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Summary

A role for Interleukin-1 receptor-associated kinase 1 (IRAK1) in promoting tumour growth
and metastasis has been identified in recent years, across several aggressive cancer
subtypes (Rhyasen et al. 2013, Wee et al. 2015, Dussiau et al. 2015). In certain cases, this
has been linked to already recognized mechanisms associated with IRAK1 from its role in
regulating immune responses, such as NF-«xB activation (Wee et al. 2015). However, novel
roles for IRAKL1 in driving tumour growth have been identified that are unrelated to any
previously defined role, including inhibiting PIDDosome-mediated apoptosis (Liu et al.
2019). This study showed that IRAK1 expression was elevated in tamoxifen-resistant
(Tam-R) ER+ breast cancer, with IRAK1 knockdown significantly reducing the growth of
Tam-R cells as assessed by 2D and 3D growth assays. Additionally, IRAK1 knockdown
impaired the agonistic effects that tamoxifen has on the growth of Tam-R cells and re-
sensitizes the cells to tamoxifen. This work identified a novel role for IRAKL1 in regulating
HER family expression in response to tamoxifen treatment, a significant finding as all
members of the HER family have been linked to tamoxifen resistance previously (Britton et
al. 2006, Cui et al. 2012, Thrane et al. 2013, Wege et al. 2018). Further, we identified an
important role for IRAK1 in Aurora kinase A (Aurora-A) activation in response to
tamoxifen treatment. Aurora-A activity has been linked to aggressive tumour growth and
poor patient prognoses across a number of cancer subtypes, with Aurora-A inhibition being
extensively studied as a potential therapeutic option (Bavetsias and Linardopoulos 2015).
This study also examined the efficacy of using drugs that inhibit IRAK1 and JNK family
kinases, alone or in combination, as novel therapeutic options for Tam-R breast cancer.
JNK has already been linked to treatment resistance in TNBC and pancreatic cancer (Ebelt
et al. 2017, Lipner et al 2020). We found that IRAK1 and JNK inhibition alone reduced
Tam-R ER+ breast cancer cell growth, with less marked effects observed for tamoxifen-
sensitive (Tam-S) cell lines with JNK specific inhibitors, as assessed by 2D and 3D cellular
assays. However, combined inhibition of IRAK1 and JNK synergized to potently inhibit
Tam-S and Tam-R ER+ breast cancer cell growth. These findings support progressing this
research to in-vivo models of Tam-S and Tam-R ER+ breast cancer, as well as other breast
and aggressive cancer subtypes. Overall, this work has identified a novel role for IRAK1 in



tamoxifen-resistant breast cancer and indicated the potential therapeutic benefits of

targeting IRAKZ1 in this cancer subtype.
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Chapter 1

General Introduction
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1.1. Interleukin-1 receptor-associated kinase 1 (IRAK1).
1.1.1. IRAKI.

IRAK1 is a serine/threonine kinase that is recognised for its role in the innate immune
response (Kawagoe et al. 2008, Gottipati et al. 2008, Flannery & Bowie 2010). The
mammalian IRAK family consists of four members, IRAK1, IRAK2, IRAK-M and IRAK4
which all play important roles in regulating Interleukin-1 receptor (IL-1R) and Toll-like
receptor (TLR) signalling pathways. IRAK1 was the first member of the family to be
discovered, and is ubiquitously expressed in humans (Croston et al. 1995, Cao et al. 1996).
The IRAK family only share around 30-40% sequence homology, although they are
organised into similar structural domains. IRAK1 contains an N-terminal death domain
(amino acids 1-103), followed by a proline-, serine- and threonine-rich region known as the
ProST region (amino acids 104-198), a central kinase domain (amino acids 199-522) and a
C-terminal domain that is separated into 2 sub-domains, C1 and C2 (amino acids 523-618
and 619-712, respectively). IRAK1 is catalytically active, with a lysine residue at K239 in
the ATP-binding pocket and a critical aspartate residue at D340 believed to be essential for
kinase function (Gottipati et al. 2008, Flannery and Bowie. 2010, Jain et al. 2014).

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

N
{ \
IRAK1L d\ DD PR X X KD co | e IS

\_‘_l
103 198 364-388 aa 522 618 712
N Activation loop
C
IRAK2 d\ S
94 196 489 590
N
C
IRAK-MN 5
106 157 469 596
N C
IRAKA4 d\ 5
95 166 460
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Figure 1.1. Structural representation of the IRAKI family members. Image adapted from
Gottipati et al. 2008 and Flannery & Bowie, 2010. DD = Death Domain; PR = ProST

Region; KD = Kinase Domain; C1D = C-terminal Domain 1; C2D = C-terminal Domain 2.
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Following the stimulation of IL-1R/TLR, a signalling cascade is initiated by the
Toll/Interleukin-1 Receptor (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 interacts with IRAKSs through their death domains, with IRAK4 binding directly to
MyD88 first (Jain et 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 residue resulting in
loss of kinase function. Full activation of IRAKL1 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, Jain et al. 2014). However, more 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 hyper-autophosphorylation
in the ProST domain, which triggers the dissociation of IRAK1 from the complex.
Subsequently, IRAK1 interacts with TNF-receptor associated factor 6 (TRAF6) through its

C-terminal domain.

This allows for the activation of a signalling complex that can phosphorylate the inhibitor
of kB kinase (IKK) complex (consisting of IKKa, IKKfB & IKKy), resulting in NF-xB
activation, or activate mitogen activated protein kinases (MAPKSs) (Flannery & Bowie
2010, Jain et al. 2014).
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v
co

Cell proliferation, apoptosis and Inflammatory responses

Figure 1.2. TLR/IL-IR signalling cascade. Image adapted from Jain et al. 2014. Ligand
binding to the TLR/IL-1R triggers the recruitment of MyD88 and members of the IRAK
family to the intracellular domain of the receptors. This leads to the activation of IRAK1,
which can subsequently associate with TRAF6 resulting in the activation of NF-xB and
MAPK signalling pathways. This results in the activation of transcription factors (NF-«xB,
AP-1) which regulate the expression of a broad array of genes involved in proliferation,

apoptosis and inflammatory responses.
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In mammals, the NF-kB transcription factor family consists of five members that form
homo- and heterodimers: p65 (RELA), RELB, cREL, NF-kB1 (p50 and its precursor p105)
and NF-xB2 (p52 and its precursor p110). In most quiescent cells NF-kB dimers are bound
to inhibitory molecules of the kB protein family, which attach to the DNA-binding domain
rendering them transcriptionally inactive (Baud and Karin. 2009, Hoesel and Schmid.
2013). NF-«B signalling is separated into a classical canonical pathway, which mainly
involves p65/p50 dimers, and an alternative pathway (Brasier 2006). IRAK1 is exclusively
linked to the canonical pathway where, following IL-1R/TLR stimulation, the activation of
the IKK complex triggers the phosphorylation of the IkB molecules at specific serine
residues leading to their proteasome-mediated degradation (Baud and Karin. 2009). This
frees the NF-kB dimers to translocate to the nucleus and regulate the transcription of a wide
range of target genes involved in inflammation, proliferation and survival (Pahl 1999). The
kinase activity of IRAK1 is dispensable in IL-1R mediated NF-xB activation, with the
adaptor function of IRAK1 being essential in this process (Jain et al. 2014). Aberrations in
the regulation of NF-kB are known to be involved in a vast amount of immune disorders,
including psoriasis and Severe Combined Immunodeficiency (SCID) (Jordan et al. 2012,
Stepensky et al. 2013). NF-«xB is also recognised to have an oncogenic role in certain
malignancies, most commonly lymphomas. The Activated B-cell subtype of Diffuse Large
cell B-cell lymphoma (ABC-DLBCL) is highly dependent on constitutive NF-kB activation
to maintain its transformed phenotype and disrupting NF-«xB activity has been examined as
a potential therapeutic strategy (Davis et al. 2001, Calado et al. 2010, Pulvino et al. 2012).

The mammalian MAPK family consists of extracellular signal-regulated kinase (ERK), c-
Jun NH2-terminal kinase (JNK) and p38. ERK is activated downstream of growth factor
receptors such as Epidermal Growth Factor Receptor (EGFR), while JNK and p38 are
primarily activated by pro-inflammatory cytokines such as IL-1B or cellular stresses
(Raman et al. 2007). The activation of these MAPKs leads to the phosphorylation of a
diverse range of target proteins including the transcription factors c-Jun and c-Myc and
proteins involved in regulating apoptosis such as Bcl-2 and Bad (Scheid et al. 1999,
Boucher et al. 2000, Sabapathy et al. 2004, Alarcon-Vargas 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
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proliferation, migration and 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, particularly endometrial and colon cancers (Cheung et al. 2014, Kim and
Choi. 2015, Braicu et 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. IRAK1 has 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 triple-negative breast cancer (TNBC)
(Ngo et al. 2011, Rhyasen et al. 2013, Wee et al. 2015, Li et 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 (Rhyasen et al. 2013, Liu et 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 immune-associated role in NF-«xB and MAPK
activation, but unique new roles are being identified for IRAK1 in other critical cellular
mechanisms including cell cycle regulation and apoptosis (Ni et al. 2018, Liu et al. 2019).

IRAK1 has been associated with the growth and survival of several forms of leukemia, with
targeted inhibition of IRAK1 showing promising results. Rhyasen et al. (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 the miR-146a gene, a microRNA that targets IRAK1 and is commonly deleted in MDS
(Rhyasen et 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 (Rhyasen et
al. 2013). Targeted inhibition of IRAK1 kinase activity, using a dual IRAK1/IRAK4
inhibitor, blocked TRAF6 and NF-«kB activation in MDS cells and reduced cell growth in-
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 (Rhyasen et al. 2013).

IRAK1 overexpression is also common in T-cell acute lymphoblastic leukemia (T-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 disease even in

response to IL-1B stimulation (Dussiau et al. 2015). IRAK1 knockdown reduced
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proliferation, increased apoptosis and disrupted the cell cycle in T-ALL cell lines (Dussiau
et al. 2015). These findings would indicate a complex role for IRAKL1 in T-ALL, wherein
the structural role of IRAK1 may play a role in T-ALL cell growth. Similar to what was
observed in MDS, pharmacological inhibition of IRAK1 using a dual IRAK1/4 inhibitor
reduced proliferation and increased apoptosis in T-ALL cells that exhibit phosphorylated
IRAK1 but was much less effective than IRAK1 knockdown (Dussiau et al. 2015).

A role for IRAK1 in Activated B-cell diffuse large B-cell lymphoma (ABC-DLBCL) and
Waldenstroms macroglobulinemia has also been identified. ABC-DLBCL is an aggressive
form of lymphoma that has a very poor prognosis for patients. Ngo et al. (2011) identified a
mutant form of MyD88, termed MyD88 L265P, that is present in 29% of ABC-DLBCL
cases. Their analysis established that this mutation in MyD88 causes the
hyperphosphorylation of IRAK1, contributing to elevated NF-kB activation and resulting in
increased cell survival in this lymphoma type. Through an RNAI screen, they found that
shRNA knockdown of IRAK1 was toxic to all 5 ABC-DLBCL cell lines tested. However,

IRAK1 kinase activity was not required for cell survival (Ngo et al. 2011).

The same MyD88 mutation is observed in ~95% of Waldenstroms macroglobulinemia.
Here, inhibition of IRAK1 and IRAK4 using a dual IRAK1/4 inhibitor showed anti-tumour
effects in-vitro and in-vivo (Ni et al. 2018). These effects included inhibition of NF-xB
activation. Interestingly, several other molecular responses were identified. IRAK1/4
inhibition disrupted the cell cycle, with reductions in cyclin-dependent kinase (CDK) 4/6
expression, suppressed the Akt/mammalian target of rapamycin (mTOR) signalling
pathway, reduced the expression of c-Myc 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, X-box Binding Protein (XBP) 1 and C/EBP
Homologous Protein (CHOP) (Ni et al. 2018).

Hepatocellular carcinoma (HCC) is an inflammatory-associated cancer that is a leading
cause of cancer-related mortality worldwide (Siegel et al. 2020). Su et al. (2015) identified
a correlation between IRAK1 phosphorylation at T209 and patient survival. Eighty-four
HCC patients were seprarated into phospho-IRAK1 high or low based on

immunohistochemical  staining, with 27% of patients exhibiting IRAK1
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hyperphosphorylation. Patients that exhibited high IRAK1 activation showed significantly
worse overall survival when compared to the phospho-IRAK1 low cohort. They found that
elevated IRAK1 activity increased the expression of the oncoprotein Gankyrin, through
IRAK1 activation of JNK, promoting oncogenesis (Su et al. 2015). Subsequent analysis of
33 clinical HCC samples showed that IRAK1 was overexpressed in ~66% of HCC samples
compared to adjacent normal tissues (Li et al. 2016). IRAK1 knockdown using two
independent sSiRNAs reduced HCC cell line growth and increased the sensitivity of HCC
cells to cisplatin-induced 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 growth in-vivo, confirming previous findings of the importance of active
IRAK1 to HCC cell growth (Li et 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 poor response rates. Cheng et 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 drug-induced
apoptosis. In xenograft models of HCC, the combination of an IRAK1/4 inhibitor and

sorafenib significantly reduced tumour volumes (Cheng et al. 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 mortality in women (Siegel et 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 understanding of how to provide beneficial
targeted therapies to patients with specific tumours. This concept was initially developed by
Perou et al. 2000, who examined variation in gene expression patterns in breast tumours
using complementary DNA microarrays. Their work identified 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 cohorts, with the ER+ cohort exhibiting increased
expression of genes expressed in breast luminal cells including FOXAL and XBP1 (Perou
et al. 2000). This correlation was further supported by immunohistochemical analysis of
breast luminal cell keratins 8/18 in ER+ tumours, while all but one of these tumours did not
express HER?2 at high levels (Perou et al. 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. Subsequent immunohistochemical analysis of breast basal cell
keratins 5/6 and 17 supported the basal-like profile of these tumours, which also failed to
express ER and most genes associated with the ER profile (Perou et al. 2000). Additionally,
HER2 overexpressing tumours were associated with high expression of specific genes
(TRAF4, TIAF1) while showing low levels of ER expression and ER-related gene
expression (Perou et al. 2000). These findings provided early molecular framework for

precisely categorizing newly 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 basal-like (Goldhirsch et al. 2013). Luminal A breast cancer is ER and
progesterone receptor positive, HER2-negative and exhibits low Ki-67 levels. Ki-67 is a
cellular proliferation marker, with a Ki-67 level <14% acting as the cut-off for luminal A

classification. Additionally, multi-gene expression assay analysis (21-gene recurrence score
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assay) indicating a low recurrence risk is further indication of the Luminal A subtype
(Goldhirsch et al. 2013). Luminal B breast cancer is separated into two sub-classes; HER2
negative and HER2 positive. Luminal B (HER2-) shows ER positivity, HER2 negativity
and at least one additional factor out of high Ki-67 levels, Progesterone receptor negative or
low and a high risk of recurrence based on the previously mentioned multi-gene expression
assay. Luminal B (HER2+) is ER positive and HER2-overexpressed or -amplified, while
having any Ki-67 or progesterone receptor status. HER2-overexpressing breast cancer
exhibits HER2 overexpression or amplification, while ER and progesterone receptor are
both absent. Basal-like breast cancer is widely recognized as a ‘triple-negative’ subtype,
where ER, progesterone receptor and HER2 expression are absent. The overlap between
triple-negative status and the basal-like subtype is only ~80% as low ER staining tumours
can cluster into basal-like based on gene-expression analysis, while triple-negative breast
cancer also incorporates some additional histological types including adenoid cystic
carcinoma (Goldhirsch et al. 2013).

These advancements in molecular classification 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 modulator Tamoxifen (Premenopausal) or an aromatase inhibitor
(Postmenopausal) which both serve to impair ER function (Curigliano et al. 2017). These
drugs are both discussed in more detail in section 1.3.2. These treatments are further
combined with ovarian function suppression or chemotherapy in more aggressive ER+
breast cancer cases (Curigliano et al. 2017). The standard treatment of breast cancer
patients that have developed HER2-overexpressing disease includes the use of the
monoclonal antibody trastuzumab in combination with chemotherapy. Trastuzumab binds
to the extracellular domain of the HER2 receptor and impairs receptor dimerization. In
cases that are ER+ and HER2+, endocrine therapy can be combined with HER2 targeted
therapy to optimize patient treatment (Curigliano et al. 2017). TNBC patients are currently
recommended to receive treatment that includes anthracycline and taxane-based
chemotherapeutics, while BRCA1/2 mutated TNBC cancers should receive alkylating

chemotherapy (Curigliano et al. 2017).
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These advancements in breast cancer classification and treatment optimization has led to
breast cancer patient prognoses improving to the point where 5-year survival rates for stage
1 ER+ breast cancer now stand at ~99%, 5-year survival for stage 1 HER2+ breast cancer is
~95% and 5-year survival for stage 1 TNBC is ~85%, although TNBC cases are associated
with a much higher chance of recurrence. TNBC also tends to be more advanced and these
cases are associated with significantly reduced overall patient survival (Waks and Winer
2019).
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1.2.1. IRAK1 in breast cancer.

Most relevantly, IRAK1 has recently been implicated in the tumourigenicity of aggressive
forms of breast cancer (Wee et al. 2015, Goh et al. 2017, Liu et al. 2019). An early study
focused on miR-146a indicated a potential role for IRAK1 in breast cancer (Bhaumik et al.
2008). Research on the TNBC cell line MDA-MB-231 showed that overexpression of miR-
146a, known to target IRAK1 and TRAF®6, reduced the metastatic potential of the cell line
in-vitro, with significant reductions observed in migration and invasion through a 3D
matrix (Bhaumik et al. 2008).

Scheeren et 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 cancers. Studying human breast xenograft Estrogen Receptor
(ER)-negative tumours and ER-positive and —negative breast cancer cell lines, they found
that IRAK1 knockdown reduced clonogenicity in-vitro and tumourigenicity in-vivo
(Scheeren et al. 2014).

Analysis of The Cancer Genome Atlas 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 prognosis
(Wee et al. 2015). Wee et al. (2015) subsequently found that TNBC cells gain dependency
on IRAKT1 as they progress and metastasise, with IRAK1 expression and activity increased
in higher grade metastatic tumours. Their findings showed that IRAK1 drives this
aggressive tumour growth through NF-kB activation and a resultant increase in the
expression of pro-inflammatory cytokines Interleukin (IL)-6 and IL-8. They also indicated
that IRAK1 confers resistance to the chemotherapeutic paclitaxel. Interestingly, the role of
IRAK1 here involves increasing p38 MAPK activation and not NF-kB. IRAK1 knockdown
was sufficient to impair TNBC growth and metastasis in-vivo, and the use of an IRAK1/4
inhibitor in combination with paclitaxel was capable of inhibiting the growth of paclitaxel-

resistant breast cancer cells (Wee et al. 2015).

The same group identified a 1g21.3 chromosome amplification that is present in a high

percentage of breast tumours (Goh et al. 2017). The genes for several S100 family
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members, a family of EF-hand Ca?* binding proteins, are located at 1921.3. They were able
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) 2 and Fms-
like tyrosine kinase (FIt) 3, was able to disrupt tumour growth in-vitro and in-vivo, showing

increased efficacy in samples where the 1g21.3 amplification was present (Goh et al. 2017).

IRAK1 has also recently been associated with resistance to radiation therapy, a treatment
course that ~60% of patients with cancer undergo, in cancers possessing mutant p53 (Liu et
al. 2019). Mutation of the p53 transcription factor is present in ~50% of solid tumours and
cells with mutant p53 fail to undergo apoptosis following 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 expressing wild-type p53 (Liu et al. 2019). Liu et al.
(2019) identified a unique role for IRAKL1 in mediating resistance to radiation therapy
across cancers possessing p53 mutations, including breast. In cancers possessing mutant
p53, IRAK1 was shown to inhibit PIDDosome 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 models re-sensitized 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
targeting IRAK1 to improve treatment responses in tamoxifen-resistant breast cancer.

33



1.2.2. Estrogen Receptor-positive (ER+) breast cancer.
1.2.2.1. Estrogen Receptor-alpha (ERa).

Breast cancer is the most commonly diagnosed cancer in women and the second leading
cause of cancer related mortality in women (Siegel et al. 2020). Of newly diagnosed breast
cancer cases, ~70% exhibit high expression of ERa and are defined as ER+ breast cancer.
ERa, a member of the nuclear receptor superfamily, is a ligand-dependent transcription
factor that is encoded by the ESR1 gene, and is differentially expressed across various
tissues (Renoir et al. 2013). Structurally, the functional domains of ERa are separated into
A/B, C, D and E/F regions. The A/B region represents the N-terminal 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 hinge segment that allows for
structural rearrangement and can bind to chaperone proteins that support nuclear
translocation following ligand-binding. The C-terminal E/F region contains the ligand-
binding domain as well as binding sites for cofactors (Anbalagan and Rowan 2015, Fuentes
and Silveyra 2019). ERa also contains two additional activation function (AF) domains that
are critical to full receptor function termed AF-1 and AF-2. AF-1 is located within the N-
terminal domain and is regulated by phosphorylation at key sites including S118 and S167,
while AF-2 is contained within the ligand-binding domain and its activation is ligand-
dependent. Full ERa transcriptional regulation requires synergistic AF-1 and AF-2 activity
(Anbalagan and Rowan 2015, Fuentes and Silveyra 2019).
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Figure 1.2. Structural representation of Estrogen Receptor alpha. Image adapted from
Anbalagan and Rowan 2015. AF-1 = Activation Function Domain 1; DBD = DNA-Binding
Domain; HR = Hinge Region; LBD = Ligand-Binding Domain; AF-2 = Activation

Function Domain 2.
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ERa is expressed at low levels in normal breast epithelia although it does have an essential,
poorly-defined role in the breast, with ERa knockout mice showing dysfunctional
mammary development (Tekmal et al. 2005). In the absence of ligand, ERa is believed to
shuttle between the cytoplasm and nucleus as a monomer, maintained in a heat-shock
protein (Hsp) complex primarily consisting of Hsp70 and Hsp90 family members. This
complex keeps the receptor in an inactive state but is also important for maintaining the

receptor in a conformation that is primed for ligand-binding (Dhamad et al. 2016).

There are three main physiological forms of estrogens in women, these being estrone,
estradiol (E2) and estriol, with E2 being the predominant ERa agonist. In the canonical
ERa pathway, ligand-binding results in conformational changes to the receptor, triggering
the activation of the AF-2 domain and the release of ERa from its inhibitory heat-shock
protein complex. The receptor also undergoes phosphorylation at several sites within the N-
terminal, most importantly S118 and S167, which triggers the activation of the AF-1
domain (Anbalagan and Rowan 2015). The receptor can then dimerize and translocate to
the nucleus. Here, ERa regulates the transcription of target genes directly through binding
to DNA at specific EREs, recruiting cofactors (primarily members of the p160 co-activator
family such as steroid receptor coactivator (SRC)-1 and amplified in breast cancer (AIB) 1)
and transcriptional machinery, or indirectly by acting as a cofactor for other transcription
factors including specificity protein (SP)-1 and activator protein (AP)-1 (Philips et al. 1993,
Onate et al. 1995, Planas-Silva et al. 2001, Safe 2001, Fuentes and Silveyra 2019). ERa is
recognised to target a wide-range of genes, which are well documented by Lin et al. (2004),

involved in promoting proliferation, cell-cycle progression and cell survival.

Several post-translational modifications are important for ERa to fully function, mostly
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 (Kato et al. 1995), glycogen synthase
kinase (GSK) 3 (Medunjanin et al. 2005), IKKa (Park et al. 2005) and cyclin-dependent
kinase (CDK) 7 (Chen et al. 2002). Phosphorylation of ERa at S118 has been found to
enhance dimerization and transactivation, increasing interactions with members of the p160
co-activator family and SRC3 (Dutertre et al. 2003, Likhite et al. 2006, Le Romancer et al.
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2011). Kinases involved in phosphorylation at S167 include 90 kDa ribosomal S6 kinases
(RSK, S6K1) (Yamnik and Holz 2010), Akt (Campbell et al. 2001), casein kinase (CK) 2
(Arnold et al. 1995), IKKe (Guo et al. 2010) and Aurora kinase A (Zheng et al. 2014) with
S167 phosphorylation being associated with an increased DNA-binding capacity (Shah and
Rowan 2005). Another important phospho-site is S305, which is phosphorylated by protein
kinase A (PKA) (Michalides et al. 2004), Aurora kinase A (Zheng et al. 2014) and p21-
activated kinase (PAK) 1 (Wang et al. 2002). S305 is located very close to the hinge region
and its phosphorylation supports conformational changes to the receptor and subsequent

dimerization and transactivation (Le Romancer et al. 2011, Anbalagan and Rowan 2015).

In addition to the genomic signalling of ERa, membrane-associated and cytoplasmic ERa
signalling has been identified. These mechanisms trigger the activation of signalling
cascades that allow for rapid responses to estrogen stimulation. ERo has been shown to
activate subunits of the G protein-coupled estrogen receptor at the plasma membrane,
conferring roles for membrane-associated ERa in activating important signalling cascades
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 Moss 1996, Marino et 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 (Filardo et al. 2000). Unique roles for
ERa in the activation of cytoplasmic signalling complexes have also been identified. In
response to estradiol stimulation, ERa was shown to quickly form a signalling complex
with Src, focal adhesion kinase (FAK) and the p85 subunit of phosphoinositide-3 kinase
(PI3K) leading to the activation of important downstream kinases such as ERK1/2 and Akt,

allowing for rapid regulation of cell proliferation and survival (Le Romancer et al. 2008).
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Figure 1.4. Estrogen signalling. Image adapted from Musgrove and Sutherland 2009 (a)
In the canonical estrogen signalling pathway, estrogen binding to ERa triggers
conformational changes, dimerization and translocation to the nucleus where ERa can
regulate gene expression either through direct binding to DNA at specific estrogen response
elements (EREs) in complexes with co-activators (CoAs) and histone acetyl transferases

(HATs), or indirectly by acting as a cofactor for other transcription factors (Apl, Spl
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families) to support binding to serum response elements (SREs) and subsequent
transcription. (b) ERa activity can also be altered as a result of signalling downstream of
receptor tyrosine kinases (RTKs) including EGFR and HER2. Here, ERK and Akt can
phosphorylate ERa at important residues (Ser118, Ser167) that regulate the transactivation
and DNA-binding capability of ERa, and has the potential to lead to ligand-independent
ERa activity. (¢) Signalling can also be mediated through non-genomic mechanisms by ER
that is localized at the cell membrane or in the cytoplasm. Ligand binding triggers the
formation of functional protein complexes including ERa that result in signalling cascades

and the activation of downstream transcription factors (TFs).
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1.2.2.2. Endocrine therapy and tamoxifen

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% (Levine et al. 1998). For ER+ breast cancer patients, there are several viable endocrine
therapies that are prescribed based on the characteristics of the patient and the tumour.

Tamoxifen is a Selective Estrogen-Receptor Modulator (SERM) that was first approved for
clinical use in 1973 and has remained the most commonly prescribed adjuvant treatment 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% (Levine et al. 1998). SERMs like tamoxifen act by competing with
estrogen for binding to the ligand-binding domain of ERa. When estrogen binds to ERa,
the receptor undergoes conformational changes, with estrogen being sealed in the binding
pocket by helix-12. These structural changes trigger AF-2 activation and allow for
interactions with coactivators. When tamoxifen binds to the ligand-binding domain, ERa
similarly undergoes structural rearrangements but the binding pocket cannot be sealed by
helix-12. This disrupts the ability of ERa to interact with coactivators and inhibits AF-2
mediated transcription (Ring and Dowsett 2004, Arnal et al. 2017). However, the
expression of AF-1 regulated genes, which include TFF1, XBP1, GREB1 & FKBP4, are
not necessarily inhibited (Ring and Dowsett 2004). Tamoxifen can 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 (Berry et al. 1990, Feng et al. 2001,
Caizzi et al. 2014). This has been suggested as a reason behind the tissue-specific 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 (Kedar et al. 1994, Wysowski et 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 estrogen-targeted therapies alone or in combination with tamoxifen can
improve patient outcomes, particularly in post-menopausal women. Fulvestrant is a
Selective Estrogen-Receptor Degrader (SERD) that acts as a pure antagonist of ERa

function. Unlike tamoxifen, which can have partial agonistic activity, fulvestrant binds to
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ERa and impairs both AF-1 and AF-2 mediated transcriptional activity (Moverare-Skrtic et
al. 2014). Further, the conformational changes to ERa following fulvestrant binding render
it unstable and accelerate the degradation of the receptor (Osborne et 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 endocrine naive patients and patients whose cancer has
progressed following tamoxifen therapy (Howell et al. 2002, Robertson et al. 2009,
Robertson et al. 2016).

Aromatase inhibitors, such as letrozole and anastrozole, have similarly shown the ability to
enhance ER+ 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 post-menopausal women, and have been shown to
increase patient survival by up to 25% in comparison to tamoxifen therapy alone (Breast
International Group (BIG) 1-98 Collaborative Group 2005, Howell et al. 2005, Arimidex
2008, Muss et al. 2008).
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1.2.2.3. 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 (Howell et al. 2005, Arimidex 2008). This is one of the major problems
facing ER+ breast cancer patients, with limitations in other available treatment options for
pre-menopausal women and significantly worse prognoses for patients that develop

acquired resistance.

It has been suggested that approximately 20% of patients will present with de novo
resistance to tamoxifen (Gutierrez et al. 2005, Hoskins et al. 2009). Two main mechanisms
have been associated with de novo resistance to tamoxifen therapy, loss of ERa expression
and loss of cytochrome p450 family member expression (Gutierrez et al. 2005, Hoskins et
al. 2009). The expression of ERa is understandably very tightly linked to tamoxifen
efficacy, and the majority of patients that lack ERa expression do not respond to tamoxifen
(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
(Hoskins et al. 2009). Another mechanism is the presence of mutations in ERa but this is
rarely seen in cases of de novo resistance (Clarke et al. 2003, Herynk & Fuqua 2004).
These mutations have been reported in the ligand-binding domain and can promote ligand-
independent activation of the receptor. Mutations have also been found to functionally
inactivate the receptor. These mutational modifications of ERa inhibit tamoxifen function,

despite the presence of an ER+ phenotype (Clarke et al. 2003, Herynk & Fuqua 2004).

The impact of ERa phosphorylation at S118 and S167 has been found to be complex with
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 (Murphy et al. 2004, Kirkegaard et al. 2005, Sarwar et
al. 2006, Jiang et al. 2007). This may be linked to the phosphorylation status of ERa before
and after tamoxifen treatment. The presence of S118 and S167 phosphorylation at the time
of tamoxifen treatment indicates functional ERa, wherein tamoxifen can be effective.
However, the presence of high S118 and S167 phosphorylation after tamoxifen treatment

indicates potential ligand-independent receptor activity and resistance to tamoxifen therapy.
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Research has shown that of 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 very poor patient prognosis, with an estimated 5-year survival rate of 20% (Robertson
et al. 2003, Sotgia et 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 to dysregulated expression and activity of human
epidermal growth factor receptor (HER) family members (Refer to section 1.3 for detailed
review) (Knowlden et al. 2003, Hutcheson et al. 2003). The expression of epidermal
growth factor receptor (EGFR) and HER2 has been found to be increased in cells that are
resistant to tamoxifen (Knowlden et al. 2003, Hutcheson et al. 2003). EGFR/HER2 can
activate several signalling cascades that can impact on ERa activity through enhanced
phosphorylation at S118 and S167, with the potential to trigger ligand-independent ERa
activity (Kato et al. 1995, Campbell et al. 2001). The increased expression of EGFR/HER2
can also drive tumour growth independently of ERa and render anti-estrogens ineffective
(Knowlden et al. 2003, Hutcheson et al. 2003). Similarly, the insulin-like growth factor
receptor (IGFR) family has been associated with tamoxifen resistance by activating the
same signalling cascades as HER family members. ERa has also been found to interact
directly with IGFR-1 and promote the initiation of downstream signalling (Fagan and Yee
2008, Miller et al. 2009).

The increased expression and/or activity of members of the PI3K/Akt signalling pathway
has been linked with acquired tamoxifen resistance. There is evidence that ERa can bind to
PI3K 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 and has been identified to phosphorylate ERa at S167,
promoting ligand-independent receptor activity (Arpino et al. 2008).

The altered expression of co-regulators may also have a significant role in the development
of resistance to tamoxifen therapy. Amplified in breast cancer (AIB) 1 is an ERa co-
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

43



disease-free survival (Osborne et al. 2003). This would suggest that the overexpression of
co-activators can overcome the transactivational limitations of ERa after tamoxifen
binding. Similarly, the reduced expression of co-repressors such as nuclear receptor
corepressor (NCOR) 1 can prevent tamoxifen from successfully repressing the expression

of ERa target genes (Ring and Dowsett, 2004).

44



1.3. The human Epidermal Growth Factor receptor (HER) family.
1.3.1. HER family.

The HER family of receptor tyrosine kinases (RTKSs) 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 shown
their critical importance in regulating the development of many organs (Miettinen et al.
1995, Gassmann et al. 1995, Lee et al. 1995, Riethmacher et al. 1997). The HER family
members share significant structural similarities, with an extracellular ligand-binding
domain, a small transmembrane region and an intracellular kinase domain. The
extracellular region is divided into four domains, with leucine-rich domains | and Il
involved in ligand binding and cysteine-rich domains Il and IV supporting dimerization
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 and a c-terminal 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 function. A number 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 (EGF)-related
ligands that possess conserved EGF motifs and have 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 signalling potential of HER3 homodimers. However, HER2 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 the HER2 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
(Cho et al. 2003). Dimerization initiates trans-phosphorylation of tyrosine residues which

activates the kinase domain, while also triggering conformational changes in the c-terminal
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tail to allow for interactions with adaptor proteins that promote downstream signalling
cascades. These signalling pathways are often interconnected, with the Ras/Raf/MAPK
cascade and the phosphatidylinositol 3-kinase (PI3K)/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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Figure 1.4. Structural representation of the HER family members. Image adapted from
Roskoski 2014. The extracellular region of each receptor is separated into 4 domains (I-IV).
Domains [ & III have roles in regulating ligand binding while domains II and IV are

involved in dimer formation. @ = impaired function; PKD = protein kinase domain.
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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 receptor-bound
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) which can catalyze the
activation of Ras-GDP to Ras-GTP, 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 effector kinases ERK1/2
by phosphorylation at T202 and Y204. Activated ERK1/2 can then translocate to the
nucleus and regulate the activity of transcription factors such as the T-cell factor (TCF)
family, Elk-1 and c-Fos. This confers an important role for ERK1/2 in regulating 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 of RTKs
including the HER family, but requires the presence of HER3 dimerization in each case as
the c-terminal tail of HER3 contains multiple consensus sites for binding the p85 subunit of
PI3K. This binding triggers the p110 subunit of PI3K to interact with its substrate
phosphatidylinositol-4,5-bisphosphate (PIP2) at the plasma membrane. The p110 subunit
can also be activated by Ras, due to the presence of a Ras-binding domain. PI3K
phosphorylates PIP2 to generate phosphatidylinositol-3,4,5-trisphosphate (PIP3). Proteins
containing a pleckstrin homology (PH) domain can then bind to PIP3, including Akt and
phosphoinositide-dependent kinase (PDK) 1, leading to their activation. Akt activation
requires phosphorylation at T308, located within the activation loop, by PDK1. 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) (Garcia-Echeverria & Sellers 2008). Three isoforms of Akt
have been identified in mammals and they play critical roles in regulating cell survival and
the cell cycle through the phosphorylation of numerous proteins, including GSK3a/p, the
FoxO family of transcription factors, BAD, p21 and p27 (Cross et al. 1995, Datta et al.
1997, Matsuzaki et 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, leading to the activation of
the mTOR/Raptor (mMTORC1) 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 kinase 1 (S6K1) is
an important mediator of mMTORCL signalling and has been shown to phosphorylate ER« at
S167 within the AF-1 domain and contribute to ligand-independent ERa signalling
(Yamnik et al. 2009).
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Figure 1.5. Overview of HER family signalling. Image adapted from Garcia-Etcheverria &
Sellers 2008, Kol er al. 2014, Roskoski 2014. Image is representative of HER3

dimerization with HER2 (which has no known ligand). Ligand binding triggers a

conformational change in the receptor, leading to subsequent homo- or heterodimerization.

This results in the phosphorylation of several phosphotyrosine sites within the c-terminal

tail. These sites act as docking points for adaptor proteins that can then initiate their
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downstream signalling cascades. (a) The activation of the MAPK 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 Ras-GDP to Ras-GTP, the first component of the MAPK cascade, which
leads to the activation of Raf kinases. Raf kinases then catalyze the phosphorylation of
MEKZ1/2, which can subsequently activate the effector kinases ERK1/2 by phosphorylation
at T202 and Y204. Activated ERK1/2 can then translocate to the nucleus and regulate the
activity of transcription factors. (b) The p85 subunit of PI3K binds to phosphosites on the
c-terminal tail of HERS, triggering the p110 subunit of PI3K to interact with its substrate
PIP2 at the plasma membrane. PI3K phosphorylates PIP2 to generate PIP3. Proteins
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 Akt 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 further unique roles in
regulating gene expression. These roles have not yet been fully elucidated, and are an area

of ongoing research.

Nuclear localisation of full length EGFR has been identified in various cell and tissue types
and while its roles are not fully understood, several mechanisms have been reported (Wang
et al. 2006, Hadzisejdi¢ et al. 2010, Brand et al. 2011). In breast cancer, patients that
present with tumours possessing high levels of nuclear EGFR were found to have poorer
overall survival (Lo et al. 2005). Here, nuclear EGFR has been suggested to interact with
the Cyclin-D1 promoter, indicating a direct role in cell cycle regulation, while also having a
role as a transcriptional co-activator of Cyclin-D1 expression (Lin et al. 2001). However, a
correlation between EGFR and Cyclin-D1 expression has not been found across breast
cancer patient cohorts (Lin et al. 2001, Lo et al. 2005, Hadzisejdi¢ et al. 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 (Wang et al. 2006, Lee et al. 2015). Nuclear
EGFR has also been found to bind to the promoter region of Aurora kinase A (Aurora-A),
in a complex that also contains the transcription factor signal transducer and activator of
transcription (STAT) 5, and enhance the expression of Aurora-A (Brand et al. 2011).
Aurora-A is a serine/threonine kinase that associates with the centrosome and microtubules
during mitosis to ensure precise spindle formation, chromatid separation and integrity of
the spindle checkpoint (Brand et 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 (Tan et al. 2002).
Interestingly, nuclear HER2 has also been demonstrated to colocalize in the nucleus with
CDKZ1, 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 transcriptional co-activator of
STATS, forming a complex with STAT3 at the Cyclin-D1 promoter and promoting growth
in breast cancer cells (Beguelin et al. 2010). A role for nuclear HERS3 in the formation of

this complex, and subsequent regulation of Cyclin-D1, has been reported (Russo et al.
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2015). High nuclear levels of HER3 have been linked to tumour progression and increased
chance of metastasis in prostate cancer (Koumakpayi et al. 2006). These mechanisms have

all been linked to resistance to HER2-targeted therapies.

In response to Neuregulin (Nrg)-1 binding, the Jma isoform of HER4 is cleaved to a
soluble dimeric form of its intracellular domain termed HER4:ICD (Ni et al. 2001).
HER4:ICD has been shown to form a complex with STATS5 at the B-casein promoter,
implicating nuclear HER4 in regulating the STAT5 mediated expression of essential milk
genes during lactation (Williams et al. 2004). Another study performed in glial cells
identified that HER4:ICD formed a complex with the adaptor protein TGF-B-activated
kinase 1 binding protein (TAB) 2 and the nuclear receptor co-repressor N-CoR, with this
complex then translocating to the nucleus and inhibiting the expression of genes such as
S100B (Sardi et al. 2006). This finding may be interesting due to the recent link between
IRAK1 and S100 family members in driving tumour growth in the breast (Goh et al. 2017).
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1.3.2. HER family in breast cancer.
1.3.2.1. HER2 in breast cancer.

Aberrant HER family expression and activity has been found to contribute to various
cancers including lung and breast (Kobayashi et al. 2005, Mazieres et 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 breast cancer was previously associated with an aggressive
phenotype and poor prognosis for patients. However, the development of HER2-targeted
therapies, such as the monoclonal antibody (mADb) trastuzumab which targets the
extracellular domain and the dual tyrosine 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 expression while reducing cyclin-D1 and CDK2 levels (Yakes
et al. 2002). These drugs alone do not induce a significant level of apoptosis, however
when used in combination (trastuzumab and lapatinib) the apoptotic effects are enhanced
(Ahmed et al. 2015). They are 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 (Ahmed et al. 2015). It is generally accepted that
the efficacy of HER2-targeted therapies is dependent on the resultant inhibition of the
PI3K/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 to trastuzumab specifically. A truncated form of HER2, termed p95-HER2,
which lacks the antibody binding region has been identified in patients (Anido et al. 2006).
A splice variant that lacks exon 16 has also been found in HER2+ breast cancer patients

and cell lines, and has been linked to trastuzumab resistance (Castiglioni et al. 2006).

A common observation in HER2-amplified breast cancer is the co-amplification of the
onco-protein c-Myc. Studies have shown that the overexpression of these two oncogenes

together enhances tumourigenesis significantly in-vitro and in-vivo, when compared to the
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overexpression of either oncogene alone, and these tumours resemble the aggressive basal-
HER2 phenotype. The co-expression of HER2 and c-Myc in breast cancer patients has been
associated with poor prognosis (Nair et al. 2014).

A number of combined therapies have also been trialled in an attempt to improve the
efficacy of HER2-targeted therapy. Heat-shock protein 90 (Hsp90) is a chaperone protein
that has a role in folding proteins and maintaining their structural integrity in response to
cellular stresses. HER2 is known to interact with Hsp90 in this way, and inhibition of
Hsp90 function promotes the proteasomal degradation of HER2 (Basso et al. 2002). In a
phase Il clinical trial, the combination of trastuzumab with a Hsp90 inhibitor showed
enhanced anti-tumour 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 NF-xB, PI3K/Akt & Wnt/B-catenin signalling
pathways. Recently, studies have shown that p62 is involved in HER2-mediated mammary
tumourigenesis in-vivo with p62-null, HER2-overexpressing mice exhibiting impaired
HER2 signalling and delayed HER2-induced tumourigenesis (Cai-McRae et al. 2015).
HER2 overexpressing breast cancer cells have been shown to enhance IL-6 secretion,
which subsequently 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 efficacy in-vitro
(Chung et al. 2014).
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1.3.2.2. EGFR in breast cancer.

EGFR expression has been observed in all subtypes of breast cancer but EGFR
overexpression is most commonly found in TNBC, a subtype that is defined by the absence
of ER, progesterone receptor and 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 (Foley et al. 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 TKIs (gefitinib) and mAbs
(cetuximab), but phase Il clinical trials in advanced metastatic breast cancer were
disappointing (von Minckwitz et al. 2005, Baselga et al 2005, Dickler et al. 2009, Carey et
al. 2012). The use of gefitinib and cetuximab as monotherapies showed very little effect on
patient response rates, although these trials didn’t select for patients that were EGFR-
positive. Subsequently, when TNBC cohorts were tested, the use of EGFR-targeted
therapies in combination with other chemotherapeutics (carboplatin, cisplatin) seemed to
improve patient outcomes and provide significant clinical benefits (Baselga et al. 2013).
However, these therapies have not been approved for the treatment of TNBC patients and

have not progressed beyond phase Il clinical trials (Nakai et al. 2016).

Mutations to the EGFR have been linked to oncogenesis in certain cancers, particularly
lung cancer and glioblastoma (Kobayashi et al. 2005, Liu et al. 2015). Many of these
mutations can affect the E3 ubiquitin-protein ligase CBL (c-Cbl)-binding site, impairing c-
Cbl mediated degradation of the EGFR. One of the most commonly observed mutations,
L858R, exhibits enhanced phosphorylation at Y1045, the c-Cbl-binding site, but shows
impaired c-Cbl recruitment and receptor degradation which is explained by enhanced
EGFR heterodimerization with HER2 (Shtiegman et al. 2007). The L858R mutant was
found to dimerize with HER2 prior to ligand-binding, and HER2 is recognized to have
reduced interaction with c-Cbl, allowing the L858R mutant to evade c-Cbl (Shtiegman et
al. 2007). In contrast, several other mutations can result in hypo-phosphorylation of the
Cbl-binding site, similarly disrupting receptor ubiquitination and degradation, sustaining

EGFR signalling (Sigismund et al. 2018). The EGFR is also recognized to have an
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important role in negatively regulating autophagy, the process of recycling defective
components of the cell, a process that is commonly altered in cancer (Wei et al. 2013, Tan
et al. 2016). EGFR inhibits autophagy, directly through phosphorylation and inhibition of
Beclin-1 and indirectly through activation of the PISK/Akt/mTOR signalling pathway (Wei
et al. 2013, Tan et al. 2016).

Increased EGFR expression in ER+ breast cancer has been associated with enhanced
tumour growth and tamoxifen resistance (Ciupek et al. 2015). Elevated EGFR expression
drives ERK1/2 mediated phosphorylation of ERa at S118 and promotes an agonistic

function for tamoxifen (Ciupek et al. 2015).

56



1.3.2.3. HER3 in breast cancer.

The role of HERS3 in breast cancer has been primarily studied in the HER2+ and TNBC
subtypes, where high HER3 expression has been specifically associated with tumour
progression and poor patient prognoses (Bae et al. 2013). Interestingly, analysis of the
cancer genome atlas identified that HER3 copy number gains are present in 12.3 % of
luminal A, 21.1% of luminal B and 27.6% of HER2-amplified breast tumours. However,
HER3 copy number losses were much more common in basal (33.3%) and claudin-low
(25%) breast tumours (Morrison et al. 2013) The role of HER3 in HER2-amplified 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 therapies and
reduced survival in HER2+ breast cancer patients (Berghoff et al. 2014). Targeted
knockdown of HERS3 significantly reduced the proliferation of HER2-amplified breast
tumours in-vitro and in-vivo, implying that the HER2-HER3 heterodimer is essential for
HER2-driven oncogenesis (Lee-Hoeflich 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 (Chandarlapaty et al. 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 shown to induce HER3
expression and enhance phosphorylation of HERS3, along with several other RTKSs,
indicating that combination treatments targeting Akt and HER3 would provide more benefit

to patients (Chandarlapaty et al. 2011).

Pertuzumab, a drug targeted towards the extracellular domain of HER2, has been shown to
inhibit HER2-HER3 dimerization. This drug showed promise in-vivo for the treatment of
HER2+ breast cancer, with enhanced efficacy compared to trastuzumab (Lee-Hoeflich 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 trastuzumab and

chemotherapy (Blumenthal et 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 disease-free survival in breast cancer patients (Pawlowski et al.
2000, Lee et al. 2007) while others have shown the converse (Chiu et al. 2010). A
suggestion for this has been the subcellular localisation of HER3, with the receptor having
a different impact on cell 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 (Brand et al. 2013). The presence of high nuclear
levels of HER3 have been linked to tumour progression and increased chance of metastasis
in prostate cancer (Koumakpayi et al. 2006). HER3 expression has also been correlated
with ERa expression, indicating a potential role for HER3 in ER+ breast cancer. However,
ERa expression has been found to correlate with reduced dimerization of HER3 with other
HER family members (Green et al. 2014). HER3 has also been linked to HER2-mediated
tamoxifen-resistance (Liu et al. 2007). In a HER2-overexpressing cell model of tamoxifen-
resistant breast cancer, sSiRNA 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 disruption to the PI3K/Akt
signalling pathway (Liu et 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 pro-apoptotic role in the breast (Naresh et al. 2006, Muraoka-Cook 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 (Thor et al.
2009). The loss of HER4 expression, which is observed in most HER2+ and TNBC breast
cancer cases, has been associated with high tumour grade and an increased chance of
tumour recurrence and metastasis (Sundvall et al. 2008, Kreike et al. 2009, Das et al.
2010).

Loss of HER4 expression has also been suggested as an independent marker of resistance to
tamoxifen in breast cancer patients (Guler et al. 2007). In ER+ breast cancer patients,
HER4 is commonly co-expressed with ERa in ~90% of cases. The role of HER4 in ER+
breast cancer appears to predominantly involve the JMa isoform of HER4. which has been
found to be cleaved to a soluble intracellular HER4:1CD form (Wang et al. 2016). The
presence of HER4:ICD in the nucleus has been shown to directly enhance ligand-bound
ERa activity by acting as a potent co-activator, and upregulating the expression of many
estrogen response genes including the progesterone receptor (PR) and CXCL12, and
driving ER+ breast cancer growth and progression (Han & Jones 2014, G6thlin Eremo et
al. 2015, Wang et al. 2016). Tamoxifen treatment was found to impair the formation of the
HER4:1CD-ERa transcriptional complex and stimulates mitochondrial accumulation of
HER4:1CD which induces apoptosis in a BH3-domain dependent manner through the
activation of BAK (Naresh et al. 2006, Rokicki et al. 2010, Han and Jones 2014). Another
novel role for HER4:1CD has been demonstrated in the regulation of Mdm2, a negative
regulator of the tumour suppressor p53. Stimulation of HER4 and translocation of
HER4:1CD to the nucleus resulted in increased phosphorylation of Mdm2 through a direct
interaction with HER4:ICD, subsequently enhancing the ubiquitin-mediated degradation of
Mdm2. This led to elevated levels of p53 and the CDK inhibitor (CDKI) p21, a
transcriptional target of p53 (Arasada and Carpenter 2005).

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

HER4, most likely related to the breast cancer subtype studied and the existence of multiple
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HER4 isoforms with diverse signalling activities (Pawlowski et al. 2000, Suo et al. 2002,
Bieche et al. 2003, Lodge et al. 2003, Thor et al. 2009, Nafi et al. 2014). Subsequent meta-
analysis of past HER4 studies in breast cancer were unable to identify a significant
correlation between nuclear HER4 levels and overall or relapse-free survival. In contrast,
the presence of elevated levels of cytoplasmic HER4 was associated with significantly

prolonged relapse-free survival in breast cancer patients (Wang et al. 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 A (Aurora-A) has important roles in
centrosome maturation, spindle assembly and spindle damage recovery. Aurora-A localises
to the centrosome during G2 phase and is also present on the mitotic spindle during mitosis.
Targeting to the centrosome requires several kinases, including p21-activated kinase (PAK)
1 which is known to directly bind and phosphorylate Aurora-A. Aurora-A activation is
dependent on phosphorylation at T288, located within its activation loop. Activation is
essential in triggering the assembly of a large Aurora-A complex on the mitotic spindle,

which supports chromatin-driven spindle assembly (Vader and Lens. 2008).

Aurora-A has been identified as an upstream regulator of polo like kinase (PLK) 1, a
mitotic kinase that stimulates cell cycle progression. Aurora-A can directly and indirectly,
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 (Dutertre et al. 2004). A role for Aurora-A in mediating cellular
responses to DNA double strand breaks has also been shown, through inhibition of RAD51
recruitment to the damaged site (Sourisseau et al. 2010). This process is linked to the
activity of PLK1 which inhibits the checkpoint kinase (CHK) 1, implicating Aurora-A in

tumourigenesis (Sourisseau et al. 2010).

The aurora kinases are overexpressed in a number of cancers, including breast, and have
been associated with poor patient prognoses (Tanaka et al. 1999, Gritsko et al. 2003, Dauch
et al. 2016, Shah et al. 2019). Aurora-A overexpression has been linked to override of the
spindle assembly checkpoint and abrogation of DNA damage-induced apoptosis which
leads to the development of genetic instability and aneuploidy (Katayama et al. 2012, Do et
al. 2014). As a result, the therapeutic potential of targeted aurora kinase inhibition has been
investigated in recent years and has shown promise. Aurora-A inhibition disrupts mitotic
spindle assembly and potentiates both p53-dependent and —independent mechanisms of cell
death (Kaestner et al. 2009). Alisertib is a selective Aurora-A inhibitor that has shown

potent anti-proliferative effects in-vitro and in-vivo across a variety of cancer subtypes.
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Alisertib has progressed to clinical trials for lymphomas 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 recently been established between Aurora-A and members
of the MYC family. In neuroblastoma, a kinase-independent function of Aurora-A was
found to be stabilizing MYCN, with targeted disruption of the native conformation of
Aurora-A enhancing MYCN degradation (Otto et al. 2009, Brockmann et al. 2013) . This
finding is of particular relevance to cancers that present with altered p53, where the
development of MY C dependency is common. Studies have recently shown the potential of
targeting Aurora-A in the mutant p53 subset of liver cancer (Dauch et al. 2016). In p53
altered liver cancer, Aurora-A was found to be activated by the tumour suppressor p19 in
response to oncogenic stress and contribute to G2/M cell cycle arrest (Dauch et al. 2016).
However, the presence of high levels of MYC in these tumours resulted in tumour
progression and was dependent on Aurora-A mediated MYC stabilization (Dauch et al.
2016). The use of conformation-altering Aurora-A inhibitors prevented the formation of the
Aurora-A-MYC complex, resulting in increased MYC degradation and reduced tumour
growth (Dauch et al. 2016). The efficacy of Aurora-A inhibition was observed in-vivo,
where 50% of mice harbouring an aggressive liver tumour presented with reduced tumour

size and improved long-term survival following treatment (Dauch et al. 2016).

Interestingly, Aurora-A has also been shown to functionally inactivate p53 in cells
expressing wild-type p53. Aurora-A can phosphorylate p53 at S315, which promotes
Mdm2-mediated degradation of p53, and at S215, which inhibits the DNA-binding ability
of p53 (Katayama et al. 2004). In ovarian cancer cells, the inhibition of p53 function by
Aurora-A was shown to enhance Akt activation and drive resistance to several
chemotherapeutics including paclitaxel (Yang et al. 2006). Aurora-A has also been found to
regulate the activity of p73, a tumour suppressor with a similar role to p53 (Katayama et al.
2012). Aurora-A can phosphorylate p73 at S235, diminishing p73 DNA-binding 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 damage-induced apoptosis and

impaired the role of p73 at the spindle assembly checkpoint (Katayama et al. 2012).

Studies in gastric cancer have indicated a role for Aurora-A in NF-«kB signalling. Analysis
of gastric cancer cell lines showed that Aurora-A overexpression resulted in increased
phosphorylation of IkBa, indicating that Aurora-A has a direct role in NF-kB activation.
The potential of targeted inhibition of Aurora-A in 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 (Katsha et al. 2013).

Importantly, Aurora-A has recently been linked to tamoxifen resistance, with Aurora-A
inhibition showing the ability to impair the growth of tamoxifen-resistant (Tam-R) breast
cancer cells (Zheng et al. 2014, Thrane et al. 2015). The overexpression of forkhead box
protein (FOX) Al has been identified in metastatic ER+ breast cancer and has been linked
to driving Tam-R cell growth (Hurtado et al. 2011, Ross-Innes et al. 2012). Inhibition of
Aurora-A in Tam-R breast cancer cells was shown to impair cell growth, and reduced
FOXAL levels were observed in inhibitor treated Tam-R cells (Thrane et al. 2015). The
inhibition of Aurora kinase was found to cause G2 arrest and induce apoptosis in Tam-R
cells (Thrane et al. 2015). Furthermore, knockdown of Aurora-A decreased the growth of
Tam-R cells and improved the efficacy of tamoxifen treatment (Thrane et al. 2015).
Similarly, Zheng et al. (2014) found that Aurora-A inhibition worked synergistically with
tamoxifen and overcame tamoxifen resistance. Their work also showed that Aurora-A can
phosphorylate ERa at S167 and S305, driving ERa activity in the absence of estrogen
(Zheng et al. 2014).
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1.5 c-Jun N-terminal kinase (JNK) signalling in cancer.

The JNK family of MAPKS consists of three proteins JINK1, INK2 and JNK3 whose genes
are alternatively spliced resulting in at least ten isoforms (Gupta et al. 1996). JNK1 and
JNK?2 are thought to be expressed in all tissue types, while JNK3 is primarily expressed in
the brain. JNKs are primarily activated by pro-inflammatory cytokine signalling and
environmental stresses, with active JNK having a significant role in regulating cell
proliferation, survival and migration in specific cell types (Weston and Davis. 2007, Rincon
and Davis. 2009). JNKs require phosphorylation at both T183 and Y185 for full activation
(Fleming et al. 2000). c-Jun is a substrate of JNK kinases, with phosphorylation of c-Jun at
S73 supporting the activation of Activating protein (AP)-1, a master transcription factor
consisting of homo- and heterodimers of jun, fos and activating transcription factor (ATF)
family members (Karin et al. 1997). This confers a role for JNK in controlling the
expression of an array of target genes (CyclinD1, p53, p21) that contain AP-1 binding 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
depending 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 have pro- and anti-apoptotic roles in
cells through differential phosphorylation of Bcl-2 family members. JNK can promote
apoptosis by phosphorylating the pro-apoptotic Bcl-2 family member BIM, while also
supporting the cleavage and pro-apoptotic role of BID. Conversely, JNK can phosphorylate
the pro-apoptotic BAD, leading to its sequestration and preventing the inactivation of the
pro-survival protein Bcl-xL (Zha et al. 1996, Lei & Davis, 2003, Deng et 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, between contributing to
cell survival or cell death depending on cell type and stimulus (Sui et al. 2014). A study in
Head and Neck Sgaumous Cell Carcinoma (HNSCC) found that the drug bortezomib
induces JNK activation and autophagy induction, leading to apoptotic cell death (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 VP-16 (Zhao et al. 2011).

As a result, JINK has been found to have a complex role in cancer, with both tumour-
promoting and tumour-suppressing effects. JNK1 has been associated with driving HCC
tumour growth and progression. JNK1 downregulation was shown to disrupt liver tumour
formation and proliferation in mouse models, with observed increases in the expression of
the CDK inhibitor p21 (Hui et al, 2008). Additionally, pharmacological inhibition of INKs
was shown to impair HCC development in xenograft studies (Chen et al. 2009).
Conversely, JNK1 has been linked to a tumour suppressive role in skin cancer, with INK1-
deficient mice exhibiting increased susceptibility to skin tumour formation. However, in
skin cancer JNK2 was shown to promote tumour development, with JINK2-deficient mice
showing significantly reduced carcinogenesis (Chen et al. 2001, She et al. 2002).
Importantly, high JINK2 expression has been associated with reduced survival of patients
with basal like breast cancer, while JNK2 has been linked to tumour migration and
metastasis in murine mammary tumour models (Nasrazadani and Van Den Berg 2010,
Mitra et al. 2011).

Altered JNK activation has also been linked to chemotherapeutic resistance across multiple
cancer subtypes (Sui et al. 2014, Suzuki et al. 2015, Ebelt et al. 2017, Lipner et al. 2020).
JNK activation has been shown to contribute to 5-fluorouracil (5-FU) and gemcitabine
(GEM) resistance of pancreatic cancer stem cells, due to JNKs ability to reduce
intracellular reactive oxygen species (ROS) accumulation (Suzuki et al. 2015). JNK
inhibition was shown to re-sensitize pancreatic cancer stem cells to 5-FU and GEM,
promoting ROS-induced apoptosis (Suzuki et al. 2015). Similarly, JNK activation has been
associated with 5-FU resistance in colon cancer by upregulating pro-survival autophagic
signalling, with increased JNK phosphorylation of Bcl-2 observed. JNK inhibition impaired
the autophagic responses and returned sensitivity of colon cancer cells to 5-FU treatment
(Sui et al, 2014). INK-IN-8 is an irreversible inhibitor of JINK1-3 family kinases. Lipner et
al. (2020) showed that JNK-IN-8 treatment enhanced the sensitivity of b5-
FU/FOLFOX(Folinic Acid + 5-Fluorouracil + Oxaliplatin)-resistant pancreatic ductal

adenocarcinoma to 5-FU/FOLFOX, producing growth arrest of tumours in-vivo and tumour
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regression in some cases (Lipner et al. 2020). Ebelt et al. (2017) were similarly able to
show a synergistic role for JNK inhibition in TNBC using JNK-IN-8. Gefitinib, an EGFR
inhibitor, and Lapatinib, a dual EGFR/HER2 inhibitor, have shown minimal efficacy in
treating TNBC despite the presence of EGFR signalling. In breast cancer, EGFR signalling
correlates significantly with JNK activation. Combining JNK-IN-8 with Lapatinib was
found to synergize to promote cell death in TNBC cells (Ebelt et al. 2017). Here, INK1 was
indicated to be driving resistance to lapatinib treatment by limiting reactive oxygen species
accumulation and supporting cell survival. Combining JNK-IN-8 treatment with lapatinib
led to 10-fold increases in reactive oxygen species and enhanced cellular apoptosis (Ebelt et
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 this work was to examine the role of IRAK1 in Tam-R ER+ breast cancer cells,
determine whether targeted inhibition of IRAKZ1, alone or in combination with JNK family
kinase inhibition, had an impact on the growth of Tam-R ER+ breast cancer cells and

whether this inhibition re-sensitized Tam-R 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 acid-free pipettes and nuclease-free solutions were used for all RNA work.
Composition of all solutions, reagent and product sources, qRT-PCR primers and ImageJ

analyses are outlined in Appendix I, Il, I11, and 1V, respectively.

2.2. Cell culture.
2.2.1. Cell lines.

The ER+ tamoxifen-sensitive breast cancer cell line MCF-7 (Adenocarcinoma patient) was
purchased from the American Type Culture Collection (ATCC) and gifted from the Young
group (Royal College of Surgeons in Ireland) while its tamoxifen-resistant subline LY?2
was gifted from Prof. Robert Clarke (Georgetown University). MCF-7 cells were
established in 1973 from the pleural effusion of a 69-year old female breast cancer patient
who had developed metastatic disease (Soule et al. 1973). MCF-7 cells have an epithelial
phenotype whilst being ER+, progesterone receptor positive and belong to the luminal A
molecular subtype (Brandes and Hermonat 1983, Comsa et al. 2015). This cell-line has
subsequently been used worldwide as a model for studying ER+ breast cancer (Comsa et al.
2015). The LY2 cell line was established in 1985, by gradually increasing the concentration
of LY117018 in the growth media of MCF-7 cells from 102 to 10° M as the cells became
resistant (Bronzert et al. 1985). LY117018 is a raloxifene analog, a selective estrogen
receptor modulator that exerts anti-proliferative effects in ER+ breast cancer cells. LY2
cells were subsequently found to exhibit resistance to the similar anti-estrogens tamoxifen
and 4-OH hydroxytamoxifen (Bronzert et al. 1985). The ER+ tamoxifen-sensitive breast
cancer cell line T47D (Ductal carcinoma patient) along with its tamoxifen-resistant subline
TR-1 were purchased from the European Collection of Authenticated Cell Cultures
(ECACC). T47D cells were isolated from the pleural effusion of a 54-year old female
breast cancer patient (Keydar et al. 1979). T47D cells have an epithelial phenotype and are

ER+, progesterone receptor positive and belong to the luminal A molecular subtype (Yu et

68



al. 2017). Thus, they have been widely used as a model to research ER+ breast cancer. The
TR-1 cell line was established in 2014 from the T47D subline T47D/S2, T47D cells that
had been adapted to grow in 2% FBS. These cells were treated long-term with 1uM
Tamoxifen and after ~10 months the growth of TR-1 cells was similar to that of parental
cells (Thrane et al. 2015).

2.2.2. Reagents for cell passage and treatment.

Z-(4)-hydroxytamoxifen was purchased from Tocris. JNK-IN-7 and JNK-IN-8 were
purchased from MedChemExpress Europe. Pacritinib was purchased from SelleckChem.
AS602801 was purchased from MedChemExpress Europe. Fetal Bovine Serum (FBS) was
purchased from Sigma-Aldrich, with specific batches that had been tested for any excessive
hormonal responses used. FBS was briefly inactivated prior to use by incubating at 56°C
for 30 minutes. The FBS that was used for the tamoxifen-resistant cell lines was first
stripped of hormones using Charcoal, dextran coated (Sigma-Aldrich). 1% (w/v) Charcoal
was added to a bottle of FBS, which was then incubated overnight at 4°C with gentle
agitation on a rocker. The charcoal was then removed by centrifugation at 15009 for 30

minutes, followed by sterile filtration using 0.20um filters (Sarstedt).

The MCF-7 cell line was cultured in DMEM High-Glucose (Sigma-Aldrich) supplemented
with 10% FBS and 0.1% Gentamicin. The LY2 cell line was cultured in Gibco™ phenol-
free MEM (ThermoFisher Scientific) supplemented with 10% charcoal-stripped FBS
(CSF), 1% L-Glutamine (Sigma-Aldrich), 10nM Z-(4)-hydroxytamoxifen (Tocris) and
0.1% Gentamicin (Sigma-Aldrich). The T47D cell line was cultured in Gibco™ RPMI-
1640 (ThermoFisher Scientific) supplemented with 10% FBS and 0.1% Gentamicin. The
TR-1 cell line was cultured in phenol-free RPMI-1640 (Sigma-Aldrich) supplemented with
10% CSF, 2.5mM Alanyl-Glutamine (Sigma-Aldrich), 8ug/ml Insulin (Sigma-Aldrich),
5nM Z-(4)-hydroxytamoxifen and 0.1% Gentamicin. Cells were maintained in an incubator
at 37°C and 5% CO 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 haemocytometer. Briefly, cells were loaded onto the chamber by capillarity, and

then visualised and counted using a microscope.

2.2.3. Lentiviral shRNA knockdown.

HEK?293T cells were seeded at a density of 2x10° cells/ml (3mls) in 6-well plates to reach a
confluency of 70-80% for next day transfection. Cells were transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions with the
packaging plasmid psPAX2 (1pg), envelope plasmid pMD2.G (lpg) and IRAKI sh-
pLKO.1 vector (2ug; Sigma-Aldrich), or control short-hairpin  RNA (shRNA)
(SigmaAldrich). The control shRNA was a non-targeting shRNA vector. Medium was
replaced 24 hours post-transfection with a 30% (v/v) FBS-containing medium for a further
24 hours. The lentivirus-containing medium was then 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 for long-term storage
at -20°C. For transduction, cells were seeded into T75 flasks and at a confluency of ~70%,
cells were transduced with 2mls of lentivirus-containing medium with hexadimethrine
bromide (8 mg/ml). The following day medium was removed and replaced with fresh
medium supplemented with the selective agent puromycin (InvivoGen) at a final

concentration of 5ug/ml. Results shown are from IRAK1sh-1 unless otherwise stated.
Human IRAK1 Sequence (IRAK1sh-1)

CCGGGCCACCGCAGATTATCATCAACTCGAGTTGATGATAATCTGCGGTGGCTT
TTTG

Human IRAK1 Sequence (IRAK1sh-2):

CCGGCCGCTTCTACAAAGTGATGGACTCGAGTCCATCACTTTGTAGAAGCGGTT
TTTG

Dr. Marion Butler (PhD supervisor) generated the control and IRAK1 knockdown
cell lines for MCF-7, LY?2, 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 re-suspended in pre-cooled (4°C) freezing medium (Complete culture
medium containing 15% FBS and 10% DMSO) at a concentration of 1x10° cells/ml. Cells
were then transferred to cryotubes (Nunc) and placed in a Mr. Frosty (Sigma-Aldrich) in a -
70°C freezer overnight. This container has a cooling rate of approximately 1°C/minute.

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 37°C and transferred to a 50ml Falcon tube for centrifugation
at 1500g for 5 minutes at room temperature. The freezing medium was removed and the
cell pellet was re-suspended 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 assays.
Knockdown assays

Cells were seeded in two individual 12-well plates at 4x10* cells/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. Here, media was removed and 200ul of 2X trypsin
was added for ~5 minutes. 800ul of PBS was then added, wells were resuspended and
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 present. These results can be seen in Appendix V.
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Inhibitor assays.

Cells were seeded in two individual 12-well plates at 4x10* cells/ml in their relevant
complete media. Cells were treated after 24 hours with the indicated inhibitor or DMSO
(vehicle control). Cells were then incubated for 7 days. One plate was counted after 4 days
and the other after 7 days. Here, media was removed and 200ul of 2X trypsin was added for
~5 minutes. 800ul of PBS was then added, wells were resuspended and counted using a
haemocytometer to determine the cell concentration/ml. All treatment conditions were

counted in triplicate.

MTS assays for tamoxifen-resistant cell lines.

Tamoxifen-resistant (Tam-R) cells were seeded at 2000 cells/well (150ul) in relevant media
containing no supplementary tamoxifen in a 96-well plate. After 24 hours, cells were
treated with 30ul of the indicated concentrations of tamoxifen or DMSO (vehicle control).
After 72 hours, 20ul of MTS reagent (abcam) was added to the wells and the plate was
returned to the CO> tissue 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. Colony-formation assays.
Knockdown assays.

Cells were seeded in 6-well plates at 3000 cells/well (MCF-7 and LY?2) or 9000 cells/well
(T47D and TR-1) 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 in 6-well plates at 3000 cells/well (LY2) or 9000 cells/well (TR-1) 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 then fixed 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.

Flat-bottom 96-well plates (Corning) were coated with 50ul of Smg/ml PolyHEMA
(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 bath at 50°C and vortexing
multiple times. Following the coating, plates were dried for 2 days at 50°C.

Knockdown assays.

Cells were seeded at 5x10* cells/ml in complete media with 2% (v/v) Matrigel® Basement
Membrane Matrix, growth factor reduced (Corning). 90ul of the cell suspension was added
to each well. Plates were wrapped in parafilm and incubated for 10 days, supplemented
with 30ul of fresh media every 3 days. On Day 10, 50ul of CellTiter-Glo® 3D viability
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 5x10* cells/ml in complete media with 2% (v/v) Matrigel. 90ul of the
cell suspension was added to each well. Wells were treated with indicated 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 Day 7, 12ul of PrestoBlue Cell Viability
(Invitrogen) was added to the wells and plates were 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 in 96-well U-bottom ultra-low
attachment plates (Greiner Bio-One). 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 EP-view 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 hormone-deplete media in 96-well U-bottom ultra-
low attachment plates (Greiner Bio-One). 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 EP-view software to record spheroid diameter
at Day 1. Wells were then treated with the indicated concentration of tamoxifen or DMSO
(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.
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2.3.5. 2D Migration assays.

4-chamber inserts (IBIDI) were placed in the centre of the wells of a 6-well plate. Cells
were seeded into the individual chambers at 6-8x10° cells/ml and left for 24 hours. 200ul of
cell suspension was added to each chamber. After 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
~500um at 10X magnification on an Optika Vision Pro camera using Optika Vision Pro

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 into 6-well plates at a density of 4x10° cells/ml (3mls/well) for next day
harvest. For inhibitor treatments, cells were seeded at 1-2x10° 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 lysates, plates were placed on ice. Media was removed and the cells
were gently washed once with ice-cold PBS. 200ul of Lysis Buffer (Appendix I) was added
to each well, and the plates were incubated at 4°C on a rocker at 35rpm for 35 minutes.
Lysates were then collected into 1.5ml tubes and centrifuged at 12000g at 4°C for 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 95°C, before being stored at -20°C.

Nuclear Extraction.

Cells were seeded in 10cm dishes at 4x10° cells/ml (10mls/dish). After 24 hours, the
medium was removed from the wells and nuclear and cytosolic fractionation was

performed a Nuclear Extraction Kit (Active Motif - MyBio) as per manufacturer’s
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instructions. Dishes were gently washed with ice-cold 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 pellet was re-suspended in 400ul 1X hypotonic
buffer and left for 15 minutes on ice. 20ul of detergent (10% NP-40) was added and each
tube was vortexed for 10 seconds, prior to centrifugation at 12000g for 30 seconds at 4°C.
The supernatant (cytoplasmic fraction) was collected in a new 1.5ml tube. The cell pellet
was washed in 500ul of PBS containing protease inhibitors three times, with centrifugation
at 12000g for 1 minute at 4°C. All supernatant was removed and the cell pellet was re-
suspended in nuclear lysis buffer, with samples then placed on a rocker at 70rpm for 30
minutes. All samples were re-suspended 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 supernatant (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 at 95°C for 10 minutes, followed by storage at -20°C.
2.4.2. SDS-PAGE.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 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 I. Ultra-pure Protogel®
was purchased from National Diagnostics; APS and TEMED from Sigma-Aldrich. Samples
and pre-stained protein marker (PageRuler™ Pre-stained Protein Ladder, 15-250kDa,
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 through the

resolving gel for between 2-3 hours depending on the size of the protein of interest
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Lower Resolving Gels:

% Total Acrylamide 8% 10% 12% 15%
H.0 ml 121 10.5 8.75 6.25
4X Lower Tris Buffer | ml 6.25 6.25 6.25 6.25
Protogel ml 6.67 8.35 10 125
10% (w/v) APS ul 130 130 130 130
TEMED ul 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 ml 2.5
Protogel ml 1.7
10% (W/v) APS ul 40
TEMED ul 20
Total Volume ml 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 Immobilon-P
PVDF membranes (0.45um pore size) (Merck-Millipore) in a Biometra FastBlot™ semi-
dry transfer unit at 90mA/gel (4 gels maximum, correspondent to 360mA) for 25-35
minutes, depending on the size of the protein of interest, using PVDF and whatman paper
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(Sigma-Aldrich) pre-soaked in transfer buffer (Appendix 1). Amersham™ nitrocellulose
membranes (GE Healthcare) were used when probing for smaller proteins (<50kDa). All
membranes were activated prior to use in methanol (PVVDF) or water (Nitrocellulose) for 1
minute. At the end of the transfer, the membranes were quickly washed in TBST (Appendix
1), and their non-specific 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 4°C with the appropriate primary antibody, diluted in 5% milk-
TBST or 5% BSA-TBST. 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 washes varying slightly depending on the antibody
being used. Following washing, the membranes were incubated for 2 hours at room
temperature with the HRP-conjugated secondary antibody. Anti-Mouse or Anti-Rabbit 19G-
HRP (Cell Signalling Technology Inc. (7076S) and Sigma-Aldrich (A6154), respectively)
was diluted 1:2000 in 5% milk-TBST. 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 (Sigma-Aldrich) or a 1:1 mix of Solution A and
Solution B (Appendix 1). 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 1-60 minutes and developed using developer 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 normalized to B-actin.
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Primary Ab Source Dilution Secondary Ab

[-actin (A5441) Sigma 1:2000 Anti-mouse 1gG-HRP
IRAK1 (D51G7) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
PERa (Ser118) (16J4) Cell Signaling | 1:1000 Anti-mouse 1gG-HRP
PERa (Ser167) (D5SW3Z) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
Total ERa (D8HS) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
PCNA (D3H8P) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
Tubulin (DM1A) Cell Signaling | 1:2000 Anti-mouse 1gG-HRP
EGFR (D38B1) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
HER2 (D8F12) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
HER3 (D22C5) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
HERA4 (111B2) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
HDAC1 (10E2) Cell Signaling | 1:1000 Anti-mouse 1gG-HRP
p21 Wafl/Cipl (DCS60) Cell Signaling | 1:1000 Anti-mouse 1gG-HRP
p27 Kipl (SX53G8.5) Cell Signaling | 1:1000 Anti-mouse 1gG-HRP
pAurora A (Thr288) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
(C39D8)

Total Aurora A (D3E4Q) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
pJNK (Thrl83/Tyr185) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
(81E11)

Total INK (9252) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
pc-Jun (Ser73) (D47G9) Cell Signaling | 1:1000 Anti-rabbit 1IgG-HRP
Total c-Jun (60A8) Cell Signaling | 1:1000 Anti-rabbit 19G-HRP

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

primary antibodies used.
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2.5. RNA isolation and cDNA synthesis.

All plasticware in use was certified RNAse-free.

2.5.1. Preparation of samples.

Cells were seeded in 12-well plates at a density of 4x10° cells/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 1ml of ice-cold PBS,
harvested in 500ul TRIzol® reagent (Sigma-Aldrich) and transferred to 1.5ml tubes. The
samples were then subjected to RNA isolation or frozen at -70°C until ready for RNA

isolation procedure.
2.5.2. RNA isolation procedure.

Total RNA extraction was performed according to the manufacturer’s instructions
(TRIzol® reagent - Sigma-Aldrich). 50ul of 1-bromo-3-chloropropane (Sigma-Aldrich)
was added to each sample, which were each then vortexed briefly and allowed to sit for 5
minutes at room temperature, followed by centrifugation at 12000g for 15 minutes at 4°C.
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 1.5ml tubes, avoiding any contact with the interphase or phenol layers.
250ul of Isopropanol (Sigma-Aldrich) was added to each sample, they were briefly
vortexed and allowed to sit for 10 minutes at room temperature, followed by centrifugation
at 12000g for 10 minutes at 4°C. The supernatant was then decanted and 500ul of 75%
ethanol (Sigma-Aldrich) was added. Samples were inverted 5 times, followed by
centrifugation at 8000g for 5 minutes at 4°C. Ethanol was removed and the pellet was left
to air dry in a laminar flow hood for 7/8 minutes. 25ul of nuclease-free water was added
and the samples were heated for 10 minutes at 60°C. Samples were then briefly mixed and
centrifuged to return all of samples to bottom of tubes. The quality and quantity of the
isolated RNA was 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 All-In-One RT MasterMix (NBS
Biologicals), according to the manufacturer’s instructions. 2ul of the MasterMix was added
to 8ul of 50ng/ul RNA, for a final volume of 10ul. Samples were gently mixed and then
placed in a thermal cycler (G-Storm, Gene Technologies). Samples were incubated at 4°C
for 5 minutes, 25°C for 10 minutes, 42°C for 50 minutes, 85°C for 5 minutes and then held

at 4°C prior to retrieval.
2.5.4. Real-time PCR.

The real-time 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
included 5ul of the Master mix, 0.5uM of each primer (forward and reverse), 2ul of cDNA
and water up to a final volume of 10ul. The sequence and Tm of the primers used is shown
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 generally 2°C less
than the lower T value. Real-time PCR was performed on a StepOnePlus Real-Time PCR
System (Applied Biosystems) using MicroAmp Fast 96-well reaction plates (0.1ml,
Applied Biosystems). All Real-time PCR experiments included a negative control to ensure
the absence of contaminating DNA. The data was analysed using the 2"44°T method, with

all samples normalised to GAPDH.
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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 real-time 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 asterisks: *, P<0.05; **,
P<0.01; ***, P<0.001.
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Chapter 3

Targeting IRAKL1 in Tamoxifen-Resistant Breast 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 the IL-1 and Toll-like receptors (Flannery
and Bowie 2010). In the innate immune response, IRAK1 plays a crucial role in regulating
cellular responses to various infections, influencing processes including cell cycle
progression, apoptosis and inflammatory responses (Flannery & Bowie 2010, Jain et al.
2014). The predominant mechanisms by which IRAK1 modulates the innate immune
response is through the activation of the NF-kB and MAPK signalling cascades. Given the
role that aberrant NF-kB and MAPK activity can play in cancer development and
progression, a potential oncogenic role for IRAK1 has subsequently been studied in various
cancers (Zhang et al. 2017, Braicu et al. 2019).

In recent years, IRAK1 has been found to be overexpressed in Myelodysplastic Syndrome
(Rhyasen et al. 2013), T-cell Acute Lymphoblastic Leukemia (Dussiau et al. 2015) and
Hepatocellular Carcinoma (HCC) (Su et al. 2015) while hyperphosphorylation of IRAK1
has also been identified in HCC and Activated B-cell like Diffuse Large B-cell Lymphoma
(Ngo et al. 2011, Su et al. 2015). In each 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 growth in-vitro and increasing survival
in xenograft models (Rhyasen et al. 2013, Li et al. 2016).

Wee et 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 normal breast epithelium, most
significantly in the basal subtype. Their research focused on TNBC, where they found that
blocking IRAK1 kinase activity reduced cell growth and migration in-vitro. Their findings
indicated that the inhibition of IRAK1 kinase activity was sufficient to reduce NF-xB
activation and the subsequent production of the pro-inflammatory cytokines IL-6 and IL-8
(Wee et al. 2015). They were subsequently able to show that IRAK1 knockdown impaired
the growth of TNBC xenograft models and reduced lung metastasis while IRAK1 kinase
inhibition was also capable of impairing lung metastasis in-vivo (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 IRAK1 knockdown and IRAK1 kinase
inhibition reducing the growth of paclitaxel-resistant cells and re-sensitizing cells to

paclitaxel treatments in-vitro (Wee et al, 2015).

Recently, two further publications have expanded on the role of IRAK1 in breast cancer.
Research by Goh et al. (2017) was able to identify the presence of a chromosome
amplification at 1921.3 in a high percentage of breast tumours. The genes for several S100
family members are located here and their findings showed that IRAK1, through a positive
feedback loop with S100A7/8/9, was driving tumoursphere growth in 1g21.3-amplified
breast cancer cell lines. The inhibition of IRAK1 using pacritinib, a small molecule kinase
inhibitor that also targets JAK2 and FIt3, reduced cancer cell growth in-vitro and in-vivo,
showing enhanced efficacy in 1g21.3-amplified cells (Goh et al. 2017). Liu et al. (2019)
identified a unique role for IRAK1 in mediating radiation resistance across cancers
containing mutant p53, including breast cancer. Their research on mutant p53 cancers
showed that, in response to radiation therapy, IRAK1 was inhibiting PIDDosome-mediated
apoptosis. They were subsequently able to show that targeted inhibition of IRAK1 kinase
activity in mutant p53 tumour cell models was able to re-sensitize cells to radiation therapy
at the in vitro and in-vivo level (Liu et al. 2019).

However, the role of IRAK1 in ER+ endocrine-resistant breast cancer has not yet been
studied. A role for IRAK1 in the growth of tamoxifen-sensitive (Tam-S) ER+ cells was
demonstrated with the use of pacritinib, which impaired the growth of the 1g21.3-amplified
ER+ breast cancer cell lines MCF-7 and T47D (Goh et al. 2017).

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

xenografts.
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3.2. Results.

3.2.1. High IRAK1 expression is a significant negative prognostic 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
(Wee et al. 2015). Subsequent analysis of breast cancer patient outcomes found that higher
IRAK1 expression correlated with reduced survival and an increased chance of developing

metastatic disease (Wee et al, 2015).

Analysis of the COSMIC database, provided by the Sanger institute, showed that IRAK1 is
overexpressed in 12.23% of breast 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/gene/analysis?In=IRAK1). We analysed breast cancer

patient survival data from the Kaplan-meier cancer survival database (kmplot.com)
(Gyorffy et al. 2010) to assess how IRAK1 expression affects the survival of Luminal A
breast cancer patients specifically. For this analysis, we compared the survival of patients
with upper quartile IRAK1 expression with patients with lower quartile IRAK1 expression
(Q1 vs. Q4). We found that high IRAK1 expression correlated with significantly reduced
relapse-free survival (RFS) of Luminal 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 significant negative prognostic marker for overall survival (OS) of
Luminal A breast cancer patients (Figure 3.2, P=0.0043, n=307).

Taken together, these findings implied that high IRAK1 expression is associated with
tumour recurrence, cancer progression and reduced survival in patients with Luminal A

breast cancer.
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Figure 3.1. High IRAKI expression correlates with significantly reduced relapse-free
survival of Luminal A breast cancer patients, particularly in those patients where the
cancer has progressed to the lymph nodes. Analysis of breast cancer survival data from
kmplot.com separated into upper quartile IRAK1 expression vs lower quartile IRAK1
expression patients (Q1 vs Q4) (A) High IRAKI expression correlates with significantly
reduced RFS of Luminal A breast cancer patients (P=0.00088, n=1933). (B) High IRAK1

expression correlates with significantly reduced RFS of Luminal A breast cancer patients
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Figure 3.2. High IRAK]1 expression correlates with significantly reduced overall survival
of Luminal A breast cancer patients. Analysis of breast cancer survival data from
kmplot.com separated into upper quartile IRAK1 expression vs lower quartile IRAK1
expression (Q1 vs Q4). High IRAK1 expression correlates with significantly reduced OS of
Luminal A breast cancer patients (P=0.0043, n=611).
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3.2.2. IRAK1 mRNA and protein levels are elevated in tamoxifen-resistant breast
cancer cell lines when compared to their tamoxifen-sensitive parental cell lines, and

this correlates with increased ERa expression and/or activity.

We analysed the expression of IRAK1 in the Tam-S Luminal A breast cancer cell lines
MCF-7 and T47D, along with their Tam-R sublines LY?2 and TR-1, respectively. We first
measured mMRNA levels in these cell lines by quantitative real-time PCR (QRT-PCR). As
shown in Figure 3.3. (A), IRAK1 mRNA levels were significantly higher in both Tam-R
cell lines when compared to their Tam-S parental cell lines. Similarly, we observed
increases in IRAK1 protein levels in both Tam-R cell lines (Figure 3.3. (C), Supplementary
Figure AlV.1). The presence of elevated IRAK1 levels in both tamoxifen-resistant cell lines
together with the kmplot.com data (Figure 3.1 and Figure 3.2) supported an investigation
into the role of IRAKZ1 in the growth of Tam-R ER+ breast cancer cell lines.

We next assessed the expression and activity of ERa in both Tam-S and Tam-R ER+ breast
cancer cell lines. ERa expression is significantly increased in ER+ breast cancer and is
recognised to drive ER+ tumour growth. We found that ERa mRNA levels were
significantly increased in the LY2 cell line, when compared to the MCF-7 cell line.
However, this result was not mirrored when we compared the T47D and TR-1 cell lines,
where there was no discernible difference in ERa expression (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 expand further, we subsequently sought to analyse the activity of ERa
by looking at the phosphorylation of ERa at S118 and S167. Phosphorylation at these sites
is important for the full activation of the receptor, and its ability to regulate transcription of
target genes. Figure 3.3. (C) shows that the phosphorylation of ERa at both sites is
increased in both Tam-R LY2 and TR-1 cells, when compared to their tamoxifen-sensitive
parental cell lines. These findings indicated that there may be a link between IRAK1 and

ERa activity in Tam-R cells
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Figure 3.3. IRAKI mRNA and protein expression is increased in tamoxifen-resistant

ER+ breast cancer cell lines and correlates with increased phosphorylation of ERa at

S118 and S167. (A-B) Cells were seeded at 4x10 cells/ml in 12-well plates overnight. LY2
cells were cultured in relevant media supplemented with 10nM Z-(4)-hydroxytamoxifen.
TR-1 cells were cultured in relevant media supplemented with 5nM Z-(4)-
hydroxytamoxifen. After 24 hours, cells were harvested in TriZol, RNA was isolated and
subsequently subjected to reverse transcription, as previously described. The transcript
levels of IRAK1 and ESR1 were determined by qRT-PCR and normalised against GAPDH

mRNA. Results shown are the mean (£SEM) of three independent experiments performed

in triplicate. (C) Cells were seeded at 4x10°cells/ml in 6-well plates overnight. After 24
hours, whole cell lysates were extracted and subjected to Western blot. The resulting
membranes were probed with phospho-ERa (S118), phospho-ERa (S167), total ERa, total
IRAKI and pB-actin. Similar results were obtained in three independent experiments.
Densitometric analysis comparing the expression of each protein (LY2 relative to MCF-7,
TR-1 relative to T47D) was performed using Image]J software (Figure AIV.1). The upper
band was shown to be relevant to ERa in regard to Western blots involving pERa
antibodies (Figure AVIL.1). 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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As there were major differences observed in ERa expression and/or activity in the Tam-R
LY2 and TR-1 breast cancer cell lines, we next analysed the expression of a number of ERa
target genes (Figure 3.4). The most significant changes we observed were in the expression
of EGR3 and GREB1, which were significantly reduced in both Tam-R cell lines (Figure
3.4. (A) & (C)). These genes are commonly used to assess ERa function in response to
estrogen stimulation, while the loss of GREB1 expression has been linked to reduced
tamoxifen efficacy previously (Ghosh et al. 2000, Inoue et al. 2004, Mohammed et al.
2013). The changes observed in the expression of other ERa target genes varied between
the Tam-R cell lines (Figure 3.4). The expression of TFF1 and CCND1 was reduced in
LY2 cells when compared to their parental MCF-7 cells, while their expression was
increased in TR-1 cells when compared to their parental T47D 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
ERa function following the development of resistance to tamoxifen treatment. The
expression of CDK1 was also altered in both Tam-R cell lines (Figure 3.4. (F)). Combining
this result with the changes in CCND1 expression would indicate that significant
modifications are made in cell cycle regulation during the development of tamoxifen-

resistance.
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Figure 3.4. The expression of ERa target genes is significantly altered in tamoxifen-

resistant ER+ breast cancer cells. Cells were seeded at 4x10 cells/ml in 12-well plates
overnight. LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-
hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented with 5nM Z-
(4)-hydroxytamoxifen. After 24 hours, cells were harvested in TriZol, RNA was isolated
and subsequently subjected to reverse transcription, as previously described. The transcript
levels of (A) GREBI, (B) TFF1, (C) EGR3, (D) FKBP4, (E) CCNDI, (F) CDKI, (G)
SIAH2 and (H) XBP1 were determined by qRT-PCR and normalised against GAPDH
mRNA. Results shown are the mean (£SEM) of at least three independent experiments
performed in triplicates. 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.
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3.2.3. IRAK1 knockdown disrupts the growth of tamoxifen-resistant ER+ breast
cancer cell lines across several in-vitro growth models, with reductions in cell growth

also observed in the tamoxifen-sensitive T47D cell line.

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

cells.

Knowledge that high-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
Tam-R cells (Figure 3.3), prompted us to address whether targeting IRAK1 would have an
effect on the growth of both Tam-R and Tam-S ER+ breast cancer cell lines. We first
generated stable knockdown of IRAK1, using two independent shRNAs targeting IRAK1,
through a lentiviral approach in Tam-S breast cancer cell lines MCF-7 and T47D and their
Tam-R sublines LY?2 and TR-1, respectively. We performed proliferation assays, seeding
cells at 4x10* cells/ml in triplicate and counting on day 4 and day 7. We found that IRAK1
knockdown significantly reduced the proliferation of Tam-R LY2 and TR-1 cells (Figure
3.5. (B & D)). IRAK1 knockdown also significantly reduced the growth of Tam-S T47D
cells but had no impact on the growth of MCF-7 cells as assessed by this 2D proliferation
assay (Figure 3.5 (A & C)).
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Figure 3.5. IRAK1 knockdown reduced 2D proliferation of Tam-R LY2 and TR-1 cells,
while also reducing the growth of Tam-S T47D cells. Cells were seeded in two 12-well
plates at 4x10%cells/ml in quadruplicate. LY2 cells were cultured in relevant media
supplemented with 10nM Z-(4)-hydroxytamoxifen. TR-1 cells were cultured in relevant
media supplemented with 5nM Z-(4)-hydroxytamoxifen. Wells were counted in triplicate
on day 4 and day 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.) MCF-7
(B.) LY2 (C.) T47D (D.) TR-1. 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 colony-formation in Tam-R and
Tam-S ER+ breast cancer cell lines. IRAK1 knockdown impaired the ability of Tam-R
LY2 and TR-1 cells to form colonies, with pronounced differences observed between TR-1
control and IRAK1 knockdown cells (Figure 3.6. (B & D)). Similar to that observed in our
2D growth assays, colony-formation was decreased in T47D IRAK1sh cells compared to
control cells while no differences were observed for MCF-7 IRAK1sh cells (Figure 3.6 (A
& C)).
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Figure 3.6. IRAK1 knockdown reduced colony-formation of Tam-R LY2 and TR-1 cells,
while also reducing the colony growth of Tam-S T47D cells. Cells were seeded in 6-well
plates at 3000cells/well (MCF-7, LY2) and 9000cells/well (T47D, TR-1) to generate
single-cell derived colonies. LY2 cells were cultured in relevant media supplemented with
10nM Z-(4)-hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented
with 5nM Z-(4)-hydroxytamoxifen. Colony formation was assessed at day 17-21, at 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-7 (B.) LY2 (C.) T47D (D.) TR-1. 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 3D in-vitro growth assay. 3D growth models more closely

mimic in-vivo growth.

Firstly, we used a 3D Matrigel growth model. Results showed a modest reduction in the
growth of Tam-R LY2 and TR-1 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, TR-1 and T47D cells, whereas no differences were
observed for MCF-7 cells (Figure 3.7).
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Figure 3.7. IRAK1 knockdown reduced the 3D growth of Tam-R LY2 and TR-1 cells in a
3D Matrigel model, while also reducing the growth of Tam-S T47D cells. Cells were
seeded at 5x10%ml (90ul/well) in Polyhema coated flat-bottom 96-well plates in their
respective media containing 2% Matrigel. LY?2 cells were cultured in relevant media
supplemented with 10nM Z-(4)-hydroxytamoxifen. TR-1 cells were cultured in relevant
media supplemented with 5nM Z-(4)-hydroxytamoxifen. Cells were then allowed to grow
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out for 10 days, whilst being supplemented with 30ul of complete media every 3 days. On
Day 10, 50ul of CellTiter Glo 3D viability reagent (Promega) was added. Plates were
covered in tin foil before being placed on a rotator at 150rpm for 5 minutes, and
subsequently allowed to sit at room temperature for 25 minutes. Luminescence was then
read on a CLARIOstar® plus microplate reader (BMG Labtech). Wells were imaged using
an Optika Vision Pro camera at 10X magnification. Results were obtained from at least 3
independent experiments. (A.) MCF-7 (B.) LY2 (C.) T47D (D.) TR-1. 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 a 3D spheroid growth model (Figure
3.8). IRAK1 knockdown significantly reduced the growth of Tam-R LY2 and TR-1
spheroids, with a marked effect on Tam-R TR-1 spheroids (Figure 3.8 B & D) IRAK1
knockdown significantly reduced the growth of Tam-S T47D spheroids, but had no impact
on the growth of the MCF-7 spheroids which is in agreement with our 2D proliferation,
colony-forming assay and 3D Matrigel results for IRAK1sh T47D and MCF-7 cells.
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Figure 3.8. IRAK1 knockdown reduced the growth of Tam-R LY2 and TR-1 cells in a 3D
spheroid growth model, while also reducing the growth of Tam-S T47D cells. Cells were
seeded at 500cells/well in ultra-low attachment U-bottom 96-well plates (Greiner Bio-One).
LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-
hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented with 5SnM Z-
(4)-hydroxytamoxifen. The diameter of the resultant spheroids was measured using an
Olympus EP50 camera after 24 hours and spheroids were imaged using an Optika Vision
Pro camera at 10X magnification. Spheroid measurements and images were taken at day 6
and day 10. Results were obtained by subtracting the day 1 spheroid diameter from the day
6 and day 10 measurements to determine spheroid growth progression over that period.
Results were obtained from at least 3 independent experiments. (A.) MCF-7 (B.) LY2 (C.)
T47D (D.) TR-1. 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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Altogether, our results from these 2D and 3D assays showed consistent findings for IRAK1
knockdown in the Tam-R and Tam-S ER+ breast cancer cell lines used in this study.
Firstly, IRAK1 knockdown has no significant effect on the growth of Tam-S MCF-7 cells,
whilst significantly reducing the growth of Tam-S T47D cells, highlighting the existence of
growth-pathway differences between these two most commonly studied Tam-S ER+ breast
cancer cell lines. In contrast, IRAK1 knockdown significantly reduced the growth of Tam-
R LY2 and TR-1 cells, which are the Tam-R sublines of MCF-7 and T47D, respectively. It
IS interesting that IRAK1 has a growth promoting role in Tam-R LY2 cells, given our
findings for the parental cell line, MCF-7. These findings suggest that IRAK1 has a major

role in maintaining the growth of Tam-R ER+ breast cancer cells.

We next assessed the impact of IRAK1 knockdown on 2D migration in the Tam-S and
Tam-R ER+ breast cancer cell lines used in this study. There was no significant change in
migration observed in IRAK1sh MCF-7 cells when compared to control cells (Figure 3.9.
(A)). In contrast, IRAK1 knockdown significantly impaired the migration of LY?2 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 our growth analysis, IRAK1
knockdown had no significant effect on the migration of Tam-R TR-1 cells (Figure 3.9.
(D)). The TR-1 cells migrated slower than the other Tam-S and Tam-R cells, as gap closure
time was 5 days for TR-1 cells compared to 2/3 days for the other ER+ breast cancer cells

used in this study.
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Figure 3.9. IRAKI knockdown impairs the migration of Tam-R LY2 cells and Tam-S
T47D cells. 4-chamber inserts (IBIDI) were placed in the centre of the wells of a 6-well

plate. Cells were seeded into the individual chambers at 6-8x10" cells/ml and left for 24
hours. 200ul of cell suspension was added to each chamber. After 24 hours the inserts were
removed, leaving a gap of ~500um and the wells were gently rinsed with PBS. 3mls of
fresh complete media was added to the wells and the gap left between the cells was
immediately imaged and measured using an Optika Vision Pro camera. LY2 cells were
cultured in relevant media supplemented with 10nM Z-(4)-hydroxytamoxifen. TR-1 cells
were cultured in relevant media supplemented with 5SnM Z-(4)-hydroxytamoxifen. Images
were then taken twice daily until the gap closed. Measurements were made using the
Optika Vision Pro software. Results were obtained from at least 3 independent experiments.
(A.) MCF-7 (B.) LY2 (C.) T47D (D.) TR-1. 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.
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3.2.4. IRAK1 knockdown alters ERa expression and/or activity in tamoxifen-resistant

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

Given the correlations observed between IRAKI1 expression and ERa activity in the
parental cell lines, we wanted to see what impact IRAK1 knockdown had on ERa activity
and function. We initially measured the mRNA levels of IRAK1 through RT-PCR and
confirmed successful knockdown of ~70-90% when compared to respective control cells
(Figure 3.10 (A)). Subsequently, we analysed mRNA levels of ESR1 and found that the
expression of ERa was differentially altered in the T47D and TR-1 cells following IRAK1
knockdown. Interestingly, we found that IRAK1 knockdown significantly reduced ESR1
MRNA levels in T47D cells, whereas the opposite trend was seen in TR-1 cells (Figure
3.10. (B)). No change in ESR1 expression was observed between the MCF-7 or LY2 cell
lines at the mRNA level.

Using whole cell lysates, we next sought to assess changes in the expression and activity of
ERa through Western blot analysis (Figure 3.10. (C)). The changes observed at the mRNA
level in T47D and TR-1 IRAK 1sh cells matched total ERa levels as assessed by Western
blot analysis. Reduced phosphorylation of ERa at S118 and S167 was detected in IRAK1
knockdown T47D cells compared to control cells, whilst increased phosphorylation of ERa

at these same phospho-sites was found in IRAK1 knockdown TR-1 cells.

In the case of MCF-7 and LY2 cells, IRAK1 knockdown reduced phosphorylation of ERa.
at S118 in MCF-7 cells, while IRAK1 knockdown did not significantly alter ERa
expression or activity in LY2 whole cell lysates as assessed by Western blot (Figure 3.10
(C), Figure AlV.2). However, when we isolated the nuclear fraction in these same cells, we
found a pronounced increase in nuclear levels of active ERa (S118/S167) in IRAK1sh LY?2
cells compared to control cells (Figure 3.11 (A)). In IRAK1sh TR-1 cells, the increase in
nuclear levels of phospho-ERa showed a less marked change compared to control cells,
with slight increases in both nuclear and cytoplasmic phospho-ERa (Figure 3.11 (B)). In
the case of Tam-S T47D cells, IRAK1 knockdown showed a marked reduction in
cytoplasmic levels of phospho-ERa (S118/S167), with modest reductions seen in phospho-
ERa levels in the nuclear fraction (Figure 3.11 (B)).
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We used gRT-PCR to assess the impact of IRAK1 knockdown on the expression of ERa
target genes (Figure 3.12). Specifically focusing on the expression of the ERa target genes
GREBI1, EGR3 and TFF1, which are frequently used to assess ERa activity, we found that
IRAK1 knockdown increased the mRNA levels of two or more of these ERa target genes in
both LY?2 and TR-1 Tam-R cells. Having previously observed (Figure 3.4) the dramatically
reduced levels of both GREB1 and EGR3 in the Tam-R LY2 and TR-1 cells when
compared to their Tam-S parental cells, the increased expression of these genes in IRAK1
knockdown cells points to increased ligand-independent ERa activity in these Tam-R cells
(Figure 3.12 (A) & (F)). Increased GREB1 expression has been linked to tamoxifen
responsiveness previously (Wu et al. 2018). These Tam-R cells are cultured 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 ER-regulated genes (Vareslija et al. 2016). Further work 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 Tam-R LY2 and TR-1 cells, and in Tam-S T47D cells (Figure 3.12.
(B)). Increased TFF1 expression has been positively correlated with tumour migration and
metastasis in breast cancer previously (Prest et al. 2002). However, studies in TFF1
knockout mice showed that the absence of TFF1 actually increased breast tumour incidence
and breast tumour growth, indicating that our result may contribute to the reduced growth

we observed in these cell lines (Buache et al. 2011).

Subtle variations were observed across the other ERa target genes. Interestingly, the
expression of the estrogen-regulated 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 T47D cells compared
to control cells. The expression of XBP1 and its splice variant XBP1s are upregulated by
ERa. XBP1 can act as a cofactor for ERa transcriptional activity, whilst also having a
major role in the endoplasmic reticulum (ER) stress response (Ding et al. 2003, Sengupta et
al. 2010).The ER stress response is commonly upregulated in cancers to cope with the
increased protein turnover associated with aberrant tumour growth (Koong et al. 2006).

110



Overall, these findings indicate that IRAK1 has an important role in regulating ERa
function in Luminal A breast cancer cells and further work is needed to fully explain these

intriguing findings.
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Figure 3.10. IRAKI1 knockdown alters ERa expression and/or activity in ER+ breast

cancer cell lines. (A-B) Cells were seeded at 4x10°cells/ml in 12-well plates overnight.
LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-

hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented with 5nM Z-
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(4)-hydroxytamoxifen. After 24 hours, cells were harvested in TriZol, RNA was isolated
and subsequently subjected to reverse transcription, as previously described. The transcript
levels of IRAK1 and ESR1 were determined by qRT-PCR and normalised against GAPDH

mRNA. Results shown are the mean (£SEM) of at least three independent experiments

performed in triplicates. (C) Cells were seeded at 4x10’cells/ml in 6-well plates overnight.
LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-
hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented with 5nM Z-
(4)-hydroxytamoxifen. After 24 hours, whole cell lysates were extracted and subjected to
Western blot. The resulting membranes were probed with phospho-ERa (S118), phospho-
ERa (S167), total ERa, total IRAK1 and B-actin. Phospho-ERa (S167) image contains two
exposures of the same blot. Similar results were obtained in three independent experiments.
Densitometric analysis comparing the expression of each target (IRAK1sh compared to
controlsh for each cell line) was performed using ImagelJ software (Figure AIV.2). 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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Figure 3.11. IRAKI1 knockdown results in an increase in nuclear levels of active ERa. in

the Tam-R LY2 cell line. Cells were seeded in 10cm dishes at 4x10° cells/ml (10mls/dish).
LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-
hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented with 5nM Z-
(4)-hydroxytamoxifen. Nuclear and cytoplasmic fractions were subsequently extracted
using the Active Motif Nuclear Extract Kit (MyBio) in accordance with the recommended
protocol. Nuclear and cytosolic lysates were then subjected to Western blot. The resulting
membranes were probed with phospho-ERa (S118), phospho-ERa (S167), total ERa, total
IRAKI1, PCNA and tubulin. Similar results were obtained in two independent experiments.

(A) MCF-7 and LY2 (B) T47D and TR-1.
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Figure 3.12. IRAK1 knockdown results in changes to the expression of ERa target genes

in tamoxifen-resistant ER+ breast cancer cell lines, and the tamoxifen-sensitive T47D

cell line. Cells were seeded at 4x10 cells/ml in 12-well plates overnight. LY2 cells were
cultured in relevant media supplemented with 10nM Z-(4)-hydroxytamoxifen. TR-1 cells
were cultured in relevant media supplemented with SnM Z-(4)-hydroxytamoxifen. After 24
hours, cells were harvested in TriZol, RNA was isolated and subsequently subjected to
reverse transcription, as previously described. The transcriptional levels of (A) GREBI, (B)
TFF1, (C) EGR3, (D) FKBP4, (E) CCNDI, (F) CDKI1, (G) SIAH2 and (H) XBP1 were
determined by qRT-PCR and normalised against GAPDH mRNA. Results shown are the
mean (+SEM) of at least three independent experiments performed in triplicates. 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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3.2.5. IRAK1 knockdown increases the sensitivity of tamoxifen-resistant cells to

tamoxifen treatment.

The Tam-R LY2 and TR-1 cell lines were generated through long-term culture in low
concentrations of tamoxifen. Interestingly, for the TR-1 cells we have shown that treating
these Tam-R cells with increasing concentrations of tamoxifen has an agonistic effect on
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 tamoxifen-resistant breast
cancer cells in response to tamoxifen treatments through 2D MTS assays, colony-forming
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, in IRAK1 knockdown Tam-R LY2 and
TR-1 cells the agonistic growth action of tamoxifen, which can be clearly observed in Tam-

R controlsh cells, was lost (Figure 3.13).

Subsequently, we studied whether IRAK1 knockdown could lead to similar findings in
colony-formation assays. Here, IRAK1 knockdown did similarly increase the
responsiveness of Tam-R cells to tamoxifen. The agonistic effect of tamoxifen on cell
growth was limited for both LY2 and TR-1 cells following IRAK1 knockdown, with
reduced colony formation 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 of TR-1 control cells, with this
response being diminished 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 high-density of colonies as observed in LY?2 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 control cells at
low concentrations. However, IRAK1 knockdown did increase the inhibitory effects of
tamoxifen (Figure 3.15 (A)). We found that the growth of IRAK1sh-1 LY2 spheroids was
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significantly lower at DMSO treatment conditions when compared to control LY?2
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 LY?2 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 TR-1 cells using this 3D spheroid assay aligned with results from both the MTS
and colony-formation assays, with tamoxifen treatments showing an agonistic role on the
growth of TR-1 control spheroids, which was lost in IRAK1 knockdown TR-1 cells. In
IRAK1 knockdown TR-1 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 days, with measurements and images taken at day 6, 10, 14 and 21.
Additionally, we want to measure the diameter of TR-1 spheroids on day 2 and day 3. TR-1
cells did not condense into clean spheroids as quickly as LY2 cells, which may have added

some variance to the day 1 measurements.

Results coming from these 2D and 3D assays show that IRAK1 knockdown can re-sensitize
Tam-R ER+ breast cancer cells to tamoxifen treatments and provides the rationale to test
whether targeting IRAK1 could reduce tumour burden in xenograft models of Tam-R ER+

breast cancer.
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Figure 3.13. IRAKI knockdown re-sensitizes tamoxifen-resistant LY2 and TR-1 breast
cancer cells to tamoxifen in 2D growth model. Cells were seeded in 96-well plates in
triplicate at 5000 cells/well in relevant media containing no supplementary tamoxifen for
24 hours. Cells were then treated with the indicated concentrations of tamoxifen or DMSO
(vehicle control). Following 72 hour tamoxifen treatment, 20ul MTS cell viability reagent
was added for 2 hours. Plates were then briefly placed on a rocker at medium speed to
equilibrate and absorbance was subsequently read at 490nm (Biotek Synergy HTX plate
reader). Data was represented as a percentage of vehicle control, with DMSO absorbance
readings considered as 100% for each respective cell line. Results shown are the mean
(XSEM) of at least three independent experiments performed in triplicates. P value was
calculated using the unpaired Student t test. Statistically significant differences are

indicated by the asterisks: *, P<0.05; **, P<0.01;***, P<0.001.
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Figure 3.14. IRAK1 knockdown reduces colony formation of Tam-R LY2 and TR-1 cells
in response to tamoxifen. Cells were seeded in 6-well plates at 3000cells/well (LY2) and
9000cells/well (TR-1) to generate single-cell colonies. Cells were seeded in relevant media
containing no supplementary tamoxifen for 24 hours prior to treatment with the indicated
concentration of tamoxifen or DMSO (vehicle control). Colonies were allowed to form for
~17 days, at which point they 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.) LY2 (B.) TR-1. P value was calculated using the unpaired
Student t test. Statistically significant differences are indicated by the asterisks: *, P<0.05;
** P<0.01; *** P<0.001.
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Figure 3.15. IRAKI1 knockdown enhances the efficacy of tamoxifen in treating Tam-R
LY2 and TR-1 cells in a 3D spheroid growth model. Cells were seeded at 500cells/well in
ultra-low attachment U-bottom 96-well plates (Greiner Bio-One). Cells were seeded in
relevant media containing no supplementary tamoxifen for 24 hours prior to treatment with
the indicated concentration of tamoxifen or DMSO (vehicle control). The diameter of the
resultant spheroids that were generated was measured just prior to treatment and spheroids
were imaged (Optika Vision Pro, Olympus EP50). This process was repeated after 10 days
to determine how much the spheroids had grown over that time period. Results were
obtained from at least 3 independent experiments. (A.) LY2 (B.) TR-1. P value was
calculated using the unpaired Student t test. Statistically significant differences are

indicated by the asterisks: *, P<0.05; **, P<0.01.
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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 knockdown increases the efficacy of
tamoxifen in inhibiting the growth of Tam-R LY2 and TR-1 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 (Britton et al. 2006, Cui et al. 2012, Thrane et al. 2013, Wege et al.
2018). Initially, we analysed the basal expression of HER family members in Tam-R LY?2
and TR-1 cells. We found that the expression of all HER family members was higher
basally in TR-1 cells when compared to LY2 cells, with EGFR and full length HER4

expression very low in LY2 cells.

In the Tam-R 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 protein levels (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
HER4:1CD in IRAK1 knockdown LY2 cells, when compared to control cells. The levels of
HER4:1CD 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 HER4:1CD has been linked to driving ER+ breast cancer growth
previously (Wang et al. 2016). However, tamoxifen treatment can impair the function of
HER4:1CD and stimulate mitochondrial accumulation of HER4:ICD, inducing apoptosis
through the activation of BAK (Naresh et al. 2006, Rokicki et al. 2010, Han and Jones
2014). Studying the subcellular localisation of HER4:ICD will be an important part of

future work.

HER2 and HER3 expression was detected in both control and IRAK1 knockdown LY?2
cells (Figure 3.16 & 3.17). Interestingly, when we look at 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 HER3 protein levels
in IRAK1 knockdown cells at later timepoints (Figure 3.17). We failed to detect EGFR
expression by Western blot analysis in control and IRAK1 knockdown LY2 cells.

For TR-1 cells, EGFR expression was detectable by Western blot analysis. The expression
of EGFR, HER2 and HER3 was increased basally in IRAK1 knockdown TR-1 cells
compared to control cells, with HER4 expression being reduced basally in IRAK1
knockdown TR-1 cells. Interestingly, tamoxifen treatments triggered a dose dependent
increase in EGFR, HER2 and HER3 expression in control TR-1 cells, 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 TR-1 cells remained unchanged in
response to tamoxifen (Figure 3.19). HER2 and HER3 expression was reduced in IRAK1
knockdown TR-1 cells following tamoxifen treatment, with a more pronounced reduction
seen for HER3 (Figure 3.19). HER4 expression was very low basally in IRAK1 knockdown
TR-1 cells, with low 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 in Tam-R LY2
and TR-1 control and IRAK1 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 in IRAK1 knockdown cells when compared to control cells
(Figure 3.20). Nuclear HER4 levels were reduced in IRAK1 knockdown TR-1 cells (Figure
3.20). We were unable to cleanly assess HER4:ICD nuclear levels across these

experiments.

Overall, these findings indicate that IRAK1 and the HER family may synergize to play
important roles in supporting the tamoxifen-resistant phenotype seen in Tam-R LY2 and
TR-1 cells. Importantly, IRAK1 knockdown appears to disrupt this dynamic, although the
impact varies between the cell lines. The most interesting observation may be the HER3

levels, as the profiles are very similar for both Tam-R cell lines. HER3 overexpression has
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been linked to poorer patient outcomes in breast cancer previously, including in response to
tamoxifen treatment, and our findings indicate that IRAK1 knockdown can impair HER3
expression (Tovey et al. 2005, Chiu et al. 2010). Additionally, the increases observed in
HER4 and HERA4:ICD expression in IRAK1 knockdown LY2 cells following tamoxifen
treatment may be significant, given that HER4 has generally been associated with an anti-
proliferative and pro-apoptotic role (Naresh et al. 2006, Sundvall et al. 2008). Studying the
subcellular localisation of HER4:1CD will also be an important part of future work, given
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
(Naresh et al. 2006, Rokicki et al. 2010, Han and Jones 2014, Wang et al. 2016).
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Figure 3.16. IRAKI knockdown alters HER family mRNA expression in Tam-R LY2

ER+ breast cancer cells. Cells were seeded at 2x10 cells/ml in 12-well plates in relevant
media containing no supplementary tamoxifen for 24 hours. Cells were then treated with
the indicated concentrations of tamoxifen or DMSO (vehicle control) for 24 hours. At that
point, cells were harvested in TriZol, RNA was isolated and subsequently subjected to
reverse transcription, as previously described. The mRNA levels of (A) EGFR, (B) HER2,
(C) HER3, (D) HER4 were determined by qRT-PCR and normalised against GAPDH.

Results shown are the mean (£SEM) of at least three independent experiments performed
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in duplicates. P value was calculated using the unpaired Student t test. Statistically

significant differences are indicated by the asterisks: *, P<0.05; **, P<0.01.
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Figure 3.17. IRAKI knockdown alters HER family protein expression in Tam-R LY2

ER+ breast cancer cells. Cells were seeded at 2x10°cells/ml in 6-well plates in relevant
media containing no supplementary tamoxifen for 24 hours. Cells were then treated with
the indicated concentrations of tamoxifen or DMSO (vehicle) control overnight or for
40hrs. Whole cell lysates were extracted and subjected to Western blot analysis. The
resulting membranes were probed for total levels of the following antibodies; EGFR,
HER2, HER3, HER4, IRAK1 and B-actin. Similar results were obtained in two independent
experiments. Densitometric analysis comparing the expression of each protein (relative to

LY2 Ctrolsh DMSO) was performed using ImageJ software (Figure AIV.3).
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Figure 3.18. IRAKI knockdown alters HER family mRNA expression in Tam-R TR-1

breast cancer cells. Cells were seeded at 2x10°cells/ml in 12-well plates in relevant media
containing no supplementary tamoxifen for 24 hours. Cells were then treated with the
indicated concentrations of tamoxifen or DMSO (vehicle control) for 24 hours. At that
point, cells were harvested in TriZol, RNA was isolated and subsequently subjected to
reverse transcription, as previously described. The mRNA levels of (A) EGFR, (B) HER2,
(C) HER3, (D) HER4 were determined by qRT-PCR and normalised against GAPDH.
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Results shown are the mean (+SEM) of at least three independent experiments performed
in duplicates. P value was calculated using the unpaired Student t test. Statistically

significant differences are indicated by the asterisks: *, P<0.05; **, P<0.01.

132



TR-1 Ctrolsh TR-1 IRAK1sh

§isi¢ Fisi:
W
Sy §§55§8 s
O >N 49N 9~ o0O0~N 9N 9 N
$38iis 8s3dz3
QN NN KN KN QN NN KK

’ e PN O | ECRR

e @ep MM Ningg -
" ...-h 21T INEE G

o - . HER4

r R ' HER4:ICD

o 50 0 00 | A
- epmesgped SHENERERERTT

Figure 3.19. IRAKI knockdown alters HER family protein expression in Tam-R TR-1

breast cancer cells. Cells were seeded at 2x10°cells/ml in 6-well plates in relevant media
containing no supplementary tamoxifen for 24 hours. Cells were then treated with the
indicated concentrations of tamoxifen or DMSO (vehicle control) overnight or for 40hrs.
Whole cell lysates were extracted and subjected to Western blot analysis. The resulting
membranes were probed for total levels of the following antibodies; EGFR, HER2, HER3,
HER4, IRAK1 and B-actin. Similar results were obtained in two independent experiments.
Densitometric analysis comparing the expression of each protein (relative to TR-1 Ctrolsh

DMSO) was performed using Image] software (Figure AIV.4).
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Figure 3.20. IRAKI knockdown alters the nuclear and cytoplasmic levels of HER3 and

HER4 in LY2 and TR-1 cells. Cells were seeded in 10cm dishes at 4x10° cells/ml
(10mls/dish). LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-
hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented with 5nM Z-
(4)-hydroxytamoxifen. Nuclear and cytoplasmic fractions were subsequently prepared
using the Active Motif Nuclear Extract Kit (MyBio) in accordance with the recommended
protocol and subsequently subjected to Western blot analysis. The resulting membranes
were probed with phospho-ERa (S118), phospho-ERa (S167), total ERa, total IRAKI,
HDACI and Tubulin. Results are from a single experiment. (A) MCF-7 and LY2 (B) T47D
and TR-1.
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3.2.7. IRAK1 has an important role in regulating cell cycle proteins in Tam-R ER+

breast cancer cells.

Given the reduced CDK1 expression detected in IRAK1 knockdown LY2 and T47D cells
(Figure 3.12 (D)), we wanted to expand on our analysis of the role of IRAK1 on the cell
cycle in the Tam-R LY2 and TR-1 ER+ breast cancer cells.

We examined the expression of the CDK inhibitors p21 and p27 by gRT-PCR and Western
blot analysis of whole cell lysates in Tam-R LY2 and TR-1 cells. In LY2 cells, IRAK1
knockdown increased the 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 protein levels in IRAK1 knockdown LY?2 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 LY2 cells as assessed by Western
blot analysis (Figure 3.21). Interestingly, control cells showed a dose-dependent 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

knockdown cells.

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-1 cells presented some interesting results. p21 and p27 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 dose-dependent
reduction in the levels of both CDK inhibitors. These results were very 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 Akt, an important 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 Tam-R LY2 and TR-1 cells (Figure 3.17 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 knockdown may be disrupting the cell cycle.

Subsequently, we studied the expression and activity of Aurora kinase A (Aurora-A) by
Western blot analysis in untreated and tamoxifen treated Tam-R LY2 and TR-1 IRAK1sh
and control cells. In IRAK1 knockdown LY2 cells, Aurora-A expression was slightly
increased basally when compared to control LY?2 cells, but Aurora-A activity levels were
very low in IRAK1 knockdown LY2 cells even in response to tamoxifen treatment (Figure
3.21. (B)). However, in control LY2 cells, while expression and activity of Aurora-A were
very low basally, the expression and activity of Aurora-A increased in response to

tamoxifen treatments (Figure 3.21 (B)).

In Tam-R TR-1 cells, this result was even more defined. Control TR-1 cells showed a very
clear dose-dependent increase in Aurora-A activation following tamoxifen treatments, a
response that was completely abolished by IRAK1 knockdown in TR-1 cells (Figure 3.22.
(B)). Additionally, we assessed the phosphorylation of ERa at S167 in these same lysates.
Aurora-A has been shown to phosphorylate ERa at S167 previously (Zheng et al. 2014).
While phosphorylation of ERa at this phospho-site did appear to increase in response to
tamoxifen treatment in both cell lines, there was no correlation with the activation of
Aurora-A (Figure 3.23). This would indicate that Aurora-A is not involved in regulating
ERa in these cell lines. Several other kinases including S6K1 (Yamnik and Holz 2010), Akt
(Campbell et al. 2001) and IKKe (Guo et al. 2010) have been shown to phosphorylate ERa

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

Overall, these results suggest that IRAK1 has a major role in regulating the cell-cycle in
Tam-R LY2 and TR-1 cells. Our findings indicate that IRAK1 has an integral role in
Aurora-A activation in response to tamoxifen treatment, which is very clearly defined in the
TR-1 cell line, implicating IRAKL1 in driving cell cycle progression and sustaining the
growth of tamoxifen-resistant cells. Aurora-A has important roles in centrosome
maturation, spindle assembly and spindle damage recovery during G2/M phase of the cell
cycle (Vader and Lens 2008). Increased Aurora-A expression has recently been linked to
tamoxifen resistance, with Aurora-A inhibition inducing G2 arrest and apoptosis in Tam-R

cells (Thrane et al. 2015). IRAKL1 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 to tamoxifen treatment. 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. IRAKI1 knockdown increases the expression of the CDK inhibitors p21 and
p27 in Tam-R LY2 cells. (A) Cells were seeded at 2x10°cells/ml in 12-well plates in

relevant media containing no supplementary tamoxifen for 24 hours. Cells were then
treated with the indicated concentrations of tamoxifen or DMSO (vehicle control) for 24
hours. Cells were harvested in TriZol, RNA was isolated and subsequently subjected to
reverse transcription, as previously described. The mRNA levels of p21 and p27 were
determined by qRT-PCR and normalised against GAPDH. Results shown are the mean

(£SEM) of three independent experiments performed in duplicates. (B) Cells were seeded

at 2x10 cells/ml in 6-well plates and starved of tamoxifen for 24 hours. Cells were then
treated with the indicated concentrations of tamoxifen or DMSO (vehicle control) for 24
hours. Whole cell lysates were extracted and subjected to Western blot analysis. The
resulting membranes were probed with p21, p27, phospho-Aurora A (T288), total Aurora A,
total IRAK1 and B-actin. Similar results were obtained in two independent experiments.
Densitometric analysis comparing the expression of each target (relative to LY2 Ctrolsh
DMSO) was performed using Imagel] software (Figure AIV.5). P value was calculated using
the unpaired Student t test. Statistically significant differences are indicated by the
asterisks: *, P<0.05.
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Figure 3.22. IRAKI knockdown impairs Aurora-A activity and alters the expression of
the CDK inhibitors p21 and p27 in Tam-R TR-1 cells. (A) Cells were seeded at

2x1050e11s/rn1 in 12-well plates in relevant media containing no supplementary tamoxifen
for 24 hours. Cells were then treated with the indicated concentrations of tamoxifen or
DMSO (vehicle control) for 24 hours. Cells were harvested in TriZol, RNA was isolated
and subsequently subjected to reverse transcription, as previously described. The mRNA
levels of p21 and p27 were determined by qRT-PCR and normalised against GAPDH.

Results shown are the mean (£SEM) of three independent experiments performed in

duplicates. (B) Cells were seeded at 2x10°cells/ml in 6-well plates and starved of tamoxifen
for 24 hours. Cells were then treated with the indicated concentrations of tamoxifen or
DMSO (vehicle control) for 24 hours. Whole cell lysates were extracted and subjected to
Western blot analysis. The resulting membranes were probed with p21, p27, phospho-
Aurora A (T288), total Aurora A, total IRAK1 and B-actin. The total IRAK1 and B-actin for
these lysates blots are shown in Figure 3.19. Similar results were obtained in two
independent experiments. Densitometric analysis comparing the expression of each target

(relative to TR-1 Ctrolsh DMSO) was performed using ImageJ software (Figure AIV.6).

142



LY2 IRAK1sh

LY2 Ctrolsh

PERa (S167)

ERa

IRAK1

B-actin

B A

TR-1 IRAK1sh

TR-1 Ctrolsh

pERGa (S167)

ERa

IRAK1

B-actin

143



Figure 3.23. Examining ERa phosphorylation at S167 in response to tamoxifen

treatment in Tam-R LY2 and TR-1 cells. Cells were seeded at 2x10 cells/ml in 6-well
plates in relevant media containing no supplementary tamoxifen for 24 hours. Cells were
then treated with the indicated concentrations of tamoxifen or DMSO (vehicle control) for
24 hours. Whole cell lysates were prepared and subjected to Western blot analysis. The
resulting membranes were probed with phospho-ERa (S167), total ERa, total IRAK1 and
B-actin. The total IRAK1 and B-actin for these same lysates are shown in Figure 3.19.

Similar results were obtained in two independent experiments.
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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 ABC-DLBCL, T-ALL, HCC and TNBC (Ngo et al. 2011,
Dussiau et al. 2015, Wee et al. 2015, Li et 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, re-sensitized tumour cells to certain chemotherapeutics, indicating the
potential of targeting IRAK1 for therapeutic benefit (Ngo et al. 2011, Dussiau et al. 2015,
Wee et al. 2015, Li et al. 2016). To this point, there has been limited research into any role
for IRAK1 in ER+ breast cancer. Goh et al. (2017) did show as part of their research that
treatment of the ER+ breast cancer cell lines MCF-7 and T47D with pacritinib, which
targets IRAK1 along with JAK2 and FIt3, reduced the growth of both MCF-7 and T47D
cells in-vitro, while also impairing the growth of MCF-7 xenografts. However, there has
not been any insight 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 includes the use of estrogen-targeted 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% (Levine et al. 1998). However, approximately one-third of patients
that initially respond to tamoxifen treatment will develop a resistant recurrence within 10
years of finishing therapy (Howell et al. 2005, Arimidex 2008). Understandably, patients
that develop a resistant recurrence currently have limited treatment options and a very poor
prognosis, with an estimated 5-year survival rate of 20% (Robertson et al. 2003, Sotgia et
al. 2017).

The aim of this work was to investigate the role of IRAK1 in ER+ tamoxifen-sensitive
(Tam-S) and tamoxifen-resistant (Tam-R) breast cancer subtypes and to determine whether

targeting IRAK1 re-sensitizes Tam-R 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 expression levels had an impact on RFS
and OS of Luminal A breast cancer patients. We 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=1933), with this correlation becoming very distinct when the lymph
node positive Luminal A cohort was isolated (Figure 3.1 (B), P=0.0018, n=530). We also
found that high IRAK1 expression was a significant negative prognostic marker for OS in
Luminal A breast cancer patients (Figure 3.2, P=0.0043, n=611). 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 by Yang et al. (2019), who
examined data from The Cancer Genome Atlas on IRAK1 expression across Luminal A,
Luminal B, HER2-positive and basal subtypes of breast cancer. Their analysis of patient
data across these breast cancer subtypes indicated a relationship between IRAK1
expression 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 (Yang et al. 2019).

Having established that IRAK1 has a significant role in luminal A breast cancer recurrence
and progression based on our analysis of luminal A breast cancer patient RFS and OS, we
focused our research on the Tam-S luminal A breast cancer cell lines MCF-7 and T47D and
their Tam-R sublines, LY2 and TR-1, respectively. Our results showed that IRAK1
expression was increased in both Tam-R cell 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, indicating that 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 cancer subtypes including ER+ (Wee et al. 2015, Liu et al. 2019).
This is the first study to address whether high IRAK1 expression found in Tam-R ER+

breast cancer cells affects their sensitivity to tamoxifen.
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The increase observed in IRAK1 expression in both Tam-R cell lines correlated with
increased ERa phosphorylation at both S118 and S167. These sites lie within the AF-1
domain and are important for full ERa activation, with phosphorylation at S118 associated
with enhanced dimerization and transactivation and phosphorylation at S167 increasing the
DNA-binding capability of the receptor (Shah and Rowan. 2005, Le Romancer et al. 2011,
Anbalagan and Rowan. 2015). Increased phosphorylation at S118 and S167 has been linked
both positively and negatively to tamoxifen responsiveness (Yamashita et 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 be efficacious, while high levels of phosphorylation at
these residues after tamoxifen treatment has been suggested to be indicative of ligand-
independent ERa activity and resistance to tamoxifen (Murphy et al. 2004, Zoubir et al.
2008). Given the correlation that we observed between increased IRAK1 expression and
enhanced ERa activity in these tamoxifen-resistant cell lines, our results suggested that
IRAKI1 may have a role in regulating ERa through phosphorylation at S118 and S167,
supporting the resistant phenotype.

Additionally, when we looked at the expression of ERa target genes we were able to
confirm major alterations to ERa signalling following the development of resistance to
tamoxifen (Figure 3.4). This was most apparent when we analysed the expression of
GREBL1 and EGR3, two early estrogen response genes that are commonly used to assess
estrogen signalling (Ghosh et al. 2000, Inoue et al. 2004). The expression of both genes is
generally increased by estrogen stimulation and inhibited by tamoxifen treatment in ER+
Tam-S breast cancer cells. Our findings showed that the expression of GREB1 and EGR3
was significantly reduced in both Tam-R cell lines when compared to their parental cells.
Recent publications, particularly in relation to GREB1, have pointed to reduced expression
of these genes contributing to the development of tamoxifen-resistance (Mohammed et al.
2013, Wu et al. 2018). Interestingly, siRNA silencing of GREB1 expression has been
shown to prevent the inhibitory effects of tamoxifen on ER+ cells (Wu et al. 2018).
Mohammed et al. (2013) found that GREB1 expression correlated with improved patient
outcome. They found that GREB1 expression in their tamoxifen-resistant cell model was

lost, and re-expression of GREB1 resulted in reduced growth of the cells in the presence of
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tamoxifen (Mohammed et al. 2013). Our finding on GREB1 matches these recent findings,
wherein loss of GREB1 expression has been associated with tamoxifen-resistance. GREB1
is recognized as an important cofactor for ERa-mediated gene regulation (Mohammed et al.
2013). While reduced GREB1 may be indicative of the inhibitory effects of tamoxifen, the
significantly lower levels of GREB1 in Tam-R cells may also be limiting the ability of
tamoxifen-bound ERa to regulate the expression of genes associated with the inhibitory
profile (Mohamed et al. 2013, Wu et al. 2018). The same may be true for EGR3, which is a
transcription factor that acts as a secondary signalling factor in ERa transcriptional
regulation and may similarly act as a cofactor for ERa-mediated gene regulation, but the
significance of EGR3 expression to tamoxifen-resistance has not yet been shown
(Drabovich et al. 2016). We also observed variations in the expression of the ERa target
genes TFF1, CCND1 and SIAH2, further indicating the disruptions to ERa signalling in

tamoxifen-resistant cells (Lin et al. 2004).

Expression Levels | IRAK1 Active ERa GREB1 EGR3
Tam-S Moderate | Moderate High High
Tam-R High High Low Low

Table 3.1. Expression levels in parental Tam-S and Tam-R ER+ breast cancer cell lines.
IRAK1 expression is increased in Tam-R cells when compared to parental Tam-S cells,
which correlates with elevated ERa activity as measured by phosphorylation at Ser118 and
Ser167. However, despite ERa activity being increased in Tam-R cells, the expression of
the estrogenic genes GREB1 and EGR3 is significantly lower in Tam-R cells.
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Summarizing, increased IRAK1 levels were detected in Tam-R ER+ breast cancer cell
lines, and this correlated with changes in ERa expression levels and/or activity. This
prompted us to investigate the role of IRAK1 in Tam-R ER+ breast cancer. To do this, we
first generated stable IRAK1 knockdown in both Tam-S Luminal A breast cancer cell lines
(MCF-7, T47D) and their respective Tam-R sublines (LY2, TR-1). Subsequently, we
examined whether the knockdown of IRAK1 impacted the growth of these Tam-S and
Tam-R cell lines in cellular assays including 2D proliferation, colony-formation assays and
3D growth assays. We found that IRAK1 knockdown impaired the growth of both LY?2 and

TR-1 Tam-R cell lines across all growth models.

This result pointed to a key role for IRAK1 in regulating the growth of these Tam-R cells, a
novel finding. Interestingly, IRAK1 has been shown to play an integral role in resistance to
the chemotherapeutic paclitaxel in TNBC (Wee et al. 2015) and radiation resistance in
mutant p53 cancers (Liu et 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 (Dussiau et al.
2015, Cheng et al. 2018). Interestingly, IRAK1 knockdown potently inhibited the growth
of Tam-S T47D cells but had no effect on the growth of Tam-S MCF-7 cells. A recognised
difference between these cells would be the presence of wild-type p53 in MCF-7 cells,
while T47D cells express mutant p53 (Liu et al. 2019). IRAK1 has recently been shown to
drive resistance to radiotherapy in mutant p53 cancers, including T47D cells, through
inhibition of PIDDosome-mediated apoptosis (Goh et al. 2017).

We also examined the impact of IRAK1 knockdown on cell migration in Tam-S and Tam-
R ER+ cell lines at the 2D level. IRAK1 knockdown significantly reduced migration in
tamoxifen-resistant LY2 cells and tamoxifen-sensitive T47D cells but did not disrupt the
migration of either the MCF-7 or TR-1 cells. The lack of impairment in cell migration of
the MCF-7 cell line supports the findings from our growth models, wherein IRAK1 appears
to have no significant role in these cells. However, the TR-1 result diverges from the
consistent results that we obtained in relation to the Tam-R TR-1 cells from the growth
model. Gap closure took five days for TR-1 cells compared to two to three days for the

other breast cancer cells used in this study. As a result, the health of TR-1 cells throughout
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this assay deteriorated and may have affected the results. TFF1 expression in the TR-1 cell
line by qRT-PCR 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 metastasis in breast cancer (Prest et al. 2002). The

significant increase in TFF1 levels in TR-1 cells following IRAK1 knockdown may be

preventing any impairment of cell migration.

Assay IRAK1 knockdown
MCEF-7 LY?2 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 effects of ShRNA IRAK1 knockdown on the growth and migration of
Tam-S and Tam-R ER+ breast cancer cell lines across in-vitro growth models. IRAK1
knockdown impaired the growth of both Tam-R cell lines (LY2 and TR-1), while also
disrupting the growth of Tam-S T47D cells. IRAK1 knockdown had no significant impact
on Tam-S 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 data that 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 at the in-vivo level. Based on the outcome of these
experiments, it 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 (IL)-6, IL-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 tamoxifen-resistant ER+ breast cancer.

We next investigated how IRAK1 knockdown impacted ERa expression and activity in our
Tam-S and Tam-R ER+ breast cancer cells. We found that IRAK1 knockdown was altering
ERa function in the cell lines that were exhibiting growth inhibition while having minimal
impact in MCF-7 cells. We observed that ERa expression was significantly reduced in
T47D cells following IRAK1 knockdown while, conversely, expression of ERa was
slightly increased in TR-1 cells. Similarly, when we studied ERa activity we saw that
phosphorylation at S118 and S167 was reduced in T47D cells and increased in TR-1 cells.
When we analysed ERa function in MCF-7 cells we saw that ERa expression and activity
was reduced slightly, but not reduced to the same degree as what was observed in T47D
cells. This finding may explain the differences we observed in the growth of these cells in
our cellular assays following IRAK1 knockdown. ERa expression and activity is not
impaired in MCF-7 cells following IRAK1 knockdown, and ERa driven cell growth is not
disrupted in these cells. When we looked at the whole cell level in the LY2 cell line, we
observed minor increases in ERa expression and activity following IRAK1 knockdown.
However, Western blots examining nuclear and cytoplasmic fractions of LY2 cells showed
that IRAK1 knockdown resulted in an increase in levels of active ERa in the nuclear

fraction of LY2 cells.

Considering these findings, IRAK1 has an important role in regulating ERa activity across

luminal A breast cancer cell lines. However, this regulation diverges in tamoxifen-
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resistance and leads to converse effects of IRAK1 on ERa signalling. In Tam-S cells,
IRAKI1 appears to support ERa expression and activation, with IRAK1 knockdown limiting
ERa function in Tam-S cells, particularly the activation of cytoplasmic ERa. Cytoplasmic
ERa has been shown to form signalling complexes with Src and PI3K to drive rapid

estrogen responses, and our data indicates that IRAK1 may have a role in cytoplasmic ERa

function (Cabodi et al. 2004, Greger et al. 2007).

We did not observe any reduction in the growth of MCF-7 cells following IRAK1
knockdown, but the mechanistic changes observed in ERa function do appear to overlap in
MCF-7 and T47D cells. This overlap was confirmed with gRT-PCR data which looked at
the expression of ERa target genes. Changes in the expression of ERa target genes in MCF-
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 support IRAK1 knockdown having minimal effects on ERa activity in MCF-7 cells.
Interestingly, the impairment we observed in ERa signalling in T47D cells did not reduce
the expression of known positively regulated estrogen response genes such as EGR3 and
GREBL1 (Ghosh et al. 2000, Inoue et 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 GREB1 is not high enough basally to observe a clear reduction in their
expression following the inhibition of ERa activity in T47D cells. Treating these cells with
increasing concentrations of estradiol to examine dose-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 ligand-independent ERo activity was observed in both of the
tamoxifen-resistant cell lines following IRAK1 knockdown. Specifically, IRAK1
knockdown increased phosphorylation of ERa at both S118 and S167, which corresponded
with increased expression of GREB1, TFF1 and EGR3 in Tam-R LY2 and TR-1 cells.
Previous work has shown that unliganded ERa binds to the estrogen response element of
GREBL1 and TFF1 (Caizzi et al. 2014). Additionally, Vareslija et 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 cells, and they identified these genes as steroid-independent ER-
regulated genes in LetR cells. These same genes formed part of a gene signature for
predicting disease-free survival and overall survival in response to neoadjuvant Al therapy
(Vareslija et al. 2016). ChlP-seq data in LY2 cells similarly demonstrated that these genes
are also steroid-independent ER target genes in Tam-R cells (Vareslija et al. 2016). We first
showed reduced expression of GREB1 and EGR3 in Tam-R LY2 and TR-1 cells, as
assessed by QRT-PCR, when compared to their parental MCF-7 and T47D cells,
respectively. This supports previous studies on GREB1 which showed significantly
downregulated GREBL1 expression in endocrine-resistant cell lines and xenograft tumours
(Mohammed et al. 2013, Cottu et al. 2014, Wu et al. 2018)

IRAKT1 knockdown led to an increase in ERa activity (S118/S167) coupled to an increase
in the expression of GREB1, TFF1 and EGR3 in Tam-R cells, as measured by qRT-PCR.
The increase in phosphorylation that we observed in ERa (S118/S167) following IRAK1
knockdown may trigger this increase in ligand-independent ERa activity accounting for the
increased expression of GREB1, EGR3 and TFF1. The increased expression of a subset of
ERa-regulated genes in Tam-R IRAK1 knockdown cells, including GREB1 and EGR3,
may be contributing to the reduced growth observed in Tam-R IRAK1 knockdown cells.
GREBI acts to recruit coactivators required for full ERa transcriptional activity in response
to estrogen (Mohammed et al. 2013). In contrast, GREB1 has been shown to have a role in
the formation of inactive ERa complexes in response to tamoxifen through blocking the
association of coactivators with tamoxifen-liganded ERa (Wu et al. 2018). EGR3 is a
transcription factor that acts as a secondary signalling factor in estrogen-mediated gene
expression and may similarly act as a cofactor for ERa-mediated gene regulation, but
EGR3 has not been associated with tamoxifen resistance at this point (Drabovich et al.
2016).

Additionally, we found that TFF1 expression was increased following IRAK1 knockdown
in both of our tamoxifen-resistant cell lines. While TFF1 has been positively linked to
migration and metastasis, TFF1 has also been negatively correlated with tumour growth in-
vitro and in-vivo (Prest et al. 2002). Buache et al. (2011) showed that TFF1 knockdown
enhanced MCF-7 soft agar colony-formation and increased tumourigenicity in-vivo in nude
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mice. Follow-up experiments, where tumourigenesis was induced in TFF1 -/- mice, found
that tumour incidence and size were increased in TFF1 -/- 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 Tam-R ER+ breast cancer cell growth. Examining how IRAK1
knockdown affects the expression of GREB1, EGR3 and TFF1 in response to tamoxifen
treatment in Tam-R LY2 and TR-1 cells will be important to future work. Furthermore,
future work on EGR3 in the tamoxifen-resistant setting will add to our understanding of the

significance of our finding that EGR3 levels were increased in IRAK1-deficient Tam-R

cells.

ERa signalling IRAK1 Knockdown
MCF-7 LY2 T47D TR-1

ERa expression Slight Slight Reduced Increased
reduction increase

ERo Slight Slight Reduced Increased

phosphorylation reduction increase

GREBL expression | No change Increased Slight Slight

increase increase

EGR3 expression Slight Increased Slight Increased
increase increase

TFF1 expression No change Increased Increased Increased

Table 3.3. The effects of IRAK1 knockdown on ERa signalling in Tam-S and Tam-R
ER+ breast cancer cells. IRAK1 knockdown altered ERa signalling in both Tam-R cell
lines (LY?2 and TR-1), while also impacting on ERa activity in Tam-S T47D cells. IRAK1

knockdown had minimal impact on ERa function in Tam-S MCF-7 cells.

Assessing how IRAKI is altering ERa function would also be an essential part of future

work. Firstly, endogenous co-immunoprecipitation could be used to examine whether
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IRAK]1 is interacting with ERa in Tam-S and Tam-R Luminal A breast cancer cells.
Subsequently, we could investigate whether there are changes in the activity of several
upstream kinases that have previously been shown to phosphorylate these residues. ERK1/2
is recognised to phosphorylate ERa at S118, while Akt is known to phosphorylate ERa at
S167 (Kato et al. 1995, Campbell et al. 2001). IRAK1 has already been shown to have
links to ERK1/2 and Akt activity (Kim et al. 2012, Zhang et al. 2018), so this would be a
logical first step. IKKe has previously been shown to phosphorylate ERa at S167 (Guo et
al. 2010). Our lab has previously identified an association between IRAK1 and IKKge, so

this may represent an interesting target to investigate.

The role of IRAKL 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 Akt and has been suggested as the primary kinase to
phosphorylate ERa at S167 (Yamnik et al. 2009). Additional relevant kinases that could be
examined in future work in relation to the changes in S118 phosphorylation include CDK7
and IKKa. IKKa has previously been suggested to be the main kinase to phosphorylate
S118 in response to estrogen stimulation, and our lab has previously observed a signalling
link between IRAK1 and another member of the IKK family, IKKe (Park et al. 2005).
CDKT7 has also been shown to phosphorylate S118 and, given the changes we observed in
CDKZ1 expression following IRAK1 knockdown, assessing whether CDK7 expression and
activity is similarly disrupted by IRAK1 knockdown could provide further mechanistic
insight (Chen et al. 2002).

Having established that IRAK1 has an important role in maintaining the growth of Tam-R
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 not only reduces the growth of these cells but re-sensitizes them to tamoxifen.
The agonistic role that tamoxifen showed on the growth of Tam-R TR-1 cells was reduced
by IRAK1 knockdown. This result was seen in 2D MTS assays, colony formation assays
and 3D spheroid assays. The agonistic role of tamoxifen treatment on Tam-R LY2 cell
growth was observed in 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 sensitivity of Tam-R
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 examined (Britton
et al. 2006, Cui et al. 2012, Thrane et al. 2013, Wege et 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 in response to tamoxifen
treatment (Tovey et al. 2005, Chiu et al. 2010). In both Tam-R 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 clear dose-dependent increase
in HER3 expression was observed in both LY2 and TR-1 cells. This profile was not seen
following IRAK1 knockdown, where overnight treatment with low concentrations of
tamoxifen reduced HER3 expression in TR-1 cells and at a later timepoint (40h) for LY2
cells tamoxifen led to reduced HERS3 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 may be associated 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 al 2006). We found that nuclear HER3 levels were elevated in IRAK1 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 following tamoxifen treatments since tamoxifen
led to reduced expression of HER3 in both Tam-R LY?2 and TR-1 IRAK1 knockdown cells.

HER?2 has been linked to tamoxifen-resistance in breast cancer (Shou et al. 2004, Osborne
et al. 2005, Liu et al. 2007, Massarweh et al, 2008). We found that IRAK1 knockdown
increased the levels of HER2 in Tam-R LY2 and TR-1 cell lines. Tamoxifen treatments led

to increases in HER2 levels in control LY?2 and TR-1 cells. However, tamoxifen treatments
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reduced HER2 levels slightly in IRAK1 knockdown LY?2 and TR-1 cells was reduced
slightly. Previously published work showed that, in a HER2-overexpressing model of
tamoxifen-resistant breast cancer, HER3 in combination with HER2 was driving tumour
growth in this resistant phenotype (Liu et al. 2007). In this case, sSiRNA knockdown of
HER3 reduced cell growth and re-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 our experiments.

Additionally, we examined the expression of EGFR and HER4 in Tam-R LY2 and TR-1
cell lines where we observed some contrasting results. HER4 expression was not detectable
by Western blot analysis in LY2 control cells, with highly elevated expression seen in
IRAK1 knockdown LY2 cells. HER4:ICD levels mirrored the levels of full-length HERA4.
This is significant given that HER4 has generally been associated with an anti-proliferative
and pro-apoptotic role, with loss of HER4 expression being associated with aggressive
tumour growth (Naresh et al. 2006, Sundvall et 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 slightly in IRAK1 knockdown
LY2 cells in response to tamoxifen. Conversely, HER4 levels were higher basally in TR-1
control cells, but expression of full-length HER4 gradually reduced in response to
tamoxifen treatment. This corresponded with a sequential increase in the levels of
HER4:1CD, indicating that tamoxifen treatment is triggering increased cleavage of HER4 to
HER4:1CD. In IRAK1 knockdown TR-1 cells, HER4 and HER4:ICD levels were low but
increased slightly in response to tamoxifen treatment. The significance of HER4 in ER+
breast cancer has been associated with the level of HER4:ICD in the nucleus versus in the
cytoplasm. HER4:1CD has been shown to act as a potent co-activator of ligand-bound ERa
activity (Han & Jones 2014, Gothlin Eremo et al. 2015, Wang et al. 2016). However,
tamoxifen treatment has been shown to impair the formation of the HER4:ICD-ERa
transcriptional complex, promoting the accumulation of HER4:ICD in the cytoplasm and
promoting mitochondria-associated apoptosis (Naresh et al. 2006). Despite the differences
in basal HER4 expression between our two tamoxifen-resistant 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 marker of tamoxifen resistance in breast

cancer patients previously (Guler et al. 2007).

Tam treatments

Expression Condition LY?2 TR-1
EGFR Basal Absent Higher in IRAK1sh.
Response to Absent Expression increases

slightly in Ctrolsh, no
change in IRAK1sh

HER2 Basal Higher in IRAK1sh Higher in IRAK1sh
Response to Increases slightly in Increases in Ctrolsh,
Tam treatments | Ctrolsh, no change in | decreases slightly in
IRAK1sh IRAK1sh
HER3 Basal Higher in IRAK1sh Higher in IRAK1sh
Response to Increases in Ctrolsh, Increases in Ctrolsh,
Tam treatments | reduces in IRAK1sh at | 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
HER4:1CD | Basal Higher in 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 receptors in Tam-R

ER+ breast cancer cells, both basally and in response to tamoxifen treatments.
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Given the potential significance of the subcellular localisation of HER4:1CD to our work,
assessing nuclear and cytoplasmic levels of HER4:1CD in response to tamoxifen treatments

in Tam-R LY2 and TR-1 cells would be an important part of future work.

EGFR protein levels were not detectable in LY?2 cells by Western blot analysis, despite
IRAK1 knockdown increasing EGFR mRNA levels slightly. In TR-1 cells, IRAK1
knockdown increased basal expression. However, following tamoxifen treatment we
observed a dose-dependent increase in EGFR expression in control TR-1 cells but no
response in IRAK1 knockdown TR-1 cells. Overall, our findings begin to indicate a
consistent trend in Tam-R cells. In response to tamoxifen treatment, control Tam-R cells
showed a dose-dependent increase in the expression of EGFR, HER2, HER3 and
HER4:1CD, while full length HER4 levels were absent or decreased. In IRAK1 knockdown
cells, tamoxifen treatments lead to reductions in HER2 and HER3 expression, EGFR levels
remain unchanged and full length HER4 and HER4:ICD levels increase slightly. These
findings indicate that the role of IRAK1 in maintaining the tamoxifen-resistant phenotype

involves the regulation of HER family member expression.

As mentioned above, elevated expression of these HER family members has been
associated with tamoxifen-resistance but our results indicate a novel role for IRAK1 in
regulating HER family expression in tamoxifen-resistant breast cancer. We have not
investigated the activity of the HER family in Tam-R LY2 and TR-1 cells. However,
examining receptor phosphorylation and downstream signalling cascade activation would
provide a much deeper understanding of the role of IRAKL in regulating 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 tamoxifen-
resistant phenotype. Examining whether HER inhibition mimics the effects of IRAK1
knockdown on ERa activity would add to the mechanism by which IRAKI is regulating
ERa activity in Tam-R cells. Additionally, we need to fully investigate nuclear levels of all
HER family members due to the unique roles that nuclear HER family expression can have
on tumour growth and progression (Wang et al. 2006, Tan et al. 2002, Sardi et al. 2006,
Brand et al. 2013).
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We investigated whether IRAK1 was playing a role in cell cycle regulation within our
tamoxifen-resistant cell lines. We found 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 3.22). Interestingly, the expression of p21 and p27 increased in
response to tamoxifen treatment in control cells despite the cells exhibiting enhanced
growth. Conversely, the expression of p21 and p27 in IRAK1 knockdown cells did not
increase in a dose-dependent manner, with expression falling in response to tamoxifen
treatments in IRAK1 knockdown TR-1 cells. The basal increase in the expression of p21
and p27 following IRAK1 knockdown is likely contributing to the growth inhibition
observed in Tam-R LY?2 and TR-1 cells.

We have not investigated the phosphorylation of p21 or p27. Investigating the activity of
Akt in Tam-R LY2 and TR-1 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, downstream Akt
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 inhibit cell cycle
progression (Manning and Cantley, 2007).

In addition, our finding in relation to the mitosis-associated Aurora-A may highlight our
most significant result in relation to the role of IRAKL1 in sustaining resistance to
tamoxifen. Aurora-A has been found to be overexpressed in a number of cancers, including
breast, where it has been associated with forcing the cell through the spindle assembly
checkpoint even in the presence of genetic instability (Dauch et al. 2016, Shah et al. 2019).
Aurora-A has also recently been linked to tamoxifen resistance, with Aurora-A inhibition
showing promise in working synergistically with tamoxifen and overcoming resistance
(Zheng et al. 2014). We found that Aurora-A activation was increased in control cells
following tamoxifen treatment, most markedly in the TR-1 cell line where we saw a very
clear dose-dependent increase in phosphorylation at T288 in response to tamoxifen.
However, following IRAK1 knockdown, activation of Aurora-A was impaired in untreated

cells and failed to increase in response to tamoxifen. This finding may highlight the
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primary mechanism by which Tam-R cell lines are re-sensitized to tamoxifen in the

absence of IRAK1I.

Protein levels LY?2 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 in IRAK1sh | 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 in IRAK1sh slightly in IRAK1sh

Table 3.5. IRAK1 knockdown impairs the activation of Aurora kinase A in Tam-R cells,

while also altering the expression of CDK inhibitors p21 and p27 basally and in response

to tamoxifen treatments.
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We have not examined whether IRAK1 is directly interacting with Aurora-A. Endogenous
co-immunoprecipitation would be valuable to future work, to determine whether IRAK1 is
directly regulating Aurora-A 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 Aurora-A. p21l-activated kinase 1 (PAK1) is one of the primary kinases to
phosphorylate Aurora-A at T288 (Zhao et al. 2005). The impairment of Aurora-A activity
following IRAK1 knockdown is a very valuable novel finding, given the research that has
been carried out on the efficacy of Aurora-A 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 tamoxifen-resistant breast
cancer (Korobeynikov et al. 2019). Future work would also need to assess the
phosphorylation status of ERa at S305. Phosphorylation at this residue has been linked to
ligand-independent ERa activity and tamoxifen-resistance previously, and it is recognised
as a target of both PAK1 and Aurora-A (Wang et al. 2002, Michalides et al. 2004, Zheng et
al. 2014).

Given the changes we have observed in the expression of CDK1, p21 and p27, as well as
the activation of Aurora-A, cell cycle analysis using flow cytometry will be carried out in
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 IRAKL1 is playing the most
significant role. An increase in the number of cells in the G2 phase would strengthen the
idea that inhibition of Aurora-A activity is the main contributor to growth inhibition,
preventing progression through mitosis. Significant research has been carried 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 advanced ER+ breast cancer and has shown
some promise in improving patient survival (Turner et al. 2015, Finn et al. 2016).
However, increases to patient survival has not always been found to be significant (Turner
et al. 2018). Our data may indicate the potential of 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 Tam-R luminal A breast cancer cells, with IRAK1 knockdown reducing the
growth of Tam-R cells in 2D growth assays, colony formation assays and 3D growth
assays. We found that targeting IRAK1 can re-sensitize Tam-R cells to tamoxifen. Our
findings indicate that IRAK1 has an important role in regulating HER family expression in
Tam-R cells in response to tamoxifen treatment. We also show that IRAK1 has a role in
cell cycle regulation in Tam-R cells. This is indicated to be most significant towards the
G2/M phase where IRAK1 is involved in the activation of the key mitotic kinase Aurora-A.
This research has highlighted the potential therapeutic benefits of targeting IRAK1 alone or

in combination with tamoxifen in tamoxifen-resistant luminal A breast cancer.
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Chapter 4

Targeting IRAK1 and JNK Kkinases 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 IRAKL in
cancer has become an area of major interest. Numerous research groups have begun to
assess the impact of using IRAKZ1 inhibitors as a potential therapeutic option across several
cancer subtypes including breast, where they have shown potential, particularly in
aggressive cancers (Rhyasen et al. 2013, Dussiau et al. 2015, Li et al. 2016, Goh et al.
2017).

Rhyasen et 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 cells with the IRAK1/4 inhibitor
reduced cell growth in-vitro and increased survival in a xenograft model of MDS (Rhyasen
et al. 2013). Similar has been observed in T-cell Acute Lymphoblastic Leukemia (T-ALL),
where use of an IRAK1/4 inhibitor reduced T-ALL cell growth and increased apoptosis
(Dussiau et al. 2015). However, in this case the impact was isolated to cells that exhibit
high levels of IRAKL1 activity. In Hepatocellular carcinoma (HCC) an IRAK1/4 inhibitor
was found to reduce cell growth and migration in vitro and tumour growth in-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 (Goh et al. 2017). Goh et al.
(2017) identified a chromosome amplification at 1g21.3 that is present in a high percentage
of breast tumours, including the Tam-S MCF-7 and T47D cell lines. Subsequently, they
showed that pacritinib was able to specifically reduce tumour burden in xenograft studies of
1g21.3 amplified breast cancer 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 synergize with JNK
inhibition. The JNK family kinases (JNK1, JNK2, JNK3) are primarily recognised as
stress-response kinases and, with the unique and complex roles they play in balancing cell
survival, they have been studied across various cancers (Wagner and Nebreda, 2009). JINKs

have been shown to have both tumour promoting and tumour suppressing roles (Chen et al.
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2001, Hui et al. 2008). There have been several suggestions as to why this occurs. JNKs
have been found to have tissue-specific roles, the mechanism by 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 role in HCC, where increased JNK1 activity has
been correlated with elevated tumour growth while JNK2 has not been associated with
HCC (Hui et al. 2008). Conversely, INK2-knockout mice show reduced susceptibility to
papilloma formation, indicating that JNK2 has an oncogenic role in skin tumours (Chen et
al. 2001). Additionally, increases in stress-induced JNK activation can promote tumour
survival and progression, while conversely, reduced JNK activity through growth factor
signalling has been linked to increased tumour susceptibility due to dysfunctional activation
of mitochondria-associated 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 compensate for the cellular stresses induced by chemotherapy (Ebelt et 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 target these proteins 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 (Goh et al. 2017, Mesa et al. 2017). We
aimed to examine how this drug impacts on the growth of Tam-R ER+ breast cancer cells,
while additionally assessing the potential of combining this drug with AS602801.
AS602801 is a JNK family kinase inhibitor that has shown inhibitory effects in several
cancer subtypes and has undergone phase 2 clinical trials for the treatment of endometriosis
(Okada et al. 2016). Additionally, we used another combination of drugs to try to assess the
same targeted inhibition. JINK-IN-7 is a dual-kinase inhibitor which inhibits both IRAK1
and the JNK family kinases, while JNK-IN-8 inhibits JNK family kinase only (Zhang et al.
2012). These drugs have been shown to potently inhibit JNK activity and limit downstream
c-Jun activation. The use of JNK-IN-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 (Ebelt et al. 2017). Similarly,
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JNK-IN-8 was shown to potently enhance the efficacy of 5-fluorouracil based
chemotherapy in pancreatic cancer models, with combination therapy reducing tumour

growth in-vitro and in-vivo (Lipner et al. 2020).

This work has shown that JINK has a particularly important role in Tam-R cells, where INK
inhibition alone was able to significantly reduce cell growth in 2D and 3D in-vitro growth
models. Furthermore, combined inhibition of IRAK1 and JNK family kinases was found to
synergize to potently inhibit tamoxifen-resistant 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 form of disease is warranted.
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4.2. Results.

4.2.1. c-Jun expression and activity are increased in tamoxifen-resistant ER+ breast

cancer cell lines.

The JNK family kinases are known to play a role in regulating important cellular processes,
particularly in relation 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 chemotherapeutics (Ebelt et
al. 2017, Lipner et al. 2020). These findings indicate the potential role that INK family
kinases could play in supporting the resistant phenotype that can develop in response to

tamoxifen treatment.

Through analysis of the breast cancer databank BreastMark (Madden et al. 2010), we found
that high JNK2 expression correlated with significantly reduced overall survival (OS) of
ER+ breast cancer patients as a whole (P=3.562e-06, n=934, Figure 4.1 (A)), whereas no
significant differences in OS were found for high c-Jun 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 JNK2 and c-Jun significantly reduced OS of ER+
breast cancer patients (P=6.346e-05, 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 INK1-3 kinases (T183/Y185) and c-Jun (Ser73), a known substrate of
JNK kinases, in Tam-S and Tam-R ER+ breast cancer cells. Using an antibody that cross-
reacts against all 3 JNK family members, elevated total levels of JNK were detected in
Tam-R LY2 cells, when compared to the respective parental MCF-7 cells (Figure 4.2).
Interestingly, the amount of active JNK in these cells showed a different profile, with INK
activity being higher in MCF-7 cells (Figure 4.2). However, the levels and activation of c-
Jun was markedly increased in LY2 cells, when compared to MCF-7 cells (Figure 4.2). Our
findings in Tam-R TR-1 cells showed an increase in both phospho- and total levels of INK
and c-Jun when compared to parental T47D cells (Figure 4.2). These results show that c-

Jun activity is increased in Tam-R ER+ breast cancer cells.
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Figure 4.1. High JNK2 and c-Jun expression correlates with reduced survival of ER+
breast cancer patients who have received tamoxifen treatment. Analysis of breast cancer
survival data from BreastMark separated into high and low expression based on the high
cut-off. (A) OS of ER+ breast cancer patients, based on JNK2 expression (B) OS of ER+
breast cancer patients, based on c-Jun expression (C) OS of ER+ breast cancer patients that
have received tamoxifen treatment, based on JNK2 expression levels. (D) OS analysis of
ER+ breast cancer patients that have received tamoxifen treatment, based on c-Jun

expression levels.
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Figure 4.2. JNK and c-Jun activity is altered in tamoxifen-resistant cell lines. Cells were

seeded at 4x10 cells/ml in 6-well plates overnight. LY2 cells were cultured in relevant
media supplemented with 10nM Z-(4)-hydroxytamoxifen. TR-1 cells were cultured in
relevant media supplemented with 5SnM Z-(4)-hydroxytamoxifen. After 24 hours, whole
cell lysates were prepared and subjected to Western blot. The resulting membranes were
probed with phospho-JNK (T183/Y185), total INK, phospho-c-Jun (S73), total c-Jun, total
IRAK1 and B-actin. Similar results were obtained in two independent experiments.
Densitometric analysis comparing the expression of each target (LY2 relative to MCF-7,

TR-1 relative to T47D) was performed using ImageJ software (Figure AIV.7).
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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 JNK1-3 and IRAK1 activity
on the growth of Tam-S and Tam-R ER+ breast cancer cell lines using a proliferation
assay. Using Western blot analysis, we confirmed that INK-IN-7 and JNK-IN-8 were both
inhibiting c-Jun activation downstream of JNK (Figure 4.3). We found that JNK1-3
inhibition alone, using JNK-IN-8 at the concentration indicated (Figure 4.4), had little
effect on the growth of Tam-S cell lines but significantly reduced the growth of Tam-R
LY2 cells, while also impairing the growth of Tam-R TR-1 cells (Figure 4.5). However,
when we targeted JNK1-3 kinases and IRAK1 with JNK-IN-7, we observed potent
inhibition of 2D growth in all cell lines (Figure 4.4 and Figure 4.5). These findings imply
that JNK is particularly important in maintaining the growth of Tam-R cells, while
combined inhibition of IRAK1 and JNK1-3 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 IRAKL activity. Our results showed that pacritinib, which inhibits
IRAK1, JAK2 and FIt3, dramatically reduced the proliferation of Tam-S and Tam-R cells
as assessed on day 4 and day 7 (Figure 4.6 and Figure 4.7). Supporting what we observed
previously with JINK-IN-8 (Figure 4.4 and Figure 4.5), we found that JNK1-3 inhibition
alone with AS602801 significantly reduced the growth of both Tam-R cell lines (Figure
4.7). Here, the growth of Tam-S cells was also reduced by AS602801 but not to the same
level as that observed for Tam-R cell lines (Figure 4.6). These results highlight the
importance of JNK in maintaining the growth of Tam-R cell lines. The experimental set-up
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 potential of targeting IRAK1 in
ER+ breast cancer, while highlighting the potential synergy of including targeted inhibition

of JNK family kinases in treating Tam-R ER+ breast cancer.
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Figure 4.3. JNK-IN-7 and JNK-IN-8 inhibit downstream activation of c-Jun. Cells were

seeded at 4x10 cells/ml in 6-well plates overnight. LY2 cells were cultured in relevant
media supplemented with 10nM Z-(4)-hydroxytamoxifen. TR-1 cells were cultured in
relevant media supplemented with 5nM Z-(4)-hydroxytamoxifen. Next day, cells were
treated with JNK-IN-7 (1uM final concentration), JNK-IN-8 (1uM final concentration) or
DMSO (vehicle control) for 24 hours. Whole cell lysates were extracted and subjected to
Western blot. The resulting membranes were probed with phospho-c-Jun (S73), total c-Jun

and B-actin. Similar results were obtained in two independent experiments. Figure provided

by Danielle McCann (4th-year undergraduate student in Dr. Marion Butler’s lab).
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Figure 4.4. Combined targeting of IRAKI and JNK family kinase activity potently
inhibits the growth of Tam-S ER+ breast cancer cells. Cells were seeded in two 12-well
plates at 4x10%cells/ml in duplicate. Wells were treated with JNK-IN-7 (1uM final
concentration), JNK-IN-8 (1uM final concentration) or DMSO (vehicle control) after 24
hours. Wells were counted on day 4 and day 7 using a haemocytometer. Results were
obtained from at least 3 independent experiments. Images were obtained using an Optika
Vision Pro camera at 10X magnification (A.) MCF-7 (B) T47D. 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.
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Figure 4.5. JNK inhibition alone reduces growth of tamoxifen-resistant ER+ breast
cancer cells, but inhibition is significantly enhanced by combined targeting of IRAKI
and JNK family kinase activity. Cells were seeded in two 12-well plates at 4x10*cells/ml in
duplicate. LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-
hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented with 5SnM Z-
(4)-hydroxytamoxifen. Wells were treated with JNK-IN-7 (1uM final concentration), JNK-
IN-8 (1uM final concentration) or DMSO (vehicle control) after 24 hours. Wells were
counted on day 4 and day 7 using a haemocytometer. Results were obtained from at least 3
independent experiments. Images were obtained using an Optika Vision Pro camera at 10X

magnification (A.) LY2 (B) TR-1. P value was calculated using the paired Student t test.
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Statistically significant differences are indicated by the asterisks: *, P<0.05; **, P<0.01;
*** P<0.001.
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Figure 4.6. Targeting IRAK1 and JNK kinase activity results in growth inhibition of
Tam-S ER+ breast cancer cells. Cells were seeded in two 12-well plates at 4x10*cells/ml
in triplicate. Wells were treated with pacritinib (2.5uM final concentration), AS602801
(5uM final concentration), a combination of these two drugs or DMSO (vehicle control)
after 24 hours. Wells were counted on day 4 and day 7 using a haemocytometer. Results

were obtained from at least 3 independent experiments. Images were obtained using an
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Optika Vision Pro camera at 10X magnification (A.) MCF-7 (B.) T47D. 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.
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Figure 4.7. Targeting IRAKI1 and JNK kinase activity individually significantly impairs
the growth of tamoxifen-resistant breast cancer cells. Cells were seeded in two 12-well
plates at 4x10%ells/ml in triplicate. LY2 cells were cultured in relevant media
supplemented with 10nM Z-(4)-hydroxytamoxifen. TR-1 cells were cultured in relevant
media supplemented with 5nM Z-(4)-hydroxytamoxifen. Wells were treated with pacritinib
(2.5uM final concentration), AS602801 (5uM final concentration), a combination of these
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two drugs or DMSO (vehicle control) after 24 hours. Wells were counted on day 4 and day
7 using a haemocytometer. Results were obtained from at least 3 independent experiments.
Images were obtained using an Optika Vision Pro camera at 10X magnification (A.) LY2
(B) TR-1. 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.
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4.2.3. Combined inhibition of IRAK1 and JNK1-3 potently inhibits 3D growth of

tamoxifen-resistant ER+ breast cancer cell lines.

We next sought to assess whether our findings from the 2D proliferation assays would
translate to a 3D Matrigel growth model. Cells were seeded in polyHEMA-coated 96-well
plates at 5x10* cells/ml in media containing 2% Matrigel. On day 4, cells were treated with
the indicated inhibitors. Wells were imaged on day 7, before PrestoBlue Cell Viability

reagent was added to wells and fluorescence was measured as a readout of cell viability.

In our 3D assay, we did not observe the same potent inhibition of cell growth with JNK-IN-
7 at 1uM final concentration. Interestingly, at 1uM final concentration, JNK inhibition
alone using JNK-IN-8 was more effective in tamoxifen-resistant cells than combined
IRAK1 and JNK inhibition with JINK-IN-7 (Figure 4.9). This observation strengthens our
findings in relation to JNK from our 2D experiments, further highlighting the importance of
JNK to the survival of tamoxifen-resistant cells. However, when we increased the
concentration of JNK-IN-7 to 10uM, the potent inhibitory effects of targeting IRAK1 and
JNK1-3 in combination were highlighted again, with a pronounced reduction in 3D growth
of Tam-S and Tam-R ER+ cells (Figure 4.8 and Figure 4.9). In the case of Tam-R cells,
JNK-IN-7 was found to be more potent in reducing 3D growth when compared to JNK-IN-
8 at this higher concentration (Figure 4.9). The increase in JNK-IN-8 concentration to
10uM did not dramatically enhance its inhibitory effects over 1uM JNK-IN-8. Taken
together, these results further suggest that JNK has a significant role in maintaining the
growth of tamoxifen-resistant cells but targeting JNK alone is not sufficient to potently

inhibit cell growth.

Supporting what we observed at the 2D level, IRAK1 inhibition alone with pacritinib at
2.5uM final concentration resulted in significant inhibition of cell growth in both Tam-S
and Tam-R ER+ breast cancer cells in our 3D Matrigel model (Figure 4.8 and Figure 4.9).
Interestingly, while AS602801 at 5uM final concentration inhibited the growth of all cell
lines, AS602801 had a greater impact in Tam-R cells (Figure 4.8 and Figure 4.9). This
result is further evidence of the key role of JNK in supporting cell growth in tamoxifen-
resistant cells. We aimed to assess the synergy of pacritinib and AS602801 but the potency

of pacritinib was too high to determine whether combination treatment enhanced growth
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inhibition. Reduced cell growth with dual pacritinib and AS602801 treatments was
apparent from images taken, particularly in Tam-R cells (Figure 4.8 and Figure 4.9).
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Figure 4.8. Combined targeting of IRAKI and JNK family kinase activity significantly

reduces 3D growth of Tam-S ER+ breast cancer cells. Cells were prepared in media with

2% Matrigel and plated on polyHEMA coated 96 well plates at 5x10"cells/ml. Cells were
treated with the indicated concentration of inhibitors or DMSO (vehicle control) on Day 4.
12ul of PrestoBlue Cell Viability reagent (Invitrogen) was added on Day 7 and fluorescence
readings were taken after 7hrs using a CLARIOstar LVF Monochromator reader. Images
were obtained using an Optika Vision Pro camera at 10X magnification. Results were
obtained from 3 independent experiments. (A) Fluorescence readings on MCF-7 cell line
(B) Fluorescence readings on T47D cell line. 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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Figure 4.9. Combined targeting of IRAKI and JNK family kinase activity reduces 3D
growth of Tam-R ER+ breast cancer cells over JNK inhibition alone. Cells were prepared

in media with 2% Matrigel and plated on polyHEMA coated 96 well plates at

5x10 cells/ml. LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-
hydroxytamoxifen. TR-1 cells were cultured in relevant media supplemented with 5nM Z-
(4)-hydroxytamoxifen. Cells were treated with the indicated concentration of inhibitors or
DMSO (vehicle control) on Day 4. 12ul of PrestoBlue Cell Viability reagent (Invitrogen)
was added on Day 7 and fluorescence readings were taken after 7hrs using a CLARIOstar
LVF Monochromator reader. Results were obtained from 3 independent experiments. (A)
Fluorescence readings on LY?2 cell line (B) Fluorescence readings on TR-1 cell line. 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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4.2.4. Pacritinib and AS602801 synergize to inhibit tamoxifen-resistant cell growth in
2D and 3D growth models.

We observed a clear synergistic effect when we inhibited both IRAK1 and JNK1-3 in
combination with JNK-IN-7 but it was difficult to determine whether this translated to the
combination of pacritinib and AS602801 due to the potency of the concentration of
pacritinib that we had used for our initial analysis (Figure 4.5, Figure 4.7, Figure 4.8,
Figure 4.9). To address this, MCF-7 and LY2 cells were treated with increasing
concentrations of pacritinib, with or without the addition of AS602801 (5uM final
concentration). Firstly, we analysed the effects of pacritinib and AS602801 on 2D growth,
as done previously (Figure 4.6 and Figure 4.7). We found that AS602801 alone (5uM final
concentration) potently inhibited the growth of Tam-R LY2 cells, while having a less
pronounced but still significant inhibitory effect on parental MCF-7 cells (Figure 4.10).
Importantly, combination treatments with pacritinib and AS602801 did enhance growth
inhibition over either drug alone, with combined treatment being significantly more
effective than pacritinib treatment alone in Tam-R LY2 cells (Figure 4.10 (D)). Here,
AS602801 significantly increased the efficacy of low concentrations of pacritinib (Figure
4.10 (D)). Subsequently, we performed the same analysis in our 3D Matrigel growth model.
We did not observe a synergistic effect of combination AS602801 and pacritinib treatment
in Tam-S MCF-7 cells. However, in Tam-R LY2 cells we found that combination
treatments did significantly enhance inhibition of 3D growth over the use of pacritinib
alone at 1uM and 5uM pacritinib concentrations, while the combination of 5uM AS602801
and 5uM pacritinib significantly increased growth inhibition over 5uM AS602801 alone
(Figure 4.11). These findings provide further support to the potential of targeting IRAK1
and JNK1-3 in combination in Tam-R cells. Blocking IRAK1 or JNK1-3 activity alone has
an inhibitory effect on the growth of Tam-R cells. However, when we inhibit these targets
in combination, we can significantly enhance the inhibition of Tam-R ER+ breast cancer

growth.
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Figure 4.10. Combined targeting of IRAKI and JNK family kinase activity enhances
growth inhibition of ER+ breast cancer cells. Cells were seeded in two 12-well plates at
4x10%cells/ml in duplicate. LY2 cells were cultured in relevant media supplemented with
10nM Z-(4)-hydroxytamoxifen. Wells were treated with the indicated concentrations of
inhibitors or DMSO (vehicle control) after 24 hours. Wells were counted on day 4 and day
7 using a haemocytometer. Results were obtained from 3 independent experiments. (A.)
MCF-7 Day 4 (B.) MCF-7 Day 7 (C.) LY2 Day 4 (D.) LY2 Day 7. P value was calculated
using the paired Student t test. Statistically significant differences are indicated by the
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asterisks: *, P<0.05; **, P<0.01; *** P<0.001. (Significance testing comparing pacritinib
alone vs. combination treatment is indicated by black *, comparing DMSO vs 5uM

AS602801 is indicated by orange *).
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Figure 4.11. Combined targeting of IRAKI and JNK family kinase activity reduces 3D
growth of Tam-R LY2 cells over IRAKI1 or JNK inhibition alone. Cells were prepared in

media with 2% Matrigel and plated on polyHEMA coated 96 well plates at 5x104cells/m1.
LY2 cells were cultured in relevant media supplemented with 10nM Z-(4)-
hydroxytamoxifen. Cells were treated with the indicated concentration of inhibitors or
DMSO (vehicle control) on Day 4. 12ul of PrestoBlue Cell Viability reagent was added on
Day 7 and fluorescence readings were taken after 7hrs using a CLARIOstar LVF
Monochromator reader. Results were obtained from independent experiments. (A)
Fluorescence readings on MCF-7 cell line (B) Fluorescence readings on LY2 cell line. P
value was calculated using the paired Student t test. Statistically significant differences are
indicated by the asterisks: *, P<0.05. (Significance testing comparing pacritinib alone vs.
combination treatment is indicated by black *, comparing DMSO vs 5uM AS602801 is
indicated by orange *, comparing SuM AS602801 vs. combination treatment is indicated by

green *)

189



4.3. Discussion.

IRAK1 has a significant role in maintaining the growth of tamoxifen-resistant ER+ breast
cancer cells. When we targeted IRAK1 through shRNA knockdown, we observed that
IRAK1 knockdown reduced the growth of tamoxifen-resistant cells across 2D and 3D
growth models, and re-sensitized tamoxifen-resistant cells to tamoxifen treatments (Chapter
3). IRAK1 is a kinase and as such represents a druggable target. Inhibitors are available to
target the kinase activity of IRAK1.

The aim of this work was to assess the impact of drugs targeting IRAK1 on the growth of
luminal A Tam-S and Tam-R breast cancer cell lines, alone and in combination with JNK
inhibitors. The JNK family of kinases are primarily recognised for their role in regulating
cell survival signals in response to cellular stresses. Assessing the efficacy of drugs
targeting IRAK1 alone or in combination with other drugs may provide more therapeutic

potential.

Initially, we examined the expression and activity levels of JNK and a downstream target of
JNK, the transcription factor c-Jun, in Tam-S and Tam-R breast cancer cell lines. We found
that activation of c-Jun was increased in both LY2 and TR-1 Tam-R cell lines when
compared to their parental MCF-7 and T47D cells, as measured by phosphorylation at
Ser73. Elevated levels of activated c-Jun have been shown in breast cancer previously,
supporting tumour growth and invasion (Vleugel et al. 2006). Through follow-up analysis
of breast cancer survival data on BreastMark (Madden et al. 2010), we found that high c-
Jun expression correlates with significantly worse overall survival in patients that have
received tamoxifen treatment (P=0.004664, n=210).

Subsequently, we found that JNK activity was altered in both Tam-R cell lines, as
measured by phosphorylation at T183/Y185. Interestingly, JNK activity was reduced in
Tam-R LY2 cells compared to their parental MCF-7 cells, while JNK activity was
increased in Tam-R TR-1 cells compared to their parental T47D cells. The antibody used
cross-reacts with JNK1-3 and as such did not show changes in the activity levels of specific
JNK members. Changes in the activation of specific isoforms of INK may be contributing

to the development of tamoxifen-resistance. INK expression was elevated in LY?2 cells but
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activation of p46 isoforms of JNK was almost entirely lost. In MCF-7 cells, activation of
p46 and p54 isoforms was high. JNK2 has been shown to mainly target c-Jun for
degradation in the absence of stimuli, while JNK1 stabilizes c-Jun and activates
transcription (Fuchs et al. 1996). This may explain the discrepancy between JNK activation
and c-Jun expression and activation that we observed in these cells. Additionally, high
JNK2 expression has been associated with reduced survival of patients with basal like
breast cancer (Mitra et al. 2011), while JNK2 has been linked to tumour migration and
metastasis in murine mammary tumour models (Nasrazadani and Van Den Berg 2010,
Mitra et al. 2011). Using the BreastMark database (Madden et al. 2010), we also found that
high JNK2 expression correlates with significantly reduced survival of ER+ patients that
have received tamoxifen treatment (P=6.346e-05, n=210). Further work targeting JNK1
and JNK?2 separately would expand on our understanding of this dynamic.

Additionally, the outcome of JNK activation can vary depending on stimuli, tissue-specific
roles and the isoform of JNK that is activated, with JNK being found to have both growth-
promoting and tumour-suppressing roles in cancer (Wagner and Nebreda, 2009). Hyper-
activation of JNK under stressful conditions can support the survival of the cell by
preventing the initiation of apoptosis while the cell responds to cellular stresses. This is
particularly relevant in relation to treatment resistance. Increased JNK activation in
response to lapatinib treatment of TNBC and 5-fluorouracil treatment of pancreatic cancer
cells has been shown to limit efficacy by impairing the initiation of apoptosis (Ebelt et al.
2017, Lipner et al. 2020). Conversely, a role for JNK in promoting mitochondrial-
associated apoptosis through phosphorylation of BIM or cleavage of BID, and subsequent
stimulation of cytochrome c release, has been reported (Lei and Davis 2003, Deng et al.
2003). Consequently, impaired JNK activity has also been linked to increased
tumourigenesis in certain cancer subtypes, including breast (Cellurale et al. 2012). Thus,
further work will be needed to fully understand the significance of the different changes we
observed in JNK activity between Tam-R LY?2 and TR-1 cells.

We proceeded to assess whether combined inhibition of IRAK1 and JNK would disrupt the
growth of Tam-S and Tam-R ER+ breast cancer cell lines. We began by using two

inhibitors that have recently been developed that inhibit the kinase activity of INK family
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kinases, JNK-IN-8 which inhibits JNK1-3 only and JNK-IN-7 which inhibits both IRAK1
and JNK1-3 activity. In this study, JNK inhibition alone with JNK-IN-8 potently inhibited
the growth of Tam-R LY2 and TR-1 cells in both 2D and 3D growth models, while only
modest inhibition was observed in parental MCF-7 and T47D cells. These results strongly

indicate an important role for JINK in maintaining the growth of Tam-R cells.

When we proceeded to combine IRAK1 and JNK inhibition using JNK-IN-7, we saw
potent inhibition of 2D (1uM) and 3D (10uM) growth across all the ER+ cell lines
examined. When we imaged cells during 2D assays, we observed dense vacuolation in cells
treated with JNK-IN-7 but not when cells were treated with JNK-IN-8. On review of
published literature (Lee et al. 2016), similar images can be seen in paraptosis, an
autophagic response in which JNK has a role in maintaining cell survival while the cell
recovers from organelle stress. The combination of IRAK1 and JNK inhibition may be
impairing this response and leading to increased paraptosis-associated cell death. To assess
this, future work would need to examine the expression of ER stress markers such as
CHOP, ATF4 and XBP1 (Lee et al. 2016). We have previously looked at the expression of
total XBP1, an ERa target gene, but the role of XBP1 in ER stress responses has been
associated with the splice variant XBP1s (Yoshida et al. 2001). Analysing the expression of
XBP1s following JNK-IN-7 treatment may provide insight into the cellular stresses being
triggered by this inhibitor. In future, it would also be beneficial to assess cellular apoptosis
by flow cytometry to confirm that INK-IN-7 is promoting cell death, pre-treating cells with
inhibitors of cell death in Tam-S and Tam-R cells.

We proceeded to assess the efficacy of two further drugs that target IRAK1 or JNK family
kinase, pacritinib and AS602801 respectively, alone or in combination. Pacritinib inhibits
IRAK1, JAK2 and FIt3, and is currently in phase 3 clinical trials for the treatment of
myelofibrosis, while AS602801 has previously undergone phase 2 clinical trials for
endometriosis treatment (Okada et al. 2016, Mesa et al. 2017). As such, these drugs
represent potential therapeutic options and are already FDA approved. We found that
treating cells with pacritinib at 2.5uM final concentration, a concentration that proved to
inhibit the growth of TNBC (Goh et al. 2017), potently inhibited the growth of Tam-S and

Tam-R cell lines in this study. Due to the potency of pacritinib in our initial experiments, it
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was not possible to ascertain whether combined pacritinib and AS602801 synergized to

enhance growth inhibition.

We proceeded to treat MCF-7 and LY2 cells with increasing concentrations of pacritinib,
starting from 0.25uM, with and without the addition of 5uM AS602801. Here, combined
treatments enhanced growth inhibition of both cell lines at the 2D level and the Tam-R LY?2
cells at the 3D level. Importantly, this finding further highlights the synergy of combined
IRAK1 and JNK inhibition and indicates the potential to inhibit tumour growth at lower
drug concentrations, which would have the potential to reduce any negative side-effects in
patients undergoing treatment (Mascarenhas et al. 2018). Future work would need to build
on this data by testing increasing concentrations of pacritinib in additional Tam-S and Tam-
R cell lines and using multiple AS602801 concentrations to identify optimal synergy.
Future work in the lab will move to in-vivo studies, given the data obtained in relation to
combined IRAK1 and JNK1-3 inhibition in Tam-S and Tam-R ER+ breast cancer cell
lines. Pacritinib and AS602801 have already shown inhibitory effects as single drug
treatments in multiple cancer subtypes, including breast (Goh et al. 2017, Yamamoto et al.
2018). Our data would strongly imply that combined therapy could potentially reduce
tumour burden and increase survival in xenograft models, using drugs that have already
undergone clinical trials to assess safety and efficacy. Our results indicate that cell death is
occurring in these cells following pacritinib treatments. Flow cytometry following
treatments with varying concentrations of drug would also allow us to assess cell cycle and
apoptosis. Future work would then involve investigating the mechanism behind these
changes further. Examining how IRAK1 and JNK1-3 kinase inhibition affects ERa activity
would be an important starting point, given the changes we observed in ERa following

IRAK1 knockdown.

The results we have observed following pacritinib treatments support our previous work in
which we used an shRNA targeting IRAK1, which significantly reduced the growth of
Tam-R ER+ breast cancer cells and the Tam-S ER+ T47D cell line. The potent inhibition of
Tam-S and Tam-R breast cancer cell growth by pacritinib points to a key role of the kinase
activity of IRAKL1 in supporting breast cancer cell growth. One major difference that we

observed was in the MCF-7 cell line, where pacritinib treatment dramatically impaired cell
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growth while IRAK1 knockdown had little impact. Pacritinib is however known to inhibit
multiple kinases in addition to IRAK1 including JAK2 and FIt3. This prevents us from
placing the efficacy of pacritinib solely on its inhibition of IRAK1 kinase function. An
IRAK1 specific inhibitor would be crucial to future work, allowing us to examine the
impact of inhibiting IRAK1 kinase activity only on the growth of Tam-S and Tam-R ER+
breast cancer cells. The crystal structure of IRAK1 has been published and drugs that
specifically target IRAK1 have been developed but were not commercially available to us
during this work (Wang et al. 2017). It may also be possible that results coming from
IRAK1 knockdown work may not overlap fully with findings using an IRAKL1 specific
inhibitor, as knockdown addresses both adaptor and kinase function of IRAK1 while an

IRAK1 specific inhibitor will only inhibit kinase function.

Similar to our previous work with JNK-IN-8, AS602801 treatment alone was more potent
in Tam-R cells. Combining these results would strongly indicate that JNK plays an
important role in the growth of Tam-R ER+ breast cancer. This is supported by our analysis
of the breast cancer survival databank BreastMark which showed that high JNK2 and c-Jun
expression both independently correlate with reduced survival of ER+ breast cancer
patients that have received tamoxifen treatment (Figure 3.1 (C & D)). A role for JNK has
been reported previously in relation to the development of resistance to lapatinib in TNBC
and 5-fluorouracil in pancreatic cancer, with alterations in JNK activity allowing cancer
cells to cope with cellular stresses caused by treatment (Ebelt et al. 2017, Lipner et al.
2020). Investigating whether targeted JNK inhibition can increase the sensitivity of Tam-R

cells to tamoxifen will be an important part of future work.

Longer term, our findings have shown the ability of combined IRAK1 and JNK inhibition
to potently impair ER+ breast cancer growth in-vitro, indicating the potential that these
drugs may have clinically. These results are very encouraging but require further work to
determine optimal treatment concentrations and to further understand the underlying
mechanisms behind the potent inhibition of cell growth. This research does support
progression to in-vivo xenograft models, to ascertain whether combined inhibition of
IRAK1 and JNK can reduce tumour growth and prolong survival in animal models. This

would allow us to determine whether the efficacy of these drugs translates to the in-vivo
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level and may have the possibility to provide significant therapeutic benefit to patients with
tamoxifen-resistant ER+ breast cancer. Investigating the efficacy of JINK inhibition in Tam-

R xenografts is an important part of future work, with AS602801 already FDA approved.
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Conclusion and Final Remarks.

IRAK1 has been extensively studied with regards to its role in innate immune responses
(Flannery & Bowie 2010, Jain et al. 2014). In recent years, a significant role for IRAK1 in
supporting tumour growth and metastasis has been identified across multiple cancer
subtypes, particularly in relation to aggressive cancers (Rhyasen et al. 2013, Dussiau et al.
2015, Wee et al. 2015, Li et al. 2016). In each of these cases, targeting IRAK1 through

knockdown or with an inhibitor was found to reduce tumour growth.

This study has shown that targeting IRAK1 can effectively inhibit the growth of Tam-R
ER+ breast cancer cells.

This work is the first to examine the role of IRAK1 in Tam-R ER+ breast cancer. Increased
levels of IRAK1 are seen in Tam-R ER+ breast cancer cell lines compared to their
respective Tam-S parental cells. Our data points to a novel role for IRAKL in ERa
regulation. In Tam-R cells there are multiple signalling inputs that can modulate ERa
activity to alter the transcriptional landscape regulated by ERa, which makes it difficult to
unravel exactly how IRAK1 is impacting this regulation. Results coming from this study do
however support a role for IRAK1 in regulating ERa activity in Tam-R ER+ breast cancer
cells since increased ERa activity (S167, S118) together with an increase in ERa regulated
gene expression was observed in IRAK1-deficient Tam-R cells. This was most distinctive
for the ERa-regulated genes GREB1 and EGR3, which shows markedly reduced expression
in Tam-R cells, but the expression of both genes increased in Tam-R cells following
IRAK1 knockdown. Importantly, IRAK1 knockdown sensitized Tam-R cells to tamoxifen
and we observed that the agonistic action of tamoxifen on the growth of IRAK1-deficient
Tam-R cells was abrogated. This data suggests that IRAK1 is supporting the tamoxifen-
resistant phenotype. Further mechanistic insight is needed to clarify how IRAKL is
regulating ERa. Co-immunoprecipitation studies to investigate whether IRAK1 directly
interacts with ERa would be an important part of future work. Additionally, further
mechanistic understanding of how IRAK1 is regulating ERa activity may come from our
finding that Aurora-A activity is impaired in IRAK1-deficient Tam-R ER+ breast cancer
cells. Aurora-A inhibitors have become a major area of cancer research due to the identified

role of Aurora-A in driving aggressive tumour growth and poor patient prognoses (Zheng et
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al. 2014, Bavetsias and Linardopoulos 2015, Thrane et al. 2015). Aurora-A activity has
been linked to tamoxifen resistance previously, with Aurora-A capable of phosphorylating
ERa at S167 and S305 (Zheng et al. 2014, Thrane et al. 2015). We did not find that
impaired Aurora-A activity in Tam-R cells led to reduced S167 phosphorylation. Future
work investigating the phosphorylation of ERa at S305 in IRAK1-deficient cells may
provide further understanding of how IRAKL1 is regulating ERa activity in Tam-R ER+

breast cancer cells.

Additionally, we observed that IRAK1 knockdown altered HER family expression levels in
untreated cells and importantly following tamoxifen treatment, implicating IRAK1 in HER
signalling regulation. This was an important mechanistic finding as aberrant HER family
signalling has been linked to tamoxifen-resistance (Britton et al. 2006, Cui et al. 2012,
Thrane et al. 2013, Wege et al. 2018). Future research into HER family activity,
localisation and downstream signalling will elucidate the role of IRAK1 in this mechanism.

A key mechanistic finding from this work found that IRAK1 limits the expression of the
CDK inhibitors p21 and p27 in Tam-R cells promoting cell cycle progression and tumour
growth. Our research identifies IRAKL1 as a potential alternative target in tamoxifen-
resistant ER+ breast cancer, with IRAK1 inhibition capable of disrupting HER family
signalling and Aurora-A activity, while increasing the levels p21 and p27. HERS3 is a potent
activator of Akt signalling, and Akt can phosphorylate p21 and p27 to impair their function
(Manning and Cantley 2007, Roskoski 2014). Given the disruption of HER3 signalling we
observed in IRAK1-deficient Tam-R breast cancer cells, examining Akt function in these

cells may help to explain some of the downstream disruption to the cell cycle.

To build on this research further, we studied the efficacy of IRAK1 and JNK family kinase
inhibition alone and in combination. JNK activity has been found to be upregulated by
cancer cells in response to treatment with certain chemotherapeutics, with JNK inhibition
impairing tumour growth and re-sensitizing TNBC cells to lapatinib and pancreatic cancer
cells to 5-FU/FOLFOX (Ebelt et al. 2017, Lipner et al. 2020). We show that JNK activity,
along with downstream c-Jun activity, is dysregulated in tamoxifen-resistant ER+ breast
cancer. Targeted inhibition of JNK using two independent JNK inhibitors (JNK-IN-8 and

AS602801) was found to significantly inhibit tamoxifen-resistant cell growth. However,

197



when JNK inhibition was combined with IRAK1 inhibition we observed potent impairment
of Tam-S and Tam-R ER+ breast cancer cell growth, beyond targeting either alone. This
research is the first to highlight a significant role for JNK and IRAK1 in tamoxifen-
resistant breast cancer, while indicating the potential therapeutic benefits of targeting them

in combination.

Overall, our data shows that targeting IRAK1 impairs the growth of Tam-R cells and re-
sensitizes Tam-R cells to tamoxifen in-vitro, supporting the progression of this work to
animal models to determine whether these results will translate to reduced tumour burden

in xenograft studies.
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Appendix I: Buffers and Solutions

All the reagents were purchased from Sigma-Aldrich unless otherwise stated.

Lysis Buffer 50mM Tris-HCL (pH 7.5)
150mM Nacl
0.5% (v/v) Igepal
50mM NaF
1mM NasVOq
1mM DTT
1mM PMSF
COmplete Mini EDTA-free tablets, 1 tablet in 10ml

(Roche Diagnostic)

4X Sample Buffer 0.25M Tris-HCL(pH 6.8)
6% (w/v) SDS (ThermoFisher Scientific)
40% (w/v) Sucrose
0.04% (w/v) Bromophenol Blue

20% (v/v) 2-mercaptoethanol

4X Laemmli Lower Tris 1.5M Tris Base
0.4% (w/v) SDS
pH 8.8 with HCL

4X Laemmli Upper Tris 1.5M Tris Base
0.4% (w/v) SDS
pH 6.8 with HCL

10X Running Buffer 0.25M Tris Base
1.92M Glycine
1% (w/v) SDS
pH 8.3

Transfer Buffer 25mM Tris Base
192mM Glycine
15% (v/v) Methanol
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10X TBS (Tris Base solution)

1XTBST

Solution A

Solution B

pH 8.2

0.5M Tris-HCl

1.5M NaCl

pH 7.5

10X TBS (diluted to 1X with dH,0)

0.1% Tween 20 (ThermoFisher Scientific)

100mM Tris-HCI
2.5mM Luminol

400uM p-Coumaric acid

100mM Tris-HCI
1:1640 (v/v) 30% Hydrogen Peroxide
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Appendix Il: Reagents and Product sources.

Name Company Product No. | Diluent | Stock Conc. Storage
(Z2)-4-hydroxytamoxifen | Tocris 3412 DMSO 51.1mM -20°C
JNK-IN-7 MedChemExpress | HY-15617 DMSO 25.3mM -20°C
JNK-IN-8 MedChemExpress | HY-13319 DMSO 25.3mM -20°C
Pacritinib (SB1518) SelleckChem S8057 DMSO 10mM -20°C
AS602801 MedChemExpress | HY-14761 DMSO 10mM -20°C
Table All.1. Reagents used during project.

Name Company Product No. Storage

Matrigel VWR 734-0269 -20°C

polyHEMA Sigma P3932 Room Temp. (RT)
PrestoBlue HS cell | ThermoFisher P50200 4°C

viability reagent Scientific

CellTiterGlo 3D cell | Promega G9682 -20°C

viability reagent

Ultra-low attachment | Greiner bio-one 650970 RT

96 well U-bottom

plates

Nuclear extract kit mybio 40010 49C

4-well inserts IBIDI 80469 RT

Puromycin Invivogen ant-pr-1 -20°C

L-glutamine Sigma G7513 -20°C

Insulin Sigma 19278 49C

Ala-GlIn Sigma G8541 49C

Table All.2. Products used during project.
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Appendix I11: Real-Time PCR Primers

Specificity Primer Sequence (5°-37) Tm
°C)
For: AGCTGTCCAGGTTTCG 57.1

hIRAKL Rev: CTGTACCCAGAAGGATGTC 57
For: GGAGTGTACACATTTGTGTC 54.3
hESR1 Rev: CAAAGTGTCTGTGATCTTGTC 57.3
For: CTTGGTTTCTCTGGGAATTG 611
hGREBL Rev: TTCCAACAGATTAAAGGTCC 58.1
For: CAGAATTGTGGTTTTCCTGG 619
hTFFL Rev: AATTCACACTCCTCTTCTGG 58.3
For: TGGGAGAGAGAATGTAATGG 59.1
NEGRS Rev: ATGAGGCTAATGATGTTGTC 56.5
For: AGAGTTTTGAAAAGGCCAAG 59.9
hFKBP4 Rev: CCTCATTGGAAAAACTAGACTC 58.4
For: GCCTCTAAGATGAAGGAGAC 57.1
hCCND1 Rev: CCATTTGCAGCAGCTC 59.1
For: ACCTATGGAGTTGTGTATAAGG 56.3
hCDKl Rev: GACTGACTATATTTGGATGACG 57.7
For: CTGTTTCCCTGTAAGTATGC 56.3
hSIAH2 Rev: GTCTTCATGTTCTGGTTTCTC 57.8
For: AGAGTCTGATATCCTGTTGG 5.6
hXBP1 Rev: AGTTCATTAATGGCTTCCAG 58.3
For: TCTTAAAGACCATCCAGGAG 58.3
hEGFR Rev: ATCTGCAGGTTTTCCAAAG 59.3
For: GCTCTTTGAGGACAACTATG 56.5
NHER? Rev: TCAAGATCTCTGTGAGGC 56.2
For: ATACACACCTCAAAGGTACTC 54.7
hHERS3 Rev: ATCTTCTTCTTCAGTACCCAG 56.5
For: GGAGTCTATGTAGACCAGAAC 54.3
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hHER4 Rev: CACATCCTGAACTACCATTTG 59.5
For: CAGCATGACAGATTTCTACC 57.3

hCZ)I;IL\)IlA Rev: CAGGGTATGTACATGAGGAG 57
For: AACCGACGATTCTTCTACTC 57.4
hC(ng\l)lB Rev: TGTTTACGTTTGACGTCTTC 57.8
For: ACAGTTGCCATGTAGACC 55.7
hGAPDH Rev: TTGAGCACAGGGTACTTTA 55.8
For: CTTTTGCGTCGCCAG 60.3
Rev: TTGATGGCAACAATATCCAC 60.8

Table AIV.1. Primers for gRT-PCR, correspondent sequence and melting temperature
(Tm).
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Appendix 1V: ImageJ analysis.
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Figure AIV.1. ImageJ analysis of Western Blots from Figure 3.3. (C) (n=3). Protein
levels of the indicated proteins were normalised based on B-actin levels. Protein
levels in Tam-S MCF-7 cells were compared to their Tam-R subline LY2, while

protein levels in Tam-S T47D cells were compared to their Tam-R subline TR-1.
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Figure AIV.2. ImageJ analysis of Western Blots from Figure 3.10. (C). (n=3).
Protein levels of the indicated proteins were normalised based on B-actin levels.
Protein levels in Ctrolsh cells were compared to IRAK1sh cells for each cell line. 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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2). Protein levels of the indicated proteins were normalised based on B-actin

levels. Protein levels in samples were analysed relative to Ctrolsh DMSO sample.
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Figure AIV.6. ImageJ analysis of Western Blots on TR-1 cells from Figure 3.22.(B).
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Figure AIV.7. ImageJ analysis of Western Blots from Figure 4.1. (n=2). Protein levels
of the indicated proteins were normalised based on B-actin levels. Protein levels in
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Appendix V: Confirmation of Knockdown in Proliferation Assays
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Figure AV.1. Western Blot analysis of lysates collected from proliferation assay plates
confirms IRAK1 knockdown. 2X sample buffer was added to the extra well from each

proliferation assay and subjected to Western blot. The resulting membranes were probed

with Total IRAK1 and B-actin.
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Appendix VI: Indication of correct band in pERa associated Western blots
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Figure AVI.1. Western Blot analysis indicates that the upper band present in pERa blots
is relevant to ERea. The antibody used to analyse ERa phosphorylation at Ser118 presented
a double band following Western blot analysis. Examining a panel of breast cancer cell
lysates showed that the upper band was present in luminal A and ER+ luminal B cells,
while the lower band was present in ER-negative TNBC cells. This highlights that the

upper band is specific to ERa.
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