -dependent estrogen responses in
these cells following IRAK1 knockdown will address this possibility. Additionally,
culturing these cells in high estrogen conditions for an extended period of time-and re

analysing the impact of IRAK1 knockdown could similarly address this.

Conversely, increased ligemdn dependent ERU activity was
tamoxifenresistant cell lines following IRAK1 knockdown. Specifically, IRAK1
knockdown increased phosphorylation of ERL
with increased expression of GREB1, TFF1 and EGR3 in-Rab¥2 and TR1 cells.

Previous work has shownthatup@nded ERU binds to the est
GREBL1 and TFF1 (Caiz=at al 2014). Additionally, Vareslij&t al. (2016) showed that the
expression of GREB1, EGR3 and TFF1 is dysregulated in LetR aromatase inhibitor (Al)
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resistant breast cancer eelland they identified these genes as stdérmdpendent ER
regulated genes in LetR cells. These same genes formed part of a gene signature for
predicting diseas&ee survival and overall survival in response to neoadjuvant Al therapy
(Vareslijaet al 2016). ChIRseq data in LY2 cells similarly demonstrated that these genes
are also steroithdependent ER target genes in FRneells (Vareslijeet al. 2016). We first
showed reduced expression of GREB1 and EGR3 in-Rah¥2 and TR1 cells, as
assessed by RT-PCR, when compared to their parental MCFand T47D cells,
respectively. This supports previous studies on GREB1 which showed significantly
downregulated GREB1 expression in endocriggstant cell lines and xenograft tumours
(Mohammecet al. 2013, Caiu et al. 2014, Wuet al 2018)

| RAK1 knockdown | ed to an increase in ERU
in the expression of GREB1, TFF1 and EGR3 in FRrcells, as measured by giPCR.

The increase in phosphor (5118/8167) following RAK1we o0
knockdown may trigger this increase inligagnchd e pendent ERU acti vit
increased expression of GREB1, EGR3 and TFF1. The increased expression of a subset of
E R4tkgulated genes in TaR IRAK1 knockdown cellsjncluding GREB1 and EGRS3,

may be contributing to the reduced growth observed in-RalRAK1 knockdown cells.
GREB1 acts to recruit coactivators require
to estrogen (Mohammest al. 2013). In contrast, GREBhas been shown to have a role in
the formation of inactive ERU complexes i
association of coactivators with tamoxifeni g an d e d etEaR £018). B@R3 is a
transcription factor that acts as a secondary Biggafactor in estrogemediated gene
expression and may si mi |-medidted geae regulaien, bat c o
EGR3 has not been associated with tamoxifen resistance at this point (Dradeich

2016).

Additionally, we found that TFF1 exmsion was increased following IRAK1 knockdown
in both of our tamoxifemesistant cell lines. While TFF1 has been positively linked to
migration and metastasis, TFF1 has also been negatively correlated with tumourigrowth
vitro andin-vivo (Prestet al 2002). Buacheet al (2011 showed that TFF1 knockdown
enhanced MCH soft agar coloryormation and increased tumourigenidityvivo in nude
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mice. Followup experiments, where tumourigenesis was induced in TFkiice, found

that tumour incidence arglize were increased in TFFE mice when compared to wild

type. These results would further indicate that the increases we observed in GREB1 and

TFF1 expression following IRAK1 knockdown are positively contributing to the

subsequent inhibition of TaiR ER+ breast cancer cell growth. Examining how IRAK1

knockdown affects the expression of GREB1, EGR3 and TFF1 in response to tamoxifen

treatment in TarR LY2 and TR1 cells will be important to future worlEurthermore,

future work on EGR3 in the tamoxifemlsistant setting will add to our understanding of the

significance of our finding that EGR3 levels were increased in IRA&ficient TamR

cells.

ERU signa IRAK1 Knockdown
MCF-7 LY?2 T47D TR-1

ERU expr e]|Slight Slight Reduced Increased
reduction increase

ERU Slight Slight Reduced Increased

phosphorylation reduction increase

GREBL1 expression | No change | Increased Slight Slight

increase increase

EGRS3 expression | Slight Increased Slight Increased
increase increase

TFF1 expression No change | Increased Increased Increased

Table 3.3. The effects of IRAK1 knockdown on ERignalling in TamS and TamR
ER+ breast cancer cedl IRAK1 knockdown altered EBsignalling inboth TamR cell
lines (LY2 and TR1), while alsoimpactirg on ERJ activity in TamS T47D cells. IRAK1

knockdbwn had mininal impact on ERfunction inTamS MCF-7 cells.

Assessi

ng

how |

RAK1 i

S

al teri

ng ERU

funct

work. Firstly, endogena caimmunoprecipitation could be used to examine whether
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| RAK1 is interact-5amg TarR tuminaE AR breast nancar aells.
Subsequently, we could investigate whether there are changes in the activity of several
upstream kinases that haveypusly been shown to phosphorylate these residues. ERK1/2

is recognised to phosphorylate ERU at S11:
S167 (Katoet al 1995, Campbelet al 2001). IRAK1 has already been shown to have

links to ERK1/2 and Akt eivity (Kim et al 2012, Zhanget al. 2018), so this would be a

|l ogical first step. | KKU has previoualy b
al. 2010) . Our | ab has previously identifi

this may repres# an interesting target to investigate.

The role of IRAK1 in luminal A breast cancer may also be separate from any previously
identified role within a signalling cascade. We have yet to look at S6K1 expression or
activity. S6K1 is active downstream of Akihd has been suggested as the primary kinase to
phosphoryl ate ERtldl 2809). ASlditidrial refevaat kimasek that could be
examined in future work in relation to the changes in S118 phosphorylation include CDK7
and | KKU. | KK Ubeeh auggested ®\bé theunsain kinase to phosphorylate
S118 in response to estrogen stimulation, and our lab has previously observed a signalling
l' ink between | RAK1 and anot her ehalnb0d)r of
CDKY7 has also been shown pbhosphorylate S118 and, given the changes we observed in
CDK1 expression following IRAK1 knockdown, assessing whether CDK7 expression and
activity is similarly disrupted by IRAK1 knockdown could provide further mechanistic
insight (Cheret al 2002).

Having established that IRAK1 has an important role in maintaining the growth eRTam
cells, we next sought to address whether IRAK1 knockdown would increase the
responsiveness of these cells to tamoxifen treatments. Our results show that IRAK1
knockdown nobonly reduces the growth of these cells buseasitizes them to tamoxifen.

The agonistic role that tamoxifen showed on the growth of-RaffiR-1 cells was reduced

by IRAK1 knockdown. This result was seen in 2D MTS assays, colony formation assays
and 3D speroid assays. The agonistic role of tamoxifen treatment onR a2 cell
growth wasobservedn 2D MTS assays, with IRAK1 knockdown impairing this agonistic

effect and reducing cell viability. Tamoxifen did not have the same agonistic action on the
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growth of LY2 cells in colony formation assays or 3D spheroid assays. However, in these
cases, IRAK1 knockdown led to decreased cell growth with increasing concentrations of

tamoxifen.

We next sought to investigate the mechanism behind the increased sgnsititamR

cells to tamoxifen treatments following IRAK1 knockdown, initially focusing on the HER
family of receptor tyrosine kinases. All HER family members have been linked to
tamoxifen resistance previously but no relationship to IRAK1 has been exa(Biriton

et al 2006, Cuiet al. 2012, Thranet al 2013, Wegeet al. 2018). The clearest result we
observed was in relation to HER3 expression. HER3 overexpression has been linked to
poorer patient outcomes in breast cancer previously, including ionmesgo tamoxifen
treatment (Tovet al 2005, Chiwet al. 2010). In both TarR cell lines, HER3 expression

was slightly increased in IRAK1 knockdown cells when compared to control cells.
However, when control cells were treated with tamoxifen, a clesediEpendent increase

in HER3 expression was observed in both LY2 and1Téells. This profile was not seen
following IRAK1 knockdown, where overnight treatment with low concentrations of
tamoxifen reduced HER3 expression in-IRells andat a later timegint (40h) for LY2

cells tamoxifen led to reduced HER3 protein levels. This finding suggests that HER3 is
important in supporting the resistant phenotype and that IRAK1 has a role in regulating
HER3 expression. The significance of this finding on HER3 lmayassociated with the
subcellular localisation of the receptor. Increased levels of nuclear HER3 have been
correlated with tumour progression and metastasis in prostate cancer patients (Koumakpayi
et al2006). We found that nuclear HER3 levels were etvat IRAKL knockdown LY?2

cells. However, tamoxifen induced changes in nuclear levels of HER3 in LY2 cells was not
assessed. This will be an important part of future work to further our understanding of the
role that IRAK1 plays in HER3 regulation followgrtamoxifen treatments since tamoxifen

led to reduced expression of HER3 in both TRrhY2 and TR1 IRAK1 knockdown cells.

HER2 has been linked to tamoxitessistance in breast cancer (Stedwal 2004, Osborne
et al. 2005, Liuet al 2007, Massarwebt al 2008). We found that IRAK1 knockdown
increased the levels of HER2 in TdRLY2 and TR1 cell lines. Tamoxifen treatments led

to increases in HER?2 levels in control LY2 and-TRells. However, tamoxifen treatments
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reduced HER2 levels slightly in IRAK1nkckdown LY2 and TRL cells was reduced
slightly. Previously published work showed that, in a HERBrexpressing model of
tamoxifenresistant breast cancer, HER3 in combination with HER2 was driving tumour
growth in this resistant phenotype (L&t al 2007). In this case, siRNA knockdown of
HER3 reduced cell growth and-sensitized cells to tamoxifen. This may highlight the
significance of IRAK1 knockdown reducing HER2/HER3 expression in response to

tamoxifen treatment, which we observed in experiments.

Additionally, we examined the expression of EGFR and HER4 in-RalnY2 and TR1

cell lines where we observed some contrasting results. HER4 expression was not detectable
by Western blot analysis in LY2 control cells, with highly elevated esgima seen in

IRAK1 knockdown LY2 cells. HER4:ICD levels mirrored the levels of-faligth HERA4.

This is significant given that HER4 has generally been associated with grdifiérative

and preapoptotic role, with loss of HER4 expression being assediwith aggressive
tumour growth (Nareslet al. 2006, Sundvalkt al 2008). Tamoxifen treatment had no
significant impact on the expression of HER4 or HER4:ICD in LY2 control cells while the
expression of HER4 and importantly HER4:ICD increased slightilRAK1 knockdown

LY2 cells in response to tamoxifen. Conversely, HER4 levels were higher basallyin TR
control cells, but expression of fuéngth HER4 gradually reduced in response to
tamoxifen treatment. This corresponded with a sequential incri@agbe levels of
HER4:ICD, indicating that tamoxifen treatment is triggering increased cleavage of HER4 to
HER4:ICD. In IRAK1 knockdown TRL cells, HER4 and HER4:ICD levels were low but
increased slightly in response to tamoxifen treatment. The sigriécahHER4 in ER+

breast cancer has been associated with the level of HER4:ICD in the nucleus versus in the
cytoplasm. HER4:ICD has been shown to act as a poteatto@tor of liganeb ound ERU
activity (Han & Jones 2014Go6thlin Eremoet al 2015, Wang et al 2016). However,
tamoxifen treatment has been shown to impair the formation of the HEREIRMD
transcriptional complex, promoting the accumulation of HER4:ICD in the cytoplasm and
promoting mitochondri@ssociated apoptosis (Naresthal 2006). Desjpe the differences

in basal HER4 expression between our two tamoxiésistant cell lines, these results may
support each other in relation to the importance of HER4 expression in breast cancer.

157



Reduced HER4 expression has been suggested as a magtaoxifén resistance in breast

cancer patients previously (Gukral 2007).

Tam treatments

Expression Condition LY2 TR-1
EGFR Basal Absent Higherin IRAK1sh.
Response to Absent Expression increases

slightly in Ctrolsh, no
change in IRAK1sh

HER2 Basal Higherin IRAK1sh Higherin IRAK1sh
Response to Increaseslightly in Increases in Ctrolsh,
Tam treatments | Ctrolsh, no change in| decreases slightly in
IRAK1sh IRAK1sh
HER3 Basal Higherin IRAK1sh Higherin IRAK1sh
Response to Increases ilCtrolsh, | Increases in Ctrolsh,
Tam treatments | reduces in IRAK1sh g decreases in IRAK1sh
later timepoints
HER4 Basal High in IRAK1sh, Higher in Ctrolsh
absent in Ctrolsh
Response to Increased further in | Decreases in Ctrolsh,
Tam treatments | IRAK1sh, remains Increases in IRAK1sh
absent in Ctrolsh
HER4:ICD | Basal Higherin IRAK1sh. Low basally in Ctrolsh

and IRAK1sh

Response to

Tam treatments

Increased further in
IRAK1sh, very low
levels present in
Ctrolsh

Increases in Ctrolsh,
remains very low in
IRAK1sh

Table 3.4. IRAK1 knockdown alters the expression of HER family receptor TamR

ER+ breast cancer cells,dbh basally and in response tamoxifen treatments.
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Given the potential significance of the subcellular localisation of HER4:ICD to our work,
assessing nuclear and cytoplasmic levels of HER4:ICD in response to tamoxifen treatments

in TamR LY2 and TR1 cells would be an important part of future work.

EGFR protein levels were not detectable in LY2 cells by Western blot analysis, despite
IRAK1 knockdown increasing EGFR mRNA levels slightly. In -IRcells, IRAK1
knockdown increased basal expression. However, following tamoxifen treatment we
observed a dos#ependent increase in EGFR expression in controll Téells but no
response in IRAK1 knockdown TR cells. Overall, our findings begin to indicate a
consistent trend in @R cells. In response to tamoxifen treatment, control -Racells
showed a dosedependent increase in the expression of EGFR, HER2, HER3 and
HER4:ICD, while full length HER4 levelwere absent or decreakdn IRAK1 knockdown
cells, tamoxifen treatmentsad to reductions in HER2 and HER3 expression, EGFR levels
remain unchangeand full length HER4 and HER4:ICD levels increase slightly. These
findings indicate that the role of IRAK1 in maintaining the tamoxifesistant phenotype

involves the regulationf HER family member expression.

As mentioned above, elevated expression of these HER family members has been
associated with tamoxiferesistance but our results indicate a novel role for IRAK1 in
regulating HER family expression in tamoxifegsistantbreast cancer. We have not
investigated the activity of the HER family in TehLY2 and TR1 cells. However,
examining receptor phosphorylation and downstream signalling cascade activation would
provide a much deeper understanding of the role of IRAKlegulating HER family
expression/activity. Future work using inhibitors specific to HER family members would
allow us to confirm which member/s of the HER family are supporting the tamexifen
resistant phenotype. Examining whether HER inhibition mimics ffexte of IRAK1
knockdown on ERU activity would add to th
ERU act i vR cellg. Additionallya we need to fully investigate nuclear levels of all
HER family members due to the unique roles that nuclear HERyfaxpression can have

on tumour growth and progression (Wagtgal 2006, Taret al 2002, Sardet al 2006,
Brandet al. 2013).
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We investigated whether IRAK1 was playing a role in cell cycle regulation within our
tamoxifenresistant cell lines. We foul the expression of both CDK inhibitors p21 and p27
was increased basally following IRAK1 knockdown, most clearly in the LY2 cell line
(Figure 3.21 and Figure 3.22nterestingly, the expression of p21 and p27 increased in
response to tamoxifen treatmeint control cells despite the cells exhibiting enhanced
growth. Conversely, the expression of p21 and p27 in IRAK1 knockdown cells did not
increase in a dosgependent manner, with expression falling in response to tamoxifen
treatments in IRAK1 knockdownRF1 cells. The basal increase in the expression of p21
and p27 following IRAK1 knockdown is likely contributing to the growth inhibition
observed in TapR LY2 and TR1 cells.

We have not investigated the phosphorylation of p21 or p27. Investigatingtitiity auf

Akt in TamR LY2 and TR1 cells in response to tamoxifen treatment would be valuable in
future work, with Akt being linked to p21 and p27 regulation previously (Manning and
Cantley, 2007). Given the changes we observed in HER3 expression, @éawngikt
activity may be similarly altered in these cell lines and leading to impaired p21 and p27
activity. Phosphorylation of p21 and p27 by Akt has been shown to promote cytosolic
sequestration of both CDK inhibitors, disrupting their ability to inhibéll cycle
progression (Manning and Cantley, 2007).

In addition, our finding in relation to the mitosassociated AurorA may highlight our

most significant result in relation to the role of IRAK1 in sustaining resistance to
tamoxifen. AuroraA has been found to be overexpressed in a number of canchusjrig
breast, where it has been associated with forcing the cell through the spindle assembly
checkpoint even in the presence of genetic instability (Datieh 2016, Shalet al 2019).
AuroraA has also recently been linked to tamoxifen resistandd, AuroraA inhibition
showing promise in working synergistically with tamoxifen and overcoming resistance
(Zhenget al 2014). We found that Auror& activation was increased in control cells
following tamoxifen treatment, most markedly in the-IRell ine where we saw a very
clear dosalependent increase in phosphorylation at T288 in response to tamoxifen.
However, following IRAK1 knockdown, activation of Aurefawas impaired in untreated

cells and failed to increase in response to tamoxifen. Thisngnchay highlight the
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primary mechanism by which TaR cell lines are raensitized to tamoxifen in the

absence of IRAK1.

Protein levels LY2 TR-1
Aurora-A Basal Higher in IRAK1sh | High in both
expression Ctrolsh and
IRAK1sh
Response to Tam | Increases in Increases slightly in
Ctrolsh, no change| Ctrolsh, decreases
in IRAK1sh slightly in IRAK1sh
Aurora-A Basal Slightly higher in | Moderate levels in
phosphorylation Ctrolsh both Ctrolsh and
IRAK1sh
Response to Tam | Increases in Increases in
Ctrolsh, remains Ctrolsh, remains
low in IRAK1sh low in IRAK1sh
p21 Basal Higher inIRAK1sh | Slightly higher in
IRAK1sh
Response to Tam | Increases in Increases in
Ctrolsh, remains | Ctrolsh, decreases
high in IRAK1sh in IRAK1sh
p27 Basal Higher in IRAK1sh | Slightly higher in
IRAK1sh
Response to Tam | Increases in Increases in
Ctrolsh, remains | Ctrolsh, decreases
high inIRAK1sh slightly in IRAK1sh

Table 3.5. IRAK1 knockdowimpairs the actiation of Aurora kinase A in TamR cells

while also altering the expression of CDK inhibits p21 and p27 basally anin response

to tamoxifen treaments.
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We have not examined whether IRAK1 is directly interacting with Aufor&Bndogenous
co-immunoprecipitation would be valuable to freuvork, to determine whether IRAK1 is
directly regulating Aurorad activation in these cells. Following on from this result, we
could proceed to look for changes in the activity of other kinases that have been shown to
phosphorylate Aurord. p2l-activaed kinase 1 (PAK1) is one of the primary kinases to
phosphorylate Auroré at T288 (Zhacet al. 2005). The impairment of Aurora activity
following IRAK1 knockdown is a very valuable novel finding, given the research that has
been carried out on the efficy of AuroraA inhibitors in cancers, including breast
(Bavetsias and Linardopoulos 2015). Similar disruption of PAK1 activity would really
highlight the potential therapeutic benefits of targeting IRAK1 in tamoxiésistant breast
cancer (Korobeynikovet al 2019). Future work would also need to assess the
phosphorylation status of ERU at S305. Ph
ligandi ndependent ERU aresistance preyioustynahd it isarecogrisedl e n
as a target of botRAK1 and AuroraA (Wanget al. 2002, Michalidet al 2004, Zhengpt

al. 2014).

Given the changes we have observed in the expression of CDK1, p21 and p27, as well as
the activation of Aurorah, cell cycle analysis using flow cytometry will be carried out

future work. Cell cycle analysis would confirm that the changes in the expression/activity
of these proteins following IRAK1 knockdown are limiting cell cycle progression. This
type of analysis would also highlight where in the cell cycle IRAK1 is ptayhe most
significant role. An increase in the number of cells in the G2 phase would strengthen the
idea that inhibition of Auror# activity is the main contributor to growth inhibition,
preventing progression through mitosis. Significant researchdes darried out to assess

the efficacy of cell cycle inhibition as a potential therapeutic option for cancer patients,
particularly using CDK4/6 inhibitors. Palbociclib, a CDK4/6 inhibitor, has undergone
extensive clinical trials for the treatment of adeeh ER+ breast cancer and has shown
some promise in improving patient survival (Turrer al 2015, Finnet al 2016).
However, increases to patient survival has not always been found to be significant (Turner
et al 2018). Our data may indicate the poignof combining CDK4/6 inhibition with
IRAK1 inhibition to further impair the cell cycle and improve patient outcomes.
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Overall, our research is the first to identify that IRAK1 has a significant role in maintaining
the growth of TarR luminal A breast carer cells, with IRAK1 knockdown reducing the
growth of TamR cells in 2D growth assays, colony formation assays and 3D growth
assays. We found that targeting IRAK1 carseasitize TarR cells to tamoxifen. Our
findings indicate that IRAK1 has an importante in regulating HER family expression in
TamR cells in response to tamoxifen treatment. We also show that IRAK1 has a role in
cell cycle regulation in TarR cells. This is indicated to be most significant towards the
G2/M phase where IRAKL1 is involved the activation of the key mitotic kinase Aurgka

This research has highlighted the potential therapeutic benefits of targeting IRAK1 alone or

in combination with tamoxifen in tamoxifamsistant luminal A breast cancer.
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Chapter 4

Targeting IRAK1 and JNK kinases synergizes to potently
inhibit ER+ breast cancer growth
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4.1 Introduction.

Given the growing body of evidence indicating that IRAK1 has a significant role in
aggressive tumour growth and metastasis, the effect of targeted inhibition of IRAK1 in
cancer has become an area of major interest. Numerous research groups have begun to
assess the impact of using IRAK1 inhibitors as a potential therapeutic option across several
cancer subtypes including breast, where they have shown potential, particularly in
aggressive cancers (Rhyasetnal 2013, Dussiawet al 2015, Liet al 2016, Gohet al

2017).

Rhyaseret al (2013) studied the efficacy of a dual IRAK1/4 inhibitor in Myelodysplastic
Syndromes (MDS), a form of leukaemia where IRAK1 has been found to be overexpressed
in ~20% of cases. Their results showed that treating MDS cellghétiRAK1/4 inhibitor
reduced cell growtin-vitro and increased survival in a xenograft model of MDS (Rhyasen
et al 2013). Similar has been observed Haéll Acute Lymphoblastic Leukemia {ALL),

where use of an IRAK1/4 inhibitor reducedALL cell growth and increased apoptosis
(Dussiauet al. 2015). However, in this case the impact was isolated to cells that exhibit
high levels of IRAK1 activity. In Hepatocellular carcinoma (HCC) an IRAK1/4 inhibitor
was found to reduce cell growth and migratiovitro and tumour growtlin-vivo (Li et al

2016). Additionally, a separate drug pacritinib, a small molecule inhibitor that targets
IRAK1, JAK2 and FIt3, has shown promise in breast cancer @ath 2017). Gohet al

(2017) identified a chromosome amplifiican at 1g21.3 that is present in a high percentage

of breast tumours, including the Te8nMCF7 and T47D cell lines. Subsequently, they
showed that pacritinib was able to specifically reduce tumour burden in xenograft studies of
1921.3 amplified breast neer cell lines.

The aim of this work was to build on the data we had obtained from our previous research
on IRAK1 knockdown. We wanted to examine whether IRAK1 kinase inhibition would
yield similar results, while additionally assessing whether it may rgigee with JNK
inhibition. The JNK family kinases (JNK1, JNK2, JNK3) are primarily recognised as
stressresponse kinases and, with the unique and complex roles they play in balancing cell
survival, they have been studied across various cancers (Wagréelaratdia, 2009). JINKs

have been shown to have both tumour promoting and tumour suppressing rolest(&hen
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2001, Huiet al 2008). There have been several suggestions as to why this occurs. JNKs
have been found to have tisssecific roles, the mechanisby which JNKs are being
dysregulated in these cancers affects their impact, and the specific isoforms of JNK that
exhibit altered activity as at least ten isoforms have been identified (Wagner and Nebreda,
2009). JNK1 appears to have an oncogenic rolG, where increased JNK1 activity has
been correlated with elevated tumour growth while JNK2 has not been associated with
HCC (Hui et al 2008). Conversely, JNKRnockout mice show reduced susceptibility to
papilloma formation, indicating that JINK2 has ancogenic role in skin tumours (Chen

al. 2001). Additionally, increases in straaguced JNK activation can promote tumour
survival and progression, while conversely, reduced JNK activity through growth factor
signalling has been linked to increasechour susceptibility due to dysfunctional activation

of mitochondriaassociated apoptosis (Bubici and Papa, 2014). This is particularly relevant
in relation to treatment resistance, as JNK activity can be upregulated by cancer cells to try
to compensateof the cellular stresses induced by chemothe(Bpgltet al. 2017, Lipner

et al 2020.

To assess whether combined IRAK1 and JNK inhibition could synergize to inhibit the
growth of ER+ breast cancer cells, we tested several inhibitors that targetritteses and

have shown promising results in disrupting cancer growth. Pacritinib, has already shown
encouraging results in inhibiting growth of breast cancer cells and is currently in phase 3
clinical trials as a myelofibrosis treatment option (Gbfal 2017, Meseet al 2017). We
aimed to examine how this drug impacts on the growth of-RalBR+ breast cancer cells,
while additionally assessing the potential of combining this drug with AS602801.
AS602801 is a JNK family kinase inhibitor that has showhibitory effects in several
cancer subtypes and has undergone phase 2 clinical trials for the treatment of endometriosis
(Okadaet al. 2016). Additionally, we used another combination of drugs to try to assess the
same targeted inhibition. JNWN-7 is a dal-kinase inhibitor which inhibits both IRAK1

and the JNK family kinases, while JNKI-8 inhibits JNK family kinase only (Zhareg al

2012). These drugs have been shown to potently inhibit INK activity and limit downstream
c-Jun activation. The use of JNIK-8 in combination with Lapatinib was found to
significantly increase TNBC cell death and increase the survival of mice with TNBC

xenografts, with Lapatinib having minimal effect on its own (Ebell 2017). Similarly,
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JNK-IN-8 was shown to potently nbance the efficacy of -Buorouracil based
chemotherapy in pancreatic cancer models, with combination therapy reducing tumour

growthin-vitro andin-vivo (Lipner et al. 2020).

This work has shown that JNK has a particularly important role in-Ragalls, where JINK
inhibition alone was able to significantly reduce cell growth in 2D andn3itro growth
models. Furthermore, combined inhibition of IRAK1 and JNK family kinasesfovasl to
synergize to potently inhibit tamoxiferesistant cell growth. Based on this work, future
plans to carry out xenograft studies to test the potential of targeting IRAK1 and JNK as a

potential therapeutic option for patients with this aggressive @ disease is warranted.
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4.2 . Results.

4.2.1.c-Jun expression and activityare increased intamoxifen-resistant ER+ breast

cancer cell lines.

The JNK family kinases are known to play a role in regulating important cellular processes,
particularly inrelation to cell survival. Previous findings have identified roles for JNK
family kinases in supporting tumour survival and promoting tumour growth, with their
activity being shown to be upregulated in response to certain chemotherapeuticet(Ebelt
al. 2017, Lipneret al 2020). These findings indicate the potential role that JNK family
kinases could play in supporting the resistant phenotype that can develop in response to

tamoxifen treatment.

Through analysis of the breast cancer databank Breas{Maddenet al 2010) we found

that highJNK2 expressiorcorrelated withsignificantly reduced overall survivglOS) of

ER+ breast cancer patierds a whole (P=3.56286, n=934, Figure 4.1 (A)), whereas no
significant differences in OS were found for higllun expressing tumours (Figure 4.1
(B)). Interestingly, when we selected for the patient cohort who had received tamoxifen
treatment, we found that high levels of JINK2 andln significantly reduced OS of ER+
breast cancer patien($=6.346e05, n=210,Figure 4.1 C) and P=0.0046682, n=210,
Figure 4.1 (D) respectively Using Western blot analysis, we initially investigated the
levels and activity of INK:B kinases (T183/Y185) andJun (Ser73), a known substrate of
JNK kinases, in Tard and TarR ER+ breascancer cells. Using an antibody that cross
reacts against all 3 JNK family members, elevated total levels of JNK were detected in
TamR LY2 cells, when compared to the respective parental MEElls (Figure 4.2).
Interestingly, the amount of active JNiKthese cells showed a different profile, with INK
activity being higher in MCH cells (Figure 4.2). However, the levels and activation-of ¢
Jun was markedly increased in LY2 cells, when compared to-K&#Hls (Figure 4.2). Our
findings in TamR TR-1 cdls showedanincreasan both phospheoand total levels of JNK

and eJun when compared to parental T47D cells (Figure 4.2). These results show that ¢
Jun activity is increased in TaR ER+ breast cancer cells.
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4.2.2 Combined inhibition of IRAK1 and JNK potently inhibits 2D growth of

tamoxifen-resistant ER+ breast cancer cell lines

We proceeded to assess the impact of combined inhibition of -B\&id IRAK1 activity

on the growth of Tar® and TarrR ER+ breast cancer cell lines usingmliferation
assay. Using Western blot ansily, we confirmed that INKN-7 and JNKIN-8 were both
inhibiting ¢Jun activation downstream of JNK (Figure 4.3). We found that J8IK1
inhibition alone, using JNKN-8 at the concentration indicated (Figure 4.4), had little
effect on the growth of Taf8 cell lines but significantly reduced the growth of T-&mn
LY2 cells, while also impairing the growth of Ta/ TR-1 cells (Figure 4.5). However,
when we targeted JNK3 kinases and IRAK1 with JN#N-7, we observed potent
inhibition of 2D growth in all cell mes (Figure 4.4 and Figure 4.5). These findings imply
that JNK is particularly important in maintaining the growth of TRntells, while
combined inhibition of IRAK1 and JNK3B works synergistically to potently inhibit the
growth of ER+ breast cancer cells

Subsequently, we expanded on these findings by using another combination of drugs to
inhibit JNK1-3 and IRAK1 activity. Our results showed that pacritinib, which inhibits
IRAK1, JAK2 and FIt3, dramatically reduced the proliferation of TarandTam-R cells

as assessed on day 4 and day 7 (Figure 4.6 and Figure 4.7). Supporting what we observed
previously with JINKIN-8 (Figure 4.4 and Figure 4.5), we found that JNKihhibition

alone with AS602801 significantly reduced the growth of both -Rakel lines (Figure

4.7). Here, the growth of Tai® cells was also reduced by AS602801 but not to the same
level as that observed for TaR cell lines (Figure 4.6). These results highlight the
importance of JNK in maintaining the growth of Tdrcell lines. Tle experimental saip

did not allow us to assess whether growth inhibition could be enhanced by combining
pacritinib with AS602801, given the growth inhibition observed with pacritinib alone.

Overall, these findings support our previous work on the paleotitargeting IRAK1 in
ER+ breast cancer, while highlighting the potential synergy of including targeted inhibition

of JNK family kinases in treating TafR ER+ breast cancer.
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Statically significant di fferences are
*xx 0 P<0.001.
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