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Abstract

While endocrine therapy is an effective, well-tolerated treatment for oestrogen
receptor positive (ER-positive) breast cancer, a large proportion of initial responders will
develop hormone therapy resistance, and relapse. Two major challenges in determining
the mechanisms underlying endocrine therapy resistance are our limited ability to
recapitulate inter- and intra-tumour heterogeneity in vitro, and the lack of availability of
tumour samples from women with disease progression or relapse, as most tissue banks
are formed of diagnostic biopsies and primary tumours.

The overall aim of this PhD project was to investigate mechanisms contributing
to endocrine resistance, and search for common vulnerabilities that could be targeted.
Examination of the transcriptome of paired patient samples from before
commencement of aromatase inhibitor therapy, and following progression or relapse
on therapy, confirmed the heterogeneity that is observed under the umbrella term of
ER-positive breast cancer. Few common transcriptional changes were observed among
the post-aromatase inhibitor therapy samples, but a trend towards upregulation of pro-
proliferative signalling pathways was noted. Pre-clinical 2D and 3D models of endocrine
resistance and palbociclib resistance, with different molecular backgrounds, were
subjected to high-throughput drug and siRNA screens. These confirmed the importance
of proliferative pathways such as PI3K-AKT-mTOR, and highlighted cyclin dependent
kinase (CDK) 7 and CDK9 and their roles in cell cycle regulation and transcription as
common hits in multiple cell lines. Further investigation of these targets showed that
drugs targeting CDK7 and CDK9 are able to inhibit cell proliferation in endocrine-
resistant and palbociclib-resistant settings, in both 2D and 3D culture. Furthermore,
some of the CDK7/9 inhibitors, which are currently in clinical trials, demonstrated
synergy with palbociclib treatment in both palbociclib-sensitive and palbociclib-resistant
contexts.

This thesis proposes that CDK7 and CDK9 are potential targets for therapy in
advanced endocrine-resistant, palbociclib-resistant breast cancer settings, and that
there is a potential for combination therapy of CDK7 or CDK9 inhibitors with palbociclib.
Future studies are required to further elucidate the mechanism of action of these
inhibitors in these resistant models, the mechanism of the synergy observed with

palbociclib, and the potential for combination therapy in vivo.
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| commenced my PhD at the ICR in October 2017. | had a period of maternity leave
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Chapter 1 Introduction

1.1 Breast Cancer

The simplest definition of cancer is a disease where an abnormal cell begins to divide in
an uncontrolled fashion, and invade surrounding tissue. In reality, the term cancer
encompasses a wide spectrum of diseases affecting a multitude of organs, each with
their own classifications, treatment options, and prognosis. The common feature of all
cancers is that it begins when cells develop genetic and epigenetic changes that allow
these cells to circumvent the usual checks and balances on cellular proliferation. These
common traits were originally described in a seminal paper by Hanahan and Weinberg
(Hanahan and Weinberg, 2000), and termed the six “hallmarks of cancer”. These
characteristics were then updated in 2011 to recognise that the environment in which
tumours develop also plays a role (Hanahan and Weinberg, 2011), and now include the
following: self-sufficiency in growth-signalling, loss of growth suppressors, evasion of
apoptosis, limitless replication, angiogenetic induction, genomic instability and
mutation, avoiding immune detection, tumour-promoting inflammation, dysregulation
of cellular energetics, and invasion and metastasis. Breast cancer therefore, is when cells
in the breast tissue of a woman or man acquire some or all of these characteristics, and

begin to divide uncontrollably.

1.1.1 Breast cancer epidemiology

Cancer of the breast accounts for 15% of all new cancer diagnoses in the UK each year,
and is the most common cancer in the UK (Cancer Research UK, 2020) excluding non-
melanomatous skin cancer. It is also a worldwide health problem, with over 2 million
women being diagnosed with breast cancer across the globe in 2018 (World Cancer
Research Fund, 2018). Furthermore, the incidence rates of breast cancer have been
rising, with an increase of 3% in the last decade in the UK, and a projected increase of
2% between 2014 and 2035, to 210 cases per 100,000 women at the end of this period.
The most recently reported lifetime risks of breast cancer in the UK are 1 in 7 for women,
and 1 in 870 for men (Cancer Research UK, 2020). However, despite the increasing
incidence, the survival rates have been improving. Over the last decade, the mortality
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rates for female breast cancer have fallen by 21% in the UK, and almost three-quarters
of women diagnosed in the UK have a ten year or greater survival period (Cancer
Research UK, 2020). However, it remains the second most common cause of cancer

death in women, with 11,400 deaths in 2017.

1.1.2 Breast cancer risk factors

Heritable risk factors for breast cancer include mutations in certain genes. Women with
a BRCA1 or BRCA2 mutation have a 45-65% chance of developing breast cancer by age
70, but as these mutations are relatively rare, they account for between 1-5% of breast
cancer cases overall (McClain et al., 2005, Newman et al., 1998). The risk of breast cancer
is also twice as high in women who have one first-degree relative with the disease, in
comparison to women with no family history. A significantly increased risk of breast
cancer is also seen in several genetic syndromes, such as Li-Fraumeni syndrome, caused
by mutations in TP53, or Cowden syndrome, most often caused by mutations in PTEN.
Mutations in these genes result in a loss of their tumour suppressor function, and
increase a person’s chance of developing several types of cancer, as well as breast, over
their lifetime. Other low to moderate penetrance gene mutations associated with breast
cancer include mutations in PALB2, BRIP1, and FGFR2. Many of the proteins encoded by
these genes are involved in DNA repair, as are BRCA1 and BRCAZ2.

Environmental risk factors such as obesity, tobacco, alcohol consumption, and exposure
to exogenous hormones (such as the oral contraceptive pill or hormone replacement
therapy) are also associated with a higher risk of breast cancer. Finally, personal factors
also have an influence on the risk of developing breast cancer. Women who have late
menarche and early menopause, those who are multiparous, have their first child before
the age of 30, and breastfeed their children, have a lower risk of developing breast

cancer than those who do not.

1.1.3 Breast cancer diagnosis and staging

In the UK, breast cancer can be diagnosed via one of two routes: through routine breast
screening by mammography, or through symptomatic presentation. The NHS breast

screening programme invites women between the ages of 50 and 70 for an X-ray
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examination of their breasts every 3 years, with the aim being to identify breast cancers
at an early stage, to confer an improved chance of survival. Breast cancers can also
present with a variety of symptoms, such as a palpable breast lump, nipple discharge,

or skin changes or tethering.

Table 1.1: Classification of breast cancer, Cancer Research UK

Stage O Pre-invasive breast cancer/ductal
carcinoma in situ (DCIS)
Stage 1 Tumour <2cm with no extramammary
A spread
B Micrometastases in axillary lymph nodes,
and tumour <2cm
Stage 2 A Tumour <2cm, with metastases in 1-3
axillary or internal mammary lymph
nodes
OR
Tumour size 2-5cm, with no metastases to
lymph nodes
B Tumour size 2-5cm, with metastases in 1-
3 axillary or internal mammary lymph
nodes
OR
5cm < Tumour, with no metastases to
lymph nodes
Stage 3 No tumour in breast, but metastases
A found in 4-9 axillary or internal mammary
lymph nodes
OR

5cm < Tumour, with metastases in 1-3
axillary or internal mammary lymph
nodes

B Tumour of any size, involving skin or chest
wall. Metastases in up to 9 axillary or
internal mammary lymph nodes

C Tumour of any size, involving skin or chest
wall, with metastases in 10 or more
axillary, internal mammary, or
supraclavicular lymph nodes

Stage 4 Tumour of any size, with or without lymph

node involvement, that has metastasized
to distant sites (e.g. liver, lung, brain)

Following diagnosis, the American Joint Committee on Cancer’s TNM classification is
typically used to stage breast cancer. T represents the tumour size and/or local invasion,
N stands for ipsilateral axillary node involvement, and M indicates whether metastases
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are present or not. The different classifications are presented in Table 1.1. The three
factors taken together are used to determine the stage of the breast cancer, with stage
0 signifying in situ disease, up to stage 4 where the breast cancer has already
metastasized and is advanced. The stage of the tumour is used to guide treatment

options, and is an indication of prognosis (Figure 1.1).

Breast cancers diagnosed at the early stages of 1-2 tend to have a good prognosis with

>95% 5-year survival rate, but unfortunately those diagnosed late have a lower survival

rate with a poor prognosis.
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Figure 1.1: Bar graph showing 5-year survival of all women diagnosed with breast cancer
from 2013-2017, grouped by TNM stage of when the cancer was first diagnosed.
Adapted from Office of National Statistics, data published 2019.

1.1.4 Breast cancer subtypes

While the TNM classification and tumour stage are important in stratifying breast
cancers, there are also defined subtypes of breast cancer characterised by their
expression of three receptors. These three receptors are oestrogen receptor (ER),
progesterone receptor (PR), and the signalling receptor ErbB2 (HER2). Most breast
cancers (70-80%) express ER and/or PR, but not HER2, and are classified

immunohistochemically as ER-positive cancers. Tumours that express high levels of
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HER2 make up approximately 20% of all breast cancers, and may be further subdivided
into those that are hormone receptor-negative or hormone receptor-positive. Finally,
breast cancers that do not express any of the three receptors are termed triple-negative
breast cancers (TNBC). These are the least common subtype, accounting for
approximately 15% of cases. The different subtypes of breast cancer behave differently
biologically, and the difference in receptor expression makes them susceptible to

different treatments, and so this distinction is important.

Breast cancers may also be classified according to their gene expression profile, which
is termed molecular or intrinsic subtyping. Global gene expression profiling by Perou
and colleagues divided breast tumours into five subtypes: luminal A, luminal B, basal-
like, HER2-enriched, and normal breast-like (Perou et al., 2000). Luminal A tumours are
predominantly ER-positive, and tend to be of a low grade, and low proliferation rate.
Luminal B tumours are also generally ER-positive, but may express lower levels of
hormone receptors, and have a worse prognosis than luminal A tumours, tending to be
of higher grade and more proliferative. The HER2-enriched subtype usually reflects
amplification of the ERBB2 gene, while the basal subtype mostly overlaps with TNBCs,
has a cytokeratin expression pattern usually found in basal epithelium, and has a very
aggressive phenotype. The normal breast-like subtype shows expression of genes
typically expressed by non-epithelial cells and adipose tissue, and low expression of
luminal epithelial genes, but questions have been raised as to whether this is a separate

group, or represents poorly sampled breast tissue (Sorlie, 2007).

Overall, while there have been major advances in the molecular subtyping of breast
cancers, treatment of tumours remains predominantly based on the
immunohistochemical (IHC) receptor status, with confirmation of ERBB2 amplification

by in situ hybridization when required, and TNM classification of the cancer.

1.1.5 Breast cancer treatments

The treatment of breast cancer is usually multi-modal, including surgery, radiotherapy,
and medical therapy, and is dependent on tumour characteristics, such as stage,

hormone receptor status, and HER2 status, and on patient factors such as age at
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diagnosis and menopausal status. Overall, early breast cancer is treated with curative
intent, while treatments for metastatic breast cancer generally aim to prolong survival,

but may involve any or all of the following modalities.

1.1.5.1 Surgery

Surgery forms the mainstay of treatment for most early breast cancers, and may achieve
a “cure” if the cancer has not spread. The aim of surgery is to excise the tumour, with a
specified margin of normal breast tissue surrounding it, to ensure that adequate margins
have been achieved. This may be done through performing a wide local excision, also
known as a “lumpectomy”, where just the tumour is removed, or by performing a
mastectomy, where the whole breast is removed. Factors influencing this decision
include patient choice, the size and location of the tumour, the size of the breast, and
the patient’s general health. Breast reconstruction using the patient’s own tissue, or
prostheses, may be offered during the same procedure, or later in their course of
treatment. At the same time as the tumour excision, a sentinel lymph node biopsy of
the axillary lymph nodes is performed (unless there is clinical evidence of disease in the
axilla prior to surgery). By removing the first lymph node that drains the breast
(identified using either a dye or a radioactive tracer, or both) and examining it
histologically or via the PCR-based one-step nucleic acid amplification (OSNA) assay,
spread beyond the primary tumour can be determined. If this sentinel lymph node is
found to contain cancerous cells, a second surgical procedure to remove all of the

axillary lymph nodes, known as an axillary clearance, is usually scheduled.

Surgery is often the first step in a patient’s breast cancer journey, but some patients are
offered neoadjuvant treatments — that is, treatment prior to removal of the primary
tumour. This may be in the form of chemotherapy or endocrine therapy, with the aim
often being to reduce the size of the primary tumour, to improve the surgical outcome.
Furthermore, a patient’s response to neoadjuvant chemotherapy can provide
prognostic information, with pathologic complete response to neoadjuvant

chemotherapy correlating with disease-free survival (Spring et al., 2020).

Surgery plays a much smaller role in the management of metastatic breast cancer,

where it is usually not recommended. This is because surgery to remove metastatic
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disease such as spread to the liver or the bone can be risky procedures with a prolonged
recovery, and generally only confer a survival benefit in selected cases (Friedel et al.,
2002). Similarly, removing the primary tumour in the presence of metastatic disease has
not been shown to improve outcome (Khan et al., 2020). The exception to this is where
surgery may offer symptomatic relief from the primary tumour, for example where
there is skin involvement from a fungating tumour, or significant pain and arm

immobility from axillary disease.

Following surgery, adjuvant treatments, such as radiotherapy, endocrine therapy,
chemotherapy, or immuno-modulatory drugs, are usually offered. The aims of these
treatments are to reduce the risk of local recurrence, and eradicate any hitherto

undetected metastatic disease.

1.1.5.2 Radiotherapy

Radiotherapy uses the ionizing properties of X-ray waves to treat cancer. The X-rays
either directly or indirectly ionize the atoms making up the DNA chain, which results in
single-strand, or double-strand DNA breaks. Cancer cells have a reduced ability to repair
this damage, and it is this differential in repair ability that allows radiotherapy to be used

in cancer treatment.

The most common form of radiotherapy is external beam radiotherapy, where radiation
is delivered from an external source. The beam is targeted to the breast, to minimise
exposure to the rest of the body, and often a “boost” is given to the tumour bed, from
where the primary tumour was excised. Breast brachytherapy is another form of
radiotherapy, where radioactive pellets are placed within hollow applicators in the
breast, and emit radiation directly to the tumour bed. Finally, intrabeam radiotherapy
involves giving radiotherapy during the operation to remove the primary tumour, with
a recent randomised trial demonstrating non-inferiority to whole breast radiotherapy in

selected patients (Vaidya et al., 2020).

Complications of radiotherapy include acute redness, peeling, and blistering of the skin
over the area that was being targeted, as well as late-occurring normal tissue fibrosis.

Furthermore, despite attempts to focus the beam at the tumour bed, lymph nodes and
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ducts may be damaged resulting in lymphoedema of the arm, and the lung and heart

may also be damaged, resulting in lung or cardiac fibrosis.

1.1.5.3 Chemotherapy

Chemotherapy, in the original sense of the word, are chemicals that can bind to and
specifically kill microbial cells. In the modern day, it refers to drugs that can stop the
growth of cancerous cells, either by stopping proliferation, or by causing cell death.
There are multiple different chemotherapeutic agents currently licensed, with different
mechanisms of action. The most common use of chemotherapy in breast cancer
treatment is in the adjuvant setting, to reduce the systemic risk of recurrence. It may
also be used in the neoadjuvant setting, to reduce the size of a primary tumour to
achieve a better surgical outcome. For patients suffering with triple negative breast
cancer (TNBC), chemotherapy is the primary form of adjuvant treatment, and a
significant proportion of patients suffering with other forms of breast cancer will also

receive chemotherapy.

There are multiple different mechanisms of action that may be employed by
chemotherapeutic agents, and many of them are used in combination in breast cancer
treatment. For example, 5-fluorouracil inhibits DNA synthesis by mimicking the
nucleotide uridine. Through this, it is able to irreversibly inhibit the enzyme thymidylate
synthase, which synthesises thymine, thus preventing DNA synthesis. Doxorubicin (also
known as adriamycin) and epirubicin are members of the anthracycline drug family, and
work through intercalating between base pairs in DNA, and by inhibiting topoisomerase
I, resulting in DNA double strand breaks. Cyclophosphamide is an alkylating agent, and
functions by cross-linking guanine bases in the DNA double helix, thus preventing the
strands from uncoiling, which is necessary for DNA replication. Taxane-based drugs,
such as docetaxel and paclitaxel, disrupt microtubule function by stabilising GDP-bound
tubulin, thus preventing depolymerisation and spindle formation, which is needed for

mitosis.

These drugs are given systemically, and as such, non-malignant cells are also subjected

to these toxic agents. Therefore, they are often administered as combination
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treatments, for example as FAC/T (5-fluorouracil, doxorubicin, cyclophosphamide, and
taxol). In this way, lower doses of the drugs can be given while achieving the same effect,
as they all have different mechanisms of action, and reduce the probability of resistance
developing. Meta-analyses have shown that combinations of anthracyclines and taxanes
are more effective than either treatment alone (Piccart-Gebhart et al., 2008). Combining
the treatments also minimises the side-effects of the chemotherapy, as does

administering it in cycles, which gives the non-malignant cells time to recover.

The classical theory underlying the effectiveness of chemotherapy is that as cancerous
cells proliferate at a faster rate than normal cells, they are more vulnerable to
chemotherapeutic agents, accumulating errors in their DNA replication and synthesis
pathways that activate mitotic checkpoints. However, it is becoming increasingly clear
that proliferation rate alone cannot explain the differential sensitivity of malignant cells
to chemotherapy, and that factors such as mitochondrial priming (Certo et al., 2006), or
genetic streamlining leading to deficiencies in DNA repair pathways (Kaelin, 2009), make

malignant cells more susceptible.

Unfortunately, despite the measures taken to reduce the impact on normal cells, the
fact remains that chemotherapy is a systemic treatment, and so non-malignant cells are
affected. Common side effects of chemotherapy are often as a result of other cells that
have a rapid turnover in the human body, causing hair loss, skin rashes and
hypersensitivity, and gastro-intestinal disturbances, as well as temporary immune
suppression. There are also longer-term consequences, such as peripheral neuropathy,
reduced fertility, and cardiotoxicity. Therefore, chemotherapy places a significant

burden on the body, which may be poorly tolerated by patients already in frail health.

1.1.5.4 Targeted agents

The need to selectively target cancerous cells and reduce the impact of systemic therapy
on patients is one of the driving forces behind the development of drugs known as
targeted agents. These are drugs that inhibit specific cellular targets upon which the

cancerous cells are dependent for survival (Higgins and Baselga, 2011).
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Trastuzumab (trade name Herceptin) is arguably the most famous of this class of drugs,
and is a humanized monoclonal antibody that targets the receptor tyrosine kinase HER2.
Expression of this receptor is upregulated in HER2-positive breast cancers. HER2 is a
member of the epidermal growth factor family and promotes mitotic signalling
pathways. Trastuzumab binds to the extracellular portion of HER2, thus stopping the
formation of a homodimer with another HER2 receptor. This prevents the activation of
the downstream signalling pathways promoting cell proliferation. Trastuzumab also acts
to mediate antibody-dependent cellular cytotoxicity (ADCC), engaging the immune
system in targeting the HER2-expressing cells (Gennari et al., 2004). The discovery of this
drug opened another avenue of treatment for patients with HER2-positive disease,
which had previously been much more difficult to tackle. It has now been demonstrated
that the combination of trastuzumab with traditional chemotherapy is more effective in
metastatic HER2-positive disease than standard chemotherapy alone (Slamon et al.,
2001), and that combination with aromatase inhibitors (Als) is beneficial for those
patients who have HER2-positive/ER-positive disease (Kaufman et al., 2009). Attempts
to further utilise the targeting properties of trastuzumab have also proved fruitful, such
as the antibody-drug conjugate trastuzumab emtansine (trade name Kadcyla or T-DM1).
Emtansine is a cytotoxic microtubule inhibitor, and can be targeted for intracellular
delivery to HER2-overexpressing cells by its conjugation to trastuzumab (Lewis Phillips
et al., 2008). The KATHERINE trial demonstrated that patients with HER2-positive early
breast cancer who still had residual disease following neoadjuvant therapy had a
reduced risk of recurrence or death when they were given adjuvant trastuzumab

emtansine versus trastuzumab alone (von Minckwitz et al., 2019).

As well as targeting cell surface receptors, drugs acting on intracellular signalling
machinery have also been developed. An example of this is everolimus, which acts to
inhibit mammalian target of rapamycin (mTOR). mTOR is a significant component in the
phosphatidylinositol 3-kinase/activated protein kinase B (PI3K/AKT) signalling pathway,
which when activated, promotes mitosis and proliferation (further discussed in Section
1.3.3). This pathway is often aberrantly active in cancerous cell populations, and so by
inhibiting mTOR, the proliferation of malignant cells relying on PI3K-AKT-mTOR
signalling can be targeted. The combination of everolimus with an Al has been shown to

improve progression-free survival of patients who had shown recurrence or progression
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while treated with Al therapy alone (Baselga et al., 2012), and further work to target the

upstream signalling components such as PI3K and AKT is ongoing.

Another area of the cell signalling machinery that has been successfully targeted is that
which controls progression through the cell cycle. The interplay between cyclins and
cyclin-dependent kinases (CDKs) ensure an ordered progression through the cell cycle,
and deregulation of the cell cycle is a hallmark of cancer. The exit from the quiescent
phase of Gp in response to mitogenic signals is achieved through the formation of the
cyclin D-CDK4/6 complex, which phosphorylates retinoblastoma (Rb) and releases E2F
transcription factors. These activate the transcription of S-phase promoting genes.
Palbociclib, ribociclib, and abemaciclib are drugs that inhibit CDK4/6, and thus induce
cell cycle arrest, blocking progression of the cancer. The PALOMA trials (Finn et al., 2015,
Cristofanilli et al., 2016) compared the progression-free survival when patients with
advanced ER-positive/HER2-negative breast cancer were treated with palbociclib and
the Al letrozole, versus letrozole alone, and the MONALEESA-2 trial performed a similar
comparison using ribociclib (Hortobagyi et al., 2016), and both demonstrated superiority
over the previous standard therapy. As a result, in 2017 these therapies were approved
for the first-line treatment of advanced ER-positive/HER2-negative breast cancer.
Following this, in 2019 after the MONARCH trials (Sledge et al., 2019), the third CDK4/6
inhibitor abemaciclib was approved for the treatment of advanced ER-positive/HER2-
negative breast cancer in the UK. It was noted in the NICE committee discussion that the
three CDK4/6 inhibitors could be considered as a class, with similar effectiveness, but
slight differences in side-effect profile and dosing regimens, thus offering patients a

choice in their treatment ((NICE), 2019).

A separate mechanism employed by targeted agents is that of synthetic lethality,
illustrated by the development of poly-ADP ribose polymerase (PARP) inhibitors. The
enzyme PARP is part of the DNA repair machinery in a cell, as are the proteins encoded
by the genes BRCA1 and BRCA2. BRCA1/2 proteins are necessary for the homologous
recombination pathway, which is a DNA repair process that utilises the undamaged
sister chromatid to perform high-fidelity repairs of double-stranded DNA breaks that

often occur during DNA synthesis. As discussed previously, BRCA1/2 mutations are the

31



highest heritable risk locus for breast cancer (Section 1.1.2). PARP-inhibitors, such as
olaparib, target cells with BRCA1/2 mutations by using synthetic lethality — where the
mutated cells are already deficient in one element of their DNA-damage response, by
blocking another mechanism by using PARP inhibitors, the cells cannot continue
proliferating and die (Farmer et al., 2005). PARP inhibitors cause PARP-1 to be trapped
on DNA repair intermediates. This then obstructs replication forks, which require BRCA-
dependent homologous recombination for resolution (Pommier et al., 2016). Trials have
shown that olaparib improved progression-free survival in comparison to single-agent
standard chemotherapy in patients with metastatic HER2-negative breast cancer and a
germline BRCA mutation (Robson et al., 2017). As such, olaparib was approved by the
European Medicines Agency for patients with advanced breast cancer who have

inherited BRCA gene mutations.

A promising developing class of targeted agents for use in breast cancer is that of
immunotherapy. This is a class of agents that aids the immune system to recognise and
target cancer cells as foreign. Under normal conditions, there is an interplay between
stimulatory and inhibitory receptors and ligands in the immune system, known as
immune checkpoints, that allow the body to recognise what is self, and what is foreign.
There is growing evidence demonstrating that tumours can utilise these mechanisms to
evade the immune system to progress and metastasize (Keir et al., 2008). One example
of this is the programmed cell death 1 and programmed cell death ligand 1 (PD-1/PD-
L1) axis. PD-1 is a cell surface membrane protein expressed by immune cells including T-
cells. Upon activation by its ligands PDL-1 and PDL-2, PD-1 promotes T-regulatory cell
function, and moderates lymphocyte activation. In normal homeostasis, PDL-1 and PDL-
2 are expressed on antigen-presenting cells, but recent works have shown that cancers
are able to express PD-L1 and thus attenuate immune response (Iwai et al., 2002, Dong
et al., 2002). Following the reporting of the KEYNOTE-522 and -355 trials (Schmid et al.,
2020, Cortes et al., 2020), FDA approval was granted for the PD-L1 inhibitor
pembrolizumab, in combination with chemotherapy for the treatment of patients with
advanced TNBC whose tumours are PD-L1 positive, and for high-risk early stage TNBC as
neoadjuvant treatment, with continued use as single agent adjuvant treatment

following surgery.
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1.1.5.5 Endocrine therapy

The first step to discovering the link between oestrogen and breast cancer was in 1896,
where Beatson described that by removing the ovaries of premenopausal patients,
regression of metastatic breast cancer and improved prognosis was seen in some
patients (Beatson, 1896). Thus, some factor produced by the ovaries was thought to
promote the growth of breast cancers. As the side effects of oophorectomy were too
significant for this to be considered a practical treatment for breast cancer,
pharmacological suppression of this factor was then explored, and testosterone was
used for this purpose between the 1930s and 1960s. However, it was not until 1962 and
the discovery of the oestrogen receptor (ER) by Jensen and Jacobsen (Jensen, 1962) that
a target upon which anti-oestrogens could be developed that true endocrine therapy

became a viable option.

Oestrogen and progesterone are reproductive hormones. In premenopausal women,
oestrogen is secreted predominantly by the ovaries, in response to follicle stimulating
hormone (FSH) and luteinising hormone (LH), which are produced by the pituitary gland.
Oestrogen then reduces the secretion of FSH and LH via negative feedback loops, and it
is this cyclical nature of production that regulates the menstrual cycles. Oestrogen and
progesterone also regulate the development of mammary tissue during puberty,
pregnancy, and lactation, through acting on receptors expressed on breast epithelial
cells (ER and PR). ER-positive cancers continue to express these receptors, and utilise
the transcription pathways activated by ER to proliferate. In postmenopausal women,
the ovaries no longer secrete oestrogen, and so the oestrogen that remains is produced
by the conversion of androgens to oestrogen through the action of the enzyme
aromatase. This enzyme is found in many peripheral tissues such as the liver, muscle,

and in the adipose tissue in the breast.

Endocrine therapies therefore, are drugs that target oestrogen signalling to prevent the
proliferation of cancer cells dependent on these pathways for survival, and are
recommended as part of adjuvant therapy for all luminal-like breast cancers (Cardoso et

al., 2019). Endocrine treatment can be broadly divided into three categories (Figure 1.2):
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selective ER modulators (SERMs), which antagonise oestrogen binding to ER through
competitive inhibition; selective ER downregulators (SERDs), which promote the
degradation of ER; and Als, which prevent the production of oestrogen in the peripheral

tissues.
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Figure 1.2: Sites of anti-oestrogen action. Oestrogen binding to ER results in
phosphorylation, dimerization, and translocation to the nucleus where ER associates
with co-activators (CoA) or co-repressors (CoR) and binds to oestrogen response
elements (EREs) on target genes. Endocrine agents target this pathway: aromatase
inhibitors (Als) block the conversion of androgens to oestrogens; Selective ER
modulators (SERMs) compete with oestrogen for binding to the ligand binding domain
(LBD); selective ER downregulators (SERDs) inhibit ER dimerization and ERE binding, as
well as promoting ER degradation. (Figure adapted from (Johnston and Dowsett, 2003)

Tamoxifen was the first clinically useful anti-oestrogen and the best known example of
a SERM. Tamoxifen competes with oestrogen for binding to the ligand-binding domain
(LBD) of ER, and induces a conformational change that inhibits gene transcription (see
Section 1.2 for further detail on ER function). One feature of a SERM such as tamoxifen
is that its effect on ER signalling is tissue-specific: in breast cells, tamoxifen is an ER-
antagonist, but in other cell types such as the endometrium and bone, it is a partial
agonist. As a result, the side-effects of the drug are tissue-specific: stimulation in the
bone avoids the osteoporosis seen with other anti-oestrogens, but its effect in the
endometrium results in an increased risk of endometrial cancer. Therefore, the search
is ongoing for the ideal SERM, which would be an antagonist in the breast, an agonist in

the bone, and neutral elsewhere (Shang, 2006). Currently in premenopausal women,
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tamoxifen is the standard of care, and may also be given to postmenopausal women

who show disease progression on other forms of endocrine therapy.

Fulvestrant is currently the only clinically licensed SERD, and in contrast to tamoxifen, is
a pure anti-oestrogen, and so does not have the partial agonist side-effects of SERMs
(Wakeling et al., 1991). Fulvestrant competes with oestrogen for ER binding, and inhibits
dimerization and activation of ER, and its subsequent binding to DNA. Furthermore, it
also downregulates ER by targeting it for proteolytic degradation. In clinical trials,
fulvestrant has been shown to be as effective as an Al in patients who have progressed
following tamoxifen (Howell et al., 2002), and the combination of an Al with fulvestrant
was superior to the Al alone or in sequence for treating ER-positive advanced breast
cancer (Mehta et al., 2012). Furthermore, fulvestrant has also been shown to improve
the survival of patients with metastatic cancer where mutations in the ESR1 gene have

been detected (Fribbens et al., 2016).

Als are the third category of endocrine therapy, and are the first line treatment for
postmenopausal patients with ER-positive breast cancer. They deprive the cancer from
proliferative oestrogen signalling by blocking the conversion of androgens to oestrogen,
which is the main route of oestrogen production in the postmenopausal patient. The
most commonly used Als are the reversible, non-steroidal Als, anastrozole and letrozole,
and the irreversible, steroidal Al, exemestane. Clinical trials have demonstrated the
superiority of Als over SERMs in advanced breast cancer (Milla-Santos et al., 2003), and
the large scale ATAC trial (anastrozole, tamoxifen, alone or in combination) showed an
improvement in disease-free survival in ER-positive early breast cancer patients in the

Al treatment arm (Cuzick et al., 2010).

Endocrine therapies tend to be safe and well-tolerated by patients (Ohno, 2016), but
some ER-positive breast cancers show de novo insensitivity to them, and unfortunately
as many as half of those patients initially responsive to endocrine therapies will develop
resistance to these drugs (Anderson et al., 2007). Acquired resistance may develop
through activating mutations in ESR1, altered cross-talk in pro-proliferative signalling

pathways, or epigenetic changes, and these will be discussed in Section 1.3 in more
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detail. The challenge of addressing endocrine resistance is a complex one, and can be

illustrated by further examination of the roles oestrogen and ER play in breast cancer.

1.2 The oestrogen receptor

The ER is a nuclear transcription factor. There are two main isoforms of ER, ERa and ER[3,
encoded by the genes ESR1 and ESR2, respectively. This study has focused on ERa, which
will be referred to as ER throughout. ER contains a DNA-binding domain (DBD) which
determines the activation of target genes, by recognising oestrogen response elements
(EREs) with two cysteine-rich zinc fingers (Kumar et al., 1987, Ruff et al., 2000). ER also
contains two transcriptional activation function (AF) domains (Figure 1.3), AF-1, in the
N-terminal region, and AF-2 in the C-terminal region. AF-2 is integral to the ligand-
binding domain (LBD), and is activated by oestrogen (Kumar et al., 1987), while AF-1
activity is regulated by phosphorylation (Kato et al., 1995), and can be independent of
ligand binding. Full agonist activity of ER requires synergism between AF-1 and AF-2
(Toraetal., 1989), and there is evidence that they have cell population-specific functions

in breast cells (Cagnet et al., 2018). AF-1 is connected to the DBD and LBD by a hinge
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Figure 1.3: Schematic of ER structure. ER has two distinct activation function (AF)
domains, the transactivation AF-1 domain, and the ligand binding domain (LBD) AF-2,
connected by a hinge region and a DNA-binding domain (DBD). (Figure adapted from
(Saha et al., 2021)

1.2.1 Mechanisms of ER activation

The classical mechanism of ER signalling is through direct genomic effects via a ligand-
dependent mechanism of activation. Oestrogen binding to ER in the LBD induces a major

conformational change that generates surfaces for the formation of the functionally
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active ER dimer (Bai and Giguere, 2003) and for co-regulatory proteins (Mak et al., 1999)
to interact with the dimer. The dimer then translocates to the nucleus, where it binds to
chromatin at EREs — which are cis-acting enhancers — of target genes. The DNA-bound
dimer then associates with cellular transcription machinery either directly or indirectly
via cofactor proteins (McKenna et al., 1999) (Figure 1.4A), and depending on the context

of the cell and the promoter, ER either promotes or represses the expression of the

target gene.
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Figure 1.4: Mechanisms of ER activation and signalling. A. Classical ER signalling:
Dimers of ER, activated through the binding of the ligand oestrogen, bind directly to
EREs in the promoters of target genes, recruit cofactor proteins and transcription
machinery, and alters the transcription of the gene. B. Non-classical ER signalling:
Ligand-bound ER acts as a co-factor, tethered through protein-protein interactions to
promote the transcription of genes without an ERE sequence in the promoter. C. Ligand-
independent signalling: ER is activated through phosphorylation of sites in the AF-1
domain, altering the transcription of genes with EREs, in the absence of oestrogens. D.
Nongenomic actions of ER: Membrane-bound ER, activated by oestrogens, activate
protein-kinase cascades, resulting in altered signalling, e.g. through production of cAMP,
or changes of gene expression through phosphorylation and activation of other
transcription factors. (Figure adapted from (Bjornstrom and Sjoberg, 2005)
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ER may also modulate gene expression through non-classical methods, without direct
binding of the receptor to DNA at an ERE (Figure 1.4B). This may be termed indirect
genomic signalling, or transcriptional cross talk (Gottlicher et al., 1998). This is where an
ER dimer activated by oestrogen interacts with another DNA-bound transcription factor,
and either stabilises this factor, or recruits further additional cofactors to the
transcription initiation complex. For example, the transcription of genes such as those
for cyclin D1 (Sabbah et al., 1999) and insulin-like growth factor (IGF-1) (Umayahara et
al., 1994) is activated through the interaction of ER with Fos and Jun proteins at AP-1
binding sites. Similarly, ER recruits additional cofactors to promote transcription when
it interacts with the cofactor Sp1 (Scholz et al., 1998, Porter et al., 1997), which then
activates the transcription of genes such as c-fos, and CCND1. This mechanism explains
how oestrogen may regulate target genes that do not contain an ERE in its regulatory
sequence, as approximately one third of the human genes regulated by ER do not

contain EREs (O'Lone et al., 2004).

Whether by the classical method or the indirect route, ER-mediated activation of
transcription in response to oestrogen is complex, as the ability of ER to regulate gene
transcription is influenced by the activity of multiple cofactor proteins. The most well-
characterised of these are coactivators and corepressors from the p160 families. These
include steroid receptor coactivator-1 (SRC1/NCoAl), transcriptional intermediary
factor-2 (TIF2/NCoA2), amplified in breast cancer 1 (AIB1/NCoA3), and nuclear hormone
receptor-corepressor (NCoR) (Onate et al., 1995, Hong et al., 1996, Anzick et al., 1997,
Chen and Evans, 1995). In the absence of oestrogen, corepressors such as NCoR bind to
ER, and recruit histone deacetylases (HDACs) (Jones and Shi, 2003) which by creating a
tighter chromatin conformation, represses transcription. When oestrogen binds to ER,
a docking site within the AF-2 domain of ER interacts with the LxxLL motif of these co-
regulatory proteins. The p160 coactivators are able to recruit histone acetylases (HATSs)
and histone methyltransferases (HMTs) to the ER transcriptional complex (Chen et al.,
2000a), which then increase the accessibility of chromatin for transcription. Other
cofactors such as CREB-binding protein (CBP) and p300 which also have intrinsic HAT
activity (Chen et al., 1997) also play a role in initiating transcription in this way, and have
been shown to interact with ER via the p160 proteins in a hormone-dependent manner

(Hanstein et al., 1996). The binding position of the ER transcriptional complex is
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determined by further cofactors that interact with ER, such as the forkhead protein
FOXA1 (Cirillo and Zaret, 2004, Carroll et al., 2005). These pioneer factors can directly
bind condensed chromatin, bookmarking the promoter, which then allows ER to bind.
The actions of the ER transcription complex then allow RNA polymerase Il and

transcription machinery to bind and initiate transcription.

ER may also be activated in a ligand-independent manner to act on the genome (Figures
1.4C and 1.5). ER has been shown to be activated through growth factor signalling
pathways, such as by epidermal growth factor (EGF) (Ignar-Trowbridge et al., 1992) and
insulin-like growth factor (IGF-1) (Ma et al., 1994). This is mediated through the
phosphorylation of ER at different sites within AF-1. For example, serine-118 may be
phosphorylated by mitogen-activated protein kinase (MAPK) and induce transcriptional
activity (Kato et al., 1995). Similarly, the ribosomal S6 kinase (p90RSK), when activated
by growth factor signalling, is able to phosphorylate ER at serine-167 and promote
transcription (Joel et al., 1998), and thus ER may be activated as part of the Ras-MAPK
cascade of growth factor signalling pathways. The PI3K-AKT-mTOR pathway, another
important route of growth factor signalling, can also activate ER through
phosphorylation at the serine-167 residue, resulting in increased ER-genomic activity
(Campbell et al., 2001). The ligands of G-protein-coupled receptors (GPCR) that activate
adenylyl cyclase can lead to an ER phosphorylation event at serine-236 that causes its
dimerization through protein kinase A (PKA). This same kinase can phosphorylate the
serine-305 residue in the hinge region, which has been suggested to promote ER binding
to an alternate set of binding sites to those mediated by oestradiol activation (de Leeuw
et al., 2013). ER can also be phosphorylated via CDK2-Cyclin A and this interaction has
been shown to enhance ER-dependent transcription (Rogatsky et al., 1999). The
interplay between growth factor signalling pathways and ER is implicated in the
mechanisms of endocrine resistance, and will be discussed in more detail in Section

1.3.3

Finally, there is evidence that oestrogen has non-genomic actions, such as stimulating
cyclic adenosine monophosphate (cAMP) production (Aronica et al., 1994), and
mobilising intracellular calcium (Improta-Brears et al., 1999) (Figure 1.4D). These actions

are too rapid to be accounted for by the process of gene transcription, and it has been
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suggested that they are mediated through a subgroup of ERs localised to the plasma
membrane (Razandi et al., 1999), although controversy exists about this. It is likely that
ERs at the plasma membrane, in association with multiple other signalling molecules
also present in this location, mediate the nongenomic actions of oestrogen (Kousteni et
al., 2001). However, the clinical role that membrane-associated ER signalling plays in

breast cancer remains elusive.
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Figure 1.5: Post-translational modifications affecting ER activity. Several receptor
tyrosine kinases are implicated in the activation of ER. Their downstream signalling
pathways such as Ras-Raf-MAPK can phosphorylate ER at Ser118, leading to ligand-
independent activity. Similarly, stimulation of the PI3K-AKT-mTOR pathway downstream
of receptor tyrosine kinases can activate ER in a ligand-independent manner via
phosphorylation at Ser167. ER may also be activated through pathways downstream of
G-protein coupled receptors (GPCR) activating PKA, which has also been shown to
phosphorylate ER. ER may also be phosphorylated and activated via cyclin-dependent
kinases (CDKs), such as the CDK2-Cyclin A complex, or the CDK7-TFIIH complex, although
this latter one is oestrogen-dependent (Figure adapted from (Ribas et al., 2018)
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1.2.2 Role of ER and oestrogens in breast carcinogenesis

The molecular mechanisms of how oestrogen and oestrogen-mediated ER signalling
contribute to the development of breast cancer continue to be investigated to this day.
One widely accepted model of carcinogenesis is that stimuli that drive increased
proliferation result in the accumulation of multiple genetic errors induced through the
process of cell division, and this promotes the transformation from normal to malignant
cells (Preston-Martin et al., 1990). Furthermore, factors that result in altered cell cycle
control, and inhibition of apoptosis will also contribute to carcinogenesis, as these are

some of the hallmarks of cancer.

Oestrogen and oestrogen-mediated ER signalling have been shown to play a role in each
of these pathways that contribute to breast carcinogenesis. There are several
transcriptional targets of ER that promote proliferation in response to oestrogen
stimulation, such as Hes family basic helix-loop-helix transcription factor 6 (Hes-6)
(Hartman et al., 2009), or the LRP16 gene (Zhao et al., 2005). Oestrogen-activated ER
also plays a role in non-transcriptional signal transduction pathways that lead to
proliferation, such as activation of the PI3K-AKT-mTOR axis that can promote cell growth
of breast cancer cells (Lee et al., 2005). Oestrogen-mediated ER signalling is a key
contributor to the loss of cell cycle control seen in breast cancer. Exit from the quiescent
phase of Go is achieved through the formation of cyclin D-CDK4/6 complexes, which
phosphorylate Rb and release E2F transcription factors. These activate the expression
of S-phase promoting genes, such as CCNE1. The expression of cyclin D1 is upregulated
in response to oestrogen-mediated ER signalling (Sabbah et al., 1999), representing a
key pathway by which oestrogens are able to stimulate progression through the cell

cycle, and thus promote proliferation.

ER signalling is also able to promote cell survival by inhibiting apoptosis. Studies have
demonstrated that in the presence of oestrogen, ER can block the induction of pro-
apoptotic target genes, which are usually induced in response to p53 signalling (Bailey
et al., 2012). Oestrogens have also been shown to increase the expression levels of the
antiapoptotic protein Bcl-2 in breast cancer cells (Gompel et al., 2000). As such it can be
seen that oestrogen and ER can play a myriad of roles that can promote breast

carcinogenesis.
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1.3 Endocrine resistance

As discussed in Section 1.1.5.5, the pivotal role that oestrogens and ER play in the
development of breast cancer has been utilised clinically by developing agents that
target oestrogen and ER to treat ER-positive breast cancer. Unfortunately, resistance to
endocrine therapy remains a significant problem. This may be in the adjuvant setting,
where resistance is seen as relapse or recurrence during or after completion of adjuvant
endocrine setting. Alternatively, resistance to endocrine treatment can be seen in the
neoadjuvant setting, manifesting either as a lack of response early in treatment,
suggesting de novo resistance, or after a period of initial response, suggesting acquired
resistance. It has been suggested that as many as 40-50% of all patients with ER-positive
breast cancer will relapse following adjuvant endocrine therapy (Ma et al., 2009), and
this poses a significant clinical problem. As discussed earlier, in general endocrine
therapies are better tolerated by patients than other therapies with respect to their
side-effect and safety profiles. As a result, in the often older, frailer patient encountered
in the relapse setting, their treatment options may be significantly limited if they no
longer respond to endocrine treatment, and are not fit enough to tolerate
chemotherapies or targeted treatments. As such, the mechanisms by which ER-positive
tumours develop endocrine resistance are subject to intense study, as if these
mechanisms can be targeted, this would provide another avenue of treatment for
patients suffering from relapse. Some of these mechanisms are outlined below, focusing
predominantly on those seen in acquired resistance, as the ones relevant to the topic of

this project.

1.3.1 ESR1 mutations

Mutations within the ESR1 gene have been described for many years, but as their
prevalence in primary disease is rare, their clinical significance was not initially
considered. However, more recently sequencing of metastatic ER-positive tumours has
identified point mutations that may play a role in the development of acquired
resistance following endocrine therapy, with prevalence rates of 15-20% (Jeselsohn et
al., 2015). The majority of the mutations are located in the LBD (Y537N/C/S, and D538G)
(Merenbakh-Lamin et al., 2013, Robinson et al., 2013). Functional studies of these
mutants using ectopic overexpression demonstrate that the mutations confer
constitutive ligand-independent activity to ER, by increasing the stability of the agonist
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conformation of ER (Toy et al., 2013). This same study by Toy et al additionally showed
that this constitutive activity was maintained even in the presence of tamoxifen or
fulvestrant. More recently BC cell lines have been developed that have been adapted to
long-term oestrogen deprived (LTED) conditions, and these LTED cells have been found
to harbour mutations in ER (Martin et al., 2017). This work demonstrated that the
mutant ER acts on a comparable set of EREs as the ligand-dependent wild-type (wt) ER.
Furthermore, the mutant ER was found to interact with a similar portfolio of proteins,
but with increased association with certain proteins such as FOXA1, which could
contribute to the cells’ ability to proliferate independently of oestrogen. Furthermore,
multiple studies have demonstrated enrichment for ESR1 mutations following
endocrine therapy, particularly after Al treatment. One large whole-exome sequencing
study of ER-positive/HER2-negative breast cancers found ESR1 mutations as one of 32
genes significantly enriched in metastases (Razavi et al., 2018). In one study of patients
treated with Als in the metastatic setting, ESR1 mutations were detected in 38% of
samples (Schiavon et al., 2015), while in another patients with a detectable ESR1
mutations showed reduced progression-free survival with Al treatment, as well as ESR1
mutations being enriched in the metastatic cohort (Zundelevich et al., 2020). These data
suggest that Al treatment may promote ESRI mutation acquisition, and that patients

with an ESR1 mutation have poorer outcomes with Al therapy.

While mutations in ESR1 may contribute to some of the acquired resistance to Als seen
in advanced breast cancer (Jeselsohn et al., 2014), the low prevalence in primary breast
cancer (Cancer Genome Atlas, 2012) suggests that this is not a significant mechanism of
de novo resistance. Furthermore, although ESR1 mutations are enriched for in advanced
disease as described above, the majority of patients do not harbour an ESR1 mutation,

and therefore there must be alternate mechanisms of acquired resistance also in place.

1.3.2 Loss of ER expression

A proportion of patients will develop acquired resistance due to loss of ER expression,
demonstrating a greater reliance on other proliferative pathways for growth. However,
this is only seen in a proportion (10-20%) of ER-positive endocrine-resistant disease (Ellis
et al., 2008, Hoefnagel et al., 2012). Furthermore, most ER-positive breast cancers that

later recur remain ER-positive on biopsy, and continue to show response to second and
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third line endocrine therapies, implying that tumour heterogeneity with loss of ER-
positive cells, or selective growth of the ER-negative cell population, are not major

contributors to acquired resistance.

1.3.3 Altered cross-talk between ER and growth factor pathways

As discussed in Section 1.3.3 and illustrated in Figure 1.5, there is considerable bi-
directional cross-talk between ER and many growth factor pathways, and these have
been implicated in contributing to resistance to endocrine therapy. The most commonly
implied mechanism of action is the ability of growth factor receptors to activate ER in
the absence of oestrogen (Clarke et al., 1989). Furthermore, many of the signal
transduction pathways activated by growth factor receptors make use of kinase
pathways such as Ras-Raf-MAPK, or PI3K-AKT-mTOR, which can activate ER by
phosphorylation of the AF-1 domain (Figure 1.5). This may account for some of the
resistance seen to Als and SERMs, but may not be sufficient to explain resistance to
SERDs, which degrade ER reducing ER-signalling, whether activated or not. The most
studied pathways linked with endocrine resistance are epidermal growth factor receptor

(EGFR) and HER2 signalling, and the PI3K-AKT-mTOR pathway.

ER-positive breast cancers that overexpress HER2 often demonstrate a reduced,
although still clinically significant response to endocrine therapy (De Laurentiis et al.,
2005). Further studies have demonstrated that EGF signalling can induce an ER-
transcriptional programme that is distinct from the typical ER cistrome, that could
provide a mechanism to evade endocrine therapy by facilitating proliferation
independent of oestrogen signalling (Lupien et al., 2010). This is further supported by
evidence of increased expression levels of EGFR and HER2 in breast cancer models of
tamoxifen or Al resistance (Knowlden et al., 2003, Brodie et al., 2007). However, there
has been little success in targeting tyrosine kinase signalling in clinical studies of
endocrine-resistant disease (Burstein et al., 2014, Smith et al., 2007), the exception
being HER2, where it has been shown that a combination of endocrine treatment and
HER2-targeted therapy does provide benefit in ER-positive/HER2-positive patients
(Koeberle et al., 2011, Marcom et al., 2007).
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The PI3K-AKT-mTOR pathway is involved in the regulation of cell proliferation and
survival, and in energy metabolism. It is the most frequently altered pathway in breast
cancer (Miller et al.,, 2011, Tokunaga et al., 2008) whether this is through
mutation/amplification of genes such as PIK3CA or AKT1, overexpression of receptors
that signal through this pathway, such as EGFR or HER2, overexpression or activation of
the downstream signalling components of the pathway such as AKT, or loss of the
regulators of the pathway, such as phosphatase and tensin homolog (PTEN). PI3K is
activated by many growth factor receptors and G-protein-coupled receptors (GPCRs),
and Figure 1.6 illustrates the cascade initiated upon activation, resulting in the
promotion of proliferation, angiogenesis, and transcription. Aside from these roles,
there is significant crosstalk between the PI3K pathway and ER. As discussed previously,
activation of the PI3K pathway can lead directly to activation of ER (through
phosphorylation at Ser-167 by AKT or S6K) to promote ER-mediated, ligand-
independent transcription. PI3K also promotes phosphorylation and activation of the
transcription factor c-Jun (Logan et al., 1997), which then can complex with c-Fos to form
the AP-1 complex, which can aid ER-mediated transcription (Petz et al., 2002). Many of
the genes that are under ER-transcriptional control are components of signalling
pathways that in turn activate PI3K, resulting in a positive feedback loop. Studies
investigating this pathway have demonstrated causality between PI3K activation and
resistance to endocrine therapy. Overexpression of oncogenes that activate PI3K
signalling such as HER2 or AKT (Shou et al., 2004, Campbell et al., 2001), or knockdown
of PTEN that relieves PI3K pathway inhibition (Miller et al., 2009) have shown that this
activation of PI3K can confer resistance to endocrine therapy, and oestrogen
deprivation. Furthermore, ER-positive cell lines cultured under oestrogen deprived
conditions have shown amplification of PI3K signalling (Miller et al., 2010). This same
study demonstrated that treatment with inhibitors of the PI3K pathway of these ER-

positive cell lines in LTED culture would then inhibit growth.
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Figure 1.6: Schematic of PI3K-AKT-mTOR pathway. Activation of the pathway is
initiated through various ligands binding to receptor tyrosine kinases. The receptor
dimerizes, is autophosphorylated, and recruits adaptor proteins (not shown here) such
as insulin receptor substrate 1 (IRS1) and IRS2. These recruit the PI3K heterodimer,
formed of the p110 catalytic subunit, and the p85 regulatory subunit. PI3K then
phosphorylates the signalling messenger phosphatidylinositol-4,5-bisphosphate (PIP,)
to phosphatidylinositol-3,4,4-trisphosphate  (PIP3), which then leads to the
phosphorylation of AKT, the next significant kinase in this pathway. The activation of
AKT inhibits tuberous sclerosis complex 1/2 (TSC1/2). mTOR is a serine/threonine
protein kinase, and refers to two different complexes, mTORC1 and mTORC2, depending
on which cofactors mTOR associates with (regulatory-associated protein of mTOR
(raptor) and rapamycin-insensitive companion of mTOR (rictor) respectively). The
inhibition of TSC1/2 by AKT results in the release of Rheb from TSC1/2 inhibition,
allowing it to activate mTORC1. mTORC1 can then act to promote protein synthesis,
proliferation, angiogenesis, and metabolic pathways. mTORC1 also acts to inhibit
IRS1/2, thus providing negative feedback on the pathway.

PI3K may also lead to AKT activation through activating 3-phosphoinositide-dependent
protein kinase 1 (PDK1), which then activates AKT. mTORC2 can also act upstream of
mTORC1, by activating AKT. The tumour suppressor PTEN acts in direct opposition to
PI3K, by dephosphorylating PIPs to PIP,, thus counteracting the whole pathway. (Figure
adapted from (McAuliffe et al., 2010)
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However, the clinical outcome of the crosstalk between ER and the PI3K pathway is
clearly complex. For example, despite the fact that genetic mutations that activate the
PI3K pathway are seen in ~70% of all breast cancers (Lee et al., 2015), and in ~40% of
the ER-positive subset (Vasan et al., 2019b), which would be expected to lead to
increased pro-tumourigenic signalling, PIK3CA mutations have been shown to be
associated with a good long-term outcome in primary ER-positive disease (Loi et al.,
2010). Conversely, in the setting of advanced breast cancer, PIK3CA mutations are an
adverse prognostic factor (Xu et al., 2014, Mollon et al., 2020). While the BOLERO-2 trial,
which evaluated the addition of everolimus (an mTOR-targeted therapy) to a steroidal
Al in women who had relapsed or progressive advanced ER-positive breast cancer,
showed an improvement in progression free survival (Baselga et al., 2012), the HORIZON
trial which evaluated another mTOR inhibitor, temsirolimus, did not (Wolff et al., 2013).
The BELLE2 study sought to target the cross-talk between ER and PI3K by utilising
combination therapy of buparlisib (a pan-PI3K inhibitor) and fulvestrant (Baselga et al.,
2017, Campone et al., 2018). While a small but significant increase in progression-free
survival was seen, there was no significant increase in overall survival, and the
combination treatment was not well tolerated. Interestingly, a prospective analysis was
performed of the patients’ PIK3CA activation status using circulating tumour DNA
(ctDNA) prior to treatment, and in the subset with PI3K activating mutations, the
patients received a greater benefit from combination therapy. Trials of AKT inhibitors
have also not been definitive. A phase 2 trial of the AKT inhibitor MK2206 showed
limited clinical activity (Xing et al., 2019), but combination therapy of the AKT inhibitor
capivasertib with fulvestrant has been shown to improve progression-free survival
(Jones et al., 2020). This variance in results may in part be due to feedback loops within
the pathway. Inhibiting mTORC1 will relieve the inhibition on PI3K and AKT, which may
then signal through alternative routes such as the MAPK pathway (Carracedo et al.,
2008). Inhibition of PI3K or AKT can act to upregulate pro-survival growth factor
receptors (Chakrabarty et al., 2012, Chandarlapaty et al., 2011). It may be that more
specific inhibitors of the PI3K-AKT-mTOR pathway are required, and promising results
were seen in the SOLAR-1 (Andre et al., 2019) and SANDPIPER trials (Baselga et al.,
2018), both investigating combination therapy of endocrine treatment and a PI3Ka
inhibitor (alpelisib and taselisib, respectively, discussed further in Section 1.6.1). The

inconsistency in the ability to translate pre-clinical data to clinically meaningful advances
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may reflect the inability of the laboratory models to replicate the heterogeneity or the

microenvironment of breast cancers in vivo.

1.3.4 Cell cycle dysregulation

Endocrine therapy has been shown to have both cytostatic and cytotoxic effects, with
reduced proliferation, reduced rate of growth, and increased induction of apoptosis, by
causing cell cycle arrest in the Gi phase (Dowsett et al., 2006). As such, aberrant
expression of molecules that promote the G1 to S phase transition have been associated
with endocrine therapy resistance. Overexpression of MYC (Venditti et al., 2002), CCND1
(Hui et al., 2002), and CCNE1 (Dhillon and Mudryj, 2002) have all been shown to confer
endocrine resistance in vitro. Clinically, there is also evidence that overexpression of
these factors is associated with tamoxifen resistance in patients (Butt et al., 2005). As
well as overexpression of molecules that promote progression through the cell cycle,
decreased expression of factors that place checks on cell cycle progression is also
associated with endocrine resistance. Inactivation of Rb (Bosco et al., 2007), and
decreased expression of p21 or p27, which inhibit CDKs, confer endocrine resistance in

vitro (Cariou et al., 2000).

As discussed in Section 1.1.5.4, the targeting of cell cycle machinery has been successful
through the development of CDK4/6 inhibitors, which have nullified one route that
cancer cells may utilise to overcome endocrine therapy-induced cell cycle arrest.
However, the development of resistance to these agents is considered near inevitable
(McCartney et al., 2019), with pre-clinical work suggesting that tumour cell re-wiring
occurs on the development of palbociclib resistance, and highlighting CDK7, ErbB
signalling, and G2/M checkpoint proteins as potential areas of dependence that could

be targeted (Pancholi et al., 2020).

1.4 Tumour heterogeneity

One of the challenges in tackling endocrine resistance is the heterogeneity displayed in
breast cancers. The very nature of cancer evolution from a non-malignant cell to a
malignant one through the acquisition of alterations conferring the hallmarks of cancer

is dynamic, and fosters the development of a tumour made of cells that display a variety
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of molecular changes, and could therefore have different levels of sensitivity to

antitumour agents.

Tumour heterogeneity may be divided into intertumoural heterogeneity — the
differences between patients who have tumours of the same histological classification
— and intratumoural heterogeneity, which refers to the variety seen between tumour
cells in the same patient. Intratumoural heterogeneity may be further subdivided into
spatial heterogeneity, where diverse molecular alterations are seen in different tumour
sites, or even within the same site, and temporal heterogeneity, which describes how a

tumour may change and evolve over time.

The observation that tumours can display spatial and temporal heterogeneity lends
credence to the view of cancer as a dynamic disease, and that it is partly through this
heterogeneous evolution that drug resistance, including endocrine resistance, may be

developed.

1.4.1 Mechanisms conferring intratumoural heterogeneity

One potential cause of heterogeneity is that cancers are inherently genomically
unstable, whether this is through endogenous defects in DNA repair pathways, or
through exposure to carcinogenic substances such as cigarette smoke, asbestos, or even
chemotherapeutic agents. As such cancer cells have a high mutation rate, although the
hypothesis that cancer transformation relies on an increased mutation rate has not been
proven. Nevertheless, the fact remains that many cancers display changes to increase
the overall burden of mutation. For example, the enzyme APOBEC3B, which normally
plays a role in deaminating cytosine to uracil to hyperedit cDNA intermediates and thus
restrict retroviruses, has been shown to be co-opted by cancers for its mutagenic
properties (Kuong and Loeb, 2013). The expression of APOBEC3B is elevated in many
forms of cancer in comparison to lower levels seen in normal tissues (Burns et al., 2013),
and a whole-exome sequencing study of approximately 1500 ER-positive breast cancer
samples demonstrated a link between poorer disease-free survival and overall survival
and high levels of APOBEC3B (Sieuwerts et al., 2017). This tendency of malignant cells
to seek out mechanisms to increase their overall variability is therefore one mechanism

that contributes to intratumoural heterogeneity.
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Figure 1.7: Comparison of selective vs branched evolution models. Oncogenesis causes
transformation of a non-malignant cell (a) In the linear selection model, genetic
instability results in the new clones. When a clone develops a survival advantage as a
result of this, it outcompetes the previous generations, leading to sequential evolution.
(b) In the branched evolution model, the genetic instability allows for the development
of multiple subclonal populations, which can diverge from the evolution timeline at
different times, conferring heterogeneity. (Figure adapted from (Dagogo-Jack and Shaw,
2018)

Another theory for the development of intratumoural heterogeneity, which utilises
genomic instability as a contributing factor, is that of branching evolution of the tumour.
The classical clonal evolution and/or selection model postulates that an acquired
alteration in a normal cell confers a survival or growth advantage, and that these
changes continue in a stochastic manner until the cell is transformed into a malignant
cell and proliferates (Nowell, 1976). As the cancer cells are genomically unstable, they
continue to mutate and diverse subpopulations emerge, of which one subclone will
outcompete and replace the original malignant cells, until this population is itself taken
over by sequential subclones harbouring advantageous mutations. An alternative theory
to this is that of branching evolution, where genomic instability results in the
proliferation of multiple, genetically diverse, subclonal populations, arising from a
common ancestral clone, which may diverge from the evolutionary tree at different time
points, and in different sites. As the schematic in Figure 1.7 demonstrates, this

mechanism of evolution is more likely to result in a heterogeneous tumour, and is seen
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more commonly in solid malignancies than in certain haematological cancers that

demonstrate a more linear pattern (Hiley et al., 2014).

Hence, the inherent genomic instability of tumours, together with the dynamic nature
of the cancer disease process, are the main contributors to the development of

intratumoural heterogeneity.

1.4.2 Spatial heterogeneity

Spatial heterogeneity may be seen between metastatic deposits at different sites,
different areas within one organ as in multi-focal disease, or even between different
cells within the same tumour. It has been demonstrated through multiregional
sampling, that is, biopsy sampling of many regions within a single tumour, in a variety of
cancer types (Jamal-Hanjani et al., 2017, Gerlinger et al., 2014, Yates et al., 2015).
Intratumour variation has also been shown in a landmark study utilising single-nucleus
sequencing of cells from TNBC specimens that revealed three distinct clonal
subpopulations (Navin et al., 2011). Spatial heterogeneity may be displayed as different
key oncogenic drivers in different regions of the tumour, or as uniform distribution of
vital drivers with an unequal display of additional molecular changes (Harbst et al.,
2016). Spatial heterogeneity has also been demonstrated in multifocal tumours, for
example where multiregional sampling of separate foci of multifocal breast cancers
confirmed that they were clonally related, but had also developed subclonal private
mutations (Yates et al., 2015). Spatial heterogeneity between sites adds in further
factors that may enhance diversity; firstly that the time at which the metastasis occurred
may influence genetic variance, as early spread would be hypothesised to display more
heterogeneity; and secondly that the interaction of the malignant cells with the tumour

microenvironment at distinct sites could promote genetic diversity.

The role that spatial heterogeneity plays in resistance is key, as multiregional sampling
studies have shown that the uneven distribution of driver or passenger mutations across
the tumour can lead to the misrepresentation of subclonal mutations as clonal (Jamal-
Hanjani et al., 2017) if fewer samples are taken. Therefore, this heterogeneous gene
expression pattern may affect both the use of gene expression signatures for

prognostication (as the calculations may vary depending on which section of the tumour
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is sampled) and the treatment decisions for therapy targeting key drivers.
Unfortunately, it is not feasible to perform multiregional sampling for all tumours, as
surgical specimen sizes may not be large enough for this in early disease, and in
advanced disease surgical resection may not be indicated, and carrying out multiple

biopsies carries its own risk.

1.4.3 Temporal heterogeneity

Temporal heterogeneity, the changing genetic make-up of a tumour over time, has been
demonstrated on studies utilising serial biopsies. In particular, temporal changes often
occur in response to a selection pressure, such as chemotherapy (Murugaesu et al.,
2015), or targeted therapies (Gainor et al., 2016). Many of the insights into temporal
heterogeneity have been observed as a result of monitoring response to targeted
treatments, as these agents aim to exploit a key driver vulnerability. Often there is a
significant response to initial treatment, followed by relapse a few years later, with
resistance being mediated through the acquisition of mutations and cross-talk in
signalling pathways. While these resistance mechanisms are considered as acquired
rather than de novo, studies have revealed that certain mutations may be in place at low
variant allele frequencies (Yu et al., 2014), or specific pathway activity may be

upregulated in response to the targeted therapy.

Temporal heterogeneity is a feature of endocrine resistance because, as discussed in
Section 1.3, exposure to endocrine agents can induce the adaptations seen in such as
ESR1 mutations and cross-talk between signalling pathways. Furthermore, endocrine
agents have been shown to induce significant growth inhibition and cell cycle arrest
(Otto et al., 1996). Following 5-10 years of endocrine treatment, these agents may drive
cells into a growth arrest that becomes epigenetically imprinted, resulting in tumour
dormancy, only to relapse many years later (Clarke et al., 2015). Consequently, there is
a need to monitor patients over time to enable early detection of resistance, using a
method both acceptable to the patient and capable of detecting genetic variations, and
this need may be met by the use of sampling circulating cell-free tumour DNA (ctDNA)
from blood samples. This has shown promising results in a study examining plasma
samples from the PALOMA Il trial (O'Leary et al., 2021). While no predictive genomic

alterations were identified using the ctDNA in the plasma, a high ctDNA fraction, TP53
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mutations, and FGFR1 amplification were found to be independently associated with a
risk of early relapse in both the fulvestrant only, and fulvestrant plus palbociclib groups.
This may therefore be a promising technique for the ongoing monitoring of tumours to

detect temporal heterogeneity that may predispose to resistance.

1.5 Different models of cancer

Given the wide range of spatial and temporal heterogeneity displayed in cancer, and the
difficulties seen in attempts to translate in vitro work on endocrine resistance into the
clinic, it is clear that better models are needed at the bench that more accurately reflect
the complexities displayed by tumours. The ideal model of breast cancer for the
discovery of new therapeutic targets should recapitulate intratumoural heterogeneity,
demonstrate the gradients of hypoxia and nutrients seen in three-dimensional tumours,
be reproducible, and display the interactions seen between the tumour, and the tumour

microenvironment (TME).

Many of the experiments investigating breast cancer, and endocrine resistance, thus far
have been performed using cell lines cultured in vitro in two dimensions. While these
have provided important insights, and have the benefit of being scalable to high-
throughput assays, reproducible, and relatively user-friendly to both set up and to
analyse, 2D models are not able to accurately display the complexity of signalling within
a 3D tumour, or its dynamic interactions with the TME. In 2D culture, the cells grow as
a flat monolayer, and so natural cell shape is altered, and may lose polarity (Mabry et
al., 2016). As a result of the unnatural growth pattern, gene expression, especially those
involved in cell adhesion, proliferation, and survival, may be altered (Melissaridou et al.,
2019). The ability to model tumour heterogeneity is limited, as all cells have equal access
to nutrient medium (Costa et al., 2016). Finally, without growing in a 3D environment,
2D models cannot accurately react and respond to mechanical or biochemical stimuli
which may come from any direction, as in vivo (Riedl et al., 2017). As such, various
methods have been developed to enable 3D culture systems, to study cells in a spatially

relevant model that preserves cell-cell and cell-matrix interactions.
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1.5.1 Tumour tissue explants

Tumour tissue explants are one of the first 3D models of cancer (Freeman and Hoffman,
1986), and involves utilising tumour biopsy tissue, removal of fat and necrotic tissue,
and placing it on a tissue culture plate coated with matrix (Figure 1.8A). The tumour
adheres or becomes embedded in the matrix, and grows within media, enabling the
architecture of the tumour to be preserved and studied. However, this technique is
limited due to the difficulty of maintaining the tumour in culture for prolonged periods
without tissue degeneration and necrosis. Furthermore, there is a natural lack of
reproducibility due to the heterogeneity of the donor tissue samples, and this technique

does not lend itself to high-throughput drug discovery methods.

1.5.2 Xenografts

Xenografts offer the opportunity to study cancers in a living model. The definition of a
xenograft is a tissue graft or an organ transplant derived from a species that is different
to the recipient. When immortalised cell lines are engrafted, usually into an
immunodeficient mouse model, they are able to organise into a solid tumour, co-opting
the stromal tissue of the mouse to form the TME. However, it has been observed that
the process of generating immortalised lines can result in the gain or loss of genetic
information, variations in the ability to proliferate and invade, and loss of certain cell
populations (Gillet et al., 2011). The development of patient derived xenograft (PDX)
models is an attempt to circumvent this, and hopefully maintain the complex
heterogeneity of tumours seen in the clinic. There are many different methodologies for
generating PDX models, varying according to tumour type and implantation type.
Overall, tumour samples, either from a primary tumour, or from fluid such as malignant
ascites or pleural effusions, are implanted into an immunodeficient mouse, either as
pieces, single-cell suspension, or in co-culture with fibroblasts and other cells necessary
for the formation of the TME (Hidalgo et al., 2014). The tumour cells may be implanted
heterotopically in the dorsal fat pad as shown in Figure 1.8B, or using the mouse
mammary intraductal (MIND) model where breast cancer cells are injected directly into

mouse mammary ducts (Behbod et al., 2009).
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Figure 1.8. Cancer models (a) tumour explants. The tumour tissue is excised. The biopsy
is processed to remove fat tissue, and the tumour is cut into small pieces. The pieces are
then placed on or embedded in a matrix in a tissue culture plate. Media is added and
the tumour is cultured. (b) Patient-derived xenografts (PDXs). Tumour tissue from the
patient is excised, processed, and cultured in media, before then being implanted into
the animal model. (c) Organoids. Cancer cells are cultured within a matrix, with added
media and associated cells such as cancer-associated fibroblasts and immune cells. The
cells proliferate and self-organise to produce organoids of cancer cells surrounded by
stromal cells and produce natural extracellular matrix. (Figure adapted from (Rodrigues
etal., 2021)
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The hypothesis underlying the development of PDX models is that these will be more
representative of human cancer biology, as well as offering the potential for
personalised precision oncology treatment based on the individual patient tumour.
Work on establishing PDX models of breast cancer has demonstrated high fidelity
between the PDX and the original patient tumour (Reyal et al., 2012). However,
developing ER-positive PDX models has been challenging, with take rates as low as 2.5%
seen for luminal tumours (Cottu et al., 2012). Furthermore, traditional engraftment of
ER-positive tumours into mouse fat pads has been shown to induce basal differentiation,
and the need of non-physiological hormone supplementation to grow (Sflomos et al.,
2016). It has been possible to circumvent this through the use of a MIND approach,
which also achieved a higher engraftment rate, but this is necessarily more labour-
intensive, and takes several weeks or months for the tumours to establish. While PDX
engraftment rates for ER-positive breast cancers have improved in more recent studies
(9% for primary ER-positive tumours and 16% for metastatic cancers) (Guillen et al.,
2021), and PDX models with features of endocrine resistance have been established in
this study, the fact remains that PDX models pose significant ethical and cost challenges

to be used in high-throughput drug discovery platforms.

1.5.3 Organoids

Classically organoids are defined as 3D tissue cultures generated by the proliferation and
self-organisation of a progenitor stem cell (Drost and Clevers, 2018) predominantly
grown within a scaffold or matrix structure to provide an environment for cell adhesion,
proliferation, and differentiation, as demonstrated in Figure 1.8C. A scaffold can provide
support for 3D organisation of tumour cells, and provide an opportunity to study cell-
cell and cell-matrix interactions. An example is Matrigel, a common commercial
biological scaffold derived from secreted basement membrane extracts of mouse
sarcoma cells, which is rich in extracellular matrix (ECM) components, and several
soluble factors. However, these factors do increase the variation in culture conditions

between batches, and can therefore reduce the reproducibility of drug-discovery assays.

Tumour organoids are usually derived from multiple cells and can therefore recapitulate
intratumoural heterogeneity due to their response and interaction with different

environmental cues. As a result, patient-derived organoids (PDOs) can offer a bridging
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gap in preclinical models of cancer between PDX models and 2D culture. Indeed, a
landmark study succeeded in generating a biobank of PDOs from metastatic
gastrointestinal tumours (Vlachogiannis et al., 2018). These organoids revealed high
fidelity to the parent tumours, and were able to recapitulate spatial and temporal
heterogeneity. Most strikingly, the PDOs were able demonstrate very high positive and
negative predictive values in forecasting response to chemotherapy or targeted agents
in the clinic. A similar biobank has been successfully set up from multiple subtypes of
breast cancer (Sachs et al., 2018) which has the potential to bring personalised precision
medicine to the treatment of breast cancer. However, the timeline of culture of
organoids remains on the spectrum of weeks to months, and these organoids require
several non-physiological supplementations to their growth media, which could feasibly
confound the analysis of the signalling pathways and resistance mechanisms that are

the subject of study.

1.5.4 Spheroids

Spheroids are another form of 3D cell culture, but rather than 3D shape developing over
time according to genetic programming (as in organoids), an aggregation of tumour cells
(usually of immortalised tumour cell lines), are encouraged to form into the 3D construct
(Figure 1.9). While this method sacrifices some of the natural heterogeneity displayed
in organoid production, it allows for the relatively rapid formation of 3D models that still
display the characteristics of growth kinetics, signal pathway activity, and gene
expression (Friedrich et al., 2009). Large spheroids (over 500 um) also display gradients
of oxygen, nutrients, and metabolic waste (Groebe and Mueller-Klieser, 1991, Swietach
et al., 2008), and thus allow for the study of the effects of hypoxia (Meehan et al., 2017)
and nutrient deprivation (Schroll et al., 2016) on gene expression and signalling pathway

modulation.
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Figure 1.9. Schematic of spheroid development. Cancer cells in culture are subjected to
forced aggregation, or may have aggregation enhancers added to form small spheroids.
Following proliferation, dense larger spheroids, which exhibit oxygen and nutrient
gradients, are formed to model tumour conditions in vivo. (Figure adapted from (Nath
and Devi, 2016)

Furthermore, signalling pathways and gene expression have been shown to vary
between cells grown in spheroids in comparison to 2D monolayers, with more accurate
reflection of the signatures observed in vivo (Cesarz et al., 2016). Spheroids may be
generated within a scaffold, or in a scaffold-free manner, and their complexity may be
influenced by cell seeding density, coculture with stromal cells, duration of culture, and
mechanism of generation. The fact that spheroids may be generated rapidly, over the
course of days, in a uniform manner, and still recapitulate the heterogeneous features
discussed have led to their common and widespread use in the study of tumour biology
and high-throughput screening (Rodrigues et al., 2021), and some of the methods used

to generate spheroids are outlined below and in Figure 1.10.

1.5.4.1 Matrix-on-top and matrix-embedded

This is a scaffold-based method where cells are either seeded on top of a solidified layer
of matrix, with spontaneous aggregation of the cells to form spheroids (matrix-on-top)
or the cells are seeded with liquid matrix, with embedding occurring upon matrix
gelation (Figure 1.10A). While this method does allow for recovery of cells post culture,
and offers the ability to study cell-matrix interactions, it often yields heterogeneous

spheroids, and imaging and staining of the embedded spheroids can be challenging.
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Figure 1.10. Methods of spheroid generation. (a) Matrix-on top or matrix embedded.
Cancer cells are seeded on top of or within matrix, with spontaneous aggregation of the
cells to form spheroids. (b) Spinner flasks. Stationary scaffolds within the flask form a
base for the circulating tumour cells in the media to attach and form aggregates. (c)
Ultra-low attachment plates. Each well of the plate is coated with an inert substrate.
Cancer cells are seeded into the well, and then forced to aggregate through low speed
centrifugation. (d) Hanging drop method. Droplets of cell suspension hang above the
culture array plates, such that the cells aggregate into spheroids under the influence of
gravity. (Figure adapted from (Finn et al., 2015)

1.5.4.2 Spinner flasks

The spinner flask method is often used for large-scale production of tumour spheroids.
In this method the scaffold is stationary within a flask containing the cell suspension,
and a magnetic stirrer ensure an ongoing flow of oxygen and nutrients through the
culture medium (Figure 1.10B). The tumour cells flow across the scaffold to form
spherical aggregates (Kunz-Schughart et al., 1998). However, the centrifugal force
experienced due to the motion of the stirrer can have adverse effects on the physiology

of the models (Lin and Chang, 2008).
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1.5.4.3 Ultra-low attachment plates

This is a scaffold-free method that is able to generate a large number of spheroids in a
relatively user-friendly manner in a limited space. The wells in ultra-low attachment
plates are coated with an inert substrate that prevents cell attachment (Figure 1.10C).
The cell suspension is added to the plates which are then centrifuged at a low speed to
force them to aggregate into a 3D structure (Vinci et al., 2012). With this method, it is
possible to perform endpoint analysis such as cell viability assays, in the same plate.
However, this can generate heterogeneous spheroids, particularly if cells do attach in

some wells but not in others.

1.5.4.4 Hanging drop method

This alternative scaffold-free technique involves suspending droplets of cell suspension
from spheroid culture array plates, such that the droplets hang due to surface tension
(Figure 1.10D). Under the effect of gravity, the cells in the suspension aggregate
spontaneously to form spheroids (Torisawa et al., 2007). While this technique tends to
give spheroids of uniform size, the method is labour intensive, and can be hampered by

evaporation of the media from the droplet, resulting in loss in viability of the model.

1.5.5 Future developments in 3D models

Each of these methods of preclinical cancer modelling has benefits and drawbacks.
When considering novel target discovery employing a high-throughput approach, it is
likely that organoids and spheroids possess the most suitable characteristics. Their
ability to model the tumour environment may be further enhanced by incorporating
microfluidics or 3D bioprinting into the experimental design. The study of microfluidics
has enabled the development of platforms known as ‘organ-on-chip’ devices. These
consist of microwells, connected by microfluidic channels that mimic organ vasculature.
The tumour cells, spheroids, or organoids are cultured above a layer of matrix-coated
porous membranes, while nutrient medium and immune cells can navigate through the
microchannels. Their design can be specifically controlled to alter the orientation of
tissue interfaces, the nutrient gradients, and the mechanical forces applied (Bhatia and
Ingber, 2014) to enable the study of specific interactions. For example, a microfluidic

colorectal tumour-on-chip device has been designed to investigate the real-time
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interactions between endothelial cells and cancer cells as the stromal cells migrated into

the VEGF-infused tumour core (Carvalho et al., 2019).

In a similar fashion, 3D bioprinting is a technique that can allow for the formation of
increasingly complex 3D models. Models can be formed using bioinks of cancer cells,
immune cells, and cancer-associated fibroblasts, with or without a scaffold. The use of
computer-aided design and the printing method means that the model can be very
precisely designed to answer a specific question, and reproducible (Langer et al., 2019).
There remain challenges in that printing speeds can be slow, the bioink must be non-
toxic, the process of printing should not damage the cells, but this could potentially be
an exciting avenue of development to design models that can precisely control the

placement of cells, and the spatiotemporal variation of molecular gradients.

1.6 Future developments in treating advanced ER-positive breast

cancer

1.6.1 Targeting PI3Ka

Given the frequency of alteration of the PI3K-AKT-mTOR pathway in breast cancer
(Miller et al., 2011, Tokunaga et al., 2008) and its contribution to the development of
endocrine resistance, there have been a plethora of efforts to target this pathway, with
mixed clinical results (Section 1.3.3). The development of more selective inhibitors
acting on the PI3Ka subunit is a step towards success in this area. In the SOLAR-1 trial
(Andre et al., 2019) the combination of the PI3Ka. inhibitor alpelisib with fulvestrant was
administered to patients with advanced ER-positive/HER2-negative breast cancer who
had previously received endocrine therapy, and the outcome compared with fulvestrant
alone. In patients with PIK3CA-mutated cancer, progression-free survival was prolonged
with the combination therapy. The SANDPIPER trial (Baselga et al., 2018, Dent et al.,
2021) evaluated the combination of the PI3Ko inhibitor taselisib with fulvestrant in
patients with ER-positive/HER2-negative breast cancer that had progressed following Al
therapy. In this study, the primary endpoint was improved progression-free survival in
the combination arm in patients with PIK3CA-mutated tumours. This was met, but the
improvement was only two months, and the trial concluded that there was no clinical

utility of combining taselisib with fulvestrant, due to the observed safety profile and only
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modest clinical benefit. However, the BYLieve study (Rugo et al., 2021) has shown
significant promise in targeting PI3Ko in endocrine-resistant and CDK4/6 inhibitor-
resistant disease. Patients with ER-positive/HER2-negative breast cancer that harboured
a PIK3CA mutation, and had progressed on Als and CDK4/6 inhibitors, were treated with
a combination of alpelisib and fulvestrant, and showed a significant improvement in
progression-free survival. As such, PI3Ka inhibitors continue to be an area of intensive
research, particularly as patients harbouring an activating PIK3CA mutation derive

significant benefit.

1.6.2 Targeting AKT

In addition to aberrant PI3K-AKT-mTOR signalling mediated by PI3K, dysregulated AKT
activity has also been implicated in cancer pathways (Shariati and Meric-Bernstam,
2019). Activating somatic mutations in AKT1 have been identified in eight percent of
breast cancers (Carpten et al., 2007), and AKT amplification has also been observed.
Consequently, inhibitors of AKT have been under development, one example being
capivasertib. While the BEECH study (Turner et al., 2019) evaluating the combination of
capivasertib with paclitaxel in patients with metastatic breast cancer did not prolong
progression-free survival, when combined with endocrine therapy, capivasertib has
shown positive results. The FAKTION trial (Jones et al., 2020) examined the effect of
adding capivasertib to fulvestrant in patients with ER-positive/HER2-negative locally
advanced or metastatic breast cancer who had progressed on Al therapy. The results
showed a significant improvement in progression-free survival, and that the benefit was
observed regardless of the mutation status of PIK3CA. The TAKTIC trial (NCT03959891)
is currently recruiting to evaluate the efficacy of another AKT inhibitor, ipatasertib, in
combination with endocrine therapy and/or palbociclib in advanced ER-positive/HER2-
negative breast cancer. Thus, targeting AKT provides an alternative route to perturb the

aberrant PI3K-AKT-mTOR signalling observed in ER-positive breast cancer.

1.6.3 Targeting ER

1.6.3.1 SERDs
At present, fulvestrant is the only clinically licensed SERD, but novel SERDS are being

developed, with particular interest in oral bioavailability, given that fulvestrant is

62



administered as an intramuscular injection. Elacestrant/RAD1901 is one such orally
bioavailable SERD that has shown anti-tumour growth in ER-positive PDX models (Bihani
et al., 2017), including models of different ESRI mutations and of CDK4/6 inhibitor
resistance (Patel et al., 2019). Following promising results in a phase 1 trial in patients
previously exposed to multiple lines of therapy (Bardia et al., 2021),
elacestrant/RAD1901 is being evaluated in the EMERALD study (Bardia et al., 2019) to
compare its safety and efficacy in advanced ER-positive/HER2-negative breast cancer to

standard of care endocrine therapy.

Another orally bioavailable SERD in development is AZD9496. In PDX models harbouring
a D538G ESR1 mutation, AZD9496 demonstrated greater anti-tumour activity than
fulvestrant (Weir et al., 2016). The same study showed that combination therapy of
AZD9496 with PI3K-inhibitors or CDK4/6 inhibitors caused tumour regression in mouse
models of endocrine-resistant disease. A phase 1 study examining the efficacy of
AZD9496 in patients who had progressed following at least six months of endocrine
therapy demonstrated an acceptable safety profile, and treatment achieved stable
disease in 20% percent of patients at six months (Hamilton et al., 2018). Further work is
being carried out on another SERD brilanestrant/GDC-810 (Joseph et al., 2016). It is to

be expected that this class of drugs targeting ER will be expanded further in the future.

1.6.3.2 Selective oestrogen receptor covalent antagonists

Selective oestrogen receptor covalent antagonists (SERCAs) are a novel class of drug
designed against ER. One such example is H3B-5942, which targets a cysteine residue
(Cys530) in the ligand binding pocket of ER that is not conserved in other hormone
receptors, and enforces an irreversible antagonist conformation (Puyang et al., 2018).
This antagonism was seen regardless of the mutation status of ER, and synergism with
CDK4/6 inhibitors and mTOR was also observed. The SERCA H3B-6545 is currently
undergoing a phase 1 trial in combination with palbociclib in heavily pre-treated
metastatic ER-positive/HER2-negative breast cancer, and thus far has demonstrated an

acceptable safety profile (Johnston et al., 2021).
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1.6.3.3 Proteolysis targeting chimeras

Proteolysis targeting chimeras (PROTACs) are small molecules designed of a ligand that
binds a protein to be degraded, and a ligand for an E3 ubiquitin ligase. The PROTAC
thereby mediates a bridging that facilitates the ubiquitination of the protein, labelling it
for degradation in the proteasome (Ocana and Pandiella, 2020). The PROTAC ARV-741
which facilitates the interaction between ER and an intracellular E3 ligase has been
shown to achieve effective degradation of ERs, regardless of mutation status, and
combination with a CDK4/6 inhibitor was shown to confer a more pronounced anti-
tumour effect than monotherapy (Flanagan et al., 2019). A phase 1 trial of ARV-741
alone and in combination with palbociclib for the treatment of metastatic and locally

advanced breast cancer is currently underway (NCT04072952).

1.6.4 Targeting BCL-2

As apoptosis inhibition is a hallmark of cancer, studies have examined the balance of
pro- and anti-apoptotic signalling in cancer, with the aim of modulating this signalling to
direct cancerous cells towards apoptosis. There have been two main apoptotic
pathways characterised: the extrinsic pathway, activated by ligands binding to death
receptors at the cell surface such as tumour necrosis factor (TNF) receptors, and TNF-
related apoptosis-inducing ligand (TRAIL) receptors; and the intrinsic pathway, which is
triggered by the collapse of the mitochondrial membrane potential (Voutsadakis, 2000).
The mitochondrial membrane potential is maintained by anti-apoptotic members of the
B cell lymphoma 2 (BCL-2) family, including BCL-2 and MCL-1. Pro-apoptotic BCL-2
proteins such as BAD and BIM have a BCL-2 Homology 3 (BH3) domain by which they
interact with and inhibit the anti-apoptotic proteins to activate apoptosis. The BCL-2
inhibitor venetoclax, currently approved for haematological malignancies, has been
shown to inhibit tumour growth in PDX models of breast cancer (Vaillant et al., 2013).
In the first clinical study to evaluate venetoclax in a solid tumour, the combination of
venetoclax and tamoxifen showed a confirmed radiological response, and tolerable
safety profile in ER-positive, BCL-2-positive metastatic breast cancer (Lok et al., 2019).
As over half of these patients had received previous endocrine therapy or
chemotherapy, this combination of treatments is promising for the endocrine-resistant

setting.
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1.7 Project aims

Endocrine-resistant breast cancer is a significant, and common, problem in the
treatment of breast cancer, which is itself a leading cause of mortality. If the
mechanisms by which endocrine-resistance is achieved could be better characterised,
they could be targeted such that endocrine therapy regained its effectiveness. The
challenge lies in the considerable heterogeneity of mechanisms utilised by cancers to

III

circumvent endocrine therapy, with no “one size fits all” approach. The initial goal of
this project was to investigate the processes contributing to endocrine resistance. Over
the course of this thesis, this was expanded to include palbociclib resistance, as the

clinical challenge of CDK4/6 inhibitor resistance became more apparent. The aims were:

1. To use RNA-sequencing of paired clinical samples collected before starting Al
therapy, and after progression or relapse on Al therapy to examine for
transcriptomic changes that may contribute to Al resistance

2. To develop multiple 3D models of endocrine therapy resistance and palbociclib
resistance

3. To use the 3D models, and 2D culture, in high-throughput drug and siRNA
screens to identify pathways key to survival and proliferation

4. Identify and validate hits that are common to several cell lines of different
molecular backgrounds displaying endocrine-resistance and palbociclib-

resistance that promote tumour cell proliferation/survival.
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Chapter 2 Materials and Methods

2.1 Materials

All solutions purchased from the Central Sterile Stores Department (CSSD) of the
Institute of Cancer Research unless otherwise stated. Recipes and preparation protocols
are listed on their Intranet page:
https://nexus.icr.ac.uk/Lists/ICR%20Tasks/DispForm.aspx?ID=495

All reagents were stored at room temperature unless stated otherwise.

2.1.1 General reagents

[-mercaptoethanol: (Sigma Aldrich, M7154)

Charcoal: activated Pure: (Merck, 1.02183.1000)

Dextran: from Leuconostoc Spp: (Sigma, 31390)

DMSO: (Sigma Aldrich, D8779)

EDTA 0.5 M: 186.1 g di-sodium salt of ethylenediaminetetraacetate dissolved in 1 L H.O
and pH adjusted to 8.0 with NaOH

Ethanol: (VWR, 101077Y)

Methanol: (VWR, 20847-30)

Nuclease-free water: (Ambion, AM9937)

PBS: (137 mM NaCl, 2 mM KCl, 8 mM Na;HPOs, 1.5 mM KH,PO4 in H,0. pH adjusted to
7.4 with HCI (CSSD). Stored at 4°C.

SDS: sodium dodecyl sulphate 10% stock in H,0

Ultra-filtered (UF) water: 17 Mega Ohm:s filtered water (CSSD)

2.1.2 Reagents for cell culture and cell-based assays

17B-oestradiol: (SigmaAldrich, E2758) dissolved in 100% ethanol, 10 mM stock solution
stored at -20°C

Adhesive foil seal for 384-well plates: (Corning 6569)

Adhesive foil seal for 96-well plates: (Corning 6570)

Cell scraper: (Sarstedt, 83.3951)

CellTiter-Glo Luminescent Cell Viability Assay: (Promega, G7570) stored at -20°C

Countess automated cell-counter slides: (Invitrogen, by Thermo-Fisher, C10283)

CryoTube 1.8 mL vials: (Thermo Scientific, 170106)
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DMEM/F12 media: (Gibco by ThermoFisher, 11330-032) stored at 4°C

Flat-bottom 384-well plates for 2D culture: (Grenier Bio-One, 781098)

Flat-bottom 96-well plates for 2D culture: (Grenier Bio-One, 655098)

Foetal bovine serum (FBS): (Gibco by ThermoFisher, 10106-169) stored at -20°C
Modified IMEM media: (Gibco by ThermoFisher, A1048-01) stored at 4°C

RPMI media 1640: (Gibco by ThermoFisher, 11835-063) stored at 4°C

Screw-cap 1.5 mL vials: (Sarstedt, 72.692.005)

T75 tissue culture flasks, Nunc delta-surface (ThermoFisher, 156499)

Trypsin: phenol red-free trypsin 0.05% in versene 0.02% (CSSD)

U-bottom ultra-low attachment 384-well plates for 3D culture: (Corning, CLS-3830)

U-bottom ultra-low attachment 96-well plates for 3D culture: (Corning, CoStar 7007)

2.1.3 Reagents for protein manipulation

Blocking buffer: 5% Marvel milk powder diluted in TBS-T

ECL substrate: Equal volumes of Clarity Western Peroxide solution and Clarity Western
Luminol/enhancer solution (BioRad, 10026385A and 10026384A)

Electrophoresis buffer: 1x solution of Tris/Glycine/SDS, diluted in H,O (BioRad, 161-
0772)

Electrophoresis gels: 10-well or 12-well combs Mini PROTEAN TGX 4-15% precast
polyacrylamide gels (BioRad, 4561083, 4561085). Stored at 4°C

Laemmli sample buffer: 4x (BioRad, 1610747)

Nunclon Delta 6 cm plate: (ThermoFisher Scientific, 150288)

Nunclon Delta 10 cm plate: (ThermoFisher Scientific, 150350)

Protein ladder: 250 kDa dual colour ladder (BioRad, 161-0374). Stored at -20°C

PVDF membranes: TransBlot-Turbo Mini PVDF membranes (BioRad, L002047A)

RIPA lysis buffer: 1x complete tablets mini EASYpack (Roche, 04693124001),
1xPhosSTOP EASYpack (Roche, 04906837001), both dissolved in 10 mL RIPA buffer
(Sigma, R0278). Stored at -20°C

NP250 lysis buffer: 20 mM Tris pH 7.6, 1 mM EDTA, 0.5% NP40, 250 mM NacCl

TBS-T: 10% 10X TBS (CSSD), 0.25% Tween 20 (Sigma Aldrich, P1379), diluted in H,0.

Transfer buffer: 60% H,O (LSS), 20% TransBlot-Turbo 5x transfer buffer (BioRad,
10026938), 20% ethanol. Stored at 4°C
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Transfer stacks: TransBlot-Turbo Mini Transfer stacks (BioRad, L002043A)

2.1.4 Antibodies for Western blotting (WB)

\ Table 2.1: Antibodies and their applications

Antibody Source Code Species Applications and
dilutions

a-tubulin Cell Signalling | 2125 Rabbit | WB 1:1000
Technology

CDK4 Cell Signalling | 12790 Rabbit WB 1:1000
Technology

CDK6 Cell Signalling | 13331 Rabbit WB 1:1000
Technology

CDK7 Cell Signalling | 2916 Mouse | WB 1:2000
Technology

CDK7-T170 Abcam Ab155976 Rabbit WB 1:1000

CDK9 Cell Signalling | 2316 Rabbit WB 1:1000
Technology

Cyclin E Cell Signalling | 4129 Mouse | WB 1:1000
Technology

Histone H3 Cell Signalling | 9715 Rabbit WB 1:1000
Technology

MYB Cell Signalling | 12319 Rabbit WB 1:1000
Technology

RNA Pol II-S2 Abcam Ab5131 Rabbit WB 1:1000

RNA Pol II-S5 Abcam Ab5095 Rabbit WB 1:1000

RNA Poll Il Abcam Ab26721 Rabbit WB 1:1000

Vinculin Abcam Ab219649 Rabbit WB 1:1000

Anti-rabbit  1gG | Abcam Ab205718 Goat WB 1:10000

(HRP)

Anti-mouse  1gG | Abcam Ab205719 Goat WB 1:2000

(HRP)

All antibodies stored at -20°C

2.1.5 Reagents for DNA and RNA extraction

AllPrep DNA/RNA FFPE kit: (Qiagen, 80234)

DNA LoBind tubes, 1.5 mL, PCR clean: (SigmaAldrich, Z666548)
DNeasy blood and tissue kit: (Qiagen, 69504)

QiaShredder columns: (Qiagen, 79656)

Qubit dsDNA broad range (BR) assay kit: (ThermoFisher, Q32850)
RNase-free water: (Qiagen, 129112)

RNeasy Mini kit: (Qiagen, 74104)

2.1.6 Reagents for real-time quantitative PCR (RTqPCR)

0.2 mL PCR 8-strip tubes, clear: (Thistle Scientific, AX-PCR-0208)
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2xqPCR Precision Plus mastermix: (Primer design JN150101-46188)

Microamp optical 384-well reaction plate: (Applied Biosystems, 4343814)

Microamp optical adhesive film: (Applied Biosystems, 4311971)

Quantitect reverse transcription kit: (Qiagen, 205313)

TagMan gene expression assays: (ThermoFisher Scientific, 4331182) stored at -20°C,
listed in Table 2.2.

\ Table 2.2: Tagman gene expression assays, ThermoFisher Scientific

Probe ID Gene Species Gene Name Reporter
Symbol
Hs00187842_m1 | B2M Human Beta-2-microglobulin FAM
Hs00361486_m1 | CDK7 Human Cyclin dependent kinase 7 | FAM
Hs00977896_g1 CDK9 Human Cyclin dependent kinase 9 | FAM
Hs01046818 m1 | ESR1 Human Oestrogen receptor FAM
Hs00914057_m1 | /IPOS8 Human Importin 8 FAM

2.1.7 Reagents for droplet digital PCR (ddPCR)

0.2 mL PCR 8-strip tubes, clear: (Thistle Scientific, AX-PCR-0208)
ddPCR assays: (BioRad) listed in Table 2.3

ddPCR supermix for probes: (BioRad, 180-3010) stored at -20°C
Droplet generator cartridges and gaskets: (BioRad, 186-3006)
Droplet generator oil for probes: (BioRad, 186-3005)

PCR 96-well microplate: (ThermoFisher, MPA-670-010R)

\ Table 2.3 BioRad multiplex ddPCR assays

Multiplex \ Mutations Catalogue Number
ESR1 multiplex 1 | L536R, c.1607T>G; Y537C, c.1610A>G; D538G, | 12004118
c.1613A>G; E380Q, c.1138G>C
ESR1 multiplex 2 | Y537S, c.1610A>C; Y537N, c.1609T>A; S463P, | 12003910

c.1387T>C
PIK3CA E542K, c.1624G>A; E545K, ¢.1633G>A, H1047L, | 12003121
multiplex ¢.3140A>T; H1047R, c.3140A>G

2.1.8 Reagents for siRNA transfection

5x siRNA buffer: (Horizon, B-002000-UB-100) stored at 4°C
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Kinome library: (Dharmacon, G-103505-01) ON-TARGETplus siRNA Library-Human
Protein Kinases, stored at -80°C

Lipofectamine RNAIMAX: (ThermoFisher Scientific, 13778150) stored at 4°C

Lyophilised siRNA SMARTpools: (Dharmacon) stored at -20°C, listed in Table 2.4

OptiMEM: (Gibco by ThermoFisher, 31985062), stored at 4°C

\ Table 2.4: ON-TARGETplus siRNA SMARTpools, Dharmacon

Gene Symbol \ Gene Name Catalogue Number
ESR1 Oestrogen receptor L-003401-00-0005
PLK1 Polo-like kinase 1 L-003290-00-0005
CDK9 Cyclin dependent kinase 9 L-003243-00-0005
CDK7 Cyclin dependent kinase 7 L-003241-00-0005
Control pool Non-targeting control D-001810-10-20

2.1.9 Reagents for RNA-seq library preparation

TruSeq RNA Unique Dual Index adaptor sequences: (lllumina, 20022371)
TruSeq Stranded Total RNA Library Prep Gold: (lllumina, 20020598)

2.1.10 Drugs

Kinase inhibitor drug library: (SelleckChem, L1200) containing 378 compounds.

Additional drugs are listed below in Table 2.5

\ Table 2.5: Drugs and storage conditions

Drug Name Source and catalogue code \ Concentration and solvent
A485 SelleckChem, S8740 10 mM, DMSO
A674563 SelleckChem, S2670 10 mM, DMSO
Abemaciclib Molecular Endocrinology lab stocks | 1 mM, DMSO
ABT 19-9 SelleckChem, S8048 10 mM, DMSO
AD80 SelleckChem, S8518 10 mM, DMSO
Alisertib SelleckChem, S1133 10 mM, DMSO
Alpelisib SelleckChem, S2814 10 mM, DMSO
Aurora A inhibitor 1: | SelleckChem, S1451 10 mM, DMSO
AZD4573 SelleckChem, S8719 10 mM, DMSO
AZD5363 SelleckChem, S8019 10 mM, DMSO
AZD9496 SelleckChem, S8372 10 mM, DMSO
BBT-594 MedChemExpress, HY-18840 10 mM, DMSO
BGJ398 SelleckChem, S2183 10 mM, DMSO
BGT226 SelleckChem, S2749 10 mM, DMSO
BI2536 SelleckChem, S1109 10 mM, DMSO
Continued overleaf




Binimetinib SelleckChem, S7007 10 mM, DMSO
BMS-754807 SelleckChem, S1124 10 mM, DMSO
BS-181 SelleckChem, S1572 10 mM, DMSO
CCT245747 Molecular endocrinology lab stocks | 10 mM, DMSO
CCT346 Molecular endocrinology lab stocks | 10 mM, DMSO
CH5132799 SelleckChem, S2699 10 mM, DMSO
CHIR-124 SelleckChem, S2683 10 mM, DMSO
Crizotinib SelleckChem, S1068 10 mM, DMSO
CT7001 Molecular endocrinology lab stocks | 1 mM, DMSO
CUDC-101 SelleckChem, S1194 10 mM, DMSO
CUDC-907 SelleckChem, S2759 10 mM, DMSO
Dinaciclib SelleckChem, S2768 10 mM, DMSO
Dovitinib SelleckChem, S1018 10 mM, DMSO
Enobosarm SelleckChem, S1174 10 mM, DMSO
Enzalutamide SelleckChem, S1250 10 mM, DMSO
Everolimus Molecular endocrinology lab stocks | 1 mM, DMSO
Flavopiridol SelleckChem, S2679 10 mM, DMSO
Foretinib SelleckChem, S1111 10 mM, DMSO
Fulvestrant Tocris, 1047 10 mM, DMSO
GDC-0879 SelleckChem, S1104 10 mM, DMSO
GDC-810 MedChemExpress, HY-12864 10 mM, DMSO
Gefitinib SelleckChem, S8740 10 mM, DMSO
GSK461364 SelleckChem, S2193 10 mM, DMSO
GSK690693 SelleckChem, S1113 10 mM, DMSO
H365 Molecular endocrinology lab stocks | 1 mM, DMSO
ICEC0942 SelleckChem, S8722 10 mM, DMSO
Iressa Molecular endocrinology lab stocks | 1 mM, DMSO
Lapatinib SelleckChem, S5241 10 mM, DMSO
LDCO000667 SelleckChem, S7461 10 mM, DMSO
Linsitinib SelleckChem, S1091 10 mM, DMSO
MK-2206 SelleckChem, S1078 10 mM, DMSO
MK1775 SelleckChem, S1525 10 mM, DMSO
Neratinib Molecular endocrinology lab stocks | 1 mM, DMSO
Nilotinib SelleckChem, S4895 10 mM, DMSO
Nintedanib SelleckChem, S1010 10 mM, DMSO
NMS-P937 SelleckChem, S7255 10 mM, DMSO
NMSP715 Molecular endocrinology lab stocks | 10 mM, DMSO
NVP-2 SelleckChem, S8981 10 mM, DMSO
NVP-BVU972 SelleckChem, S2761 10 mM, DMSO
Olaparib SelleckChem, S1060 10 mM, DMSO
Omipalisib SelleckChem, S2658 10 mM, DMSO
P-276-00 SelleckChem, S8059 10 mM, DMSO
Palbociclib Molecular endocrinology lab stocks | 1 mM, DMSO
PD168393 SelleckChem, S7039 10 mM, DMSO
PF-04691502 SelleckChem, S2904 10 mM, DMSO
PIK-75 SelleckChem, S1205 10 mM, DMSO
Pimasertib SelleckChem, S1475 10 mM, DMSO
Ponatinib SelleckChem, S1490 10 mM, DMSO
PP-121 SelleckChem, S2622 10 mM, DMSO
RAD1901 Molecular endocrinology lab stocks | 1 mM, DMSO
Ribociclib Molecular endocrinology lab stocks | 1 mM, DMSO
Continued overleaf
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Ridaforolimus SelleckChem, $1022 10 mM, DMSO
Sapinisertib SelleckChem, $2192 10 mM, DMSO
SB203580 SelleckChem, S1076 10 mM, DMSO
Selumetinib SelleckChem, S1008 10 mM, DMSO
SNS-032 SelleckChem, S1145 10 mM, DMSO
Sorafenib SelleckChem, S1040 10 mM, DMSO
Staurosporin SelleckChem, S1421 10 mM, DMSO
Sunitinib SelleckChem, $1042 10 mM, DMSO
Tamoxifen Molecular endocrinology lab stocks | 1 mM, DMSO

Temsirolimus SelleckChem, S1044 10 mM, DMSO
THZ1 MedChemExpress, HY-80013 10 mM, DMSO
Tyrphostin-9 SelleckChem, S2895 10 mM, DMSO
uo126 SelleckChem, $S1102 10 mM, DMSO
Volarsertib Molecular endocrinology lab stocks | 1 mM, DMSO

WYE-125132 SelleckChem, S2661 10 mM, DMSO

Stocks of 1 mM stored at -20°C. Stocks of 10 mM stored at -80°C.

2.1.11 Equipment

BioAnalyser: (Agilent)

BioRad imager: (BioRad)

BioRad QX-200 droplet reader: (BioRad)

Countess Il cell counter: (Invitrogen)

DirectDetect Spectrophotometer: (Milipore)

ECHO550 acoustic liquid handler: (Labcyte)

EVOS FL Cell Imaging System: (Life Technologies)

Hamilton liquid handler: (Hamilton, Microlab Star)

[llumina HiSeq 2500: (lllumina)

Incucyte S3 Live Cell Analysis System: (Sartorius)

Multidrop Combi: (ThermoFisher)

Nanodrop 8000 Spectrophotometer: (ThermoFisher, ND-8000-GL)

QuantStudio 6: (Applied-Biosystems)

Qubit fluorometer: (Invitrogen)

TurboBlot transfer machine: (BioRad)

Victor X5 plate-reader: (PerkinElmer)
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2.1.12 Cells

Cell lines and their media requirements are listed below in Table 2.6.

Table 2.6 Cell lines, model type, and media requirements

| CellLine | Model _________Source | Media

MCF7

MCF7

LTEDWT

MCF7
LTEDY537¢

MCF7

LTEDPalboR

HCC1428

HCC1428

LTED

HCC1428
LTEDPalboR

SuM44

SuM44

LTEDWT

Sum44
LTEDY537S

T47D

T47D-

LTED

ZR75.1

ZR75.1

LTED

MCF10A

ER-positive endocrine
sensitive breast cancer

ER-positive  endocrine-
resistant breast cancer,
wild-type ESR1
ER-positive  endocrine-
resistant breast cancer,
mutant ESR1
ER-positive, endocrine-
resistant, palbociclib-
resistant breast cancer,
mutant ESR1

ER-positive endocrine
sensitive breast cancer

ER-positive  endocrine-
resistant breast cancer

ER-positive, endocrine-
resistant, palbociclib-
resistant breast cancer

ER-positive endocrine

sensitive breast cancer

ER-positive  endocrine-
resistant breast cancer,
wild-type ESR1
ER-positive  endocrine-
resistant breast cancer,
mutant ESR1

ER-positive endocrine
sensitive breast cancer

ER-positive  endocrine-
resistant breast cancer

ER-positive endocrine
sensitive breast cancer

ER-positive  endocrine-
resistant breast cancer

Non-tumourigenic breast
tissue

American Type Culture
Collection
Molecular  Endocrinology

laboratory stocks, Institute
of Cancer Research
Molecular  Endocrinology
laboratory stocks, Institute
of Cancer Research
Molecular  Endocrinology
laboratory stocks, Institute
of Cancer Research

American Type Culture
Collection
Molecular  Endocrinology

laboratory stocks, Institute
of Cancer Research
Molecular  Endocrinology
laboratory stocks, Institute
of Cancer Research
American  Type
Collection

Culture

Provided by Dr Oesterreich,
University of Pittsburgh
(Sikora et al., 2016)
Molecular  Endocrinology
laboratory stocks, Institute
of Cancer Research

American Type Culture
Collection
Molecular  Endocrinology

laboratory stocks, Institute
of Cancer Research

American Type Culture
Collection
Molecular  Endocrinology

laboratory stocks, Institute
of Cancer Research

Provided by Dr
Poulogiannis, Institute of
Cancer Research

(Koundouros et al., 2020)

Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Modified
IMEM
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
Phenol red-
free RPMI
1640
DMEM/F12

Media supplement
10% FBS
1 nM estradiol

10% DCC-FBS

10% DCC-FBS

10% DCC-FBS
1 uM palbociclib

10% FBS
1 nM estradiol

10% DCC-FBS

10% DCC-FBS
1 uM palbociclib

10% FBS
1 nM estradiol

2% DCC-FBS

10% DCC-FBS

10% FBS
1 nM estradiol

10% DCC-FBS

10% FBS
1 nM estradiol

10% DCC-FBS

5% Horse serum

20 ng/mL Epidermal
growth factor

0.5 mg/mL
hydrocortisone

100 ng/mL cholera toxin
10 pg/mL insulin

50 U/mL
penicillin/streptomycin
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2.2 Methods

2.2.1 Tissue culture

All adherent tissue culture cell lines were cultured in T75 flasks in humidified incubators
at 37°Cand 5% CO.. Cells were grown to 80-90% confluency and passaged at the desired
fraction every 2-4 days. Foetal bovine serum (FBS) was used as a media supplement for
the parental cell lines. FBS was stripped of steroids using dextran and charcoal (Darbre
et al.,, 1984), termed DCC-FBS, for use as a media supplement for the long-term
oestrogen-deprived (LTED) derivatives. Estradiol was removed from the media of the
parental cells 48 hours prior to each experiment unless otherwise stated. Similarly,
palbociclib was removed from the media of the palbociclib-resistant cells 48 hours prior
to each experiment. All cell lines were authenticated by short tandem repeats (STR)
profiling, and routinely screened for mycoplasma contamination. Cells were kept to low

passage numbers, with only 10-15 passages of each cell line prior to discarding.

2.2.1.1 Passaging of cells

Adherent cells were grown in tissue culture flasks until they were 80-90% confluent.
Culture medium was aspirated, and cells were washed with PBS at 37°C such that the
flask was covered. Cells were detached using a covering volume of phenol red-free
trypsin/versene, with a 2-10 minute incubation at 37°C (cell line dependent). Once cells
were detached, the trypsin was neutralised by addition of fresh culture medium. The
cell suspension was then diluted at the desired fraction in fresh medium and re-plated
into a fresh culture flask. Cells were counted using a stain of 0.4% Trypan Blue and a

Countess automated cell counter system.

2.2.1.2 Freezing cells for long-term storage

Adherent cells were detached as described. Following resuspension in fresh medium,
the cell suspension was centrifuged at 260 x g for 5 minutes. The cell pellet was
resuspended in cell freezing medium (culture medium plus 10% DMSO) and 1 mL
transferred to CryoTube vials. Vials were frozen slowly in Corning CoolCell LX cell
freezing vial containers at -80°C for 2 - 5 days, before being transferred to liquid nitrogen

for long term storage.
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2.2.1.3 Spheroid formation

Cell lines were seeded as a single cell suspension in their respective media into ultra-low
attachment U-bottom 96-well or 384-well plates, at a density of 2500 cells per well.
Plates were then centrifuged at 200 x g for 10 minutes, and placed in an incubator

without disturbance for 72 hours.

2.2.2 Cellimaging

2.2.2.1 Incucyte time course assays

1.5 x 10* cells were seeded in 2 mL onto 24-well plates. Cell proliferation was monitored
using the Incucyte S3 Live-Cell Analysis System. Images were acquired every 6 hours over
5 days. The instrument’s software was used to create an image mask for each cell line

to calculate the percentage change in confluence in each well over time.

2.2.2.2 Static imaging

Snapshot brightfield images of spheroids were taken using the EVOS microscope.

2.2.3 2D drug screen

2.2.3.1 Formation of 2D drug screen

The 2D drug screen was comprised of the SelleckChem 378 kinase inhibitor library, and
the additional 18 drugs listed in Table 2.7. Staurosporin was used as the positive control,
and DMSO-vehicle as the negative control. The drugs were diluted in DMSO from the
100 uM stock into four doses (dispensing 0 nL, 5 nL, 50 nL, and 500 nL to create wells of
final concentration 0 nM, 10 nM, 100 nM, 1000 nM when 50 pl cell suspension was
added) in 384-well 2D culture plates using the ECHO550 acoustic liquid handler to form
a high-throughput screen. Each independent biological replicate of the screen was
comprised of five 384-well plates. The plates were then sealed using aluminium
adhesive foil seals and stored at -80°C until required. Prior to cell seeding, plates were
defrosted at room temperature for 30 minutes on the orbital shaker, and centrifuged at

1000 x g for 5 minutes.
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Table 2.7: Drugs added to kinase inhibitor library 2D screen

RAD1901/elacestrant Abemaciclib CT7001
ADS8O0 LDC0O00667 MK1775
THZ1 NMS-P715 CCT245747
ABT19-9 AZD9496 Ribociclib
Neratinib GDC-810 Iressa
Tamoxifen Fulvestrant CCT346

2.2.3.2 2D drug screen protocol

1200-2400 cells/well were seeded into the 2D 384-well drug screen plates described
above in 50 pl of their respective media. Cell seeding number was adjusted to allow for
~80% confluence in the control wells at the end of the experiment. After five days, cell
viability was determined using CellTiter-Glo, according to manufacturer’s protocol. The
plates were incubated on an orbital shaker at room temperature for 15 minutes, before
measuring the luminescence signal using the Victor X5 microplate reader for 0.1 second
per well. Assay was performed with three independent biological replicates for each cell

line.

2.2.4 3D drug screen

2.2.4.1 Formation of 3D drug screen

The 3D drug screen was comprised of the 72 drugs listed in Table 2.8. Staurosporin was
used as the positive control, and DMSO-vehicle as the negative control. Drugs were
dispensed from 1 uM stock onto ultra-low attachment 96-well 3D culture plates using
the Hamilton liquid handler such that a final concentration of 250 nM would be achieved
once 100 plL cell suspension was added. Each independent biological replicate was
formed of one 96-well plate. The plates were then sealed using aluminium adhesive foil
seals and stored at -80°C until required. Prior to cell seeding, plates were defrosted at
room temperature for 30 minutes on the orbital shaker, and centrifuged at 1000 x g for

5 minutes.
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Table 2.8: Drugs used in 3D drug screen

A674563 Enobosarm THZ1 BGJ398
AZD5363/capivasertib | Enzalutamide NVP-2 Dovitinib
GSK690693 H365 (SERCA) LDC00067 Neratinib
MK2206 Tamoxifen CHIR-124 BMS-754807
WYE-125132 Fulvestrant PF-477736 Linsitinib
Everolimus RAD1901 Olaparib Selumetinib
Sapinisertib GDC-910 BI2536 Pimasertib
Temsirolimus AZD9496 NMS-P937 Binimetinib
Ridaforolimus Alisertib GSK461364 uo126
PF-04691502 Aurora A Inhibitor 1 Volarsertib NVP-BVU972
BGT226 Flavopiridol MK1775 Foretinib
Omipalisib P-276-00/Riviciclib GDC0879 SB203580
Alpelisib Dinaciclib Nilotinib Tyrphostin-9
CH5132799 Abemaciclib A485 PP-121
PIK-75 Palbociclib Gefitinib Sorafenib
CUDC-907 SNS-032 Lapatinib BBT-594
PD168393 BS-181 CuUDC-101 Crizotinib
Nintedanib Ponatinib Sunitinib

2.2.4.2 3D drug screen protocol

2500 cells/well were seeded in 100 uL of their respective media into the 96-well 3D drug
screen plates as described above, and spheroids formed as described in Section 2.2.1.3.
Palbociclib-resistant cell lines were seeded without palbociclib. After 7 days, cell viability
was quantified by adding 100 pL undiluted CellTiter-Glo reagent and plates were
incubated on an orbital shaker at room temperature for 45 minutes. The luminescence
signal was measured using the Victor X5 microplate reader for 1 second per well. Three

independent biological replicates were performed for each cell line.

2.2.5 2D siRNA screen
This work was performed by Dr Nikitorowicz-Buniak prior to the start of this PhD project.

2.2.5.1 Formation of 2D siRNA screen

The screen was created using the ON-TARGETplus siRNA Human Protein Kinase Library
consisting of SMARTpools of siRNA targeting 709 protein kinases. The library was
supplemented with non-targeting siRNA (NTC) and siRNA against PLK1 as negative and
positive controls, respectively. siRNA SMARTpools were dispensed from the library stock
into 96-well 2D culture plates using the Hamilton liquid handler to achieve a final

concentration of 25 nM siRNA once cell suspension was added. Each independent
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biological replicate was formed of ten 96-well plates. The plates were sealed using
aluminium adhesive foil seals and stored at -80°C until required. Prior to cell seeding,
plates were defrosted at room temperature for 30 minutes on the orbital shaker, and

centrifuged at 1000 x g for 5 minutes.

2.2.5.2 2D siRNA screen protocol

A reverse transfection protocol was used. 10 pl of Lipofectamine RNAIMAX transfection
agent (diluted 1:10 with OptiMEM) was added to each well of the 96-well plates and
incubated for 30 minutes at room temperature. 1200-2400 cells/well were seeded per
well in a volume of 35 uL of their respective media using the Multidrop Combi (cell
seeding density adjusted to allow for ~80% confluence in negative control wells at the
end of the experiment). After 6 days cell viability was assessed using CellTiter-Glo
according to manufacturer’s protocol. The plates were incubated on an orbital shaker
at room temperature for 15 minutes, before measuring the luminescence signal using
the Victor X5 microplate reader for 1 second per well. Each screen was performed using

three independent biological replicates per cell line.

2.2.6 3D siRNA screen

2.2.6.1 Formation of 3D siRNA screens

The 3D siRNA screens were formed in the same manner as the 2D siRNA screens (Section
2.2.5.1), except that the library was dispensed into ultra-low attachment 96-well 3D

culture plates. Each independent biological replicate was formed of ten 96-well plates.

2.2.6.2 3D siRNA screen protocol

Once the 3D siRNA plates had defrosted, 10 uL of Lipofectamine RNAIMAX transfection
agent (diluted 1:10 with OptiMEM) was dispensed into each well of the 96-well plates,
and incubated at room temperature for 30 minutes. 2500 cells/well were then seeded
in a volume of 100 pL using the Multidrop Combi. The spheroids were formed as
described in Section 2.2.1.3. After 7 days cell viability was assessed by adding 100 plL
undiluted CellTiter-Glo reagent, and plates were incubated on an orbital shaker at room

temperature for 45 minutes. The luminescence signal was measured using the Victor X5
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microplate reader for 1 second per well. Each screen was performed using three

independent biological replicates per cell line.

2.2.7 siRNA transfection

A reverse transfection protocol using SMARTpools of siRNA was performed for all siRNA
transfection experiments. Lyophilised oligonucleotides were reconstituted in siRNA
buffer to 20 uM and aliquots were stored at -20°C. ON-TARGETplus SMARTpools consist
of four different siRNAs targeting the same gene, and the non-targeting control pool
was made up of four non-targeting siRNAs. A final concentration of 25 nM siRNA was
used for all experiments unless otherwise stated. siRNA was incubated with the lipid
transfection Lipofectamine RNAIMAX for 15 minutes. Cell suspension was then added at
the required density and incubated for 24 hours. For real-time quantitative polymerase
chain reaction (RTqPCR), cells were then washed with ice-cold PBS and stored at -80°C
until RNA was extracted. For Western blotting, exchange of fresh culture media was

performed at 24 hours, with protein extraction occurring on day 5.

2.2.8 RNA extraction and RTgPCR

Cells for RNA extraction were seeded in 6 cm plates. Growth medium was aspirated from
the plates, and cells were washed with ice-cold PBS. 350 pL of ice-cold RLT lysis buffer
containing 1:100 B-mercaptoethanol was added to each plate. Cells were detached by
scraping. mMRNA was extracted from these cell lysates using the Qiagen RNeasy kit,
performed according to the manufacturer’s protocol. RNA was eluted in 40 pL nuclease-
free water, and concentration determined by measuring a 2 uL sample on the
Nanodrop-8000 spectrophotometer. cDNA was produced by reverse transcribing 500 ng
of RNA using the Qiagen Quantitect kit, according to the manufacturer’s protocol.
Quantitative PCR reactions were performed using 11.25 ng cDNA, 5 pL 2x gPCR
mastermix, and 0.5 pL Tagman Gene Expression Assay probe (Table 2.2) in a 10 uL
reaction. The QuantStudio6-Flex sequence detection system was used to perform
relative quantification, with all reactions performed in triplicate. Data analysis was
performed using the Applied Biosystems QuantStudio 6 software. The endogenous
controls B2M and IPO8 were used to perform normalisation, and all expression data was

normalised to the non-targeting control or DMSO-vehicle samples for each experiment.

79



2.2.9 DNA extraction

Cells for DNA extraction were seeded in T75 flasks. Growth medium was aspirated from
the plates, and cells were washed with PBS. Cells were detached as described in Section
2.2.1.1, fresh media used to neutralise the trypsin, and the cell suspension centrifuged
at 260 x g for 5 minutes. The media was aspirated, and the cell pellet resuspended in
200 puL PBS. DNA was extracted using the Qiagen DNeasy blood and tissue kit, according

to manufacturer’s protocol. DNA was quantified using Qubit.

2.2.10 Droplet digital PCR (ddPCR)

This work was performed by Kate Tourna in the Turner laboratory at the Institute of

Cancer Research.

Droplet digital PCR (ddPCR) was performed on a QX-200 ddPCR system using TagMan
chemistry with assays developed for ESR1 and PIK3CA hotspot mutations (Table 2.3).
FAM-labelled probes were designed for the mutant allele while HEX-labelled probes
were designed for the corresponding wild-type allele. Primers and probes were used at
a final concentration of 900 nM and 250 nM respectively. PCR reactions were prepared
as shown in Table 2.9 with 10 ng of cell line DNA (approximately 1,500 diploid genomes
equivalents) and partitioned into a median of 20,000 droplets per sample in a manual
droplet generator according to manufacturer’s instructions. Emulsified PCR reactions
were run on 96-well plates on a G-Storm GS4 thermal cycler with conditions as shown
in Table 2.10. Plates were read on a BioRad QX-200 droplet reader using QuantaSoft
v1.7.4 software from BioRad to assess the number of droplets positive for mutant DNA,
wild-type DNA, both, or neither. A non-targeting control well with no DNA was included
for each assay in each run. A minimum of 10,000 droplets total and 2 FAM positive

droplets were required for an assay to be considered successful.

Cell lines that showed a mutant population by a multiplex ddPCR assay were validated

with the identified mutation as a singleplex ddPCR as described above.
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Table 2.9: ddPCR reaction mix

Component Volume (uL)
DNA (10 ng) 2
BioRad multiplex or singleplex | 1
Supermix for probes 10
Water 8

Table 2.10: ddPCR protocol

Step Temperature (°C)

Heated lid 105 -

Step 1 95 10 minutes

Step 2, 40x 95 15 seconds
52 (ESR1), 54 (PIK3CA) 1 minute

Step 3 98 10 minutes

Holding 10 Indefinite

Temperature ramp increment of 2.5°C/second for all steps

2.2.11 Western blotting

2.2.11.1 Protein extraction from 2D culture

Cells for protein extraction were seeded in 6 cm or 10 cm plates. Growth medium was
aspirated from the plates, and cells were washed with ice-cold PBS. 100 L ice-cold RIPA
buffer was added to each plate, and cells were detached by scraping. The lysates were
sonicated for 30 seconds in 1.5 mL screw-top vials, centrifuged at 8000 x g, and the

supernatant stored at -20°C in fresh vials.

Of note, a different cell lysis protocol was used to probe for retinoblastoma and CDK6.
Cells for protein extraction were seeded in 6 cm or 10 cm plates. Growth medium was
aspirated from the plates, and cells were detached using a covering volume of phenol
red-free trypsin/versene, with a 2-10 minute incubation at 37°C (cell line dependent).
Once cells were detached, the trypsin was neutralised by addition of fresh culture
medium. The cell suspension was centrifuged at 260 x g. The resulting cell pellet was
washed with ice-cold PBS twice. The PBS was aspirated, and the cell pellet frozen at -
80°C. The pellet was then resuspended in 500 pL of NP-250 lysis buffer containing

PhosSTOP protease inhibitor cocktail, and incubated for 30 minutes on a carousel
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rotating shaker at 4°C. The samples were then vortexed and subsequently centrifuged
at 9000 x g for 10 minutes. The supernatant containing the extracted protein was

transferred to fresh vials and stored at -20°C.

2.2.11.2 Protein extraction from 3D culture

Spheroids for protein extraction were seeded as described above in ultra-low
attachment 96-well 3D culture plates. The spheroids were harvested from each well
using a 1 mL pipette into a 15 mL Falcon tube. Growth medium was aspirated, and the
cells were washed with ice-cold PBS. 1 mL RIPA buffer was added to the tube, and the
spheroids were sonicated for 1 minute. The lysates were then centrifuged at 8000 x g,

and the supernatant stored at -20°C in fresh screw-cap vials.

2.2.11.3 Protein electrophoresis and detection

Protein concentrations were determined using a Direct Detect spectrometer (Milipore)
or a Bradford assay. 15 pg of lysates were diluted in either RIPA or NP-250 lysis buffer
(according to the buffer used to lyse the cells) and Laemmli sample buffer. 18 uL of each

sample was loaded onto the gel and run at 100 V for 1 hour in electrophoresis buffer.

Protein from the polyacrylamide gels was transferred onto PVDF membranes pre-
hydrated in methanol using transfer stacks pre-soaked in transfer buffer and the mixed
molecular weight settings on the TransBlot-Turbo transfer system. After transfer, the
membranes were incubated in blocking buffer for 1 hour at room temperature on the
orbital shaker. The membranes were then washed 3x for 5 minutes in TBS-T before
incubation in the relevant primary antibody (diluted according to manufacturer’s

instructions, Table 2.1) at 4°C overnight on an orbital shaker.

Membranes were washed 3x for 5 minutes in TBS-T before incubation in secondary
antibody diluted in blocking buffer for 1 hour at room temperature on an orbital shaker.
Membranes were then washed 3x for 5 minutes in TBS-T and developed in ECL substrate

prior to imaging on the BioRad imager.
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2.2.12 Drug assays

Parental cells were incubated in culture media supplemented with DCC-FBS with no
supplemental estradiol for 48 hours prior to seeding for drug assays. Drug treatments
for parental cells were made up in culture media supplemented DCC-FBS with
supplemental estradiol to achieve a final concentration of 0.01 nM estradiol in the well.
Palbociclib-resistant cells were incubated in culture media supplemented with DCC-FBS

with no supplemental palbociclib for 48 hours prior to seeding for drug assays.

2.2.12.1 2D drug treatments

4000-8000 cells/well were seeded in 2D 96-well plates in 100 pL, with seeding number
adjusted per line to allow ~80% confluence in the control wells at the end of the
experiment. Stock drugs were diluted into culture media supplemented with DCC-FBS
such that treatments of 100 uL/well would achieve the final desired concentration in
the well, with first treatment dispensed at 24 hours. After 72 hours, growth media was
aspirated, and the second drug treatment was applied (stock drugs diluted into culture
media supplemented with DCC-FBS such that treatments of 200 uL/well would achieve
the final desired concentration in the well). Cell viability was assessed using CellTiter-

Glo after 7 days.

2.2.12.2 3D drug treatments

2500 cells/well were seeded in 96-well ultra-low attachment 3D culture plates in 100
pL, and spheroids formed as described in Section 2.2.1.3. Stock drugs were diluted into
culture media supplemented with DCC-FBS such that treatments of 100 uL/well would
achieve the final desired concentration in the well, with first treatment dispensed at 3
days. After 6 days, the second drug treatment was applied (stock drugs diluted into
culture media supplemented with DCC-FBS such that treatments of 100 uL/well would
achieve the final desired concentration in the well). After 10 days, 75 uL growth media
was aspirated from each well, and cell viability was assessed using CellTiter-Glo using an
equivalent volume of undiluted CellTiter-Glo to the volume of media remaining in the

well.
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2.2.12.3 2D combination drug treatments

800-5000 cells/well were seeded in 2D 96-well plates in 50 pL, with seeding number
adjusted per line to allow ~80% confluence in the control wells at the end of the
experiment. The two stock drugs were diluted into each cell line’s growth media such
that treatments of 50 plL/well of each drug would achieve the final desired
concentration in the well, with first treatment dispensed at 24 hours. After 72 hours,
growth media was aspirated, and the second drug treatment was applied (the two stock
drugs diluted into growth media such that that treatments of 100 uL/well of each drug
would achieve the final desired concentration in the well). Cell viability was assessed

using CellTiter-Glo after 7 days.

2.2.12.4 3D combination drug treatments

2500 cells/well were seeded in 96-well ultra-low attachment 3D culture plates in 100
pL, and spheroids formed as described in Section 2.2.1.3. The two stock drugs were
diluted into culture medium supplemented with DCC-FBS such that treatments of 50
uL/well of each drug would achieve the final desired concentration in the well, with first
treatment dispensed at 3 days. After 6 days, the second treatment was applied. After 10
days, 75 pL growth media was aspirated from each well, and cell viability was assessed
using CellTiter-Glo, using an equivalent volume of undiluted CellTiter-Glo to the volume

of media remaining in the well.

2.2.13 Characterisation of paired patient samples

2.2.13.1 Previous studies using this cohort of samples

A UK cohort of paired tumour biopsies prior to Al therapy, and following progression or
recurrence on Al treatment has previously been reported on (Lopez-Knowles et al.,
2019). In this study, formalin-fixed paraffin-embedded (FFPE) tissue marked for the
tumour rich region was manually microdissected and DNA and RNA were co-extracted
using the AllPrep DNA/RNA FFPE kit according to manufacturer’s instruction. The RNA
was then stored at -80°C. This study was approved under the National Research Ethics
Service (approval number: 08/H0801/111) and the Royal Marsden Committee for

Clinical Research (number 3002).
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2.2.13.2 Ethical approval for characterisation performed in this thesis

As part of this thesis project, a new ethical approval submission was made to the
London-Brighton and Sussex Research Ethics Committee, and to the Royal Marsden
Committee for Clinical Research, to allow for the samples to be sequenced, and for the
sample set to be expanded. This was granted by the Health Research Authority (REC
number 20/L0O/0269), and by the Committee for Clinical Research (number 5117).
Further FFPE blocks were then identified to increase the number of pairs, and RNA was

extracted from these using the same protocol as described above.

2.2.13.3 RNA quality assessment, library preparation, and sequencing

This work was performed by Professor Perou’s group at the University of North Carolina,
Chapel Hill, USA. RNA quality was assessed using a BioAnalyzer, with a threshold of DV
greater than 30% required to proceed to library construction. Libraries were constructed
using the Illumina TruSeq Stranded Total RNA Library Prep Gold kits and lllumina TruSeq
RNA Unique Dual Index adaptor sequences according to manufacturer’s instructions.
This included the Ribo-ZERO method to remove ribosomal RNA. Libraries were
sequenced using an lllumina HiSeq 2500. The FastQ files were then transferred to the

Institute of Cancer Research.

2.2.13.4 Processing of FastQ data

This work was performed by Dr Gene Schuster, senior bioinformatician at the Ralph
Lauren Centre for Breast Cancer Research, Royal Marsden and Breast Cancer Now
Research Centre, Institute of Cancer Research. lllumina adaptors were trimmed from
the raw FastQ files using Trim Galore (Krueger, 2019), and aligned to coding and non-
coding transcripts using the human reference genome Gencode v22 GTF (Frankish et al.,
2019) with Salmon (Patro et al., 2017). Genes were filtered to those expressed in at least
70% of patients in one subtype category, with counts greater than 10. Nanostring
subtype calling had been used in the previous studies (Lopez-Knowles et al., 2019), but
had been unable to define molecular subtypes for 12 of the samples. Therefore, PAM50
subtype calling was performed by using a modified subgroup-specific gene-centreing
method (Zhao et al., 2015) and compared to the previous Nanostring subtype calling for

validation. 7 samples using this method were assigned a different molecular subtype
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from their Nanostring PAM50 subtype, but for consistency across the samples, the

subgroup-specific gene-centred method was used throughout.

2.2.13.5 Analysis of RNA-seq data

This work was performed by Arany Soosainathan as part of this thesis, aided by Dr Gene
Schuster. Differential expression of individual genes between different pre- and post-Al
samples, and between different molecular subtypes, was calculated using the R package
DESeq2 (Love et al., 2014), which tests for differential expression through using negative
binomial linear models. Gene set enrichment analysis was performed using the R
package clusterProfiler (Yu et al., 2012), with the function GSEA, and the hallmark gene
sets from the Molecular Signatures Database (Liberzon et al., 2015). R version 1.3.1093
was used for the analysis. Significant differences between groups were tested by Mann-

Whitney tests, performed in R.

2.2.14 Statistics

All statistical tests were performed in GraphPad Prism 9 except those performed on
RNA-seq data and high-throughput screen data. Error bars indicate * standard error of
the mean (SEM). Significant differences were calculated by one-way analysis of variance
(ANOVA), with Tukey’s correction for multiple comparisons, and confidence intervals of
95%. For analyses of two or more variables, a two-way ANOVA was used, with Sidak’s
correction for multiple comparisons, with confidence intervals of 95%. Dose-response
curves and ICso values were calculated using a 4-parameter non-linear regression. p-

values are noted where significant, or indicated as not significant with ns.

Venn diagrams were formed using an interactive web tool Venny (Oliveros, 2017-2015).
Synergy plots for combination drug treatments were formed using SynergyFinder
(lanevski et al., 2020). Protein-protein interaction networks were formed using String-

DB (Szklarczyk et al., 2015).

2.2.14.1 Analysis of 2D and 3D siRNA high-throughput screens

Assay quality was assessed using calculation of Z-prime (Zhang et al., 1999). Assay

quality was assessed per plate, and only plates with Z-prime of 20.5 were taken for
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further analysis. Three independent biological replicates (each replicate formed of ten
plates) were performed with to reduce the risk of false hit identification. The R package
cellHTS2 was used to calculate the robust Z-score (Malo et al., 2006) for each siRNA, in
collaboration with Dr John Alexander, Institute of Cancer Research. A robust Z-score of

<-2 was used as a threshold to classify the hits.

2.2.14.2 Analysis of 2D drug high-throughput screens

Assay quality was assessed and robust Z-scores were calculated as described above
(each replicate formed of five plates). However, it was noted that the range of robust Z-
scores varied considerably between the cell lines, and thus setting a threshold of robust
Z-score <£-2 to classify and compare hits was not considered to be appropriate.
Therefore, the raw luminescence value for each well was normalised by dividing this
value by the median value of the negative controls on the plate to generate a percentage
of control (POC) score. The mean of the POC scores of the three independent biological
replicates was then used to generate a mean response score for each drug, at each
concentration tested. A threshold of 50% growth inhibition was selected as the cut-off

to classify hits.

2.2.14.3 Analysis of 3D drug high-throughput screens

This was performed according to the same protocol as the siRNA screens, described in
Section 2.2.14.1, but the threshold for the robust Z-score was set at <-1.65 to classify

and compare hits.
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Chapter 3 Characterising paired patient samples by RNA-
sequencing

3.1 Introduction

ER-positive breast cancer is categorised into distinct subtypes (Section 1.1.4). These
subtypes contribute to the heterogeneity observed in ER-positive disease, and have
different patterns of behaviour with cancer progression (Castaneda et al.,, 2012).
Changes contributing to the evolution of tumours are still poorly understood, partly
because of the paucity of patient samples of progressive disease (discussed further in
Section 3.1.3). As part of this project’s aim to examine the mechanisms contributing to
endocrine resistance, RNA-sequencing (RNA-seq) of paired patient samples from before
and after the development of resistance to aromatase inhibitors was undertaken to
evaluate transcriptomic changes that could underpin the development of resistance

mechanisms.

3.1.1 Cancer genomics

The study of cancer genomics has been transformational in contributing to our
understanding of cancer biology and tumour progression. From the discovery of the
Philadelphia chromosome in chronic myeloid leukaemia (Rowley, 1973), to the
completion of the Human Genome Project in 2004, which aided the discovery of
mutations in EGFR that could predict response to tyrosine kinase inhibitors in lung
cancer (Lynch et al.,, 2004), the information that can be gleaned from a better
understanding of the molecular footprint of cancer is significant for both scientific
advances and clinical application. Whole genome sequencing can identify point
mutations, structural changes such as copy number aberrations, translocations, and
inversions, insertion/deletion mutations, and aneuploidy analyses. RNA-seq
(sequencing of the whole transcriptome) adds an element of quantitative analysis by
yielding information on differential gene expression. Furthermore, while the gene
expression changes captured by microarray technology was limited by pre-defined
definitions of genes, RNA-seq methods are not limited by prior knowledge, and as such
may be used to discover novel gene structures and gene fusion events. RNA-seq has also
broadened the understanding of the regulation of gene expression by enhancer RNAs

(Li et al., 2016) and non-coding RNAs (Morris and Mattick, 2014). Further developments
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in next generation sequencing (NGS) include methyl-seq, looking for aberrations in the
DNA methylation process that could lead to genetic instability or transcriptional
silencing, and ATAC-seq (Assay for Transposase Accessible Chromatin), which assesses
genome-wide chromatin accessibility. Therefore, it can be seen that NGS technologies
and bioinformatic processing to interpret that data has considerably furthered our

understanding of cancer as a disorder of the genome/epigenome.

3.1.2 Clinical applications of cancer genomics in breast cancer

The information derived from cancer genomics and NGS has already advanced the
diagnostic and treatment decisions made by clinicians. The discovery of the BRCA1 gene,
sequenced in 1994 (Goldgar et al., 1994, Miki et al., 1994), has transformed the
management of patients with this hereditary condition. Similarly, the discovery of the
ERBB2 gene amplification as a cancer driver has led to the development of trastuzumab
targeting the HER2 receptor. Furthermore, the information from RNA expression
profiling has been critical in developing technologies such as Oncotype-Dx, a 21-gene
expression assay that has been validated to predict benefit from chemotherapy in early
ER-positive/HER2-negative breast cancer. Indeed, the results from the use of Oncotype-
Dx in the TAILORx study (Sparano et al., 2018) has allowed a significant proportion of
women to avoid undergoing adjuvant chemotherapy with little benefit to their risk of

recurrence.

3.1.3 Limitations to NGS

As illustrated above, NGS is a powerful tool, but cancer samples do pose obstacles to
clean data acquisition from these sequencing methods. Solid tumours are made up from
not only tumour cells, but also stromal tissue, immune cells, and blood vessels, and the
genetic material from these components will dilute down the genomic DNA or RNA in
the extraction. Furthermore, the methods for preserving tumour samples present
challenges to sequencing. Formalin fixation can cause cross-linking of the
phosphodiester skeleton of DNA and RNA, leading to fragmentation, and paraffin tissue
embedding can also lead to degradation. An additional limitation conferred by
fragmentation is that if the origin of the read is in a highly repetitive region, or if there

are multiple genes within the genome with similar sequences, this can prove challenging
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to align and pinpoint the genomic location. Finally, the availability of samples to answer
the clinical question at hand can be challenging. Most tumour banks are formed of
primary tumours excised by surgery. However, to address the issues of what genomic
changes underly dormancy, resistance to targeted therapy, and disease progression,
samples of recurrence and metastasis are required, but these are not often obtained
through a patient’s clinical course. One mechanism around this is the use of liquid
biopsy, to obtain ctDNA (Murtaza et al., 2013), but unfortunately it remains the case
that our understanding of the genomic changes underlying resistance to therapy, and

metastasis, is limited.

3.1.4 Paired patient sequencing to understand tumour evolution

Current guidelines for locally recurrent or metastatic ER-positive/HER2-negative breast
cancer recommend the use of aromatase inhibitors (Als) as first-line therapy in the post-
menopausal setting (Cardoso et al., 2012). Given the significant issues that acquired
resistance to endocrine therapy can pose, it is critical to gain a greater understanding of
the key molecular drivers, especially those changes that occur while on therapy, that
can mediate escape mechanisms. The ability to longitudinally sample specimens from
the same patient, about whom the clinical demographics and treatment are known, is a
powerful tool. However, cohorts of such paired samples are rare, as illustrated by the
sequencing study of a large cohort of breast cancer patients (Razavi et al., 2018). Within
their group of 1918 tumours sequenced, only 74 pre- and post-progression matched
samples from patients who had received hormonal therapy were identified. The
importance of characterising paired samples has been recognised in the design of the
AURORA study (Aftimos et al., 2021), which aims to profile 1000 matched primary and

metastatic breast cancer samples using a multi-omics approach.

Previous work has been done on a UK set of paired tumour biopsies prior to Al therapy,
and following progression or recurrence on Al treatment, by Professor Dowsett’s group.
The first study on 55 of these pairs involved immunohistochemical assessment of ER,
PGR, HER2, insulin receptor substrate -1 (IRS-1), stathmin, PTEN and Ki67, and showed
that the Al-resistant phenotype is highly variable (Arnedos et al., 2014). Further work on
these samples using targeted DNA and RNA sequencing demonstrated that three genes

were exclusively mutated in the post-treatment sample (ERBB2, MAP2K4, and ESR1) but
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that otherwise there was a high degree of heterogeneity between the resistant
specimens, with few apparent common gene expression patterns that could mediate
the development of resistance (Lopez-Knowles et al., 2019). The main mechanism of Al
resistance suggested by this study was the development of ESR1 mutations, allowing for
higher expression of oestrogen-regulated genes, despite treatment with Als. This is
corroborated by the pre-clinical finding that long-term culture of cells under oestrogen-
deprived conditions enriches for ESR1 mutations (Martin et al., 2017). Furthermore,
clinical data have also found that ESR1 mutations are associated with Al resistance in
metastatic breast cancer. One study has shown that 30% of patients with metastatic
breast cancer treated with an Al had an ESR1 mutation at the time of progression (Clatot
et al., 2016), with another showing that patients with an ESRI mutation demonstrated
reduced progression-free survival with Al treatment (Zundelevich et al., 2020). Finally,
ESR1 mutations in the ctDNA of patients with metastatic disease were almost exclusively
found in those demonstrating resistance to Al therapy (Fribbens et al., 2016). However,
the study by Lopez-Knowles et al was limited to looking at RNA expression of 209 genes,
as the Nanostring technology relies on probe hybridization to selected genes. New
advances in RNA-sequencing have allowed the use of smaller quantities of RNA,
extracted from formalin-fixed, paraffin-embedded (FFPE) material, and thus permitted

these samples to be submitted for RNA-sequencing.

3.1.5 Aims and hypothesis

The hypothesis underpinning the work in this chapter is that a comprehensive NGS
technique, RNA-sequencing, which significantly increases the number of genes counted,
may shed additional light on the molecular changes occurring in these specimens as a
result of Al treatment, and contributing to Al resistance. The aim therefore, would be to
identify these alterations in the patterns of gene expression, examine whether these
changes could logically contribute to mechanisms of Al resistance, and determine

whether they could be targeted to tackle the obstacle of endocrine therapy resistance.
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55 Al Pairs (RNA previously extracted)

|

40 pairs with >200 ng RNA remaining

6 further FFPE blocks identified
and RNA extracted

43 pairs (86 samples) submitted for library preparation
11 samples of insufficient quality
(DV,,, <30%)

75 samples submitted for RNA-seq
(34 pre-Al, 41 post-Al)
1 sample excluded (high proportion
unaligned reads)

74 samples successfully sequenced
(33 pre-Al, 41 post-Al, 32 complete pairs)

Figure 3.1: Consort diagram of the 55 Al paired samples considered for RNA-
sequencing

3.2 Results

3.2.1 Patient demographics

Figure 3.1 illustrates which of the samples detailed in the previous work on this cohort
(Lopez-Knowles et al., 2019) had sufficient remaining RNA to be utilised in this work, and
Table 3.1 outlines the clinical characteristics of this group. In summary, the first biopsy
(pre-Al) was most commonly obtained from the primary tumour (65%) in the setting of
either early or locally advanced breast cancer. The second, post-Al biopsy was most
frequently taken from a local recurrence (60%), in the setting of metastatic or locally
advanced cancer. The median time to treatment failure on the first Al was 12 months,

with a median overall survival of 7.5 years.
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Table 3.1: Patient demographics. The clinical characteristics of 42 patients with RNA-
seq data

Clinical Characteristics

Diagnosis Age (years) Median 56
Range 33-86
Disease status Early BC 31 (72)
Locally advanced 7 (16)
Metastatic 5 (12)
Age at start of Al treatment (years) Median 65
Range 37-88
Pre-Al biopsy Site Primary 28 (65)
Local recurrence 14 (33)
Distant recurrence 1 (2)
Disease status Early BC 21 (49)
Locally advanced 19 (44)
Metastatic 3 (7)
Al therapy Type Anastrozole 19 (44)
Letrozole 23 (53)
Exemestane 1 (2)
Treatment setting Neoadjuvant 6 (14)
Local recurrence 23 (53)
Metastatic 14 (33)
Post-Al biopsy Site Primary 4 9)
Local recurrence 26 (60)
Distant recurrence 13 (30)
Disease status Early BC 1 (2)
Locally advanced 17 (40)
Metastatic 25 (58)
Endocrine therapy prior to Al None 9 (21)
Tamoxifen 31 (72)
Tamoxifen + Al 2 (5)
Goserelin 1 (2)
Endocrine therapy after progression on Al None 14 (33)
Exemestane 27 (63)
Tamoxifen 1 (2)
Fulvestrant 1 (2)
HER2 status HER2 positive?® 6
Overall survival® Median (years) 7.5
Range (years) 1-33
Time to Treatment Failure on 15t Al Median (months) 12
Range (months) 0-65

BC: breast cancer, Al: aromatase inhibitor

2 Either pre-Al or post-Al biopsy

b Defined as time from primary diagnosis of breast cancer to death (patients alive at
time of last follow-up excluded)
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Figure 3.2 Heatmap of unsupervised hierarchical clustering of RNA-seq data based on
PAMS50 geneset. Subtypes were classified to luminal A, luminal B, HER2-enriched and
basal according to previous Nanostring analysis (top row), and from subgroup-specific
gene-centred subtype calling of PAM50 genes from the RNA-seq data (second row).
Heatmap colours from blue to red represent low to high expression of the PAM50 genes.
Samples with ERBB2 amplification (third row), and those that acquired an ESR1 mutation
(fourth row) are highlighted, as are the pre-Al and post-Al pairs that clustered together
(bottom rows).

3.2.2 Characterisation of molecular subtyping

Initial exploration of the data was done through the use of unsupervised hierarchical
clustering from the PAM50 geneset, illustrated in Figure 3.2, to see if there were broad
patterns of behaviour common to each subtype. As discussed in Section 1.1.4, breast
cancer may be divided into molecular subtypes, each of which demonstrate typical
patterns of behaviour. The PAM50 gene set is a list of 50 genes that classify breast
cancers into these subtypes (Perou et al., 2000), and were refined from a larger list of
genes found through microarray studies that were subjected to statistical analyses to

identify those which showed high correlation to each intrinsic subtype.

Subtyping was characterised by a subgroup-specific gene-centering method which was
validated through comparison with the Nanostring subtyping performed in the previous
study (Lopez-Knowles et al., 2019). This initial analysis shows that samples tended to
cluster according to their molecular subtype, rather than within their pairs.
Furthermore, the post-Al samples tend to cluster together more than the pre-Al samples
when characterised by the PAM50 geneset, suggesting that that while the pre-Al
samples may commence from a variety of molecular backgrounds, the changes they
undergo tend towards similarity. It can also be seen that the HER2-enriched samples,
particularly those with ERBB2 amplification, retained upregulation of ERBB2 expression,
whether pre-Al or post-Al. Of note, of the seven HER2-positive patients in this cohort,
two received trastuzumab prior to the pre-Al sample, one received it between the pre-
Al and post-Al biopsy, three were treated with it following the post-Al biopsy, and one
patient did not receive trastuzumab. The luminal A samples tended to maintain ER-
signalling and show lower expression of proliferation related genes, while the opposite
was true of the luminal B and basal subtypes. While the majority of samples that have

been called as basal are post-Al samples — that is, following Al-therapy their molecular
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behaviour is more characteristic of a basal subtype —there is one pair for which the pre-
Al and post-Al samples are characterised as basal, by both Nanostring and from the RNA-
seq data itself. The IHC of this sample has been checked and found to be ER-positive,
but given that the pre-Al sample for this pair is of a very different molecular background
to the rest of the pre-Al cohort, this pair has been excluded from differential expression

and gene set enrichment analyses.

Given this difference in behaviour between the molecular subtypes, principal
component analysis (PCA) of all the samples was performed (Pearson, 1901) using the
prcomp function in R, and is illustrated in Figure 3.3. Of note, 16 of the 32 pairs changed
molecular subtype over the course of the study, as illustrated in Table 3.2. As such, the
classification for comparison is based on the subtype of the pre-Al sample, with the aim
of capturing the changes that occur on Al treatment. Given that there were 10 samples
with no corresponding pair, these have been coloured black. As can be seen in Figure
3.3Aand 3.3B, while the pre-Al and post-Al samples of the luminal B and HER2-enriched
subtypes seem to cluster together, there is separation of luminal A subtypes from the
non-luminal A subtypes. Furthermore, the pre-luminal A subtypes appear to undergo
the greatest change on Al treatment, as illustrated in Figure 3.3B and 3.3D, with a
significant difference in the change in Euclidean distance between pairs between
luminal A and luminal B subtypes (p=0.03) and a non-significant distance between
luminal A and HER2-enriched subtypes (p=0.07). This PCA analysis suggests that the
cancers that start with a luminal A phenotype undergo the greatest change on Al

treatment.
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Figure 3.3 Characterisation of sample set. (A) Principal component analysis (PCA) of
samples in cohort. Plot of the 1%t and 2" principal components of PCA analysis using
prcomp function from ‘stats’ package in R. PCA based on logz normalized counts of
expressed genes. Samples are named according to their pair number, and whether they
are pre-Al or post-Al. Samples are coloured according to the molecular subtype of the
pre-Al sample (dark blue - luminal A, light blue — luminal B, pink — HER2-enriched, red —
basal, black — sample has no corresponding pair). (B) PCA of samples demonstrating
links between pre-Al and post-Al samples Plots of the 15t and 2" principal components
of the PCA analysis with arrow linking pre- and matched post-Al sample. Arrow colours
based on the pre-Al samples (dark blue — luminal A, light blue — luminal B, pink — HER2
enriched, red — basal) (C) Unsupervised clustering of samples utilising all expressed
genes from RNA-seq data. Dendrogram based on hierarchical cluster analysis using
Spearman’s correlation of log, normalized counts of expressed genes, Euclidean
distance, and ward.d2 minimum variance method to cluster patients. Sample naming
and colouring as per panel A. (D) Boxplots of Euclidean distance between the pairs of
samples, categorised by subtype. Mann-Whitney test to determine differences
between groups. Euclidean distance based on method used for calculation of
dendrogram as per panel (C).

Table 3.2: Number of molecular subtypes pre- and post-Al therapy

Post-Al Subtype

Luminal A Luminal B HER2- Basal
g enriched
e Luminal A 5 3 1 5
3
(7] .
<_F Luminal B 1 6 5 0
o
o HER2- 0 1 5 0

enriched
n=32 complete pre- and post Al pairs

3.2.3 Comparison of all pre-Al vs all post-Al samples

Following preprocessing of the raw count data, 21242 genes were used in the analysis
of all pre-Al and all post-Al samples. Differential expression of individual genes between
the pre-Al and post-Al samples was detected using the package DESeq2. Comparisons
were drawn between all pre-Al and post-Al samples, and also within subtypes, namely,
luminal A, luminal B, and those that were HER2-positive. There were small numbers of
HER2-enriched and basal subtypes and so subgroup analyses were not performed on
these samples. Tables 3.3 and 3.4 outline the significantly upregulated and down-
regulated genes in all post-Al samples compared to all pre-Al samples, with the false
discovery ratio (FDR) being set at <0.1. Genes are ranked by FDR and by the log, fold

change.



Table 3.3: Significantly upregulated genes in response to aromatase inhibitor

therapy

“ﬂ

ACSBG1
CLEC11A
KRT10
CYP26B1
DPF3
KLF5
HBB
HBA1
MASP1
KCNJ15

SCML2
MMP9
TYRO3
ST3GAL2

ANGPTL1
SLC39A14
RORB
ATP1A2

CUBN

EGFR
PALM2AKAP2
HBA2

RSPO3
CACHD1
PGAP4

PDESA

FCN1
RAVER1
NLGN1
TRPC6
ADGRF1
TTC33
HSD17B2

Long chain fatty acid CoA ligase

C-type lectin domain family 11 member A
Keratin, type | cytoskeletal 10

Cytochrome P450 26B1

Zinc finger protein DPF3

Krueppel-like factor 5

Haemoglobin subunit beta

Haemoglobin subunit alpha 2

Mannan-binding lectin serine protease 1
ATP-sensitive inward rectifier potassium channel
15

Sex comb on midleg-like protein 2

Matrix metalloproteinase-9

Tyrosine-protein kinase receptor 3
CMP-N-acetylneuraminate-beta-galactosamide-
alpha-2,3-sialyltransferase 2
Angiopoietin-related protein 1

Metal cation symporter ZIP14

Nuclear receptor ROR-beta
Sodium/potassium-transporting ATPase subunit
alpha-2

Cubilin

Epidermal growth factor receptor

PALM2 and AKAP2 fusion

Haemoglobin subunit alpha 2

R-spondin-3

VWFA and cache domain-containing protein 1
Post-GPI attachment to proteins factor 4

High affinity cAMP-specific and IBMX-insensitive
3',5'-cyclic phosphodiesterase 8A

Ficolin-1

Ribonucleoprotein PTB-binding 1

Neuroligin-1

Short transient receptor potential channel 6
Adhesion G-protein coupled receptor 1
Tetratricopeptide repeat protein 33
17-beta-hydroxysteroid dehydrogenase type 2

0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.06

0.06
0.07
0.07
0.07

0.07
0.07
0.07
0.07

0.07
0.07
0.07
0.08
0.08
0.08
0.08
0.08

0.09
0.09
0.09
0.09
0.10
0.10
0.10

log. fold
change
2.73
1.42
1.81
1.60
2.17
1.56
2.19
2.56
2.19
1.43

1.37
2.04
1.11
0.85

1.65
0.64
1.90
1.63

1.32
1.19
0.54
2.20
1.66
0.77
1.80
0.53

1.37
0.78
2.15
1.12
1.46
0.70
2.26

Comparison of all pre-Al samples (n=33) and post-Al samples (n=41), FDR<0.1



Table 3.4: Significantly downregulated genes in response to aromatase inhibitor

therapy

“ﬂ

log. fold
change

TPH1 Tryptophan-5 hydroxylase-1 0.00 | -2.22
C5AR2 C5a anaphylatoxin chemotactic receptor 2 0.00 -1.00
PGR Progesterone receptor 0.00 | -2.23
RMST Rhabdomyosarcoma 2 associated transcript 0.02 | -2.93
ERICH3 0.02 | -3.09
NRAV Negative regulator of antiviral response 0.02 | -0.62
AC013652.1 0.02 | -1.68
GABRG3 Gamma-aminobutyric acid type A receptor 0.03 | -2.06
subunit gamma-3
DCDC1 Doublecortin Domain Containing 1 0.03 -2.11
ADCY1 Adenylate cyclase 1 0.03 | -1.53
AL591845.1 0.03 |-1.41
AL138889.1 0.04 | -0.68
Céorf141 Chromosome 6 open reading frame 141 0.04 | -1.94
AC091181.1 0.05 | -0.64
KDM4B Lysine demethylase 4B 0.06 | -0.79
PTGES Prostaglandin E synthase 0.06 | -1.40
SLC6A4 Solute carrier family 6 member 4 0.06 | -1.92
GREB1 Growth regulating estrogen receptor binding 1 0.06 | -1.65
AC092969.1 0.06 |-1.90
AC004494.1 0.07 |-1.24
Z83745.1 0.07 | -0.57
ZNF552 Zinc finger protein 552 0.07 | -1.06
FAR2P1 0.07 |-1.92
MC2R Melanocortin 2 receptor 0.08 | -1.02
GP2 Glycoprotein 2 0.08 | -1.77
TPBG Trophoblast glycoprotein 0.08 -0.74
CCDC30 Coiled-coil domain containing 30 0.08 -0.54
ZNF587 Zinc finger protein 587 0.08 | -0.61
CEP85 Centrosomal protein 85 0.08 | -0.77
EVL Enah/vasp-like 0.08 | -0.87
PUS10 Pseudouridine synthase 10 0.09 -0.64
ZNF8 Zinc finger protein 8 0.09 -0.31
GRB14 Growth factor receptor bound protein 14 0.09 -2.46
LSM2 LSM2 homolog U6 small nuclear RNA and mRNA | 0.10 @ -0.64
degradation associated
DPPA4 Developmental pluripotency associated 4 0.10 | -0.95

Comparison of all pre-Al samples (n=33) and all post-Al samples (n=41), FDR<0.1
Non-coding RNAs and pseudogenes are denoted in blue font

The first conclusion to be drawn from the comparison of significantly differentially
expressed genes in all post-Al samples against all pre-Al samples is that the numbers of
genes are low (33 upregulated genes and 35 downregulated genes). These genes were

inputted into functional enrichment analysis software such as g:Profiler (Raudvere et al.,



2019), and databases assessing protein-protein interactions such as STRING-db
(Szklarczyk et al., 2015) with no relevant results. However, literature review of the genes
did provide support for the validity for the results of this study. The upregulation of
genes such as MMP9, a matrix metalloproteinase with a role in establishing the
metastatic niche in breast cancer (Owyong et al., 2019), ST3GAL2, a predictive
biomarker of breast cancers resistant to chemotherapy (Aloia et al., 2015), KLF5, a
transcription factor that can promote cell proliferation and survival, as well as being
associated with shorter breast cancer survival (Zheng et al., 2009), and RSPO3, a
secreted protein that plays a role in cell proliferation regulation, high expression of
which has been significantly correlated with PI3K/AKT pathway activity and epithelial-
mesenchymal transition (Gu et al., 2020), has biological validity for this group of patients
who have progressed on Al therapy. Similarly, both PGR and GREB1, genes under the
transcriptional control of ER, are downregulated in the post-Al samples, as is PTGES, a
prostaglandin E-synthesising enzyme, which is usually upregulated in breast cancer cells
in response to oestrogen (Frasor et al., 2008). These results suggest that while there are
not enough significantly differentially expressed genes to suggest a common pathway
by which breast cancers may develop resistance to Al therapy, exposure to Als may have

had an effect on the transcriptome of these samples.

3.2.4 Individual changes in gene expression by subtype

When looking at the genes differentially expressed according to subtype, it can be seen
that there is a high degree of mutual exclusivity as to the expression of which genes are
altered, as demonstrated in Figure 3.4A, and the greatest changes in individual gene
expression were seen in the luminal A subtype. This finding is also represented in Figure
3.4B, which illustrates the difference in the changes in gene expression between the
various subtypes. These results show that of the changes that do occur following Al
therapy, the alterations in expression are governed by the subtype of breast cancer, and
that it is the luminal A subtype that demonstrates the greatest change in gene

expression.
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Figure 3.4 Significant differentially expressed genes in post-Al samples compared to
pre-Al samples, classified by subtype. (A) Venn diagram of numbers of significantly
upregulated and downregulated genes according to subtype. LumA samples are paired
samples where the pre-Al biopsy was subtyped as luminal A. LumB samples are paired
samples where the pre-Al biopsy was subtyped as luminal B. HER2 samples are samples
where either the pre-Al or post-Al sample was HER2-positive. The category 'All'
encompasses all samples, whether or not they had a corresponding pair. The category
‘All" also includes those samples subtyped as HER2-enriched without demonstrating
ERBB2 amplification, or subtyped as basal. Number of significantly upregulated genes
are noted in red, and significantly downregulated noted in blue, with threshold of
significant set at FDR <0.1). (B) Scatterplots of log, fold change of post-Al vs. pre-Al
gene expression, compared by subtype. Scatterplots show the log2 fold change of each



gene’s expression following Al-therapy in the x-axis subtype, vs. y-axis subtype. Red
indicates a significant change in expression pre-Al vs. post-Al in the x-axis subtype, blue
indicates a significant change in expression pre-Al vs. post-Al in the y-axis subtype, and
purple indicates significant change in both subtypes (threshold of significance set at FDR
<0.1).

The lists of differentially upregulated and downregulated genes following Al therapy by
subtype were inputted into the same functional enrichment software and protein
databases, but did not reveal any potential pathways of resistance (data not shown).
These genes were also inputted into the COSMIC database (Tate et al., 2019), but no
known somatic mutations in breast cancer associated with these genes were found
(data not shown). However, literature review of some of the individual genes did reveal

potential areas of interest.

Expression of MMP9 and CD68, a macrophage marker, were both significantly
upregulated in the samples categorised pre-Al therapy as luminal A subtype. High co-
expression of these markers has been associated with poorer overall survival in ER-
positive cancers (Pelekanou et al., 2018). Other biomarkers of poorer prognosis, cell
migration, and resistance to chemotherapy, such as HMGA2, SMARCAS5, and CTSL (Wu
et al,, 2016, Jin et al., 2015, Zhao et al., 2019) were also upregulated in the luminal A
post-Al samples in comparison with the pre-Al biopsy. Downregulated genes included
STAG2, a tumour suppressor gene which is part of the cohesion complex that tethers
chromatids and mediates DNA repair (Benedetti et al., 2017), and DRG1, which has been
identified as a metastasis suppressor gene (Baig et al., 2012, Bandyopadhyay et al.,
2004), again suggesting a change in molecular drivers toward more aggressive,
metastatic behaviour. Mechanisms for epigenetic mediation of resistance to endocrine
therapy may also play a role in these samples, as the long non-coding RNA H19 was also
found to be upregulated. Increased expression of H19 has been observed when
endocrine-therapy resistant cell lines were treated with tamoxifen or fulvestrant, and
inhibiting expression of H19 can reverse resistance to these agents (Basak et al., 2018,
Wang et al., 2019). The study by Basak et al. also suggested that H19 can regulate
expression of ER, and suggested that targeting H19 provides an indirect way of reducing
ER-signalling upon which many ER-positive breast cancers are reliant. Therefore, the
findings from this RNA-seq dataset suggest that the luminal A subtypes have

upregulated markers of more aggressive, invasive, and proliferative disease, and suggest



a potential mechanism for development of endocrine-therapy resistance through

epigenetic modification by the long non-coding RNA H19.

In the luminal B subtype, while literature review of the downregulated genes did not
reveal any relevant findings, the genes encoding the transcription factor E2F2, and the
cytoskeletal protein ANK1, were significantly upregulated. The E2F family of
transcription factors, as well as playing a well-characterised role in cell cycle control in
the activation of the transcription of S-phase promoting genes, as described in Section
1.1.5.4, have also been shown to control the expression of genes necessary for
angiogenesis and ECM remodelling, necessary for metastasis (Hollern et al., 2014). The
induction of transcription of ANK1 has been related to the actions of p53 following DNA
damage, and the correlation of high ANK1 expression with decreased breast cancer
disease-free survival has led to the hypothesis that elevated ankyrin-1 levels may
enhance the spread of cells that are resistant to chemotherapy (Hall et al., 2016).
Interestingly, another long non-coding RNA, Linc00514, was found to be overexpressed
in the luminal B subtypes. LincO0514 has been shown to be highly expressed in breast
cancer cell lines and breast cancer tissue, and overexpression has been shown to
promote proliferation and invasion in breast cancer cell lines, and development of
metastatic lung deposits in mouse models via Notch signalling (Tao et al.,, 2020).
Therefore, there is evidence from this RNA-seq dataset that the post-Al samples of the
luminal B subtype have developed more invasive and metastatic behaviour, although
the individual significant differentially expressed genes do not point to a specific

pathway by which Al therapy resistance is mediated.

In looking at the HER2-positive group, there were very few genes significantly
differentially expressed between the pre-Al and post-Al samples. This is likely due to the
limited numbers of HER2-positive samples. Of the genes identified, literature review did

not reveal any findings of note.

There were small numbers of significantly differentially expressed genes, in all
comparisons, and consequently few clear pathways identified that could be mediating
Al therapy resistance. Furthermore, given the small number of genes identified, and the

FDR threshold set at <0.1, reservations must be borne regarding the strength of



conclusions drawn from this data. Therefore, gene set enrichment analysis was carried
out to identify if global gene expression changes had resulted in an alteration to whole

signalling pathways which could contribute to endocrine resistance.
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Figure 3.5. Gene set enrichment analysis (GSEA) of hallmark gene sets of the change
from pre- to post-treatment by molecular subtype. The log, fold change of all genes
from pre- to post-Al for each subtype was calculated using the DESeq2 programme in R.
This was used to perform GSEA using the hallmark gene sets. Heatmap shows the
normalised enrichment scores for each hallmark pathway, with heatmap colours from
blue to red representing low to high enrichment. Where FDR <0.1, adjusted p-value is
included within the heatmap. Luminal A samples are paired samples where the pre-Al
biopsy was subtyped as luminal A. Luminal B samples are paired samples where the pre-
Al biopsy was subtyped as luminal B. HER2-positive samples are samples where either
the pre-Al or post-Al sample was HER2-positive. ‘All’ samples encompasses all samples,
whether or not they had a corresponding pair, and includes those subtyped as HER2-
enriched without demonstrating ERBB2 amplification, and basal samples.



3.2.5 Gene set enrichment analysis

Gene set enrichment analysis (GSEA) is a statistical method that can look for overall
changes to signalling pathways. Interventions, such as Al therapy, may alter the
expression levels of individual genes by a large margin, or they may alter the expression
levels of several genes involved in a pathway in a such a way that overall no individual
gene is more significantly upregulated or downregulated, but that small changes in each
gene causes up- or downregulation of entire pathway. The statistical method employed
is a version of a rank sum test, where GSEA can look at a group of genes in a pathway
and determine how biased is the rank sum against what would be expected by chance.
The scoring from GSEA of the change from pre-Al to post-Al treatment according to the
hallmark gene sets isillustrated in Figure 3.5. This figure again illustrates that the luminal
A pre-Al subtypes undergo the greatest change in pathway signalling following Al
therapy, with 32 out of 50 hallmark gene sets showing significantly altered expression
between pre-Al and post-Al samples, compared to 7 out of 50 in luminal B pre-Al
subtypes, and 12 out of 50 in the HER2-positive samples (FDR set at <0.1 for
significance). From this heatmap, it can be seen that early oestrogen response signalling
is significantly downregulated in all subgroups, which is to be expected following Al
therapy, and demonstrates that the post-Al tumour is less reliant on oestrogen-
regulated signalling for growth. Conversely, the epithelial mesenchymal transition
pathway is significantly enriched post-Al therapy in all groups except luminal B, which

suggests transition to more invasive, metastatic disease.

To examine the significant hallmark pathways in more detail, the average log>
expression of each gene involved in the pathway in each patient was plotted according
to the pre-Al subtype category, as shown in Figure 3.6. There was a clear downregulation
of oestrogen response genes across all the pre-Al subtypes, suggesting a loss of
oestrogen regulation, even in those where the primary tumours may be less reliant on
oestrogen signalling — for example in the HER2-positive patients. The greatest
differences between the subtypes were in MYC targets, and MTORCL signalling, as well
as in E2F targets, and G:M checkpoint genes. In these pathways, there was a drive to
higher expression in the luminal A post-Al samples, whereas expression of these
pathways were already high in the pre-Al samples of luminal B and HER2-positive

groups.
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Figure 3.6. Boxplots illustrating average log. expression of genes in significant GSEA
hallmark pathways according to molecular subtype. GSEA data from Figure 3.5 were
used to identify the significant hallmark pathways, with threshold of significance set at
adjusted p-value<0.0001 in at least one subtype. Boxplots of the mean log, expression
of the genes in each pathway per sample were formed to compare between pre- and
post-Al samples.

Samples are allocated according to the pre-Al molecular subtype, with post-Al samples
being defined by their pre-Al status. Central mark indicates median, edges of the box
are 25" and 75 percentiles, with whiskers extending to the most extreme data points
not considered outliers. Difference in log, expression of genes between pre-Al and post-
Al samples assessed by Mann-Whitney test, with significant p-values listed.

The most striking observation from these figures is that while there is little change
between pre-luminal B and post-luminal B, pre-HER2-enriched and post-HER2-enriched,
and pre-basal and post-basal, there is a clear difference between the pre-luminal A and
post-luminal A samples, even at the individual gene level as shown for the genes in the
MYC targets and MTORC1 signalling pathways as shown in Figures 3.7A and 3.7B.
Furthermore, it can be seen that the post-luminal A samples have changed such that
they approximate the patterns seen in the luminal B and HER2-enriched samples. This
suggests that exposure to Al therapy may precipitate the pre-luminal A samples to adopt
proliferative and invasive behaviours that are associated with the other more aggressive

subtypes.
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Figure 3.7: Median centred individual gene expression for genes in GSEA hallmark pathways
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Figure 3.7. Median centred individual gene expression for genes in GSEA hallmark
pathways. (A) MTORC1_SIGNALLING Hallmark pathway. (B) MYC_TARGETS V1 Hallmark
pathway. Heatmaps of median centered log, expression values of expressed genes
within the (A) MTORC1_SIGNALLING and (B) MYC_TARGETS V1. Samples are allocated
according to the pre-Al PAM50 molecular subtype classification, with post-Al samples
being defined by their pre-Al status. The subtype classification based on subtype calling
of the post-treatment samples is illustrated in the top row of the figure. Heatmap
colours from blue to red represent low to high enrichment. Only paired samples are
included in this analysis. Row clustering-based defaults parameters of Heatmap
function in ‘ComplexHeatmap’ package in R (Euclidean distance based on Pearson
correlation with the 'complete’ clustering method). The pre-Al samples were sorted by
dendrogram order produced by default parameters of dendsort function in R

To examine any differences between the pre-Al subtypes, the differential expression of
individual genes between the pre-luminal A, pre-luminal B, and pre-HER2-positive
samples was examined. This revealed that the REACTOME cell cycle and G1/S transition
pathways were significantly downregulated in the pre-Al luminal A samples compared
to the other pre-Al samples (adjusted p-value 2.67x102?, and 1.66x10° respectively —
data not shown). Examination of the genes undergoing the greatest change in
expression within these pathways between pre-Al and post-Al luminal samples
identified HSP90AA1, CCNA2, DBF4, and PCNA, as illustrated in Figure 3.8. These are all
markers of proliferation. HSP90AA1 is a molecular chaperone protein that has been
shown to activate oncogenic proteins, promote cell proliferation and metastasis (Liu et
al.,, 2021), and overexpression has been linked to a poor breast cancer prognosis
(Klimczak et al., 2019). Cyclin A2 is necessary to activate CDK2 and complete the G1/S
transition, as well as triggering the G,/M transition. DBF4 is a zinc finger protein that
forms a complex with cell division cycle 7-related kinase which is essential for the
initiation of DNA replication (Jiang et al., 1999). PCNA (proliferating cell nuclear antigen)
plays a myriad of roles in initiating DNA replication and replication-associated DNA
repair (Boehm et al., 2016). As shown in Figure 3.8, that while comparatively lowly
expressed in the pre-luminal A samples, these genes are upregulated in post-luminal A
samples such that they approach the levels seen in the luminal B and HER2-positive
subtypes. Furthermore, as the levels of these genes do not vary significantly between
the pre-Al and post-Al samples of the luminal B and HER2-positive subtypes, this again
suggests that the proliferative and invasive behaviours are present in these tumours
from the outset, whereas they develop in the luminal A subtypes later in the disease

process, perhaps in response to Al therapy.
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Figure 3.8 Boxplots of genes involved in REACTOME cell cycle and G1/S transition
pathways. Boxplots of mean log, gene expression per sample of the top four genes in
the Cell Cycle and G1/S transition REACTOME pathways undergoing the greatest change
in expression between pre-luminal A and post-luminal A samples, plotted by molecular
subtype. Samples are allocated according to the pre-Al molecular subtype. Central mark
indicates median, edges of the box are 25" and 75" percentiles, with whiskers extending
to the most extreme data points not considered outliers.

Finally, the list of genes upregulated in the post-Al samples of the luminal A subtype,
and the list of genes with higher expression in the pre-Al luminal B and HER2-positive
subtypes vs the pre-Al luminal A samples was compared. This was to examine for
individual genes whose expression in the pre-Al luminal A samples were upregulated
after therapy to match the levels seen in the pre-Al samples of other subtypes. This
revealed 24 genes (data not shown) which were predominantly genes involved in
nucleosome assembly and histone subunits. However, this analysis did reveal 2 genes,
ENO1, a glycolytic enzyme, and HNRNPAB, a heterogeneous ribonucleoprotein, that
have both been highlighted as potential biomarkers of more aggressive disease in breast

cancer (Cancemi et al., 2019, Cao et al., 2020).

The overall trend in pattern of behaviour towards a more aggressive phenotype is
demonstrated in Figure 3.9. These boxplots illustrate that the post-Al samples show a
reduction in the correlation coefficient with their defined pre-Al molecular subtype
(Haibe-Kains et al., 2012) following Al treatment. Concurrently, there is an increase in

the post-Al samples’ correlation with more proliferative subtypes: for example, the
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A Spearman correlation with subtype profile
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Figure 3.9: Changes in sample correlation with PAM50 molecular subtype profile pre-
and post-Al therapy. (A) Samples defined as luminal A in pre-Al biopsy (B) Samples
defined as luminal B in pre-Al biopsy luminal B samples (C) Samples that are HER2-
positive in pre-Al biopsy. Samples were divided into molecular subtypes according to
their pre-Al status, and then correlated with the defined PAM50 molecular subtype.
Boxplots illustrate the Spearman’s rank correlation coefficients for the samples in each
group when compared to the PAM50 molecular subtype on the right. Grey boxes are
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pre-Al samples, red boxes are post-Al samples. Central mark indicates mean, edges of
the box are 25" and 75 percentiles, with whiskers extending to the most extreme data
points not considered outliers. Difference between pre-Al and post-Al samples in
subtype profile correlation tested by Mann-Whitney test, with significant p-values listed.
luminal A post-Al samples show an increased correlation with the luminal B and basal
subtypes, and similarly, the luminal B post-Al samples show an increased correlation
with HER2-enriched and basal subtypes. These plots therefore suggest that following Al
treatment, the samples trend away from luminal A-type, ER-driven behaviour towards
the more proliferative, ER-independent behaviour seen in other molecular subtypes of
breast cancer. These results are supported by the first reports from the AURORA study
(Aftimos et al., 2021), where the intrinsic subtype of 36% of cases was found to change

following disease progression, usually to a more aggressive form.

3.3 Discussion

Cancer is a dynamic disease process, and the key driver changes that allow breast
cancers to become resistant to Als, a well-tolerated therapy, continue to elude us. This
cohort of paired samples offered the opportunity to look for patterns of change to shed
light on this clinical hurdle. The initial study characterising the biomarkers on these
paired samples concluded that in the post-Al samples there was a loss of ER expression
(perhaps contributing to Al resistance), reduced PGR expression, consistent with
reduced ER-signalling, and higher Ki67 levels, indicative of a more aggressive disease
phenotype (Arnedos et al., 2014). The second study confirmed the heterogeneity seen
between the samples in the first study, reiterated the downregulation of ER-mediated
signalling, and identified mutations in PIK3CA, CDH1, MAP2K4, and ESR1, that could
contribute to resistance mechanisms (Lopez-Knowles et al., 2019). The findings from this
project support the findings of the previous studies, and while profiling the whole
transcriptome has not illuminated any new avenues regarding mechanisms of resistance
development, the results obtained suggest a potential role for epigenetic modification
by long non-coding RNAs in promoting resistance and a more aggressive phenotype.
Finally, pathway analysis indicates that the cancers that are luminal A prior to
commencing Al therapy can change such that they become more proliferative and

invasive, thus taking on characteristics of the other, more aggressive, subtypes.

113



3.3.1 Limitations of RNA-seq in this cohort

3.3.1.1 Sample heterogeneity

While there is one clear unifying characteristic of these samples in that each pair
represents a patient pre-Al and post-Al therapy, there is significant heterogeneity within
the population. The primary cancer diagnosis ranges from 0-20 years prior to the pre-Al
biopsy being taken. As a result, the pre-Al biopsy may be the diagnostic biopsy, or
represent a recurrence after many years of dormancy. Similarly, the post-Al biopsy is
any biopsy taken after progression on Al therapy, and is not necessarily the first sample
diagnosing relapse. The heterogeneity between samples is best illustrated by the

following three cases.

Patient number 6 (Al-7 and Al-8) was diagnosed with breast cancer in 1977. The pre-Al
punch biopsy sample was taken in 2003 in the context of metastatic disease, and the
post-Al core biopsy in 2008. Patient number 42 (Al-55 and Al-56) was diagnosed in 1999,
with the pre-Al surgical specimen sample taken in 2007 due to local recurrence, and the
post-Al surgical specimen sample obtained in 2008 following relapse. Patient number
49 (Al-69 and Al-70) was diagnosed in 2005, with the pre-Al sample being the diagnostic
core biopsy. The post-Al sample was the surgical specimen, obtained a few months later,
with the Al being used in a neoadjuvant context. This variation in disease and biopsy
pattern will naturally increase the variability of the molecular changes identified with

RNA-seq.

An additional area of variability is that many of the patients received tamoxifen and/or
chemotherapy and/or radiotherapy in the intervening period between the two samples,
or prior to the pre-Al biopsy. These treatment modalities may also have had an impact

on gene expression that may have been wrongly attributed to Al therapy.

3.3.1.2 Methodological limitations

One of the most significant difficulties in this cohort is that the RNA samples were all
extracted from FFPE tissue. As discussed in Section 3.1.3, this RNA is therefore more
prone to being modified or cross-linked than RNA from fresh frozen tissue, and so the
RNA may be more fragmented. Furthermore, the samples had been in storage for 10-22

years, and so may have degraded over time. More degraded samples have less
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amplifiable RNA, lower library yields, and consequently fewer mappable reads. One of
the quality control measures employed in assessing RNA quality was the DVa00 metric,
which is the percentage of RNA fragments with over 200 nucleotides. Given the age and
nature of the samples, it was not surprising that the majority of the DV200 measurements
were between 30-50%, which is categorised as ‘low-quality’ but in context of RNA-

sequencing of historic FFPE samples, this is a reasonable result.

A second potential limitation of the methods is that total RNA-seq was used as the
sequencing method. While this method does yield the most comprehensive
transcriptome analysis, and the RIBO-Zero method removes the ribosomal RNA to allow
sequencing to be focused on the desired transcripts, non-coding RNA is still included,
and this reduces the read-depth on coding sections of the genome. Furthermore, due to
the fragmentation levels of the input RNA, it was not possible to examine for splice
variants, which is one of the advantages of total RNA-seq. Another consequence of the
level of fragmentation of these samples is that sequencing techniques such as whole-
exome sequencing, or methyl-seq, which may have been better able to identify drivers

of resistance mechanisms and somatic mutations, was not possible.

Finally, as many of the samples were exhausted following the sequencing process, and
due to the time constraints of the project, it was not possible to undertake any validation

experiments of the above findings.

3.3.2 Concluding remarks

The challenge of treating relapsed or progressive disease is the key issue faced by
patients in the clinic, and the aim of the work presented here was to characterise a rare
set of longitudinally matched patient samples. However, even with this extended study
of the transcriptome of this cohort, few key targets beyond the acquisition of ESR1
mutations in the post-Al samples have been identified. The RNA-seq data show a high
degree of inter-patient heterogeneity, with a drive towards proliferation and MTORC
signalling in the post-Al samples (Figure 3.7). The luminal A subtypes show the greatest
change in transcription from pre-Al to post-Al (Figure 3.4A), with an overall trend away
from ER-driven signalling to more proliferative behaviour in all samples such that there

is a decrease in correlation with their pre-Al subtype (Figure 3.9). Consequently, in
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designing experimental work to examine the mechanisms of endocrine resistance, it is
necessary to consider how to model the degree of heterogeneity displayed by
endocrine-resistant ER-positive breast cancers. This was addressed by using cell lines of
different molecular backgrounds (discussed further in Section 4.1) and by using 2D and

3D models of breast cancer.
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Chapter 4 Characterisation of resistant models

4.1 Introduction

As discussed in Section 3.3, there is considerable heterogeneity displayed within the
class of ER-positive breast cancer. Consequently, investigation of cancer pathways and
mechanisms of endocrine resistance necessitates the use of multiple models of breast
cancer that can reflect this variation. The cell lines used (Section 2.1.11) were chosen to
encompass a range of molecular contexts, as described in Table 4.1. The parental cell

lines all express ER, and are classified as luminal A (Dai et al., 2017).

Each of the parental cell lines had been cultured long term in the absence of exogenous
oestrogen (E2) to generate models that could proliferate in an E2-independent manner,
thus modelling breast cancer that has become resistant to aromatase inhibitor (Al)
therapy (Chan et al., 2002, Martin et al., 2003, Martin et al., 2011). Subsequent
characterisation of these long-term oestrogen-deprived lines (LTED) by sequencing
showed that the SUM44 LTED cells harbour an ESR1Y>375 activating point mutation
(Martin et al., 2017). This cell line is designated SUM LTEDY>3’>, Validation by ddPCR
showed that this mutation was detectable from twelve weeks of transfer to an E2-
deprived medium, and thereafter the variant allele frequency increased up to 50%,
indicating temporal enrichment of ESR1 mutations through oestrogen deprivation. As
part of the same study, independently derived MCF7 LTED lines were characterised in a
similar fashion, showing that one harboured an ESR1Y°37¢ activating mutation (termed
MCF7 LTEDY®3*’C) while the other was wild-type for ESR1 (termed MCF7 LTEDWT). A
further LTED model of SUMA44 cells that were wild-type for ESR1 (termed SUMA44
LTED"WT) was kindly provided by Dr Oesterreich’s group (University of Pittsburgh) (Sikora
et al., 2016).

In addition to endocrine-resistance, during the course of this project the challenge of
endocrine-resistant, palbociclib-resistant disease became more evident, following the
licensing of CDK4/6 inhibitors for advanced breast cancer treatment in 2017. To ensure
this study remained relevant to the clinical scenarios patients face, it was decided to

include models of endocrine-resistant, palbociclib-resistant disease.
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Table 4.1: Characteristics of cell lines used

Reference

Cell line ER protein ESR1 mutational Tumour type
expressnon status

MCF7

MCF7
LTEDWT

MCF7
LTEDY537C
MCF7
LTE DPaIboR
SUM44

SUM44

LTEDWT

SUM44
LTE DY537S
HCC1428

HCC1428
LTED
HCC1428
LTE DPaIboR
T47D

T47D LTED

ZR75.1

ZR75.1 LTED

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

No

WT

MUT

MUT

WT

WT

MUT

WT

WT

WT

WT

WT

WT

WT

Invasive ductal
carcinoma

Invasive ductal
carcinoma

Invasive ductal
carcinoma
Invasive ductal
carcinoma
Invasive lobular
carcinoma

Invasive lobular
carcinoma
Invasive lobular
carcinoma

Adenocarcinoma

Adenocarcinoma

Adenocarcinoma

Invasive ductal
carcinoma

Invasive ductal
carcinoma
Invasive ductal
carcinoma

Invasive ductal
carcinoma

(Riaz et al.,
2013, Neve et
al., 2006)
(Chan et al.,
2002, Martin
et al., 2003,
Martin et al.,
2017)
(Martin et al.,
2017)
(Pancholi et
al., 2020)
(Riaz et al.,
2013,
Hollestelle et
al., 2010)
(Sikora et al.,
2016)
(Martin et al.,
2017)
(Neve et al.,
2006,
Lehmann et
al., 2011)
(Ribas et al.,
2015)
(Pancholi et
al., 2020)
(Riaz et al.,
2013,
Hollestelle et
al., 2010)
(Ribas et al.,
2015)
(Riaz et al.,
2013, Neve et
al., 2006)
(Ribas et al.,
2015)
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These models were generated by long-term culture of LTED cell lines in the continuous
presence of 1 uM palbociclib until resistance developed (approximately six months)
(Pancholi et al., 2020). The palbociclib-resistant MCF7 LTED models (termed MCF7
LTEDP3P°R) were generated from the MCF7 LTEDY*3C cell line (i.e. harbouring the
activating ESR1 point mutation Y537C). The palbociclib-resistant HCC1428 LTED models
(termed HCC1428 LTEDP2"°R) were generated from the HCC1428 LTED cell line.

This chapter describes the characterisation of the cell lines that was performed to

demonstrate that the models used were appropriate for this project.

4.2 Results

4.2.1 Investigation of oestrogen-independence

To confirm the E2-independent phenotype of LTED cell lines, proliferation assays were
performed under E2-deprived conditions (Figure 4.1). These showed that while the
parental MCF7, HCC1428, SUMA44, T47D, and ZR75.1 cell lines require E2-
supplementation to proliferate, the LTED cells grow in an E2-independent manner.
Consequently, this project uses the model where parental cells cultured in the presence
of 1 nM E2 models a breast cancer at primary diagnosis; parental cells that are cultured
in media supplemented with foetal bovine serum (FBS) that has been stripped with
dextran and charcoal to removed steroids (DCC-FBS) (Darbre et al., 1984) models
tumours on treatment with an Al; and LTED-cells proliferating in media supplemented

with DCC-FBS model tumours that have developed Al-resistance.

119



100+

-e- MCF7
:|p=0.0002
80 ~e- MCF7 +1nME2 p=0.0002
8 . wr p<0.0001
§ 60- MCF7 LTED
= -~ MCF7 LTEDY%37C
c
o 40+
g
X
20
e
0 50 100 150
Time (hours)
B
p<0.0001 ns p<0.0001 ns
— — o O
120 120
100 __ 100
z 80 §' 80+
E 60 § 60+
2 a0 = 40
3 8
20 20
0- 0-
+ =+ - 1nME2 s+ - 1nME2
Y537S
HCC1428 | HCC1428 LTED SUM44 | SUM44 LTED
p<0.0001 ns p<0.0001 ns
[ — — —
120 120+
__ 100 __ 100+
X X
z 80 z 80
2 601 2 601
2 40 2 404
] 5]
204 20
0- 0-
+ - + - 1nME2 + - + - 1nME2
T47D T47D LTED ZR75.1 {ZR75.1 LTED

Figure 4.1 Effect of E2 on parental and LTED cell lines (A) Proliferation of parental and
LTED MCF7 lines in E2-deprived conditions. 1.5 x 10* cells/well of MCF7, MCF7 LTEDWT
and MCF7 LTEDY>37C cell lines were seeded onto 24-well plates in RPMI 1640 media
supplemented with 10% DCC-FBS +/- E2 (as indicated). Cell proliferation was monitored
over 138 hours using Incucyte, with images taken every 6 hours. Graph shows mean
changes in confluence relative to time zero +SEM. n=2 biological replicates, n=6
technical replicates. Differences in growth curves tested by 2-way ANOVA (B)
Proliferation assays of parental and LTED cells with and without supplemental E2.
2000-4000 cells/well of HCC1428, SUM44, T4A7D, and ZR75.1, and their LTED derivatives,
were seeded into 96-well 2D culture plates in RPMI 1640 media supplemented with 10%
DCC-FBS +/- E2 (as indicated). After 5 days, cell viability was assessed using CellTiter-Glo.
Graphs show mean percentage change in viability relative to E2-treated parental cell
line. n=2 biological replicates, n=8 technical replicates, error bars represent £SEM.
Difference in viability tested by one-way ANOVA.
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Figure 4.2 Fulvestrant dose-response assays in LTED models. 2000-4000 cells/well of
the LTED cell lines were seeded onto 96-well 2D culture plates. After 24 hours, the cells
were treated with fulvestrant. Cell viability was assessed using CellTiter-Glo after 6 days.
Dose-response graphs show effect of escalating concentrations of fulvestrant on the
viability of LTED breast cancer cell lines. Data represent percentage of viable cells
compared with vehicle control. n=2 biological replicates, n=8 technical replicates, error

bars represent means £SEM.
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4.2.2 Investigation of ER-independence

Given that the results of the proliferation assays indicate that E2 is no longer required
for LTED cell proliferation, this raised the query of whether ER itself had become
redundant for cell proliferation. Consequently, dose-response assays with fulvestrant —
a SERD that targets ER for degradation — were performed (Figure 4.2). These results
show a drop in proliferation in the MCF7, SUM44 and HCC1428 LTED cell lines with
escalating doses of fulvestrant, indicating that ER is necessary for cell proliferation, but
through an E2-independent mechanism. The results corroborate the findings of Martin
et al where these LTED cell lines were exposed to fulvestrant along with their parental
cell lines, where both the parental and LTED derivative cell lines show a reduction in
proliferation following treatment, with an eventual plateau at 20-50% cell viability
(Martin et al., 2017). There was no change in proliferation in the T47D LTED and ZR75.1
LTED lines, but this is to be expected as both of these cell lines lose ER expression in their
adaptation to E2-deprived conditions (Ribas et al., 2015), and therefore would not be

affected by an agent that degrades ER.

4.2.3 Characterisation of palbociclib resistance

The palbociclib-sensitive cell lines, and their palbociclib-resistant derivatives, were
subjected to 2D dose-response assays to palbociclib (Figure 4.3A). The results show that
the MCF7, MCF7 LTEDWT, and MCF7 LTEDY>%’¢ lines are sensitive to palbociclib, while the
MCF7 LTEDP®°R |ine has an ICso almost five-fold higher than the mean plasma
concentration achieved clinically of 259 nM (FDA, 2014) (Figure 4.3B,C). As expected,
the HCC1428 line is sensitive to palbociclib and the HCC1428 LTEDP°R |ine resistant.
Surprisingly, the HCC1428 LTED line showed an intermediate phenotype. Given there
remains a significant difference in sensitivity between the HCC1428 LTED and HCC1428
LTEDP3P°R |ines (p<0.0001 for difference due to cell line by 2-way ANOVA), these cell
lines continue to be used as models of palbociclib-sensitive and resistant disease in this

study.
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Figure 4.3 Effect of palbociclib on cell proliferation. (A) 4000-8000 cells/well were
seeded into 2D 96-well plates (seeding number adjusted per line to allow ~80%
confluence in the control wells at the end of the experiment). Cells were treated with
palbociclib at 24 hours, with a second treatment at 72 hours. Cell viability was assessed
using CellTiter-Glo after 7 days. Dose-response graphs show effect of escalating
concentrations of palbociclib on viability of breast cancer cell lines. Data represent
percentage of viable cells compared with vehicle control. n=2 biological replicates, n=4
technical replicates, error bars represent means +SEM. (B) ICso values for palbociclib
calculated from these experiments using 4-parameter non-linear regression. (C)
Comparison of the effect of palbociclib on the palbociclib-sensitive MCF7 LTED">37¢ and
HCC1428 LTED cell lines, and their respective palbociclib-resistant derivatives (data from
panel A). Difference in dose-response curves tested by two-way ANOVA.
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4.2.4 Confirmation of ESR1 and PIK3CA mutational status

The parental MCF7 and HCC1428 cell lines and their LTED derivatives have previously
been characterised as to their ESR1 and their PIK3CA mutational status (Martin et al.,
2017, Ribas et al., 2015). To confirm the cell lines used in this study had not undergone
phenotypic drift, and to characterise the status of the palbociclib-resistant lines, droplet
digital PCR (ddPCR) was used. DNA from each of the cell lines was extracted, with the
ddPCR assays being kindly performed by Kate Tourna in the Turner laboratory at the ICR.
A multiplex ddPCR assay was performed in the first instance looking for the common
hotspot mutations (as detailed in Table 2.3), with subsequent singleplex ddPCR of the
identified mutation to validate the result. The results (Table 4.2) show that the MCF7
LTEDY37C line continues to express an ER with the Y537C point mutation (mutant allele
fraction of 0.24), and that this is also the case in its palbociclib-resistant derivative
(mutant allele fraction of 0.21). The MCF7 lines harbour an activating PIK3CA hotspot
mutation as previously reported (Ribas et al., 2015). Surprisingly, Ribas et al. reported
the parental HCC1428 to be wild-type for PIK3CA, but in this ddPCR analysis the E545K
activating hotspot mutation was detected. However, the results are concordant with
Ribas et al. in showing that none of the common activating PIK3CA mutations are

present in the HCC1428 LTED line, nor in the HCC1428 LTEDP2"®°R cell line.

Table 4.2: ddPCR results of MCF7 and HCC1428 lines and their derivatives

Cell line ESR1 Mutant allele PIK3CA Mutant allele
mutation fraction mutation fraction

MCF7 No - E545K 0.704

MCF7 LTEDWT No - E545K 0.416

MCF7 LTEDY>37¢ Y537C 0.235 E545K 0.743

MCF7 LTEDPalboR Y537C 0.207 E545K 0.653

HCC1428 No - E545K 0.557
HCC1428 LTED No - No -
HCC1428 LTEDPalboR No - No -
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4.3 Discussion

The LTED cell line models developed by the Martin group have previously been shown
to proliferate in an E2-independent manner (Martin et al., 2011, Martin et al., 2017).
The characterisation performed as part of this study confirms that they remain E2-
independent for growth, but that many of the cell lines still require ER for proliferation,
indicating E2-independent ER-signalling may play a role. The cell lines developed to
model palbociclib-resistance (Pancholi et al., 2020) were confirmed to retain palbociclib-
resistance in dose-response assays. Finally, the ddPCR confirms that the mutant allele
frequency of the MCF7 LTED">37C line corroborates that which was previously described
(Martin et al., 2017), and that the adaptations conferring palbociclib-resistance in the

HCC1428 LTEDP"*°R |ine were not dependent on a change in PIK3CA mutational status.
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Chapter 5 Use of high-throughput screens to probe for

common vulnerabilities in models of endocrine resistance

5.1 Introduction

High-throughput screens (HTS) have become one of the most common approaches to
drug discovery in the pharmaceutical industry over the last two decades. The advances
in technology such as robotic automation, liquid handling, miniaturisation, and large-
scale data analysis have resulted in the ability to screen thousands of compounds against
a specific target in one day (Fox et al., 1999, Szymanski et al., 2012). The concept of HTS
has extended beyond drug compound discovery, to RNA interference screens (Stockwell
and Mittnacht, 2017), and genome editing using CRISPR-Cas9 screens (Korkmaz et al.,
2019), to examine the effect of loss-of-function of specific genes, thus making HTS a

useful experimental design for hit discovery.

5.1.1 Characteristics of a good HTS

The purpose of HTS is to identify hits that are active against a specific target (which may
range from a protein to a cellular model). These hits may then be developed further into
a viable lead compound after further optimisation for potency and selectivity. The initial
screen, which may involve thousands of drugs or silencing agents, must therefore be
simple to perform, homogeneous in how the models are handled, robust in quality
control, and reproducible (Bronson D, 2001). In designing the screens performed in this
project (as discussed in Sections 5.2.1 and 5.2.2), these principles have been employed

to reduce the numbers of false hit identification.

5.1.2 Aims and hypothesis

The aim of this part of the project was to subject cell lines from different molecular
backgrounds), but which all demonstrated endocrine resistance (as described in chapter
4), to drug and siRNA HTS in order to identify any common ‘Achilles heels’ that might
mediate resistance across the different cell lines. The hypothesis underlying this was
that there may be key molecular pathways common to all endocrine-resistant cell lines,
and that by targeting these pathways, endocrine-resistance might be overcome. A
secondary aim was to compare and contrast the hits between the palbociclib-sensitive
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and palbociclib-resistant cell lines, to determine which targets might be important in
mediating palbociclib-resistance. It was also recognised that some of the hits common
to all cell lines might be those vital to cell survival, and these would be filtered out at the
analysis stage.

The hypothesis underlying performing the screens in 2D and 3D was that 3D culture
allows for the establishment of oxygen and nutrient gradients that exist in vivo (as
discussed in section 1.5) and that by carrying out the screens in 3D, this might identify
targets mediating endocrine-resistance that are not evident when the experiments are

performed in 2D culture.

5.2 Results

In brief, each of the screens performed consist of exposing the cells to drugs or small-
interfering RNAs (siRNAs) for a set time period in multi-well plates. The viability of the
cells was then assessed with CellTiter-Glo. Positive and negative control wells were
present on each plate, and Z-prime (Zhang et al., 1999) calculated for each plate as a
measure of assay quality. Z-prime describes the separation of the distributions between
the positive and negative controls, and only plates with Z-prime>0.5 were taken for
further analysis. Each assay was performed with three biological replicates to reduce the
risk of false hit identification. A robust Z-score (Malo et al., 2006) was calculated from
these three independent biological replicates for each compound or siRNA to describe
the effect of that treatment on the viability of the cells. Whereas a Z-score describes the
number of standard deviations away from the plate mean for each readout value, a
robust Z-score utilises the plate median and the median absolute deviation, allowing the
effect of outliers to be minimised (Malo et al., 2006). Therefore, a robust Z-score of -2
indicates the treatment has resulted in reduction of cell viability in that well two

standard deviations away from the median cell viability observed in that plate.

5.2.1 Design of the 2D screens

The siRNA screens were designed using the Dharmacon ON-TARGETplus siRNA Library —
Human Protein Kinases (G-103505, Horizon). This library consists of SMARTpools of
siRNA targeting 709 protein kinases. The library was supplemented with non-targeting

siRNA (siNTC), and siRNA against PLK1 as negative and positive controls respectively.
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The library was distributed over ten 96-well plates, and this 2D screen was performed

by Dr Joanna Nikitorowicz-Buniak, as part of another project.

The drug screen was designed using a kinase inhibitor library from SelleckChem (L1200)
comprising 378 drugs whose bioactivity and safety had already been confirmed.
Eighteen additional drugs with known activity and characterised through previous work
in the laboratory group (Ribas et al., 2018, Ribas et al., 2015, Weir et al., 2016), positive
controls (staurosporin), and negative controls (DMSO vehicle) were added to the library,

and the cell lines were screened at three concentrations of the compounds.

5.2.2 Design of the 3D screens

Following completion of the 2D screens, preliminary work was performed regarding how
best to set up the screens using 3D tumour spheroid models. Initial attempts were made
to design screens using 384-well ultra-low attachment plates, using the liquid overlay
and centrifugation method (described in Section 2.2.1.3), as this strategy would confer
time and cost savings by using fewer plates, but still retaining the aim of studying the
cancer cells in a 3D model, with the attendant hypoxia and nutrient gradients (Meehan
et al.,, 2017), and accurate reflection of in vivo signalling (Swietach et al., 2008, Cesarz et

al., 2016).
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Figure 5.1 Trialling generation of spheroids in 384-well ultra-low attachment plates.
2500 cells/well were seeded in 384-well ultra-low attachment plates and spheroids
formed using the liquid overlay and centrifugation method as described in section
2.2.1.3. (A) Western blot of whole cell extracts of MCF7 LTEDY>3’C spheroids. MCF7
LTEDY37C spheroid models were seeded with initial seeding density of 2500 cells/well in
384-well plates, and reverse transfected with 25nM SMARTpool siRNA targeting ESR1,
PLK1, and non-targeting control. Spheroids were formed, extracted, lysed, and probed
for ER to assess effectivity of ESR1 knockdown after 5 days. Blots show abundance of ER
in MCF7 LTEDY>37C spheroid models. Molecular weights listed in kilodaltons (kDa) (B)
Viability of MCF7 LTEDY®37C spheroids following siRNA treatment. MCF7 LTED">%’¢
spheroids were reverse transfected with siRNAs targeting ESR1, PLK1, and NTC as
described above. Cell viability was assessed using the CellTiter-Glo assay after 6 days.
Data represent percentage of viable cells compared to lipid transfection agent alone.
Error bars represent means £SEM (n=2 biological replicates, n=70 technical replicates.

It was possible to generate spheroids using the LTED cell lines in 384-well ultra-low
attachment plates. The reverse transfection protocol from the 2D siRNA screens
performed in 96-well plates was adapted to the 384-well plates. Lower levels of ER were
seen in the spheroids treated with siRNA targeting ESR1 when compared to non-
targeting control (Figure 5.1A). However, the CellTiter-Glo assay to measure cell viability
generated unexpected results (Figure 5.1B). Knockdown of PLK1, which is typically used
as a positive control due to its essential cellular function, did not appear to have an
impact on spheroid viability. Furthermore, phenotypically the spheroids appeared as
expected, with disintegration and necrotic debris observed in those spheroids treated
with siRNA targeting PLK1, and compact viable spheroid formation observed in those

exposed to siNTC.
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Due to the visual appearance of the spheroids, and Western blotting demonstrating
ESR1 knockdown, it was theorised that the CellTiter-Glo assay was not reflecting
successful reverse transfection because the CellTiter-Glo reagent had not penetrated
the compact spheroids as effectively as the disintegrating spheroids. Consequently,
there was more available ATP for the assay in the siPLK1 knockouts, than in those
treated with siNTC, and thus a higher luminescence reading. Attempts were then made
to improve CellTiter-Glo penetration by evaporating the media prior to adding the
reagent, or by placing the plates on an oscillator (rather than an orbital shaker) to

increase the shearing force generated within the wells, unfortunately with no success.

An imaged-based assessment of viability was then trialled to assess the spheroid viability
by using the CeligoS Imaging Cytometer, utilising a dual staining method to capture
populations of cell death (using propidium iodide) and cell viability (using Calcein AM).
Unfortunately this was also not successful, as it was not possible to create a mask on the
CeligoS that captured both the siNTC and siPLK1 spheroid phenotypes. Further
investigation revealed that this was due to the type of ultra-low attachment plates being
used, and background marks in the plastic being detected by the CeligoS as cellular
material. The alternative plates were prohibitively costly, and so the decision was taken

to perform the 3D screens in 96-well ultra-low attachment plates.

Pilot experiments demonstrated an increase in luminescence readings with increasing
cell seeding number (Figure 5.2A) and consistent readings with only 8% variability
between wells when the same cell seeding number was used (Figure 5.2B). Furthermore,
CellTiter-Glo results of siRNA knockdown using siPLK1 and siNTC siRNAs, and of drug
treatment, gave the expected results when compared to those obtained in the 384-well
plates (Figures 5.2C, D). Therefore, spheroids cultured in 96-well ultra-low attachment

plates were chosen as the 3D models to be used in the 3D HTS.
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Figure 5.2 Optimisation of CellTiter-Glo assay for 3D spheroid culture in 96-well plates.
(A) Changes in luminescence values according to cell seeding number. Spheroids were
formed from MCF7 LTED"37¢ cells in 96-well plates with varying initial cell seeding
number. Cell viability was assessed using CellTiter-Glo on day 7. Data represent mean
luminescence values SEM (n=2 biological replicates, n= 16 technical replicates). (B)
Assessment of luminescence variability. 36 spheroids were formed from MCF7
LTEDY>37C cells with identical initial cell seeding number. Cell viability was assessed on
day 7 using CellTiter-Glo. The scatter plot demonstrates each luminescence reading,
with the dotted line indicating mean luminescence value. (C) Viability of spheroids
following siRNA transfection. Spheroids formed of MCF7 LTED">%7¢ cells were reverse
transfected with siRNA targeting ESR1, PLK1, and NTC. Cell viability was assessed using
the CellTiter-Glo assay after 7 days. Data represent percentage of viable cells compared
to lipid transfection agent alone. Error bars represent means +SEM (n=1 biological
replicate, n=16 technical replicates). (D) Viability of spheroids following drug
treatment. Fulvestrant, staurosporin, or DMSO vehicle were aliquoted into ultra-low
attachment 96-well 3D culture plates to achieve the final concentrations shown. 2500
cells/well of the MCF7 LTEDY>37C cell line were dispensed into each well and spheroids
formed as described above. Viability was assessed using CellTiter-Glo assay after 7 days.
Data represent percentage of viable cells compared to vehicle control. Error bars
represent means £SEM (n=1 biological replicates, n=12 technical replicates).
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The final stage in optimising the design of the 3D screens was to clarify whether pre-
treating the plates, i.e. adding the drug to the well in advance of cell seeding, would
affect spheroid formation, or the response of the spheroids to the drugs. Therefore, pilot
dose-response assays using the SERD fulvestrant were performed in the cell lines MCF7,
MCF7 LTEDWT, and MCF7 LTEDY>3C, In the pretreated plates, fulvestrant had been
dispensed into the well prior to cell seeding. In the non-pretreated plates, the spheroids
were allowed to form before drug treatment. In both cases, spheroids were exposed to
fulvestrant for 7 days, with no change of media. Cell viability was assessed using the

CellTiter-Glo assay following 7 days of drug exposure (Figure 5.3).
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Figure 5.3 Effect of fulvestrant on spheroid cell viability. Dose-response graphs showing
the effect of escalating concentrations of fulvestrant on MCF7, MCF7 LTED"T, and MCF7
LTEDY>37C spheroids (A) Pretreated plates. Escalating concentrations of fulvestrant were
aliquoted into ultra-low attachment 96-well 3D culture plates. 2500 cells/well were
dispensed into each well, and spheroids formed by the liquid overlay and centrifugation
method. Cells were incubated for 7 days, and viability assessed using CellTiter-Glo. Data
represent percentage of viable cells compared with vehicle control. Error bars represent
means £SEM (n=2 biological replicates, n=6 technical replicates). Table shows ICso values
for each cell line. (B) Non-pretreated plates. 2500 cells/well were dispensed into each
well, and spheroids formed by the liquid overlay and centrifugation method. After 72
hours, escalating doses of fulvestrant were used to treat the spheroids. After exposure
to fulvestrant for 7 days, cell viability was assessed using CellTiter-Glo. Data represent
percentage of viable cells compared with vehicle control. Error bars represent means
+SEM (n=2 biological replicates, n=6 technical replicates). Table shows ICso values for
each cell line. 132



Equivalent results were obtained with both approaches, with no significant difference
found between the results (2-way ANOVA, data not shown). Therefore, the choice was
made to proceed with the pretreated plate model for carrying out the 3D drug screens.
Although this does not truly reflect the situation in vivo, where tumours are formed prior
to being exposed to drug treatment, this method allowed for a degree of automation of
the screens, as the drugs could be dispensed into the plates using the Hamilton liquid
handler, rather than being dispensed by hand once the spheroids had formed, reducing
the probability of human error. The drugs chosen to be taken forward into 3D screening

were determined by the results of the 2D screen, and are described in Section 5.2.7.

Having thus confirmed the experimental models to be used, the 3D screening plates
were formed as described in the Methods (Sections 2.2.4.1 and 2.2.6.1) and the screens

were performed.

5.2.3 2D siRNA screens in cell lines modelling endocrine resistance

Eight cell lines were subjected to the 2D kinome library of 709 siRNAs (Figure 5.4A). The
cell lines used were MCF7 LTEDWT, MCF7 LTEDY>3’¢, HCC1428 LTED, SUM44 LTED®375,
T47D LTED, and ZR75.1 LTED, which model endocrine resistance, and MCF7 LTEDPa/PoR,
and HCC1428 LTEDP"®°R which model endocrine- and palbociclib-resistant disease. The
experimental work was performed as part of a separate project, and the results kindly
shared by Dr Joanna Nikitorowicz-Buniak, but the analysis described below was carried
out in this project. A threshold robust Z-score of -2 was set to determine the targets
classified as a hit, and comparisons between the different cell lines were drawn. Of note,
there were no siRNAs generating a robust Z-score of -2 or lower with the HCC1428

LTEDPalboR cg||s,
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Figure 5.4 Identifying hits in 2D siRNA screens. (A) Multiple cell line models of
endocrine resistance were subjected to siRNA kinome library screening in 2D. Cells were
reverse transfected with siRNA in 96-well 2D culture plates and cell viability was
assessed on day 7 using CellTiter-Glo. Following assessment of assay quality through
calculation of Z-prime, robust Z scores were calculated for the effect of each siRNA using
the R package cellHTS2. Hits were defined as those with a robust Z-score of <-2. n=3
biological replicates. (B) Venn diagram showing number of hits, with hits common to
three of the four groups of cell lines listed.

5.2.3.1 Intersection of all cell lines in 2D

The significant hits generated from all 2D siRNA screens were intersected to identify
whether there were targets common to all cell lines (Figure 5.4B). There were no targets
common across all lines compared, but there were three hits common to three of the
four groups shown (WEE1, CHEK1, and PLK1). These results highlight the importance of

cell cycle checkpoints in the proliferation of these cancer cell lines.

5.2.3.2 Comparison of MCF7 LTEDWT and MCF7 LTED">37C in 2D

The results of the 2D siRNA screens in the MCF7 LTEDWT and MCF7 LTED"?37€ cell lines

were compared to examine the effect of the mutant ER (ERMYT) (Figure 5.5). Pathway
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analysis of the targets was performed using STRING-db (Szklarczyk et al., 2015).
Common vulnerabilities included siRNAs involved in cell cycle and phosphatidylinositol
signalling. While phosphatidylinositol signalling and the PI3K-AKT pathway remained key
in the MCF7 LTED"' line, interestingly the PD-L1/PD-1 checkpoint pathway was
highlighted in the hits private to the MCF7 LTED">3/C line. While there have been findings
that metastases expressing ERMUT have been shown to have higher PD-L1-positive
macrophages than those with wild-type ER (ER"T)(Williams et al., 2021), given that these
experiments were performed using cancer cell lines, and not the associated tumour

microenvironment, the significance of this result is unclear.

A B Common
MCF7 LTEDWT MICE7 LTEDY®37C KEGG Pathway FDR
Cell cycle 2.38e-6

Phosphatidylinositol signalling 0.00012

MCF7 LTEDWT
KEGG Pathway FDR
Phosphatidylinositol signalling 0.0039
PI3K-AKT signalling pathway 0.0039

MCF7 LTEDY537¢

KEGG Pathway FDR
PD-L1 expression and 2.55e-6
PD-1 checkpoint pathway

in cancer

HIV-1 infection 0.00015

Figure 5.5 Identifying hits in 2D siRNA screens. (A) Venn diagram showing numbers of
hits in the MCF7 LTEDYT and MCF7 LTED">3’C 2D siRNA screens. (B) Top two key
pathways and associated FDR identified from the shared hits, and pathways private to
each cell line. Pathways were generated from STRING-db pathway analysis.

5.2.3.3 Probing for targets related to palbociclib-resistance in 2D

The results of the three MCF7 lines were compared, with the aim of identifying targets
that may contribute to palbociclib resistance (Figure 5.6A). Examining the twenty-five
shared hits highlighted cell cycle and PI3K-AKT signalling pathways as relevant (Figure
5.6B), but no pathways were identified when the siRNA targets private to MCF7

LTEDPaP°R were submitted for pathway analysis. Literature review of the individual genes
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that were only significant in the MCF7 LTEDP?"°R |ine also did not reveal key mechanisms

of palbociclib-resistance.

MCF7 LTEDWT MCF7 LTEDY®37¢

MCF7 LTEDPalboR

Common
KEGG Pathway FDR
Cell cycle 4.57e-6
PI3K-AKT signalling 0.00069

Figure 5.6 2D siRNA screen results of MCF7 LTEDWT, MCF7 LTEDY**’¢, and MCF7
LTEDP2*°R_(A) Venn diagram showing numbers of significant hits in the MCF7 LTED"T,
MCF7 LTEDY>37C, and MCF7 LTEDP2"®°R 2D siRNA screens. (B) Protein-protein interaction
network of hits common to all MCF7 lines generated by STRING-db. Text box shows top
two key pathways from these targets and associated FDR.
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5.2.3.4 Probing for targets related to ER-loss in 2D

As discussed in Section 4.2.2, the cell lines T47D LTED and ZR75.1 LTED demonstrate loss
of ER expression in their adaptation to oestrogen-deprived conditions. The results of the
2D siRNA screens for these two cell lines were therefore compared to look for novel
shared vulnerabilities that may be typical of cancers that lose ER expression as a
mechanism of endocrine resistance. Figure 5.7 demonstrates there were only five
shared significant hits, all related to cell cycle checkpoints and the PI3K-AKT pathway.
Furthermore, these are all also significant targets in cell lines retaining ER expression,
and so no key targets that could shed light on the development of endocrine resistance

in the specific ER loss context were identified in this study.

A B
T47D LTED ZR75.1 LTED

PIK3R3

Figure 5.7 2D siRNA screen results of T47D LTED and ZR75.1 LTED. (A) Venn diagram
illustrating numbers of significant targets in the T47D LTED and ZR75.1 LTED 2D siRNA
screens. (B) Protein-protein interaction network of hits common to T47D LTED and
ZR75.1 LTED cell lines generated by STRING-db

5.2.4 3D siRNA screens in cell lines modelling endocrine resistance

The same cell lines, with the exception of ZR75.1 LTED, were subjected to 3D screening
using the kinome library of 709 siRNAs. The cell lines used were MCF7 LTEDWYT, MCF7
LTEDY>37C, HCC1428 LTED, SUM44 LTEDY3”>, and T47D LTED, which model endocrine
resistance, and MCF7 LTEDP?"°R and HCC1428 LTEDP2*°R which model endocrine- and
palbociclib-resistant disease. Analysis was performed as per the protocol for the 2D

siRNA screens as detailed in Section 2.2.14.1.
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5.2.4.1 Intersection of all cell lines in 3D

The significant hits generated from all 3D siRNA screens were intersected to identify
whether there were targets common to all cell lines (Figure 5.8). This identified inositol
hexakisphosphate kinase 3 (/P6K3) as a common significant target in all cell lines. This
protein is part of the inositol phosphokinase family, responsible for the conversion of
inositol hexakisphosphate to diphosphoinositol pentakisphosphate, which are inositol
pyrophosphates. IP6K3 has been primarily found in the brain (Saiardi et al., 2001) and
muscle myotubules (Moritoh et al., 2016). Studies on /IP6K3 knockout mice suggest that
IP6K3 may have an energy sensor role in muscle tissues, with these mice demonstrating
improved glucose tolerance and reduced fat mass (Moritoh et al., 2016). Literature
review did not reveal known associations between IP6K3 and endocrine resistance. It is
possible that IP6K3, through generating inositol pyrophosphate messenger molecules,
is necessary for successful signalling in multiple pathways, resulting in its identification

as a key hit.

HCC1428 lines

MCF7 lines SUM44 LTEDY®37S

CHEK1 IP6K3 PIK3CA
PDK1

PRKAG3

Figure 5.8 Identifying hits in 3D siRNA screens. Multiple models of endocrine resistance
were subjected to siRNA kinome library screening in 3D. Cell viability was assessed on
day 7 using CellTiter-Glo. Following assessment of assay quality through calculation of
Z-prime, robust Z-scores were calculated for the effect of each siRNA using the R
package cellHTS2. Those with a robust Z-score of <-2 were classified as hits. n=3
biological replicates. Venn diagram shows the number of hits, with targets common to
all, or three of the groups listed.
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CHEK1 was a significant hit in six of the seven cell lines, again suggesting that cell cycle
checkpoints are a shared vulnerability in these cell lines. PIK3CA, PDK1, and protein
kinase AMP-activated non-catalytic subunit gamma-3 (PRKAG3) were significant targets
in all but the HCC1428 LTED lines. PRKAG3 is a regulatory subunit of AMPK-activated
protein kinase (AMPK) and PI3Ka. and PDK1 are key steps of PI3K signalling. This could
suggest that the HCC1428 LTED lines are not as sensitive to perturbations of the PI3K-
AKT signalling pathway, especially given that these lines do not carry an activating

PIK3CA mutation (Table 4.2).

5.2.4.2 Comparison of MCF7 LTEDWT and MCF7 LTED"®3*’€in 3D

The results of the 3D siRNA screens in the MCF7 LTEDWT and MCF7 LTEDY37€ cell lines
were compared to examine whether different effects of the ESR1 mutant receptor might
be observed in 3D (Figure 5.9). Cell cycle pathways were again highlighted as common
to both lines, and PI3K-AKT signalling was also identified up in the MCF7 LTEDY>37¢ cell
line, but no pathways were identified when the hits private to MCF7 LTEDWT cells were

submitted for analysis.

A B Common
MCF7 LTEDWT MCE7 LTEDYS37C KEGG Pathway FDR
Cell cycle 0.00058
FoxO signalling 0.00058

MCF7 LTEDWT
No pathways

MCF7 LTEDY537¢

KEGG Pathway FDR
Cell cycle 0.0023
PI3K-AKT signalling 0.0059

Figure 5.9 3D siRNA screen results of MCF7 LTEDWT and MCF7 LTEDY>%7C, (A) Venn
diagram showing numbers of hits in the MCF7 LTEDYT and MCF7 LTED">37¢ 3D siRNA
screens. (B) Top two key pathways and associated FDR identified from the shared hits,
and pathways private to each cell line. Pathways were generated from STRING-db
pathway analysis
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5.2.4.3 Probing for targets related to palbociclib-resistance in 3D

The results of the 3D siRNA screens for all three MCF7 lines were compared, with the
aim of identifying targets that may contribute to palbociclib resistance (Figure 5.10). The
common hits identified relate to PI3K signalling and cell cycle checkpoint control, and
PRKAG3 and IP6K3 were also targets. Due to the small numbers of hits, no common
pathways were found in pathway analysis. Literature review of the hits private to MCF7
LTEDPa°R did not reveal any known association with palbociclib-resistance, nor were

any significant pathways identified through pathway analysis.

A B
MCF7 LTEDWT MCF7 LTEDY®37¢

IP6K3

)

PDPK1 @

MCF7 LTEDPe!oR

Figure 5.10 3D siRNA screen results of MCF7 LTEDWT, MCF7 LTEDY**’¢, and MCF7
LTEDP2®°R, (A) Venn diagram showing the number of hits in the MCF7 LTEDW', MCF7
LTEDY>37C, and MCF7 LTEDP2®°R 3D siRNA screens. (B) Protein-protein interaction
network of hits common to all MCF7 lines, generated by STRING-db pathway analysis.

The 3D siRNA screen results for HCC1428 LTED and HCC1428 LTEDP¥®°R were also
compared (Figure 5.11), and while mTOR and ErbB signalling were highlighted as key to
survival in the HCC1428 LTED cell line, no pathways were identified from the common
hits, or those only in the HCC1428 LTEDP*°R |ine. The pathways private to the HCC1428
LTED line are interesting in that mTOR signalling is downstream from PI3K, and ErbB

signalling is upstream from PI3K, and these have been found to be significant, while
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PIK3CA itself was not a hit. This could indicate there is crosstalk in these lines to

circumvent PIK3CA to activate mTOR signalling.

A B

HCC1428 LTED HCC1428 LTEDPa/PoR Common
No pathways

HCC1428 LTED

KEGG Pathway FDR

mTOR signalling 7.21e-5

ErbB signalling 7.21e-5
HCC1428 LTEDPalbeR

No pathways

Figure 5.11 3D siRNA screen results of HCC1428 LTED and HCC1428 LTEDP2*°R, (A) Venn
diagram showing the number of hits in the HCC1428 LTED and HCC1428 LTEDPa*°R 3D
siRNA screens. (B) Top two key pathways and associated FDR identified from the shared
hits, and pathways private to each cell line. Pathways were generated from STRING-db
pathway analysis

Finally, the 3D siRNA screen results for the two palbociclib-resistant lines (MCF7
LTEDPaP°R and HCC1428 LTEDP2"®°R) were compared to look for any shared vulnerabilities
that might typify palbociclib-resistance. There were only two shared targets, /P6K3, and
CHEK1 (data not shown).

5.2.5 Comparison of 2D vs 3D siRNA screens

The results of the 2D and 3D siRNA screens demonstrate that cell cycle checkpoints, and
PI3K-AKT signalling are common areas of sensitivity in these endocrine-resistant cell
lines. The siRNA screens did not highlight potential mechanisms of palbociclib-
resistance, or mechanisms of endocrine-resistance specific to cell lines that lose ER
expression in oestrogen-deprived conditions. There were overall fewer significant

targets identified in the 3D siRNA screens vs the 2D screens.
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MCF7 LTEDWT MCF7 LTEDY37€

HCC1428 LTEDPalbeR

Figure 5.12 Correlation between 2D and 3D siRNA screens. Scatterplots of the robust
Z-scores of each siRNA from the 2D (x-axis) and 3D (y-axis) screens. Pearson’s r
correlation coefficient is given for each cell line.

As one of the objectives of this project was to examine the use of 3D models to
determine whether this method of culture might shed further light on the mechanisms

of endocrine-resistance, the results obtained from the 2D and 3D siRNA screens were
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compared (Figure 5.12). The Pearson’s correlation coefficient ranges from 0.217 to
0.516. Given that the 2D and 3D screens were biologically independent replicates,
carried out over eighteen months apart, this range of correlation coefficients indicates
a modest correlation between the screening methods. Furthermore, the same key areas
of vulnerability are highlighted in both the 2D and the 3D siRNA screens. The main
notable difference is that the number of significant hits obtained from the 3D siRNA
screens is lower than in the 2D siRNA screen for each cell line except HCC1428 LTEDP?/PoR,
This suggests that performing screens in 3D could be used as a filtering mechanism to
limit the number of potential hits to physiologically relevant targets, given that the

actual pathways identified are the same in 2D and in 3D.

5.2.6 2D drug screens in cell lines modelling endocrine resistance

Seven LTED breast cancer cell lines were screened in triplicate against a library of 396
drugs, at four concentrations (0 nM, 10 nM, 100 nM, and 1000 nM). After five days, cell
viability was measured using CellTiter-Glo. Following quality control assessment, robust
Z-scores were calculated for each of the drugs in the library at the 1 uM concentration
(Figure 5.13).

These plots of the 2D drug screen results demonstrate three broad areas were key to
endocrine-resistance: the PI3K-AKT-mTOR pathway, as drugs targeting this pathway
were significant in all cell lines; cell cycle checkpoints, as cyclin-dependent kinase (CDK)
inhibitors were frequently identified; and ER-signalling, as SERDS were also recurrent
hits. Representative drugs of each of these classes have been highlighted on Figure 5.13.
However, it was noted that the range of robust Z-scores varied between the cell lines
(from -15to 5 in the MCF7 LTEDY cell line, but -34 to 6 in the SUM44 LTED">3’* cell line),
and thus setting a threshold of robust Z-score <-2 to classify and compare hits was not
considered appropriate. This patten was also seen in the calculations of robust Z-scores
at the 10 nM and 100 nM doses (data not shown). Following discussion with
bioinformaticians, a mean response score (a function of the cell viability results) was
calculated for each drug, at each concentration, for each cell line. The threshold for a
drug to be categorised as a hit was set at those causing 250% reduction in cell viability.
A separate mean response score calculation, and hit selection, was performed at each

of the three concentrations (10 nM, 100 nM, 1000 nM). At the 1000 nM dose, there
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Figure 5.13 2D drug screen results at 1 uM in LTED breast cancer cell line models. Drugs
(1 uM final concentration) were pre-aliquoted into 384-well 2D culture plates prior to
seeding of 1200-2400 cells/well. Cell seeding number was adjusted to allow for ~80%
confluence in the control wells at the end of the experiment. Cell viability was assessed
using CellTiter-Glo after 5 days. Assay quality was assessed, and only those achieving Z-
prime 20.5 were taken for further analysis. Robust Z-scores were calculated for the
effect of each drug, at each concentration, using the R package CellHTS2. n=3 biological
replicates. Plots represent robust Z-score rank order from low to high for each cell line
tested, with drugs achieving a robust Z-score <-2 in red. Representative drugs of
different classes have been highlighted. Black font indicates compounds targeting ER
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(Tamoxifen, Fulvestrant, RAD1901, GDC-810). Blue font indicates compounds targeting
cyclin-dependent kinases (CDKs) (THZ1: CDK7 inhibitor. Dinaciclib: CDKs 2, 1, 5, 9.
Flavopiridol: CDKs 1, 2, 4, 6). Orange font indicates compounds targeting PI3K-AKT-
mTOR pathway (CUDC-907: PI3Ka inhibitor. Alpelisib: PI3Ka. inhibitor. Everolimus:
mTOR inhibitor).

were ~100 hits for some cell lines, suggesting this dose was not sufficiently
discriminatory for hit classification. Therefore, the results at 10 nM, and 100 nM were
compared to find the common hits between related cell lines, and across all cell lines.
When comparing all of the 2D drug screen results at 100 nM, compounds targeting the
PI3K-AKT-mTOR pathway, and those acting on CDKs, were selected as hits in several cell
lines (Figure 5.14), concordant with the pattern seen in the robust Z-score calculations

(Figure 5.13)

HCC1428 LTED lines

%

MCF7 LTED \‘. SUM44 LTED lines

lines
CUDC-907 Dinaciclib
THZ1
Omipalisib
PF-04691502
WYE-125132

Figure 5.14 2D drug screen results at 100 nM in LTED breast cancer cell line models.
2D drug screens (final drug concentration 100 nM) were performed as described in
Figure 5.13. Compounds causing >50% reduction in cell viability were classified as hits.
Venn diagram shows the numbers of hits common to multiple cell lines at 100 nM, with
targets that were common to three or four of the groups compared highlighted. CUDC-
907: PI3Ka inhibitor. Dinaciclib: inhibitor of CDKs 2, 1, 5, 9. THZ1: CDK7 inhibitor.
Omipalisib: dual PI3K/mTOR inhibitor. PF-04691502: dual PI3K/mTOR inhibitor. WYE-
125132: mTOR inhibitor.
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5.2.6.1 Comparison of 2D drug screen results at 10 nM identifies PI3K-AKT-mTOR

pathway importance

At the lowest drug concentration in the screen (10 nM), all but one cell line (ZR75.1
LTED) demonstrated sensitivity to drugs targeting the PI3K-AKT-mTOR pathway, with
the PI3Ka inhibitor CUDC-907, and the dual PI3K/mTOR inhibitor BGT226 being the most
frequent hits (data not shown). Of the eighteen drugs that were classified as significant
hits at the 10 nM concentration, twelve targeted this pathway, with the others being
SERDs, and CDK inhibitors. This is in-keeping with the finding that the PI3K-AKT-mTOR
pathway is the most frequently mutated in breast cancer, and of the relevance of cross-

talk between ER and the PI3K-AKT-mTOR pathway, as discussed in Section 1.3.3.

5.2.6.2 Comparison of ESRIVT and ESRIMYT 2D drug screen results highlights the effect

of the mutational status of ER on drug sensitivity

When comparing the difference between the LTED cell lines expressing ERWT with those
expressing ERMUT, the most striking finding was that the ERMYT models appear to show
sensitivity to SERDs, while the ERWT models do not (Figure 5.15). At 100 nM, the MCF7
LTEDY>3’¢ models were sensitive to GDC810, RAD1901, and fulvestrant, and the MCF7
LTEDWT models were not (Figure 5.15A). Similarly, the SUM44 LTEDY>3” line was
sensitive to fulvestrant, while the SUM44 LTEDT was not (Figure 5.15B). Interestingly,
when comparing SUM44 LTEDY3” to MCF7 LTEDY>%’¢, while both were sensitive to
fulvestrant, only MCF7 LTED">3’C was sensitive to the other SERDs in the screen. The
differential sensitivity of the lines expressing ERMUT suggests that these cells continue to
be dependent on ER-signalling for growth, while those expressing ERWT are not. The
different targets highlighted when comparing SUM44 LTEDYT vs SUM44 LTED">3’5 (EGFR,
vascular endothelial growth factor receptor (VEGFR), and c-Met — data not shown)
suggest that cell lines expressing ERWT employ altered growth factor signalling to enable
survival and proliferation in oestrogen-deprived conditions, while cell lines expressing

ERMUT utilise the constitutive activation of the ERMYT to drive growth.

Furthermore, when comparing the ERY*3’> to ERY*3’C (Figure 5.15), although both
demonstrate sensitivity to fulvestrant, ERY>3’C is also targeted by the other SERDs,

RAD1901 and GDC810, suggesting a differential sensitivity between the mutations. This
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has also been found in previous work (Toy et al.,, 2017), and suggests that some
mutations may be more effective at promoting endocrine resistance than others. Given
that there is a variation in prevalence of different ESR1 mutations, with the D538 and
Y537S mutations seen more frequently than Y537C (Fribbens et al., 2016), it is important
to take this into account when considering strategies for overcoming endocrine-

resistance in the clinic.

A MCF7 LTEDWT MCF7 LTEDYS37C

Fulvestrant
RAD1901
GDC-810

SUM44 LTEDWT SUM44 LTEDY®37S

Fulvestrant

Figure 5.15 2D drug screen results at 100 nM in LTED breast cancer cell line models
expressing ERYT or ERMYT, 2D drugs screens (final drug concentration 100 nM) were
performed as described in Figure 5.13. Compounds causing >50% reduction in cell
viability were classified as hits. Venn diagram shows numbers of hits shared and private
to the named cell lines at 100 nM. (A) comparison of numbers of significant hits in the
MCF7 LTEDYT and MCF7 LTED"37¢ cell lines. (B) comparison of numbers of significant
hits in the SUM44 LTEDWT and SUM44 LTED">3’ cell lines.
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5.2.6.3 Cell cycle regulation

Several drugs targeting checkpoints in the cell cycle, such as CDKs, PLK1, CHK1, and
Aurora kinases were detected as hits in the drug screen, at the 100 nM and 1 uM
dosages (Figure 5.16; purple boxes). Interplay between cyclins and CDKs ensure an
ordered progression through the cell cycle, controlled by a variety of cell signalling
mechanisms, and deregulation of the cell cycle is a hallmark of cancer. The drug screen
highlighted pan-CDK inhibitors, such as flavopiridol (targeting CDKs 1/2/4/6), dinaciclib
(CDKs 2/1/5/9), and AT7519 (CDKs 1/2/4/6/9). These drugs can cause cell cycle arrest at
multiple points, and targeting multiple CDKs is of interest as it may combat redundancy,
but as will be discussed later in Section 6.4.3, the translation of these drugs from bench

to clinic has been difficult.

The more selective inhibitor, THZ1, which targets CDK7, was also a hit across multiple
models (Figure 5.14). As will be discussed further in Section 6.2, CDK7 plays a role in a
myriad of biological processes, including control of the cell cycle, transcription initiation,
and activation of ER. Therefore, by inhibiting the action of CDK7, not only is THZ1
disrupting progress through mitosis, but it may also interfere with ER-signalling
pathways. Given that the ERMYT cell lines have been shown to be sensitive to the
disruption of ER-signalling mediated by SERDs, it could be hypothesised that
combination therapy with CDK7 inhibitors and SERDs may provide a new therapeutic

rationale for patients with an activating ESR1 mutation.

There are several other checkpoints in the cell cycle which have been identified as
potential targets. These include CHK1 and WEE1, components that prevent cells with
DNA damage from passing the G2/M checkpoint. Inhibitors of these can allow cell
proliferation despite the presence of DNA damage, which can then result in mitotic
catastrophe and tumour cell apoptosis (Castedo et al., 2004). Aurora kinases, which
ensure the correct execution of cytokinesis, were also identified as targets.
Overexpression of Aurora A can inactivate the spindle assembly checkpoint (Anand et
al., 2003), and overexpression of Aurora B results in inappropriate chromosome
separation, and therefore aneuploidy (Gonzalez-Loyola et al., 2015). Finally, PLK1 is
necessary for the activation of cyclin B-CDK1 complexes, and is needed for re-entry into

the cell cycle after G2/M arrest as a result of DNA damage. As a result, inhibition of these
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Figure 5.16 Schematic of cell cycle regulation by multiple kinases, and sites of drug
action. Exit from the quiescent phase of Go by mitogenic signals is achieved through the
formation of cyclin D-CDK4/6 complexes, which phosphorylate retinoblastoma (Rb) and
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release E2F transcription factors. These activate the transcription of S-phase promoting
genes such as CCNE1. Cyclin E-CDK2 complexes promote entry into S-phase. To enter
mitosis, CDK1 must be phosphorylated by the cyclin H-CDK7 complex, and
dephosphorylated by CDC-25. This is kept under regulation through ATM, CHK1, p53,
and WEE1, which can stall the G>-M checkpoint if DNA damage is detected. Upon
recovery from DNA damage, PLK1 is necessary to overcome this cell cycle arrest and
reactivate CDK1. Purple boxes indicate drugs that can act at the regulatory cell cycle
checkpoints, that were classified as hits in the 2D drug screen at 100 nM or 1 uM in at
least three of the seven cell lines.

important kinases can permit accumulation of chromosomal errors, and arrest the cell
cycle. Some of the drugs highlighted as hits are in clinical trials for other malignancies,
such as MK-1775 (a WEE1-inhibitor in phase 2 trials for ovarian malignancy (Oza et al.,
2020)), volasertib (a PLK1-inhibitor in phase 3 trials for AML (Dohner et al., 2021)), and
alisertib (an Aurora A-inhibitor kinase in phase I/Il trials for solid cancers including
advanced ER-positive breast cancer (O'Shaughnessy et al., 2021)). While there were
significant grade 3/4 adverse effects encountered in these trials, nevertheless, the

generally positive results with increase in overall survival are promising signs in the

search for novel agents to target resistant disease.

5.2.7 3D drug screens in cell lines modelling endocrine resistance

The design of the 3D drug screen was informed by the results of the 2D drug screen.
Seventy-one drugs were chosen to be taken into 3D screening because they targeted
areas of interest highlighted in the 2D drug screens (Table 5.1). The decision was made
to only screen at one drug concentration, as at least five concentrations would be
necessary to fit a dose-response graph. The concentration chosen was 250 nM. This is
because from the 2D drug screen, the 10 nM dose did not generate enough hits, but 1
1M was not discriminatory enough. As 100 nM is below the 1Cso of many drugs used in
clinical practice, such as palbociclib (FDA, 2014), the 250 nM dose was chosen. However,
this did mean that the results of the 2D and 3D drug screens could not be directly

compared.
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Table 5.1: Compounds used in 3D screen, and their targets

Growth Factor
Signalling

Hormonal

Signalling

Cell Cycle
Regulation

PI3K-AKT-mTOR

o [T g T o Tt o | Tt

A674563 AKT1 Enobosarm Androgen | Alisertib AuroraA | GDC0879 B-Raf
receptor
AZD5363/ AKT1/2/3 = Enzalutamide @ Androgen @ Aurora A | AuroraA | Nilotinib Bcr-Abl
capivasertib receptor Inhibitor 1
GSK690693 AKT1/2/3 | H365 ER Flavopiridol | CDKs A485 CREB-
(SERCA) 1/2/4/6 binding
protein
MK2206 AKT1/2/3 = Tamoxifen ER P-276- CDKs Gefitinib EGFR
00/Riviciclib | 1/4/9
WYE-125132 = mTOR Fulvestrant ER Dinaciclib CDKs Lapatinib EGFR
2/1/5/9
Everolimus mTOR RAD1901 ER Abemaciclib | CDK4/6 | CUDC-101 EGFR
Sapinisertib mTOR GDC-910 ER Palbociclib CDK 4/6 | PD168393 EGFR
Temsirolimus | mTOR AZD9496 ER SNS-032 CDK2 Ponatinib FGFR1
Ridaforolimus | mTOR BS-181 CDK7 BGJ398 FGFR3
PF-04691502 PI3K THZ1 CDK 7 Dovitinib Fltl
BGT226 PI3K NVP-2 CDK9 Neratinib HER2
Omipalisib PI3K LDC00067 CDK9 BMS- IGF-1R
754807
Alpelisib PI3Ko CHIR-124 CHK1 Linsitinib IGF-1R
CH5132799 PI3Ko PF-477736 CHK1 Selumetinib | MAPK1
PIK-75 PI3Ko Olaparib PARP Pimasertib MAPK1/2
CUDC-907 PI3Kat BI2536 PLK1 Binimetinib MAPK1/2
NMS-P937 PLK1 u0126 MAPK2
GSK461364 PLK1 NVP- MET
BVU972
Volarsertib PLK1 Foretinib MET
MK1775 WEE1 SB203580 p38 MAPK
Tyrphostin- | PDGFR
9
PP-121 PDGFR
Sorafenib Raf
BBT-594 RET
Crizotinib ROS1
Nintedanib | VEGFR1/2/3
Sunitinib VEGFR2

71 drugs used in 3D drug screen, classified by broad sites of action. Staurosporin was

used as positive control, and DMSO vehicle as negative control.

151



Eight cell lines modelling endocrine resistance (MCF7 LTEDWT, MCF7 LTED">%’¢, MCF7
LTEDPaPoR  SUMA44 LTEDWT, SUM44 LTEDY>37S, HCC1428 LTED, HCC1428 LTEDP®°R and
T47D LTED) were screened against this 3D drug library. Two of the cell lines (MCF7
LTEDP3P°R ~ and HCC1428 LTEDP¥*°R) also modelled palbociclib-resistant disease.
Following assay quality assessment, where only assays with Z-prime=0.5 were taken
forward, robust Z-scores were calculated from three independent biological replicates
to describe the effect of each drug on each cell line in 3D, at 250 nM. Robust Z-scores of
<-1.65 were classified as hits (corresponding to p-value of 0.10). Due to the smaller
numbers of targets identified, while the effect of the different ESR1 mutations was
examined, firm conclusions could not be drawn about their effect, and this data is not

presented here.

HCC1428 LTED lines

MCF7 LTED SUM44 LTED lines

lines
NVP-2 CUDC-907 THZ1
BGT226 PIK-75
Flavopiridol

Figure 5.17 3D drug screen results of LTED breast cancer cell line models. Drugs (final
concentration 250 nM) were pre-aliquoted into 96-well ultra-low attachment 3D drug
screening plates, prior to seeding with 2500 cells/well. Cell viability was assessed using
CellTiter-Glo after 7 days. Assay quality was assessed, and only those achieving Z-prime
>0.5 were taken for further analysis. n=3 biological replicates. Robust Z-scores were
calculated using the three independent replicates for each compound using the R
package CellHTS2. Compounds with robust Z-score <-1.65 were classified as hits. Venn
diagram shows the number of hits common to multiple cell lines, with targets that were
common to three or four of the groups compared highlighted. NVP-2: CDK9 inhibitor.
CUDC-907: P13Ka. inhibitor. BGT226: dual PI3K/mTOR inhibitor. Flavopiridol: inhibitor of
CDKs 1, 2, 4, 6. THZ1: CDK7 inhibitor. PIK-75: PI3Ka inhibitor.
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5.2.7.1 Comparison of 3D drug screen results for all cell lines

Figure 5.17 shows the number of compounds classed as significant hits common and
private to the eight cell lines screened. As previously seen in the 2D drug screens, drugs
affecting the PI3K-AKT-mTOR pathway cause a decrease in cell proliferation in all cell
lines. The multi-CDK flavopiridol, which was also highlighted in the 2D drug screens, was
also a common hit. Drugs that were significant hits in three of the four groups of cell
lines compared were PIK-75, a PI3Ka inhibitor, the CDK7 inhibitor THZ1, and the CDK9
inhibitor NVP-2.

5.2.7.2 Comparison of 3D drug screen results of the palbociclib-sensitive and

palbociclib-resistant lines

The significant hits between the palbociclib-sensitive MCF7 LTEDY>3’¢ and HCC1428 LTED
lines, and their palbociclib-resistant derivatives, were compared to look for potential
mechanisms of palbociclib-resistance development (Figure 5.18A and 5.18B). While the
palbociclib-resistant models retained their sensitivity to PI3Ko. inhibitors, they were less
sensitive to pan-PI13K inhibitors than the palbociclib-sensitive models. Comparison of the
two palbociclib-resistant models indicates a shared common vulnerability are

compounds targeting cell cycle control (Figure 5.18C).
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Figure 5.18 3D drug screen results of the palbociclib-sensitive LTED breast cancer cell
lines, and their palbociclib-resistant derivatives. 3D drug screens (final concentration
250 nM) were performed as described in Figure 5.17. (A) Comparison of hits in the
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palbociclib-sensitive MCF7 LTEDY>37C cell line, and its palbociclib-resistant derivative
MCF7 LTEDPa®°R cell line, in 3D. (B) Comparison of hits in the palbociclib-sensitive
HCC1428 cell line, and its palbociclib-resistant derivative HCC1428 LTEDP2"°R cell line, in
3D. (C) Comparison of the hits in the palbociclib-resistant cell lines MCF7 LTEDP?"®°R and
HCC1428 LTEDPa/PoR,

5.3 Discussion

The use of the siRNA and drug screens has enabled the comparison of different models
of endocrine-resistant disease, and the deconvolution of signalling pathways that are
shared or private to the various cell lines. The comparison of the 2D and 3D models used
in this study revealed that broadly similar results are achieved in both experimental
contexts, but that the 3D models may provide another method of thresholding out false

positives, as all key pathways identified in 2D were also seen in 3D.

When comparing the results for all the cell lines in the 3D siRNA screens, one target was
identified as crucial in every cell line, IP6K3. This enzyme is needed to generate inositol
pyrophosphate messenger molecules, and therefore it is likely that interfering with the
expression of this gene resulted in the breakdown of signalling in multiple essential
signalling pathways. As a result, given the presumed indiscriminate lethality of knocking
down an enzyme required in multiple cellular functions, this target was not investigated

further.

The siRNA and drug screens of these endocrine-resistant models have identified three
key areas that may contribute to endocrine-resistance, and the results of the siRNA
screens and drug screens corroborate each other. The PI3K-AKT-mTOR pathway is
highlighted in all screens and is key for survival of these cell lines. Moreover, this
pathway is also found to be significant in palbociclib-resistant models. This is in-keeping
with the findings of the BYLieve trial (Rugo et al., 2021), which is looking to tackle the
next obstacle in advanced ER-positive breast cancer — CDK4/6 inhibitor resistance. The
inclusion criteria for this phase two trial were patients with ER-positive/HER2-negative
disease, that had progressed on aromatase inhibitors and CDK4/6 inhibitors, and carried
a PIK3CA mutation. The patients were treated with a combination of alpelisib, a PI3Ka
inhibitor, and the SERD fulvestrant. With this combination, the trial met its primary

endpoint of six months with no disease progression, and also showed increased
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progression-free survival. This suggests that the findings of PI3Ka being a significant area

of vulnerability in the 2D and 3D screens are valid.

Given the success of the BYLieve trial, and the considerable existing body of literature
investigating the PI3K-AKT-mTOR pathway in breast cancer, | opted to choose CDK7 and
CDKS9, also identified in the screens, as the targets to investigate further. Given that cell
cycle control was another frequently identified area of vulnerability, and that
compounds targeting CDK7 and CDK9 appear to be active in both a wild-type and mutant

PIK3CA setting, these CDKs were chosen as the hits for further validation
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Chapter 6 Investigation of CDK7 and CDK9 as targets in breast
cancer

6.1 Introduction

The aim of this project is to identify potential novel therapeutic targets in both the
endocrine-resistant, and palbociclib-resistant setting. As described in Section 5.2.7.1,
the drug screens identified THZ1, targeting CDK7, and NVP-2, targeting CDK9, as hits in
the majority of the different cell lines modelling endocrine-resistance, and palbociclib-
resistance. While these CDKs were not picked up as targets in many of the siRNA screens,
the pathways that they play a role in were identified through pathway analysis of the
siRNA screening data. Hence, CDK7 and CDK9 have been chosen for further investigation
and validation. These studies were carried out in the MCF7, MCF7 LTEDY', MCF7
LTEDY>37C, MCF7 LTEDP°R and HCC1428, HCC1428 LTED, HCC1428°R cell lines
(described in Section 4.2) to determine the effect of perturbing these targets in models
of endocrine-sensitive, endocrine-resistant, and endocrine- and palbociclib-resistant

disease.

6.2 CDK?7

6.2.1 Structure and regulation of CDK7

CDK?7 is a kinase comprising of 346 amino acids, with a molecular weight of ~40 kDa. The
N-terminal region binds cyclin H, while the C-terminal region binds MAT1 (Figure 6.1A)
(Rimel and Taatjes, 2018) This trimeric complex is called the CDK-activating kinase (CAK)
complex, which has been termed a master regulator of the cell cycle, as will be discussed
in Section 6.2. Cyclin H is crucial for CDK7 activity, and its association with CDK7 is
enhanced by CDK7 phosphorylation at threonine-170 (T170) (Martinez et al., 1997). This
CDK7-cyclin H complex is able to phosphorylate CDK2, but the addition of MAT1 to this
binary complex, which stabilises the CAK complex, directs its kinase activity
preferentially towards RNA polymerase Il (RNA Pol Il) (Larochelle et al., 2001). CDK7 may
be phosphorylated at T170 by CDK1 and CDK2, and given that these are substrates of
CDK?7 itself, suggests the existence of a positive reinforcement loop (Garrett et al., 2001).
The CAK complex itself may be activated through phosphorylation of cyclin H, which has
been observed through autophosphorylation by CAK (Lolli et al., 2004), or by CK2
(Schneider et al., 2002).
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CAK complex
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@) Regulatory subunits of TFIIH @) Transcription factors

Figure 6.1 Role of CDK7. (A) Role of CDK7 in the cell cycle. CDK7 together with cyclin H
and MAT1, form the CAK complex. The CAK complex can phosphorylate and activate
multiple other CDKs, thus playing a regulatory role at multiple points in the cell cycle.
G1 =gap phase 1, G2 = gap phase 2, M = mitosis, S = synthesis, P = phosphate. CDK1 and
CDK2, as substrates of the CAK complex, can in turn phosphorylate and activate CDK7.
(B) Role of CDK7 in transcription. CDK7, in the CAK complex, together with the two DNA
helicases XPB and XPD (xeroderma pigmentosum proteins B and D), and other
regulatory subunits form the heterodecameric transcription factor Il H (TFIIH). The pre-
initiation complex (PIC) is formed of TFIIH, RNA Polymerase Il (RNA Pol Il) and other
transcription factors. It is through phosphorylation by CDK7 on Ser5 that RNA Pol Il is
released from the PIC and free to initiate transcription.

158



6.2.2 Role of CDK7 in the cell cycle

The control and progression of cells through the checkpoints in the cell cycle is regulated
through the activity of several CDKs and their associated kinases. As illustrated in Figure
6.1A, the CAK complex is required to phosphorylate and activate CDKs 1, 2, 4, and 6,
thus earning it the title of the master cell cycle regulator (Schachter and Fisher, 2013,
Schachter et al., 2013, Bisteau et al., 2013). Inhibitors of CDK7 have been shown to delay
S-phase by preventing CDK2 activation, and delay mitotic entry by preventing CDK1
activation (Patel et al., 2018). Furthermore, the control of the restriction point at which
cells are committed to transit through the Gi1/S checkpoint, the phosphorylation of
retinoblastoma (Rb) (Mittnacht, 1998), is also indirectly governed by CDK7 activity. CDK4
and CDK6, activated via phosphorylation by CDK7, phosphorylate and inactivate Rb,
releasing the previously bound transcription factors necessary to activate the
transcription of S-phase genes. Inhibition of CDK7 has been shown to rapidly reduce
CDK4 and CDK®6 activity (Schachter et al., 2013), and as such can quickly perturb cell cycle

progression.

6.2.3 Role of CDK7 in transcription

As well as its role in the cell cycle, CDK7 plays a key role in transcription. The CAK
complex, together with two DNA helicases and other regulatory proteins, form the
transcription factor complex TFIIH (Figure 6.1B) (Rimel and Taatjes, 2018). TFIIH
associates with RNA Pol Il, and other transcription factors, to form the pre-initiation
complex (PIC), which governs the initiation of transcription. While anchored to the PIC,
unphosphorylated RNA Pol Il is not able to start transcription (Wong et al., 2014). CDK7
within TFIIH acts to phosphorylate RNA Pol Il at serine-5, allowing the release of RNA Pol
Il from the PIC and initiation of transcription (Glover-Cutter et al., 2009). As will be
discussed in Sections 6.3.1 and 6.3.2, CDK7 is also necessary for the productive
elongation phase of transcription. Other regulatory roles of CDK7 in transcription
include termination of transcription (Glover-Cutter et al., 2009), and the activation of
CDK12 and CDK13 which can also phosphorylate RNA Pol Il (Bosken et al., 2014, Liang et
al., 2015).

In addition to its role in regulating the transcriptional machinery of the cell, CDK7 acts
on several transcription factors to promote, or control their activity. With respect to ER-
positive breast cancer, CDK7, when part of the TFIIH complex, is able to directly
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phosphorylate ER at serine-118 in the presence of oestrogen (Chen et al., 2000b). This
mechanism of ER activation, which is a key driver in the proliferation of ER-positive
breast cancers, is inhibited by CDK7 inhibitors, especially within the ESR1 mutant setting
(Harrod et al., 2017), making this an attractive potential target in the setting of advanced

ERMYT breast cancer.

6.3 CDK9

6.3.1 Structure and regulation of CDK9

CDK9 is a cyclin dependent kinase that has two isoforms, with molecular weights of 42
kDa and 55 kDa. These different isoforms exist because there are two different
promoters in the CDK9 gene. CDKa4; is transcribed from a GC-rich promoter, while CDK9ss
is transcribed from a TATA-containing promoter. The CDK94, promoter has been found
to have a higher constitutive activity (Shore et al., 2005), in keeping with the finding that
in Hela cells CDK9ss is present at 10-20% of the level of CDK94; (Shore et al., 2003). CDK9
interacts with its cyclin partner, cyclin T, via its N-terminal lobe (Baumli et al., 2008) to
form the complex Positive Transcription Elongation Factor (PTEF-b) (Figure 6.2). CDK9
has also been shown to associate with cyclin K, but this complex has a lower level of
activity than PTEF-b (Fu et al., 1999). The primary role of PTEF-b is in transcription, as
will be discussed in Section 6.3.2, and as the function of PTEF-b is essential for the
transcription of a large programme of genes, its biological activity is highly regulated

(Zhou et al., 2012).

The first mechanism is through sequestration: PTEF-b within the cell may be found
reversibly sequestered in an inhibitory ribonucleoprotein complex, or in an active form
bound to bromodomain containing 4 (BRD4) (Michels et al., 2004, Jang et al., 2005). The
inhibitory complex is comprised of hexamethylene bisacetamide-inducible proteins
(HEXIM 1 or 2), which are the main suppressors of PTEF-b function, and 7SK snRNA, a
nuclear RNA that acts as a scaffold to mediate the interaction between the HEXIM
proteins and PTEF-b. Intriguingly, phosphorylation of CDK9 at Thr186 (necessary for its
kinase activity, as will be discussed in this section) is required for PTEF-b sequestration
(Chen et al., 2004), suggesting that the inhibitory complex acts as a pool of active kinase,

ready to undertake its transcriptional role. The mechanism by which PTEF-b is released
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from the inhibitory complex remains unclear, but it has been shown that this process is
dependent on BRD4 (Yang et al., 2005). BRD4 recruits JMJD6 to regions of chromatin
where the inhibitory complex containing sequestered PTEF-b is anchored (Chang et al.,
2007).JMID6 is an arginine histone demethylase, which acts to dissociate the 7SK snRNA
from the chromatin, allowing BRD4 and JMJD6 to interact with PTEF-b, and deliver it to

RNA Pol Il to play its role in transcription (Liu et al., 2013).

Phosphorylation of key residues in CDK9 is another method of regulating the activity of
PTEF-b (Figure 6.2). As discussed earlier in this section, phosphorylation of threonine-
186 in the T-loop of CDK9, which stimulates a conformational change in PTEF-b exposing
the ATP and substrate binding sites (Baumli et al., 2008), is required for its enzymatic
activity (Li et al., 2005). This crucial step is carried out by CDK7, further adding to its
duties in transcriptional control (Larochelle et al., 2012). CDK7 is also able to
phosphorylate CDK9 at serine-175, a step that promotes the interaction of cyclin T with
BRD4 (Yang et al., 2005), which, as discussed above, is necessary for the recruitment of

PTEF-b to RNA Pol II.

CDK9 and cyclin T may also be regulated by acetylation. Acetylation of lysine residues in
cyclin T by the histone acetyl-transferase p300 aids in releasing PTEF-b from the
inhibitory ribonucleoprotein complex (Cho et al., 2009). CDK9 has also been found to be
acetylated on lysine residues, but conflicting reports as to whether this promotes CDK9

activity (Fu et al., 2007) or hinders it (Sabo et al., 2008).
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Figure 6.2 Role of CDK9 in transcription. Following activation by CDK7 in the TFIIH
complex, RNA Pol Il is held in a paused state after initiating transcription through
interactions with DSIF (DRB sensitivity-inducing factor) and NELF (negative elongation
factor). BRD4 recruits PTEF-b to these paused sites, CDK9 is activated through
phosphorylation by CDK7, and activated CDK9 phosphorylates and removes the
regulatory actions of these elements, as well as phosphorylating RNA Pol Il at Ser2,
facilitating productive mRNA elongation.

6.3.2 Role of CDK9 in transcription

As described in Section 6.2.3, the interactions between TFIIH (containing the CAK
complex) and RNA Pol Il are crucial for the initiation of transcription. Following the
initiation phase, there is an elongation phase, and studies have shown that following the
commencement of transcription, regulatory factors interact with RNA Pol Il such that it
cannot continue transcription beyond 20-50 nucleotides of the nascent mRNA (Marshall
et al., 1996), and it is paused at the proximal promoter regions. These factors are DSIF
(DRB sensitivity-inducing factor) (Wada et al.,, 1998) and NELF (negative elongation
factor) (Yamaguchi et al., 1999). As illustrated in Figure 6.2, CDK9 as part of the PTEF-b
complex, and having been activated through phosphorylation, is recruited by BRD4 to
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sites where RNA Pol Il is paused having initiated transcription (ltzen et al., 2014). PTEF-
b then phosphorylates NELF, which releases it from RNA Pol Il (Fujinaga et al., 2004),
and phosphorylates DSIF, changing it to a positive elongation factor (Peterlin and Price,
2006). Concurrently, PTEF-b phosphorylates RNA Pol Il at serine-2 (Ni et al., 2004). This
is needed for the recruitment of elongation factors, spliceosomes, and other pre-mRNA
processing factors (Gu et al., 2013, Li et al., 2003) to allow for productive elongation of

MRNA.

In addition to its primary role in the elongation phase of transcription, CDK9 is also active
in transcription initiation and termination. CRISPR-Cas9-based inhibition of CDK9 was
found to cause a high degree of RNA Pol Il pausing, but also limited the frequency of
new transcription initiation (Gressel et al., 2017). Other studies using inhibitors of CDK9
found that RNA Pol Il that managed to escape the promoter-proximal pausing caused by

the inhibitors then went on to terminate transcription prematurely (Laitem et al., 2015).

6.3.3 Additional roles of CDK9

While CDK9 has primarily been considered a transcriptional CDK rather than related to
cell cycle regulation, it does play a role in the cell cycle in that PTEF-b is required for the
expression of key Gi-associated genes needed for cell cycle progression (Yang et al.,
2008). PTEF-b has also been implicated in the cellular differentiation programmes of
muscle cells (Simone et al., 2002), lymphocytes (Bellan et al., 2004), and neurons (De
Falco et al., 2005). Finally, CDK9 may have a role in DNA repair when complexed with
cyclin K. Following DNA damage, p53 has been shown to upregulate cyclin K
transcription (Mori et al.,, 2002), and the use of siRNA to silence expression
demonstrated that reduction of CDK9 and cyclin K, but not cyclin T, compromised the

cell cycle in response to replication stress (Yu et al., 2010).

6.4 CDK7 and CDK9 in cancer

The concept of targeting CDKs, given their essential role in cellular homeostasis, may on
first regard seem fruitless. Indeed, as will be discussed in Section 6.4.3, the first CDK
inhibitors were unsuccessful due to their narrow therapeutic window. However, several

cancers display features of transcriptional addiction — the need to maintain high levels
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of certain survival proteins for proliferation and survival. Furthermore, many putative
mechanisms of resistance to therapy involve bypassing cell cycle checkpoints where
CDKs play a key role. Therefore, a tempting hypothesis exists whereby cancers, if found
to be reliant on the activities of CDK7 or CDK9, could selectively be targeted by inhibitors

against these CDKs.

6.4.1 Evidence for targeting CDK7 in cancer

CDK7 expression has been found to be upregulated in a range of different cancer types
(Bartkova et al., 1996), including breast (Patel et al., 2016), stomach (Wang et al., 2016),
and oral squamous cell carcinoma (Jiang et al., 2019). In breast cancer, while expression
of CDK7 and other components of the CAK complex correlates with improved patient
survival in ER-positive disease (Patel et al., 2016), in TNBC, CDK7 expression is associated
with a worse prognosis (Li et al., 2017). Clinical studies have also suggested CDK7 may
be a valid target in advanced breast cancer, with encouraging efficacy seen with the
combination of the CDK7 inhibitor ICEC0942/samuraciclib, and fulvestrant (Howell et al.,
2021). Poorer outcomes in a variety of other cancers have also been associated with
CDK7 expression (Jiang et al., 2019, Tsang et al., 2019, Meng et al., 2018). These tumours
with higher levels of CDK7 expression may therefore be more sensitive to CDK7
inhibition, given its myriad of cellular roles, and therefore targeting CDK7 has been

explored as a new area of therapy, as will be discussed in Section 6.4.4.

6.4.2 Evidence for targeting CDK9 in cancer

The link between CDK9 and cancers was first highlighted in haematological malignancies
involving the rearrangement of a histone methyltransferase, named mixed-lineage
leukaemia (MLL). MLL has several different rearrangements (Meyer et al., 2009), with
the majority of the fusion proteins serving to act as nuclear transcription factors that
recruit PTEF-b and promote transcription elongation (Lin et al., 2010), particularly of
HOXA and MEIS1 genes that block differentiation and drive proliferation (Muntean and
Hess, 2012). PTEF-b also plays a role in the pathogenesis of acute myeloid leukaemia
(AML). AML cells require high levels of the anti-apoptotic protein myeloid cell
leukaemia-1 (MCL-1) (Glaser et al., 2012) for survival, but this protein has a very short

half-life. As such, continuous activation of PTEF-b is necessary to maintain high levels of
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transcription, and inhibition of CDK9 has been shown to reduce MCL-1 expression and
demonstrate anti-cancer activity in AML mouse models (Lucking et al., 2017). The links
between CDK9 and solid cancers such as breast cancer have not been as extensively
characterised, but there is evidence suggesting breast cancers are reliant on CDK9. The
transcription factor MYB, often overexpressed in ER-positive breast cancer, is a
regulator of the key survival proteins cyclin E1 and BCL-2 (Mitra et al., 2016). One
downstream pathway of ER-mediated signalling is to recruit PTEF-b to MYB promoter
regions (Mitra et al., 2012). PTEF-b-mediated overexpression of the transcription factor
MYC was also shown to be associated with oestrogen-independent growth of cell lines
that had been developed to model hormone therapy resistance (Sengupta et al., 2014).
CDK9 activity has also been linked to TNBCs. Gene expression studies of TNBCs
demonstrated a cluster of TNBC-specific genes upon which the TNBCs were highly
dependent for survival (Wang et al., 2015). The continuous transcription of these genes
was driven by large clustered enhancer regions, densely occupied by transcriptional
machinery, and so called super-enhancers (Hnisz et al., 2013). Consequently, cancers
that are highly dependent on super-enhancer driven transcription of certain genes for

survival, may be exquisitely sensitive to inhibitors targeting transcription.

6.4.3 History of targeting CDKs

Initial efforts to develop inhibitors of CDKs resulted in compounds that were active
against multiple CDKs. The first pan-CDK inhibitor to enter clinical trials was flavopiridol,
which showed activity against CDKs 1, 2, 4, 6, 7, and 9 (Senderowicz et al., 1998). This
was then followed by the multi-CDK inhibitors seliciclib and dinaciclib. Unfortunately,
these either had too high a toxicity profile, or did not perform better than the standard
therapy at the time. It is likely that the lack of selectivity of these multi-CDK inhibitors
has resulted in their inability to be translated from bench to bedside, given the key
importance that CDKs play in normal cellular function. As such, subsequent work
focused on enhancing the selectivity of CDK-targeting compounds. This proved fruitful
in the development of CDK 4/6 inhibitors, as described in Section 1.1.5.4, suggesting

that there is the potential for clinical success of selective inhibitors of other CDKs as well.
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6.4.4 Current trials targeting CDK7

The first highly selective CDK7 inhibitor developed with BS-181. Although this was found
to reduce CDK7 phosphorylation, and the growth of cancer cell lines and xenografts
(which supports the hypothesis that CDK7 is a potential therapeutic drug target for
cancer), it had poor bioavailability and cell permeability to proceed as a viable drug
candidate (Ali et al., 2009). Through the development of BS-181 analogues, an orally
bioavailable CDK7 inhibitor ICEC0942 was created (Patel et al., 2018). ICEC0942 was
found to be active against a panel of cancer cell lines, in ER-positive breast cancer animal
models and is now in phase 1/2 clinical trials (NCT03363893). In August 2021, a
collaboration was announced to evaluate the combination of ICEC0942 with a novel

SERD, giredestrant, to treat ER-positive/HER2-negative, palbociclib-resistant disease.

In a similar fashion to BS-181 and ICEC0942, another pair of selective CDK7 inhibitors
are THZ1 and SY-1365. THZ1 is a covalent CDK7 inhibitor, has been shown to have
favourable activity in several cancer types (Chipumuro et al., 2014, Kwiatkowski et al.,
2014), and has been used as an interrogative tool compound in examining CDK7 function
(Ebmeier et al., 2017), but also been found to inhibit CDK12 and CDK13. As such, SY-
1365 was developed from THZ1 (Hu et al., 2019), and entered phase 1 trials for advanced
solid tumours including breast and ovarian cancer (NCT03134638), but this trial was
terminated early due to poor clinical activity and tolerability data. This company has now
developed a new oral CDK7 inhibitor, SY-5609, which is now in phase | trials for advanced

breast and small-cell lung cancer (NCT04247126).

6.4.5 Current trials targeting CDK9

Following favourable results in in vitro experiments and animal models of AML (Lucking
etal,, 2017), TNBC (Brisard et al., 2018), and oesophageal cancer (Veeranki et al., 2019),
BAY1143572 is now being evaluated in phase | trials involving acute leukaemia
(NCT02345382) and advanced gastric cancer, TNBC, or diffuse large B-cell lymphoma
refractory to other therapies (NCT01938638), with results yet to be published.

AZDA4573 is another selective CDK9 inhibitor, and has been found to cause extensive
apoptosis in a diverse panel of haematological cancer cell lines, and induce regression
of tumour growth in PDX models of AML (Cidado et al., 2020). Consequently, the drug is
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now being examined in two phase 2 trials for advanced haematological malignancies

(NCT03263637 and NCT04630756).
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6.5 Results

6.5.1 Effect of targeting CDK7 using siRNA

To examine the effects of CDK7 on breast cancer cell viability in more detail, siRNA
targeting CDK7 was used. The protocol for siRNA transfection was assessed to ensure
effective knockdown. Each cell line was reverse transfected using siRNAs targeting CDK7
(siCDK7) or non-targeting control siRNAs (NTC). RTqPCR was used to examine the
expression of CDK7 in the treated cells (Figure 6.3A), while Western blotting was used
to probe for the CDK7 protein (Figure 6.3B). The results of the qPCR show 80-90%
reduction in CDK7 expression across the cell lines. This is corroborated by evidence of
reduction in CDK7 expression in the Western blots shown, although the knockdown
appears to be slightly less successful in the HCC1428 LTED and HCC1428 LTEDP?°R |ines
than in the MCF7 lines.
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Figure 6.3 CDK7 knockdown using siRNA. (A) RTqPCR. 1x10° cells were reverse
transfected with 25 nM SMARTpool siRNA targeting CDK7, or NTC, in 6cm plates. RNA
was extracted 24 hours after transfection and RTgPCR performed. Barplots represent
CDK7 expression in cell lines transfected with siRNA targeting CDK7 (siCDK7) relative to
non-targeting control (NTC). MCF7 lines: n=2 biological replicates, n=3 technical
replicates, error bars represent means £SEM. HCC1428 lines: n=1 biological replicate,
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n=3 technical replicates, error bars represent SEM of 3 technical replicates. (B) Western
blotting 5x10° cells of each cell line were reverse transfected with 25 nM SMARTpool
siRNA targeting NTC/CDK7, or 10 nM siRNA targeting CDK9. Media was changed after
24 hours, and protein was extracted 4 days after transfection. Western blots show
abundance of CDK7 in the MCF7 LTEDY>3’¢, MCF7 LTEDP"°R HCC1428 LTED, and
HCC1428 LTEDP"°R |ines following transfection with siRNA targeting CDK7, CDK9, or
NTC. Molecular weights of the proteins shown in kDa.

The effect of CDK7 knockdown on cell viability in these lines was then assessed. Cell
viability was assessed 4 days after siRNA transfection (Figure 6.4). These assays show no
difference in cell viability as a result of CDK7 knockdown in any of the lines, except in
HCC1428 LTEDP*°R where CDK7 knockdown appears to show an increase in viability.
This is in-keeping with the results of the siRNA screens, as CDK7 was not a significant hit
in any of these cell lines when subjected to the screen-based approach either. However,
this is not consistent with the results seen with drugs targeting CDK7, either in the drug

screens (Sections 5.2.6 and 5.2.7) or in individual drug assays as will be discussed in

Section 6.5.3.
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Figure 6.4 Effect of CDK7 knockdown by siRNA on cell viability. 4000-8000 cells were
seeded in in 96-well plates and reverse transfected with 25 nM SMARTpool siRNA
targeting CDK7 or NTC. Cell seeding number adjusted per line to allow for ~80%
confluence in the control wells at the end of the experiment. Media was changed after
24 hours. Cell viability was assessed using CellTiter-Glo after 4 days. Barplots represent
percentage cell viability in cell lines transfected with siRNA targeting CDK7 (siCDK7)
relative to non-targeting control (NTC). MCF7 lines: n=2 biological replicates, n=6
technical replicates, error bars represent means £SEM. HCC1428 lines: n=1 biological
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replicate, n=8 technical replicates, error bars represent SEM of 8 technical replicates.
Group means compared using one-way ANOVA, with Dunnett’s post-hoc test to identify
significant differences compared to NTC.

6.5.2 Effect of targeting CDK9 using siRNA

The effectiveness of CDK9 knockdown using siRNA targeting CDK9 (siCDK9) was also
assessed using RTqPCR and Western blotting. Of note, transfecting the cells with 25 nM
siCDK9 proved to be extremely toxic to the MCF7 cells (data not shown). As a result, a
lower concentration of 10 nM siCDK9 was used, but all other experimental methods
were identical to those used for knocking down CDK7. Figure 6.5A shows a 70-80%
reduction in CDK9 expression as assessed by RTqPCR in the MCF7, MCF7 LTED, and MCF7
LTEDY37C lines. While only a 50% knockdown of CDK9 expression was demonstrated in
the MCF7 LTEDP?"°R |ine, the Western blot in Figure 6.5B shows almost no expression of
CDK9 protein in the MCF7 LTEDP?*°R [ine. Furthermore, it appears that knocking down
CDK7 decreases the expression of CDK9, although when this interaction was examined
by RTqPCR, the opposite appeared to be true (data not shown). In the HCC1428 lines,
CDK9 knockdown was not as effective as in the MCF7 lines as assessed by RTqPCR, but

there is evidence of reduction in CDK9 protein levels in the Western blots.
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Figure 6.5: CDK9 knockdown using siRNA
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Figure 6.5 CDK9 knockdown using siRNA (A) RTqPCR. 1x10° cells were reverse
transfected with 10 nM SMARTpool siRNA targeting CDK9, or 25 nM siNTC, in 6cm
plates. RNA was extracted 24 hours after transfection and RTqPCR performed. Barplots
represent CDK9 expression in cell lines transfected with siRNA targeting CDK9 (siCDK9)
relative to non-targeting control (NTC). MCF7 lines: n=2 biological replicates, n=3
technical replicates, error bars represent means £SEM. HCC1428 lines: n=1 biological
replicate, n=3 technical replicates, error bars represent SEM of 3 technical replicates. (B)
Western blotting. 5x10° cells of each cell line were reverse transfected with 25 nM
SMARTpool siRNA targeting NTC/CDK7, or 10 nM siRNA targeting CDK9. Media was
changed after 24 hours, and protein was extracted 4 days after transfection. Western
blots show abundance of CDK9 in the MCF7 LTEDP?"®°R HCC1428, HCC1428 LTED, and
HCC1428 LTEDP"°R Jines following transfection with siRNA targeting CDK7, CDK9, or
NTC. Molecular weights of the proteins shown in kDa.

The effect of CDK9 knockdown on cell viability was assessed using the same protocol as
described previously for CDK7, but using 10 nM siCDK9, with results shown in Figure 6.6.
These cell viability assays show a significant reduction in viability for all cell lines
following knockdown of CDK9, except in the HCC1428 LTED and HCC1428 LTEDPaboR
lines. This could be a result of the less effective knockdown of CDK9 in these lines.
However, it should be noted, in the siRNA screens (which used a concentration of 25 nM
for each siRNA) CDK9 was not a significant hit in the HCC1428 LTED or HCC1428
LTEDP2°R Jines in 2D or in 3D.

The results of these siRNA knockdown experiments suggest that CDK7 would not be

considered a valid target in terms of reducing proliferation in these lines, and that CDK9

is a valid target in some of these cell lines.
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Figure 6.6 Effect of CDK9 knockdown by siRNA on cell viability. 4000-8000 cells were
seeded in in 96-well plates and reverse transfected with 10 nM SMARTpool siRNA
targeting CDK9, or 25 nM siNTC. Cell seeding number adjusted per line to allow ~80%
confluence in the control wells at the end of the experiment. Barplots represent
percentage cell viability in cell lines transfected with siRNA targeting CDK9 (siCDK9)
relative to non-targeting control (NTC). MCF7 lines: n=2 biological replicates, n=6
technical replicates, error bars represent means £SEM. HCC1428 lines: n=1 biological
replicate, n=8 technical replicates, error bars represent SEM of 8 technical replicates.
Group means compared using one-way ANOVA, with Dunnett’s post-hoc test to identify
significant differences compared to NTC.
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6.5.3 Effect of pharmacological targeting of CDK7 in 2D culture

Cell proliferation assays using drugs to target CDK7 in the same breast cancer cell lines
were run contemporaneously with the siRNA experiments. These results were different,
and are shown in Figure 6.7 and Figure 6.8. The drugs used in these experiments were
THZ1, and ICEC0942. THZ1, a tool compound often used to interrogate CDK7 function,
was chosen as it has been well characterised in the literature. ICEC0942 was chosen due
to its specificity, its oral bioavailability, and the fact that it has already entered human

trials (Patel et al., 2018).

These results show that all of the cell lines are sensitive to THZ1, with similar ICso values
obtained for each cell line. The experiment for the HCC1428 LTED cell line warrants
repeating, which unfortunately could not be carried out due to time constraints and
shortage of tissue culture flasks post-Brexit. The findings are in contrast with those of
Wang et al, who concluded that TNBCs, but not ER-positive cells, were sensitive to THZ1
inhibition (Wang et al., 2015), but corroborates with the subsequent findings of
McDermott et all, who found that all subtypes of breast cancer were sensitive to THZ1
treatment (McDermott et al., 2020). There was no significant difference found in the
response of the palbociclib-resistant cells when compared to their parental palbociclib-

sensitive lines.

The results for ICEC0942 show a similar picture (Figure 6.8), with all cell lines found to
be sensitive to this compound, except the HCC1428 LTED line. This result is surprising,
given that the parental endocrine-sensitive cell line, and the derivative endocrine-
resistant, palbociclib-resistant cell lines are both sensitive to ICEC0942. There was no
significant difference in the dose-response curves between palbociclib-sensitive and
palbociclib-resistant models in either cell line when tested by two-way ANOVA, but
there was a significant difference in the 1Cso values for the HCC1428 LTED and HCC1428

LTEDP3PR |ines as tested by comparing the sum-of-squares fit.
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Figure 6.7 Effect of THZ1 on cell proliferation (A) 4000-8000 cells were seeded in 2D 96-
well plates (seeding number adjusted per line to allow ~80% confluence in the control
wells at the end of the experiment). Cells were treated with THZ1 at 24 hours, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo after 7 days.
Dose-response graphs show effect of escalating concentrations of THZ1 on viability of
breast cancer cell lines. Data represent percentage of viable cells compared with vehicle
control. MCF7 lines: n=2 biological replicates, n=4 technical replicates, error bars
represent means +SEM. HCC1428 lines: n=1 biological replicate, n=4 technical
replicates, error bars represent SEM of 4 technical replicates. (B) Comparison of the
effect of THZ1 on the palbociclib-sensitive MCF7 LTEDY>37¢ and HCC1428 LTED cell lines,
and their respective palbociclib-resistant derivatives. Data represent percentage of
viable cells compared with vehicle control. MCF7 lines: n=2 biological replicates, n=4
technical replicates, error bars represent means £SEM. HCC1428 lines: n=1 biological
replicate, n=4 technical replicates, error bars represent SEM of 4 technical replicates.
Difference in dose-response curves tested by two-way ANOVA. (C) ICso values * variance
for THZ1 calculated from these experiments using 4-parameter non-linear regression.
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Figure 6.8 Effect of ICEC0942 on cell proliferation (A) 4000-8000 cells were seeded in
2D 96-well plates (seeding number adjusted per line to allow ~80% confluence in the
control wells at the end of the experiment). Cells were treated with ICEC0942 at 24
hours, with a second treatment at 72 hours. Cell viability was assessed using CellTiter-
Glo after 7 days. Dose-response graphs show effect of escalating concentrations of
ICEC0942 on viability of breast cancer cell lines. Data represent percentage of viable cells
compared with vehicle control. MCF7 lines: n=3 biological replicates, n=4 technical
replicates. HCC1428 lines: n=2 biological replicates, n=4 technical replicates. Error bars
represent means £SEM. (B) Comparison of the effect of ICEC0942 on the palbociclib-
sensitive MCF7 LTEDY37C and HCC1428 LTED cell lines, and their respective palbociclib-
resistant derivatives. Data represent percentage of viable cells compared with vehicle
control. MCF7 lines: n=3 biological replicates, n=4 technical replicates. HCC1428 lines:
n=2 biological replicates, n=4 technical replicates. Error bars represent means =SEM.
Difference in dose-response curves tested by two-way ANOVA. (C) ICso values + variance
for ICEC0942 calculated from these experiments using 4-parameter non-linear
regression.
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6.5.4 Effect of pharmacological targeting of CDK9 in 2D culture

Cell proliferation assays were performed in 2D using the CDK9 inhibitors NVP-2 and
AZD4573. NVP-2 was chosen due to its high specificity for CDK9 inhibition (Olson et al.,
2018), and AZD4573 because it is currently in clinical trials for treatment of leukaemia
as discussed in Section 6.4.5, and so has the potential to be repurposed for breast cancer
treatment. The results of exposing the different cancer cell lines to escalating doses of
NVP-2 and AZD4573 are shown in Figures 6.9 and 6.10. All of the cell lines are sensitive
to low doses of these drugs, which largely corroborates the findings of the siRNA
knockdown of CDK9. In comparing the palbociclib-sensitive and palbociclib-resistant cell
lines, the palbociclib-resistant lines are either just as sensitive, or more sensitive to NVP-
2 and AZD4573 (Figures 6.9C, 6.10C). In particular, the dose-response curve for the
MCF7 LTEDP¥*°R |ine shows almost a 2-fold shift in sensitivity to AZD4573 when
compared to MCF7 LTED"%’¢, although this did not meet the threshold for significance

by two-way ANOVA.
These results suggest that the pathway governed by CDK9 is key to cell survival in

multiple settings, and potentially is conserved throughout the development of

endocrine-resistance and palbociclib-resistance.
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Figure 6.9 Effect of NVP-2 on cell proliferation (A) 4000-8000 cells were seeded in 2D
96-well plates (seeding number adjusted per line to allow ~80% confluence in the
control wells at the end of the experiment). Cells were treated with NVP-2 at 24 hours,
with a second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo after
7 days. Dose-response graphs show effect of escalating concentrations of NVP-2 on
viability of breast cancer cell lines. Data represent percentage of viable cells compared
with vehicle control. n=1 biological replicate, n=4 technical replicates. Error bars
represent SEM of 4 technical replicates. (B) Comparison of the effect of NVP-2 on the
palbociclib-sensitive MCF7 LTEDY>37C and HCC1428 LTED cell lines, and their respective
palbociclib-resistant derivatives. Data represent percentage of viable cells compared
with vehicle control. n=1 biological replicate, n=4 technical replicates, error bars
represent SEM of 4 technical replicates. Difference in dose-response curves tested by
two-way ANOVA. (C) ICso values £ variance for NVP-2 calculated from these experiments
using 4-parameter non-linear regression.
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Figure 6.10 Effect of AZD4573 on cell proliferation (A) 4000-8000 cells were seeded in
2D 96-well plates (seeding number adjusted per line to allow ~80% confluence in the
control wells at the end of the experiment). Cells were treated with AZD4573 at 24
hours, with a second treatment at 72 hours. Cell viability was assessed using CellTiter-
Glo after 7 days. Dose-response graphs show effect of escalating concentrations of
AZD4573 on viability of breast cancer cell lines. Data represent percentage of viable cells
compared with vehicle control. n=2 biological replicates, n=4 technical replicates. Error
bars represent means *SEM. (B) Comparison of the effect of AZD4573 on the
palbociclib-sensitive MCF7 LTEDY>37C and HCC1428 LTED cell lines, and their respective
palbociclib-resistant derivatives. Data represent percentage of viable cells compared
with vehicle control. MCF7 lines: n=2 biological replicates, n=4 technical replicates. Error
bars represent means +SEM. Difference in dose-response curves tested by two-way
ANOVA. (C) ICso values for AZD4573 calculated from these experiments using 4-
parameter non-linear regression.
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6.5.5 3D cell proliferation assays

To examine whether the effect of being in a 3D structure affected the sensitivity of these
cells to perturbations in the CDK7 and CDK9 pathways, cell proliferation assays were
also performed in 3D using spheroid models. Given the broadly correlative findings of
the 2D and 3D siRNA screens discussed in Section 5.2.5, these 3D experiments were only
performed using drugs to target CDK7 and CDK9. Due to time and cost constraints, only
one drug was used for each target, with ICEC0942 and AZD4573, respectively, being
chosen as likely to have the most clinical relevance as they are in clinical trials.
Furthermore, the 3D assays were performed in the lines modelling endocrine-resistance
and endocrine- and palbociclib-resistance only, given it is these cancer contexts that are
the subject of this thesis. These 3D assays are a better approximation of a tumour in vivo
than the 3D screens performed previously, as the cells were first allowed to aggregate
into a 3D spheroid structure for 3 days, before being exposed to the drug. Furthermore,
these spheroids received two drug treatments (at day 3 and day 6) before assessment

of cell viability at day 10.

Figure 6.11 illustrates the effect of ICEC0942 targeting CDK7 in the 3D models. The
results largely mirror those seen in 2D, with greater sensitivity to ICEC0942 observed in
the MCF7 cell lines than in the HCC1428 lines. Interestingly, while the dose-response
assay for HCC1428 LTEDP2"®°R in 2D generated a fairly typical sigmoidal curve, the results
from the 3D assay suggest this line is insensitive to ICEC0942. Furthermore, the
comparison of ICso values obtained from the 2D and 3D drug assays (Figure 6.11B) shows
that in all cases, the 3D models were less sensitive than when in 2D culture, as has been
observed in other studies (Koch et al., 2021). These results highlight the potential value
of testing drugs in a variety of models, in particular given the difference seen in the
response of HCC1428 LTEDP*°R in 2D and 3D, but these experiments do warrant

repeating as only one biological replicate was performed.
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Figure 6.11 Effect of ICEC0942 on cell proliferation in 3D assays (A) 2500 cells were
seeded in 96-well ultra-low attachment 3D culture plates, spheroids were formed as
described in the methods. After 3 days, cells were treated with ICEC0942, with a second
treatment at day 6. Cell viability was assessed using CellTiter-Glo on day 10 following
spheroid formation. Dose-response graphs show effect of escalating concentrations of
ICEC0942 on viability of breast cancer cell lines in 3D culture. Data represents
percentage of viable cells compared with vehicle control. n = 1 biological replicate, and
4 technical replicates. Error bars represent SEM of 4 technical replicates (B) ICso values
+ variance for ICEC0942 calculated from these 3D experiments using 4-parameter non-
linear regression, compared to the ICso values from the 2D experiments (as shown in
Figure 6.8) (C) Appearances of the spheroids at the end of the assay following treatment
with 0 nM, 100 nM, or 1000 nM ICEC0942. Scale bars 1 mm. 180
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Figure 6.12 Effect of AZD4573 on cell proliferation in 3D assays (A) 2500 cells were
seeded in 96-well ultra-low attachment 3D culture plates, and spheroids were formed
as described in the methods. After 3 days, cells were treated with AZD4573, with a
second treatment at day 6. Cell viability was assessed using CellTiter-Glo on day 10
following spheroid formation. Dose-response graphs show effect of escalating
concentrations of AZD4573 on viability of breast cancer cell lines in 3D culture. Data
represents percentage of viable cells compared with vehicle control. n = 1 biological
replicate, and 4 technical replicates, error bars represent SEM of 4 technical replicates.
(B) 1Cso values for ICEC0942 calculated from these 3D experiments using 4-parameter
non-linear regression, compared to the ICsg values from the 2D experiments (as shown
in Figure 6.10). (C) Appearances of the spheroids at the end of the assay following
treatment with 0 nM, 3 nM, or 30 nM ICEC0942. Scale bars 1 mm.
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The outcome of treating the spheroid models with AZD4573 to target CDK9 is shown in
Figure 6.12A. For this compound, the ICso values obtained in 3D are similar to those in
2D (Figure 6.12B), and all of the cell lines were again found to be sensitive to AZD4573.
In the MCF7 LTEDP2"°R cells, the results are almost identical in 2D and in 3D, while in the
HCC1428 LTEDP2°R cells, the 3D models are more sensitive to AZD4573 than the 2D

models.

Figures 6.11D and 6.12D show the appearances of the different spheroid models at the
end of treatment with the different doses of ICEC0942 and AZD4573. Unfortunately,
these images are illustrative only, as it was not possible to create a mask that could
accurately measure and track the growth of the spheroids on the Incucyte software.
However, it is of note that with increasing doses of both drugs, a difference in the size
of the spheroid can be observed in comparison with the control spheroids. Furthermore,
central necrosis and disintegrating cellular debris can also be seen at the higher doses

of ICEC0942 and AZD4573.

The results of the 2D and 3D drug assays suggest that these compounds developed to
target CDK7 and CDK9 could be investigated further as potential new drugs to tackle
endocrine-resistant and endocrine- and palbociclib-resistant disease. Furthermore, it is
interesting to note that these drugs are able to inhibit proliferation in both an ERMYT and
an ERWT setting. As discussed in Section 1.3.1, the presence of ESR1 mutations predicts
for shorter progression-free survival (Schiavon et al., 2015), shorter overall survival
(Chandarlapaty et al., 2016), and studies have shown that the presence of activating
ESR1 mutations eliminates the endocrine therapy contribution of an Al in combination
therapies (Fribbens et al., 2016). Similarly, ICEC0942 and AZD4573 have shown activity
in both wild-type and mutant PIK3CA contexts (Section 4.2.4). Given that some of the
most recent advances in treating resistant breast cancer are thus far limited to the
PIK3CA-mutant setting (Rugo et al., 2021), it is important to find targets, such as CDK7
and CDK9, that demonstrate potential to be effective in multiple ER-positive breast

cancer contexts.
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6.5.6 Effect of combining target knockdown with palbociclib treatment

6.5.6.1 Combination studies in palbociclib-resistant cells

Further experiments were then designed to investigate whether CDK7 or CDK9
contributed to the mechanisms by which the palbociclib-resistant cells displayed
resistance. The first way this was explored was by using siRNA to reduce the expression
of the target CDKs in palbociclib-resistant cells, and then expose these cells to escalating

doses of palbociclib. These experiments were performed using 2D culture.
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Figure 6.13 Effect of siRNA knockdown in combination with palbociclib on the viability
of palbociclib-resistant cells. 5000 cells/well were reverse transfected with 25 nM
SiCDK7 or NTC, or 10 nM siCDK9 in 2D 96-well plates. The cells were treated with
palbociclib after 24 hours, and again at 72 hours. Cell viability was assessed using
CellTiter-Glo on day 7. Dose-response graphs showing effect of escalating
concentrations of palbociclib on the viability of palbociclib-resistant breast cancer cell
lines that had undergone knockdown of CDK7 and CDK9 using siRNAs. Data represents
percentage of viable cells compared with vehicle control in the cells treated with NTC-
siRNA. n = 2 biological replicates, and 3 technical replicates. Error bars represent means
1SEM. Difference in dose-response curves tested by two-way ANOVA, with p-value given
for the difference in siRNA treatments
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The results are shown in Figure 6.13, and do not suggest that CDK7 or CDK9 contribute
to palbociclib-resistance, as knocking down either of these targets does not re-sensitise
the cells to palbociclib. As seen previously in Section 6.5.1, knockdown of CDK7 does not
affect the viability of either MCF7 LTEDP2/P°R of HCC1428 LTEDP2°R cell lines. Knockdown
of CDK9 has a significant effect on the viability of the MCF7 LTEDP?*°R cell line, but not
on the HCC1428 LTED? R cell lines. These siRNA knockdown studies would therefore
suggest little role for combination therapy of palbociclib and agents targeting CDK7 and
CDK9. However, this is in direct contrast to the results from combination drug studies,

which were run concurrently.

In order to examine the effect of combining palbociclib with pharmaceutical agents
targeting CDK7 and CDK9, the palbociclib-resistant lines were treated with either
palbociclib and ICEC0942, or palbociclib and AZD4573, in escalating doses of both
agents, initially in 2D culture. The cell viability was assessed using CellTiter-Glo, and the
results inputted into SynergyFinder (lanevski et al., 2020). This programme utilises the
cell viability readouts to calculate the synergy score for the 2 agents based on the Bliss
independence model (BLISS, 1939). This model compares the observed response to the
combination of drugs with the predicted combination response, where the predicted
response is based on the assumption that there is no effect of drug-drug interactions.
While there are no absolute thresholds for the scores generated by this software
(termed Bliss synergy score), scores of 0-10 are highly suggestive of an additive effect,

while scores of >10 are indicative of a synergistic effect.
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Figure 6.14 Synergy plot of MCF7 LTEDP?"°R cells treated in 2D with ICEC0942 and
palbociclib. 5000 cells/well of MCF7 LTEDP2*°R were seeded in 2D 96-well plates. After
24 hours they were treated with escalating doses of palbociclib and ICEC0942, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=3 biological
replicates, n=3 technical replicates. Error bars represent means £SEM. The synergy plot
on the right illustrates the synergy score from the combination of the two drugs, using
the mean values of the 3 independent biological replicates. The Bliss synergy score
references the most synergistic area of the plot.

Figures 6.14 and 6.15 show the effect of treating MCF7 LTEDP*°R cells, in 2D culture,
with a combination of palbociclib and ICEC0942, and palbociclib and AZD4573,
respectively. The data presented in Figure 6.14 suggest that ICEC0942 is able to
synergise with palbociclib at doses below its ICso value, with greatest synergism seen
between 10-30 nM of ICEC0942 and 50-150 nM of palbociclib. A greater level of
synergism is seen between palbociclib and AZD4573 (Figure 6.15), with a synergy score
of nearly 20. The greatest synergism is seen at the ICso value of AZD4573 (approx. 3 nM)
and between 300-3000 nM palbociclib. The mean plasma concentration of palbociclib
at steady-state is 116 ng/mL (259 nM) (FDA, 2014) and so it can be seen that synergism
may be achieved at or near in vivo concentrations of palbociclib for the MCF7 LTEDP/PoR

cells.
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Figure 6.15 Synergy plot of MCF7 LTEDP2™°R cells treated in 2D with AZD4573 and
palbociclib. 5000 cells/well of MCF7 LTEDP2*°R were seeded in 2D 96-well plates. After
24 hours they were treated with escalating doses of palbociclib and AZD4573, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=3 biological
replicates, n=3 technical replicates. Error bars represent means £SEM The synergy plot
on the right illustrates the synergy score from the combination of the two drugs, using
the mean values of the 3 independent biological replicates. The Bliss synergy score
references the most synergistic area of the plot.

The results are quite different in the HCC1428 LTEDP2°R cells, with no true evidence of
synergy observed (Figures 6.16 and 6.17). Given that the ICso for ICEC0942 in the
HCC1428 LTEDP"®°R cells is higher than that observed in the MCF7 LTEDP2"R |ine, this is
perhaps to be expected for the combination of ICEC0942 and palbociclib. It is worth
noting that in the combination drug studies, the dose-response curve to AZD4573 alone
is quite different to those in the single drug experiments (Figure 6.10A). This may be
because, for logistical reasons, the combination studies were performed before the
single drug experiments in the HCC1428 LTEDP"°R |ine. Therefore, it is possible that the
cells had not quite reached their exponential phase of proliferation at the time the
combination studies were performed, accounting for the apparent lack of sensitivity in
these assays, which could account for the lack of synergism seen. Ideally, the
combination treatments of AZD4573 and palbociclib would have been repeated with
fresh HCC1428 LTEDP?°R cells in their exponential phase of growth, but this was not

possible due to time constraints.
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Figure 6.16 Synergy plot of HCC1428 LTEDP?/*°R cells treated in 2D with ICEC0942 and
palbociclib. 5000 cells/well of HCC1428 LTEDP#°R were seeded in 2D 96-well plates.
After 24 hours they were treated with escalating doses of palbociclib and ICEC0942, with
a second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=2 biological
replicates, n=3 technical replicates. Error bars represent means £SEM. The synergy plot
on the right illustrates the synergy score from the combination of the two drugs, using
the mean values of the 2 independent biological replicates. The Bliss synergy score
references the most synergistic area of the plot.
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Figure 6.17 Synergy plot of HCC1428 LTEDP?*°R cells treated in 2D with AZD4573 and
palbociclib. 5000 cells/well of HCC1428 LTED#°R were seeded in 2D 96-well plates.
After 24 hours they were treated with escalating doses of palbociclib and AZD4573, with
a second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=2 biological
replicates, n=3 technical replicates. Error bars represent means £SEM. The synergy plot
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on the right illustrates the synergy score from the combination of the two drugs, using
the mean values of the 2 independent biological replicates. The Bliss synergy score
references the most synergistic area of the plot.

The combination drug studies suggest synergism could be achieved to treat some
palbociclib-resistant disease by using drugs that have been designed to target CDK7 and
CDK9. This is at odds with the findings of the siRNA-treated cells exposed to palbociclib.
One explanation for this is that the outcomes of the drug assays are mediated through
off-target effects of the drugs, and not through inhibiting CDK7 or CDK9. However, the
compounds chosen for these assays were selected for their high specificity to CDK7 and
CDK9. Another possibility is that the level of knockdown achieved by siRNA transfection
is insufficient to accomplish synergism with palbociclib, as the Western blots in Figures
6.3B and 6.5B do show some residual CDK7 and CDK9 expression. Finally, the lack of
synergism seen with siRNA treatment could be because siRNAs are relatively short-lived.
Similarly, palbociclib does not act immediately, and requires longer experiments to
demonstrate its full effect. This is seen in the Wellcome Sanger Institute’s genomics of
drug sensitivity in cancer database (Yang et al., 2013). Their screening assays are run for
72 hours, with one palbociclib treatment, and calculated an ICsp of 43 uM for MCF7 cells.
An improved assay would be to transfect shRNAs into palbociclib-resistant cells to
achieve a more sustained knockdown of CDK7 and CDK9, allowing for a longer time

course to assess the effect of palbociclib.

To explore whether this synergism could be related to the mechanisms by which the
palbociclib-resistant cells developed palbociclib resistance, the combination drug
studies were carried out in the cell lines modelling endocrine-resistant, palbociclib-

sensitive disease.

6.5.6.2 Combination studies in palbociclib-sensitive cells

Combination drug assays using ICEC0942/palbociclib, or AZD4573/palbociclib were
performed in the MCF7 LTEDWT, MCF7 LTED">3’¢, HCC1428 LTED cell lines in 2D, with the
results shown in Figures 6.18 to Figures 6.23. In the MCF7 lines treated with ICEC0942

and palbociclib, there is evidence of an additive, but not synergistic effect. By
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comparison, in the HCC1428 LTED cells there is no strong evidence of an additive or

synergistic effect.

Contrastingly, for the AZD4573/palbociclib combination in the palbociclib-sensitive
MCF7 lines, the synergy scores greater than ten are suggestive of a synergistic effect,
albeit weaker than that seen in the MCF7 LTEDPP°R cells, which could indicate a
palbociclib-resistance mechanism reliant on CDK9. There is no clear evidence of
synergism or additivity in the HCC1428 LTED line using the AZD4573/palbociclib

combination.

Interestingly, the areas of highest additivity for both ICEC0942 and AZD4573 occur at
subtherapeutic concentrations of palbociclib (between 30-100 nM) Furthermore, the
greatest additivity in the ICEC0942/palbociclib combination occurs at a 30 nM ICEC0942,
which is below the ICso value for ICEC0942 in both MCF7 LTEDVT and MCF7 LTEDY®37¢
lines. Although conclusions that can be drawn from these assays are limited as only one
biological replicate could be performed, this suggests that effective inhibition of cancer
growth could occur at low doses of both agents, which is one of the key aims of

combination therapy, as this can result in fewer treatment side-effects.

The results of the combination drug assays in the palbociclib-sensitive cells indicate that
there could be a role for combination therapy of agents targeting CDK7 or CDK9 with
CDK4/6 inhibitors in certain cancer contexts. The difference in synergy scores between
the MCF7 LTEDY>%’C and MCF7 LTEDP"°R |ines suggests CDK9 may play a role in the

palbociclib-resistance pathways.
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Figure 6.18 Synergy plot of MCF7 LTEDW' cells treated in 2D with ICEC0942 and
palbociclib. 3000 cells/well of MCF7 LTEDWT were seeded in 2D 96-well plates. After 24
hours they were treated with escalating doses of palbociclib and ICEC0942, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=1 biological
replicate, n=3 technical replicates. Error bars represent SEM of 3 technical replicates.
The synergy plot on the right illustrates the synergy score from the combination of the
two drugs. The Bliss synergy score references the most synergistic area of the plot.
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Figure 6.19 Synergy plot of MCF7 LTEDYT cells treated in 2D with AZD4573 and
palbociclib. 3000 cells/well of MCF7 LTEDWT were seeded in 2D 96-well plates. After 24
hours they were treated with escalating doses of palbociclib and AZD4573, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=1 biological
replicate, n=3 technical replicates. Error bars represent SEM of 3 technical replicates.
The synergy plot on the right illustrates the synergy score from the combination of the
two drugs. The Bliss synergy score references the most synergistic area of the plot.
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Figure 6.20 Synergy plot of MCF7 LTEDY>*’C cells treated in 2D with ICEC0942 and
palbociclib. 3000 cells/well of MCF7 LTEDY>3’C were seeded in 2D 96-well plates. After
24 hours they were treated with escalating doses of palbociclib and ICEC0942, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=1 biological
replicate, n=3 technical replicates. Error bars represent SEM of 3 technical replicates.
The synergy plot on the right illustrates the synergy score from the combination of the
two drugs. The Bliss synergy score references the most synergistic area of the plot.

27 Bliss synergy score = 12.02

-20 -15 -10 5 0 5 10 15 20

Cell Viability (%)
3
]

T T T T
0 10 108 107 106
Palbociclib (mol/L)

120+

100-4

b -score

60

404

Cell Viability (%)

204

T T
10° 10®
AZD4573 (mollL)

o

Figure 6.21 Synergy plot of MCF7 LTEDY37C cells treated in 2D with AZD4573 and
palbociclib. 3000 cells/well of MCF7 LTEDY>3’C were seeded in 2D 96-well plates. After
24 hours they were treated with escalating doses of palbociclib and AZD4573, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=1 biological
replicate, n=3 technical replicates. Error bars represent SEM of 3 technical replicates.
The synergy plot on the right illustrates the synergy score from the combination of the
two drugs. The Bliss synergy score references the most synergistic area of the plot
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Figure 6.22 Synergy plot of HCC1428 LTED cells treated in 2D with ICEC0942 and
palbociclib. 5000 cells/well of HCC1428 LTED were seeded in 2D 96-well plates. After 24
hours they were treated with escalating doses of palbociclib and ICEC0942, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=1 biological
replicate, n=3 technical replicates. Error bars represent SEM of 3 technical replicates.
The synergy plot on the right illustrates the synergy score from the combination of the
two drugs. The Bliss synergy score references the most synergistic area of the plot.
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Figure 6.23 Synergy plot of HCC1428 LTED cells treated in 2D with AZD4573 and
palbociclib. 5000 cells/well of HCC1428 LTED were seeded in 2D 96-well plates. After 24
hours they were treated with escalating doses of palbociclib and AZD4573, with a
second treatment at 72 hours. Cell viability was assessed using CellTiter-Glo on day 7.
The dose-response curves for the drugs individually are displayed on the left, with data
representing percentage of viable cells compared with vehicle control. n=1 biological
replicate, n=3 technical replicates. Error bars represent SEM of 3 technical replicates.
The synergy plot on the right illustrates the synergy score from the combination of the
two drugs. The Bliss synergy score references the most synergistic area of the plot
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6.5.6.3 Combination studies in MCF10A cells

Given that combination therapies do have the potential for toxic side-effects, and in
particular given the cytotoxic activity observed in AZD4573 at very low doses,
combination assays in the non-tumorigenic mammary epithelial line MCF10A were
carried out. The ICEC0942/palbociclib combination results are shown in Figure 6.24, and
the AZD4573/palbociclib results in Figure 6.25. These results show high synergy scores
for both drugs, and in the case of ICEC0942/palbociclib, greater evidence of synergy than
in the MCF7 LTEDP2®°R cell lines. This suggests that there may be too narrow a toxicity
window to make this drug combination a viable option. However, it should be noted
that the synergism in the MCF10A cells occurs at higher doses of both ICEC0942 and
AZD4573 (30 nM and 7.5 nM, respectively) than in the MCF7 LTEDP?*°R |ines. Therefore,
it is possible that with careful dosing of both of these agents, activity against cancer cell

proliferation could be achieved without significant effects on normal tissue.
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Figure 6.24 Synergy plot of MCF10A cells treated in 2D with ICEC0942 and palbociclib.
800 cells/well of MCF10A were seeded in 2D 96-well plates. After 24 hours they were
treated with escalating doses of palbociclib and ICEC0942, with a second treatment at
72 hours. Cell viability was assessed using CellTiter-Glo on day 7. The dose-response
curves for the drugs individually are displayed on the left, with data representing
percentage of viable cells compared with vehicle control. n=1 biological replicate, n=3
technical replicates. Error bars represent SEM of 3 technical replicates. The synergy plot
on the right illustrates the synergy score from the combination of the two drugs. The
Bliss synergy score references the most synergistic area of the plot.
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Figure 6.25 Synergy plot of MCF10A cells treated in 2D with AZD4573 and palbociclib.
800 cells/well of MCF10A were seeded in 2D 96-well plates. After 24 hours they were
treated with escalating doses of palbociclib and AZD4573, with a second treatment at
72 hours. Cell viability was assessed using CellTiter-Glo on day 7. The dose-response
curves for the drugs individually are displayed on the left, with data representing
percentage of viable cells compared with vehicle control. n=1 biological replicate, n=3
technical replicates. Error bars represent SEM of 3 technical replicates. The synergy plot
on the right illustrates the synergy score from the combination of the two drugs. The
Bliss synergy score references the most synergistic area of the plot.

6.5.6.4 Combination studies in 3D

Finally, the combination drug assays were performed in the 3D spheroid models of MCF7
LTEDP3PoR cells to examine whether the findings of synergism could be replicated in this
context. Given the lack of synergism seen in the HCC1428 LTEDP"°R cells in 2D culture,
and the time and cost constraints, the experiment were not repeated in this cell line in
3D. The results from the MCF7 LTEDP2°R 3D combination assays are shown in Figures

6.26 and 6.27.

The synergy plots show that for the ICEC0942/palbociclib combination, there is an
additive effect seen, and this is observed at lower doses than the ICso values for the
individual drugs (30-100 nM for palbociclib, and 10-30 nM ICEC0942), suggesting that
while synergism may not be achievable, an additive effect could be obtained at doses

that carry a lower risk of side effects from these therapies.
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Figure 6.26 Synergy plot of MCF7 LTEDP?*°R cells treated in 3D with ICEC0942 and
palbociclib. 2500 cells/well were seeded in 96-well ultra-low attachment 3D culture
plates, spheroids were formed as described in the methods. After 3 days, cells were
treated with escalating doses of palbociclib and ICEC0942, with a second treatment at
day 6. Cell viability was assessed using CellTiter-Glo on day 10 following spheroid
formation. The dose-response curves for the drugs individually are displayed on the left,
with data representing percentage of viable cells compared with vehicle control. n=1
biological replicate, n=3 technical replicates. Error bars represent SEM of 3 technical
replicates. The synergy plot on the right illustrates the synergy score from the
combination of the two drugs. The Bliss synergy score references the most synergistic
area of the plot.
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Figure 6.27 Synergy plot of MCF7 LTEDP2"®°R cells treated in 3D with AZD4573 and
palbociclib. 2500 cells/well were seeded in 96-well ultra-low attachment 3D culture
plates, spheroids were formed as described in the methods. After 3 days, cells were
treated with escalating doses of palbociclib and AZD4573, with a second treatment at
day 6. Cell viability was assessed using CellTiter-Glo on day 10 following spheroid
formation. The dose-response curves for the drugs individually are displayed on the left,
with data representing percentage of viable cells compared with vehicle control. n=1
biological replicate, n=3 technical replicates. Error bars represent SEM of 3 technical
replicates. The synergy plot on the right illustrates the synergy score from the
combination of the two drugs. The Bliss synergy score references the most synergistic
area of the plot.

195



Figure 6.27 demonstrates that synergism is seen in the AZDA4573/palbociclib
combination, as it was in the 2D combination drug studies, with a higher synergy score
obtained. Peak synergy is observed at palbociclib doses >100 nM, and AZD4573 doses
of 3 nM. This lends further evidence to the theory that combination therapy of
AZDA4573, targeting CDK9, and palbociclib targeting CDK4/6, could be a viable option in

palbociclib-resistant disease.

6.5.6.5 Conclusions of combination drug studies

The aim of the combination studies was to examine whether CDK7 and/or CDK9
contributed to the palbociclib-resistance mechanisms displayed in the cells modelling
this treatment context. If this were the case, it would be expected that transfection with
siRNAs targeting CDK7 or CDK9 would re-sensitise the palbociclib-resistant cells to
palbociclib treatment. This was not observed, with possible explanations for this

outlined in Section 6.5.6.1.

The combination drug studies in the HCC1428 LTEDP?*°R |ine indicate that neither CDK7
nor CDK9 play a significant role in the development of palbociclib-resistance in this cell
line, as little additivity or synergy was observed. The results of the single drug and
combination studies also suggest that CDK7 may not play a significant role in cell survival
in this line, given that it is fairly insensitive to ICEC0942. This would be surprising given
its myriad of cellular functions. It is noted that HCC1428 LTEDP2®°R js sensitive to THZ1,
but this could be attributed to off-target effects of THZ1. It would be intriguing to repeat
these assays with another specific CDK7 inhibitor in this cell line. HCC1428 LTEDP2/P°R jg
sensitive to CDK9 inhibition by AZD4573, but there does not appear to be additional

benefit conferred by combination therapy.

The results of the combination treatments in the MCF7 LTEDP2®°R |ine imply that there
could be a role for combining CDK4/6 inhibitors with targeted therapy against CDK7 or
CDK9, and that synergy could be achieved with doses lower than the ICso values
observed for the drugs individually. Furthermore, when considering the

AZDA4573/palbociclib combination, the higher synergy scores obtained in the MCF7
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LTEDP3P°R |ine when compared to the palbociclib-sensitive line it was derived from

suggest that CDK9 could play a key role in the development of palbociclib resistance.

Overall, it should be noted that these combination assays are not truly reflective of the
clinical scenario facing patients with advanced ER-positive breast cancer. They are not
usually treated with CDK4/6 inhibitors alone (although abemaciclib has been licensed in
the US for use as monotherapy based on the results of the MONARCH1 trial (Dickler et
al., 2017)) but with CDK4/6 inhibitors in combination with an Al or a SERD. Furthermore,
the findings of the combination studies in the “normal” breast epithelial line imply the
presence of a narrow therapeutic window before toxicity may occur. These factors are
currently being addressed in animal studies. The effect of AZD4573 monotherapy, and
in combination with fulvestrant and palbociclib, will be evaluated in PDX models of
palbociclib-resistant ER-positive breast cancer, through a collaboration with Dr
Elisabetta Marangoni at the Institut Curie, with the aim of comparing the responses to

standard treatment of fulvestrant and palbociclib.

6.5.7 Exploring the mechanism of action of ICEC0942 and AZD4573 in

models of resistant breast cancer

The actions of the CDK7 inhibitor ICEC0942 and the CDK9 inhibitor AZD4573 have been
characterised in MCF7 lines and MV-4-11 lines (Patel et al., 2018, Cidado et al., 2020),
but not in resistant models of ER-positive breast cancer. Consequently, experiments
were designed to examine the effects of these drugs on the same targets in the
endocrine- and palbociclib-resistant cell lines. In addition, given the synergy observed
with palbociclib treatment in both palbociclib-sensitive and palbociclib-resistant
models, the effects of these drugs on some of the known mechanisms of palbociclib-
resistance were evaluated. These two lines of enquiry were explored through Western
blotting for endpoint proteins, and while experiments remain ongoing, some results are

shown here.
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Figure 6.28. Western blots examining mechanism of action of ICEC0942 in palbociclib-
sensitive and palbociclib-resistant models. 2-5 x 10° cells of the cell lines shown were
seeded in 10 cm plates. After 24 hours, media was aspirated, and cells were treated with
ICEC0942 at the concentrations shown. After 24 hours of exposure to ICEC0942, the cells
were harvested and lysed, and Western blots were performed. The MCF7 LTEDY>%/C line
and its palbociclib-resistant derivative were run on the same gel, as were the HCC1428
LTED and its derivative. Histone H3 loading controls from each gel are shown below each
blot. Positions of the protein ladder are indicated in kDa. Molecular weights: RNA Pol Il
250 kDa; CDK7: 40 kDa; CDK9: 42 kDa; Histone H3: 15 kDa.

6.5.7.1 Mechanism of action of ICEC0942

As a CDK7 inhibitor, ICEC0942 has been shown to inhibit the phosphorylation of RNA Pol
Il at serine-5 in a dose-dependent manner (Patel et al., 2018), without any effect on
cellular levels of CDK7, phosphorylated CDK7, or total RNA Pol Il. Therefore, Western
blots were designed to probe for RNA Pol Il phosphorylated at serine-5, total RNA Pol Il,
CDK7, and CDK7 phosphorylated at threonine-170. RNA Pol Il phosphorylation at serine-
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2 was also probed for, to assess the selectivity of ICEC0942 for CDK7 over CDK9. These
assays were performed in the endocrine-resistant palbociclib-sensitive cell lines, and
their palbociclib-resistant derivatives (MCF7 LTEDY>37¢, MCF7 LTEDPaP°R HCC1428 LTED,
and HCC1428 LTEDP2®°R), The cells were treated with escalating doses of ICEC0942 (0
nM, 100 nM, 1000 nM, and 10000 nM) for 24 hours, prior to cell lysis and protein
extraction (Figure 6.28). Treatment at 10000 nM ICEC0942 resulted in significant cell
death and subsequent difficulties with protein quantification and loading, and so results

for this highest dose are not shown.

In the MCF7 LTEDP?"®R cells, treatment with ICEC0942 shows a reduction in total RNA
Pol Il, and therefore the effect of ICEC0942 on phosphorylation of RNA Pol Il is difficult
tointerpret, but a reduction of phosphorylation of RNA Pol Il at both serine-2 and serine-
5 was observed. In the MCF7 LTEDY>37€ cells, ICEC0942 did not affect the levels of total
RNA Pol Il, and interestingly, an increase in serine-5 phosphorylation, and a decrease in

serine-2 phosphorylation was observed.

In both HCC1428 LTED cell lines, total RNA Pol Il and serine-2 phosphorylated RNA Pol ||
levels were not affected by ICEC0942 treatment. A reduction in serine-5
phosphorylation was observed, which is in-keeping with previous studies of ICEC0942

(Patel et al., 2018).

Levels of CDK7, phosphorylated CDK7, and CDK9 were unaffected by ICEC0942
treatment in all four cell lines. In all Western blotting assays, the palbociclib-sensitive
and palbociclib-resistant cell lysates were run on the same gel and exposed for the same
length of time. Comparing the levels of CDK7 between palbociclib-sensitive and
palbociclib-resistant cell lines in the untreated lanes, there is a higher level of total CDK7
in the palbociclib-resistant cell lines, which is concordant with previous RTqPCR findings
(Pancholi et al., 2020), and higher levels of phosphorylated CDK7, suggesting this may

be an adaptation conferring palbociclib-resistance.

6.5.7.2 Mechanism of action of AZD4573

AZDA4573 is able to inhibit the phosphorylation of RNA Pol Il at serine-2 in a dose-

dependent manner (Cidado et al., 2020). Therefore, Western blots were run to probe
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for RNA Pol Il phosphorylated at serine-2, and at serine-5 (to assess for specificity of
CDK9 inhibition), as well as total RNA Pol Il and CDK9 levels. The cells were treated with
escalating doses of AZD4573 (0 nM, 3 nM, 10 nM, and 20 nM) for 24 hours, prior to cell
lysis and protein extraction (Figure 6.29). Treatment with 20 nM AZD4573 resulted in

the same problems as the highest dose of ICEC0942, and so these results are not shown.
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Figure 6.29. Western blots examining mechanism of action of AZD4573 in palbociclib-
sensitive and palbociclib-resistant models. 2-5 x 10° cells of the cell lines shown were
seeded in 10 cm plates. After 24 hours, media was aspirated, and cells were treated with
AZD4573 at the concentrations shown. After 24 hours of exposure to AZD4573, the cells
were harvested and lysed, and Western blots were performed. The MCF7 LTEDY>%’C line
and its palbociclib-resistant derivative were run on the same gel, as were the HCC1428
LTED and its derivative. Histone H3 loading controls from each gel are shown below each
blot. Positions of the protein ladder are indicated in kDa. Molecular weights: RNA Pol Il
250 kDa; CDK7: 40 kDa; CDK9: 42 kDa; Histone H3: 15 kDa
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In the MCF7 LTEDP?"®°R cells, AZD4573 was shown to reduce the total levels of RNA Pol
I, and so the reduction in serine-2 and serine-5 phosphorylation also observed is difficult
to interpret. In the MCF7 LTED">3’C cell lines, no change in total RNA Pol Il levels, or RNA
Pol Il phosphorylation was observed. In both the HCC1428 LTED cell lines, AZD4573 only
reduced serine-2 phosphorylation of RNA Pol Il, and did not affect serine-5
phosphorylation, or total RNA Pol Il levels (although the difference in loading controls
for this blot must be borne in mind), as has been previously observed in haematological

cancer cell lines (Cidado et al., 2020).

Treatment with AZD4573 did not affect the levels of CDK7 or phosphorylated CDK7 in
any of the cell lines examined (although the variable loading of the CDK7 blot for the
MCF7 LTEDP2*°R cells must be considered). While AZD4573 treatment did not affect the
level of CDK9 in the MCF7 LTEDP2P°R cells, or either of the HCC1428 LTED cell lines, a
higher level of CDK9 was observed following 10 nM AZD4573 in MCF7 LTEDY>3’¢, which

warrants repetition.

6.5.7.3 Exploring mechanisms of synergism with palbociclib

In the MCF7 LTEDP¥"°R cell lines, there was evidence of synergy in both the
ICEC0942/palbociclib and the AZD4573/palbociclib combination experiments in 2D
(Figures 6.14, 6.15), and the AZDA4573/palbociclib combination experiments in 3D
(Figure 6.27) cell viability assays. There was no evidence of synergy observed in the
HCC1428 LTEDP®°R cell line for either of the two CDK inhibitors. Western blotting
experiments were therefore designed to examine the effect of these drugs on known

mechanisms of palbociclib resistance.

Rb is considered one of the key biomarkers of sensitivity to CDK4/6 inhibitor therapy
(O'Leary et al., 2016), given that it is the primary target of CDK4/6 inhibitors. Rb loss or
inactivation has been suggested in multiple preclinical studies as a driver of CDK4/6
inhibitor resistance (Dean et al., 2012, Witkiewicz and Knudsen, 2014), as with its loss of
action, the inhibition of CDK4/6 has little effect, and E2F transcription factors remain
active, resulting in dysregulation of the Gi/S checkpoint. Additionally, Rb-

phosphorylation is an indirect marker of CDK7 activity, as CDK7 phosphorylates and
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activates CDK4/6. In the study characterising ICEC0942 (Patel et al., 2018), Rb
phosphorylation was reduced by ICEC0942 treatment, but total Rb was unchanged.
Therefore, experiments to assess levels of total and phosphorylated-Rb, to examine the

effect of both ICEC0942 and AZD4573 on Rb activity, are underway.

Cyclin E also plays a key role at the G1/S checkpoint. Cyclin E forms a complex with CDK2,
Rb is phosphorylated and the inhibitory action of Rb on E2F transcription factors is lost.
Overexpression of CCNE1, which encodes cyclin E, is another recognised mechanism of
CDK4/6 inhibitor resistance, as this mechanism also circumvents the regulatory control
of Rb (Herrera-Abreu et al., 2016, Taylor-Harding et al., 2015). In previous studies using
the palbociclib-resistant models described in this thesis, it was reported that there was
lower expression of cyclin E in the palbociclib-sensitive models in comparison to their
palbociclib-resistant derivatives (Pancholi et al., 2020). The transcription factor MYB has
been reported to activate the expression of CCNE1 in colonic epithelium (Cheasley et al.,
2015), and CDK9 inhibitors have been shown to downregulate the expression of MYB
through their inhibition of transcription (Mitra et al., 2016). Therefore, Western blots
were designed to probe for cyclin E and MYB, to evaluate whether synergy of the CDK7/9
inhibitors with palbociclib is mediated through the downregulation of CCNE1 expression

(Figure 6.30).

In both the MCF7 LTED cell lines, treatment with AZD4573 reduced the levels of the
transcription factor MYB, but not of cyclin E. In the HCC1428 LTED cell lines, cells treated
with AZD4573 appeared to show increased levels of MYB. There also appeared to be an
increase in levels of cyclin E, although the difference in loading between the HCC1428
LTED and HCC1428 LTEDP¥"°R |ines makes this difficult to compare. Treatment with
ICEC0942 did not affect MYB levels in the MCF7 LTED cell lines, or the HCC1428 LTEDP/*°R
cells, but reduced MYB levels following ICEC0942 treatment in the HCC1428 LTED cells
was observed. Cyclin E expression was unaffected by ICEC0942 treatment in the
HCC1428 LTED cell lines, and the MCF7 LTEDP®°R cells, but increased cyclin E was
observed after ICEC0942 treatment in the MCF7 LTED"%’C cells. When comparing the
results for the untreated palbociclib-sensitive and palbociclib-resistant cell lines, there

were increased levels of MYB and cyclin E in the palbociclib-resistant models compared
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to those that are sensitive, indicating a potential role for these proteins in palbociclib-

resistance mechanisms.
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Figure 6.30. Western blots investigating cyclin E as a mechanism of synergy with
palbociclib. (A) AZD4573 treatment(B) ICEC0942 treatment. Palbociclib-sensitive and
palbociclib-resistant cells were treated with the relevant drug as described in Figures
6.28 and 6.29, harvested and lysed, and Western blots were performed. Histone H3
loading controls from each gel are shown below each blot. Positions of the protein
ladder are indicated in kDa. Molecular weights: MYB: 80 kDa (line indicates position of
MYB); Cyclin E: 48 kDa; Histone H3: 15 kDa

CDK4 and CDK6 overexpression have also been reported to mediate CDK4/6 inhibitor
resistance in pre-clinical models (Olanich et al., 2015, Cen et al., 2012, Yang et al., 2017).
Given that both CDK7 and CDK9 have roles in transcription, it is possible that inhibition
of their activities could reduce the levels of CDK4 and CDK®6, contributing to synergy with
palbociclib, and so these CDKs were probed for (Figure 6.31). In the MCF7 LTED cell lines,
a decreased level of CDK4 was observed at the high 10 nM dose of AZD4573, but no
effect of AZD4573 was seen on CDKG6 levels. AZD4573 did not affect the levels of CDK4
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or CDK6 in either of the HCC1428 LTED cell lines. ICEC0942 did not affect levels of CDK4
in the HCC1428 LTED cell lines, or in the MCF7 LTEDY>37¢ cells. A lower level of CDK4 was
observed at the 10 nM dose of ICEC0942 in the MCF7 LTEDP2°R cell line. Interestingly,
ICEC0942 treatment was shown to increase CDK6 levels from baseline in both of the
MCF7 LTED lines, but no effect on CDK6 levels was seen in either of the HCC1428 LTED
lines with ICEC0942 treatment. Examining the ICEC0942 blot for the HCC1428 LTED cell
lines, the untreated lanes show that there was a higher level of CDK4 at baseline in the
palbociclib-resistant cells. The levels of CDK6 were higher in the palbociclib-resistant
cells than in the palbociclib-sensitive MCF7 LTED cell lines, in line with what has
previously been shown (Pancholi et al., 2020), although the loading makes this difficult

to interpret.
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Figure 6.31. Western blots investigating CDK4 and CDK6 as mechanisms of synergy
with palbociclib. (A) AZD4573 treatment. (B) ICEC0942 treatment. Palbociclib-sensitive
and palbociclib-resistant cells were treated with the relevant drug as described in
Figures 6.28 and 6.29, harvested and lysed, and Western blots were performed. Loading
controls from each gel are shown below each blot. Histone H3 was used as loading
control for all except the HCC1428 LTEDP2®°R cell line, for which tubulin was used.
Positions of the protein ladder are indicated in kDa. Molecular weights: CDK4: 30 kDa;
CDK6: 36 kDa (line indicates position of CDK6); tubulin: 55 kDa; Histone H3: 15 kDa.

6.6 Discussion

CDK7 and CDK9 were selected for further investigation following their identification as
hits from the 2D and 3D drug and siRNA screens in cell lines in a variety of molecular
backgrounds. Treatments with NVP-2 and AZD4573, which target CDK9, were effective
at inhibiting cell proliferation in parental, endocrine-resistant, and palbociclib-resistant
cell lines in 2D culture (Figures 6.9, 6.10). AZD4573 treatment was also found to be
effective in the endocrine-resistant models in 3D (Figure 6.12). THZ1, targeting CDK7,
was also effective in all cell lines (Figure 6.7), and another CDK7 inhibitor, ICEC0942,

inhibited cell proliferation in all models except the HCC1428 LTED cell line (Figure 6.8).

205



In 3D culture, neither the HCC1428 LTED or HCC1428 LTEDP2°R cell lines were sensitive
to ICEC0942 treatment (Figure 6.11), but the MCF7 cell lines showed reduced
proliferation. Interestingly, silencing of CDK7 expression by using siRNA did not impact
on cell viability, (discussed further in Section 7.3). CDK9 knockdown was effective at
reducing cell viability in the MCF7 cell lines, and the parental HCC1428 cell line, but not

the endocrine-resistant derivatives.

To examine whether CDK7 or CDK9 play a role in the mechanisms conferring palbociclib-
resistance, two approaches were used. While using siRNAs to silence the expression of
CDK7 or CDK9 did not alter the sensitivity of the palbociclib-resistant models to
palbociclib (Figure 6.13), combination treatment of palbociclib/ICEC0942 and
palbociclib/AZD4573 showed synergy in the MCF7 LTEDP®R |ine in 2D (Figure 6.14,
6.15), and the palbociclib/AZD4573 combination also showed synergy in 3D in the MCF7
LTEDP3P°R |ine (Figure 6.27). No evidence of synergy by combination treatment was
observed in the HCC1428 LTEDP®°R [ines. These results suggest that different cell
signalling pathways that confer palbociclib-resistance could be in place in the different

models.

Western blots evaluating the mechanism of action, and possible pathways that could
explain the synergism observed were performed. Due to time constraints, these assays
are still ongoing and have yet to be repeated using independent samples. Consequently,
conclusions drawn are preliminary. The blots examining the mechanism of action of
ICEC0942 (Figure 6.28) have not shown the specificity for inhibition of RNA Pol Il serine-
5 phosphorylation that has previously been reported (Patel et al., 2018), as effects on
serine-2 phosphorylation observed as well. Similarly, AZD4573 was found to inhibit
serine-2 phosphorylation selectively in some cell lines, but not in all (Figure 6.29). These
findings call into question the specificity of the drug treatments for their respective CDK

targets.

In comparing the untreated lanes for the palbociclib-sensitive and palbociclib-resistant
models, higher levels of CDK7, phosphorylated CDK7, MYB, and cyclin E were seen in
palbociclib-resistant models. Additionally, increased levels of CDK4 were seen in the

HCC1428 LTEDP? R cell line when compared to HCC1428 LTED cells. This indicates a role
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for these proteins in contributing to palbociclib resistance. However, the effects of the
drug treatments on these proteins do not logically lead to the synergism observed in the
combination drug studies, save that of AZD4573 and ICEC0942 reducing CDK4 levels in
the MCF7 LTEDP?"°R cells. This could indicate that are there other alternative signalling
pathways impacted by AZD4573 and ICEC0942 that the palbociclib-resistant cells are
reliant upon. Alternatively, given that the drugs both have actions on transcription, it is
possible that the design of the experiment did not optimally reflect their mechanism of
action. AZD4573 has been observed to have an effect on RNA Pol || phosphorylation six
hours after treatment (Cidado et al., 2020), and so a time-course assay would be better

placed to examine for the transcriptional impact of these drugs.

While further studies are required to unpick the mechanisms by which ICEC0942 and
AZD4573 have been shown to synergise with palbociclib in palbociclib-resistant cells,
the data in this chapter suggest that CDK7 and CDK9 are intriguing potential targets for

the treatment of endocrine-resistant, palbociclib-resistant ER-positive breast cancer.
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Chapter 7 Final discussion and future perspectives

Breast cancer is a leading cause of mortality for women worldwide, and one of the most
significant challenges for its treatment is that of endocrine-resistant disease. While in
ER-negative breast cancer the risk of recurrence peaks in year two following diagnosis
(Bushnell et al., 2021), those with ER-positive disease often relapse later, with 20% of
women with ER-positive disease having a recurrence fifteen years or more after the
initial diagnosis (Pan et al., 2017). In this intervening time period, patients will have
become older, more frail, and may have additional comorbidities, lowering their
resilience to withstand chemotherapeutic treatments and their associated toxicity
profiles. Given that endocrine therapies are generally well-tolerated (Ohno, 2016), the
problem of endocrine resistance becomes even more pertinent, as if the mechanisms
conferring resistance were understood, they could be targeted such that endocrine
therapy could be re-administered as a viable treatment option. Failing that, if common
‘Achilles heels’ displayed by endocrine-resistant tumours could be identified, targeted
therapies against these nodes could become a next step in treatment for patients with
endocrine-resistant disease. Indeed, CDK4/6 inhibitors are a prime example of such
targeted therapy, but unfortunately resistance to CDK4/6 inhibitors is becoming the

next hurdle in the treatment of advanced ER-positive breast cancer to be surpassed.

One of the consistent challenges in unpicking the mechanisms by which endocrine-
resistance develops is the considerable heterogeneity displayed within the umbrella
term of ER-positive breast cancer (Clarke et al., 2015). The majority of in vitro work on
ER-positive breast cancer has been performed using MCF7 cells, with over fifty thousand
entries on PubMed. While this is logical, given the paucity of ER-positive breast cancer
lines available to researchers seeking to model response to hormone therapy (in
comparison to ER-negative lines), one cell line cannot represent the behaviour of all ER-
positive breast cancer. Furthermore, while cells growing in a 2D monolayer on plastic
with uniform nutrient and oxygen conditions do not accurately reflect the results of in
vivo studies or clinical trials (Sahai and Marshall, 2003), ER-positive PDX models have a
low establishment rate, and take many months to develop (see Section 1.5.2), and

therefore do not lend themselves to high-throughput discovery approaches.
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The aim of this project was to investigate mechanisms contributing to endocrine
resistance. This was undertaken by two approaches: first, RNA-sequencing of
longitudinally-paired clinical samples before Al therapy and following relapse after Al
therapy to examine the transcriptional changes that had occurred; and second by
subjecting a variety of pre-clinical models of ER-positive breast cancer to high
throughput screens to identify common nodes of vulnerability, using 2D and 3D cell

culture to try and better capture the conditions tumours are subject to in vivo.

In summary, the data presented in this thesis are that transcriptional profiling of pre-
and post-Al clinical samples did not reveal one key target as a proliferative driver of Al-
resistant progression, but an overall trend towards a more aggressive phenotype in the
post-Al samples. The results from the high-throughput screens have shown three
common areas of vulnerability in the models of endocrine-resistance (a) ER-signalling,
(b) PI3K-AKT-mTOR pathway, and (c) CDK-dependent pathways, with CDK7 and CDK9
being investigated further as potential therapeutic targets in endocrine-resistant and

palbociclib-resistant models.

7.1 Characterisation of paired patient samples — findings and

limitations

The ability to perform biopsies of the same tumour over time is an important but
logistically tricky approach to learn how breast cancer may change and evolve within a
patient. The cohort of paired samples examined in this study is therefore rare and
valuable, hence why it was chosen for further investigation, despite the paucity of key
drivers identified in a previous study on this sample set (Lopez-Knowles et al., 2019).
This previous study performed mutational profiling of 16 key breast cancer genes and
RNA expression analysis of 209 genes using a custom NanoString panel. These 209 genes
comprised reference genes, the PAMS50 geneset and selected genes involved in steroid
hormone synthesis, ER targets, receptor tyrosine kinases, cell proliferation, apoptosis,
and cell signalling. It was hypothesised that key drivers of Al-resistant progression may
have been missed due to the limited profiling performed. However, even increasing the
cohort size from the 209 genes examined by Nanostring to the whole transcriptome did
not identify transcriptional pathways common to post-Al samples. That said, the RNA-
seq analysis did corroborate the heterogeneity of samples within this set seen in earlier
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studies (Arnedos et al., 2014, Lopez-Knowles et al., 2019), and revealed that it is the
luminal A samples that undergo the greatest change following Al therapy (Figure 3.3).
Overall, in the luminal A subtypes there is a drive towards upregulated expression of
pro-proliferative MYC targets and MTORC1 signalling from pre-Al to post-Al, and
maintained high expression of these pathways in the luminal B and HER2-positive
subtypes. These findings lend validity to the findings of the drug and siRNA screens, as
the common vulnerabilities identified (PI3K-AKT-mTOR, and CDK-dependent signalling)
all impact on these pro-proliferative pathways. The high degree of heterogeneity
observed may also contribute to the lack of key significant drivers promoting
progression. For example, in Figure 3.6, an observable difference can be noted in the
average log> expression of genes involved in the early oestrogen response hallmark
pathway between the pre- and post-Al samples of luminal A and luminal B samples, but
this does not achieve significance by Mann-Whitney testing. This suggests the existence
of sub-groups within the luminal A and luminal B samples, that may have had a different
response to Al therapy. It would be intriguing to investigate this further, by performing
further analyses within the sub-groups, but runs the risk of low sample numbers

confounding the findings.

The conclusions that can be drawn from the sequencing data are necessarily limited by
(a) the variation in the patient cohort with regards to when the biopsies were taken in
relation to their Al therapy (Section 3.3.1.1), and (b) the quality of the RNA obtained
from FFPE material that was submitted for library preparation (Section 3.3.1.2).
Furthermore, with the FDR being set at <0.1, and low numbers of differentially
expressed genes identified, reservations must be kept regarding the strength of the
conclusions drawn from these results. A study with standardised biopsy collection
protocols with a larger number of patients to allow for subgroup analyses would be
better placed to answer the question of whether there are common genetic or

transcriptional changes that occur on Al therapy in the clinic to mediate resistance.

7.2 Use of a screen-based approach to target discovery — findings and

limitations
As discussed in Section 5.1, screens are a powerful tool to test for vulnerabilities against
a large number of different compounds or gene expression interference mechanisms,

210



generating results rapidly and under homogeneous conditions. By interrogating the

results of these screens, a picture of important pathways may be built.

Given that the heterogeneity of ER-positive disease is one of the obstacles to
deconvoluting endocrine-resistance mechanisms, cell line models with a range of
molecular backgrounds were subjected to these screens to try and better encompass
the diversity of ER-positive disease. The LTED models chosen demonstrate E2-
independence, and therefore reflect the clinical picture of patients who have relapsed
on Al-therapy but are still sensitive to SERDs. The results of the screens highlighted ER-
signalling, PI3K-AKT-mTOR signalling, and cell cycle regulation as the common nodes of
vulnerability in the LTED models, with the latter two pathways also selected as hits in

the palbociclib-resistant cell line models.

Sensitivity to perturbation of ER-signalling was predominantly highlighted in the 2D
drug screen, with the finding that the cell lines with an activating mutation in ER were
more sensitive to SERDs than those expressing an ERYT, suggesting a reliance on
constitutive ER activity in cells expressing ERMYT, This finding is at odds with other studies
suggesting that inhibition of ERMYT cell proliferation requires higher concentrations of
SERDS than those expressing ERYT (Toy et al., 2013), although the Toy et al. study did
not include the ESR1Y°3C model. In clinical practice there does not appear to be
differential sensitivity to the SERD fulvestrant between ERVT and ERMYT breast cancers
with no difference in progression-free survival observed (Turner et al., 2020). In the 3D
drug screen, fulvestrant was only selected as a hit in one cell line (SUM44 LTEDY>3’5, data
not shown), with no differential sensitivity seen when comparing the MCF7 LTEDT and
MCF7 LTEDY>%’C lines, supporting the assertion that the use of 3D models limits results

to those of greater physiological relevance.

Pathways involving PI3K-AKT-mTOR signalling were selected as hits in the drug and
siRNA screens, in both 2D and 3D culture. As discussed in Section 1.3.3, the cross-talk
between ER and the PI3K-AKT-mTOR pathway has been extensively studied as a key
mechanism of endocrine-resistance in vitro. Furthermore, there have been a plethora
of trials evaluating drugs targeting the PI3K-AKT-mTOR pathway in endocrine-resistant

breast cancer. These trials have assessed pan-PI3K inhibitors such as pictilisib (FERGI
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study (Krop et al., 2016)), PI3Ka. inhibitors such as buparlisib (BELLE2 study (Baselga et
al., 2017)), alpelisib (SOLAR-1 study (Andre et al., 2019) ) and taselisib (SANDPIPER study
(Baselga et al., 2018)), AKT inhibitors such as capivasertib (FAKTION study, (Jones et al.,
2020)), and mTOR inhibitors such as everolimus (BOLERO-2 study (Baselga et al., 2012).
While most of these trials have shown potent anti-cancer effects, there have been
difficulties with the toxicity profiles of these drugs. The success of the BYLieve study
(Rugo et al., 2021), which showed progression-free survival in patients with Al-resistant,
CDK4/6 inhibitor-resistant disease that carried a PIK3CA mutation is significant progress
in the challenge of treating resistant ER-positive disease. Alpelisib, the PI13Ka inhibitor
used in this trial, as well as many other agents targeting PI3K-signalling, were picked up
as significant hits in the 2D and 3D drug screens, providing validity for the screening
approach taken in this thesis. However, one of the inclusion criteria for the BYLieve study
was the presence of a PIK3CA mutation. While PIK3CA mutations are seen in ~40% of
ER-positive disease (Vasan et al., 2019a), this still leaves a majority of patients with
advanced endocrine-resistant, CDK4/6 inhibitor-resistant disease with few options for
further targeted treatment. Consequently, when picking the hits for further
investigation and validation in this study, those that were common to lines that were

both wild-type and mutant for PIK3CA were chosen.

As stated above, when comparing the 2D vs. 3D results, in both the drug and siRNA
screens fewer significant hits were found in the 3D screens. However, the pathway
analysis of the hits identified the same key signalling pathways in 2D and 3D, suggesting
3D screens may limit false positive hits. Correlation analyses between the 2D and 3D
siRNA screens gave a Pearson r correlation coefficient ranging between 0.2 and 0.5 for
the different cell lines. It is possible that had the 2D siRNA screens (performed by Dr
Joanna Nikitorowicz-Buniak) and 3D siRNA screens (performed during this PhD project)
been carried out at the same time (rather than eighteen months apart), by the same
person, a greater degree of correlation might have been seen. It must be noted that no
siRNA generated a robust Z-score <-2 in the 2D siRNA screen of the HCC1428 LTEDP3/boR
cell line and so these results could not be compared with the 2D siRNA screen results of
HCC1428 LTED cells to examine for palbociclib resistance mechanisms, or with the 3D
siRNA screen results of HCC1428 LTEDP2*°R to look for changes that might occur in 3D

culture. Experience gained during this PhD with culture of the HCC1428 LTEDP2"R cells
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suggests that as they do take weeks to reach an exponential phase of growth, perhaps
the 2D siRNA screens were performed by Dr Nikitorowicz-Buniak when the cells were

still in a low proliferation phase, thus limiting the effect of RNA silencing.

There were also two design flaws in setting up the drug screens. In the 2D drug screen
design, the aim was to screen several hundred compounds at multiple doses such that
dose-response curves could be generated for each drug in each cell line. However, with
only four dose points, this was not possible, and so the results at each concentration
were analysed as separate screens (i.e. a screen at 10 nM, at 100 nM, and 1000 nM).
The second flaw was in the drug dose used for the 3D drug screen. As many of the
clinically relevant drugs used have an ICsp greater than 100 nM, but less than 1000 nM,
the choice of using a 250 nM dose was made. This has meant that the results of the 2D
and 3D drug screens could not be directly compared. Finally, it should be noted that
while multicellular tumour spheroid models do generate gradients of hypoxia and
nutrients not observed in 2D, they cannot capture a heterogeneous tumour in the same
manner as organoids or PDXs, and cannot reflect the interactions with the extracellular
matrix and stromal/immune cells. This represents the dichotomy of balancing accurate
modelling of an in vivo tumour to reflect tumour biology with a screen-based approach

that must be homogeneous and reproducible.

The aim of running the screens in many different endocrine-resistant cell lines, and
under 2D and 3D culture conditions, was to identify hits that might be common nodes
in key pathways mediating resistance. The fact that the screens picked up hits that are
already targeted in the clinic suggests there was validity to this approach. However, by
concentrating on the targets that were common to multiple cell lines, an opportunity
has potentially been missed to compare and contrast the hits selected between the
different lines, and thereby possibly identify pathways that are more important in one
cell line than another. This was consciously done in order to find kinases that, if targeted,
could ameliorate endocrine resistance in a wide variety of molecular contexts, but
further work could be performed investigating hits that were selected for in only one
cell line, and may therefore give further detail on the heterogenous methods by which

endocrine resistance develops.
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7.3 Validation of targets — findings and limitations

The targets chosen for further investigation were CDK7 and CDK9. While these were not
frequently highlighted as hits in the siRNA screens (CDK7 was not significant in any of
the 2D or 3D siRNA screens, CDK9 was significant in five cell lines in the 2D siRNA results,
and one cell line in the 3D siRNA results), drugs targeting both of these CDKs were
significant in the 2D and 3D screens. The CDK7 inhibitor THZ1 was significant in PIK3CAWT
and PIK3CAMYT models in the 2D drug screen, and the CDK9 inhibitor NVP-2 was
significant in both PIK3CA settings in the 3D drug screens, as well as sensitivity to these
agents being observed in palbociclib-resistant models. Validation studies of these
targets were performed using the CDK7 inhibitor ICEC0942, and the CDK9 inhibitor
AZDA4573 which are already in phase 1 trials, with the aim that should these drugs prove
successful, repurposing them would be smoother. The two palbociclib-resistant models
were both sensitive to the ICEC0942, as were all the endocrine-resistant models except
HCC1428 LTED (Figure 6.8, 6.11). As yet it is unclear why the palbociclib-resistant
HCC1428 LTEDP*°R (which is derived from the HCC1428 LTED line) and the parental
HCC1428, should show sensitivity to ICEC0942 when the HCC1428 LTED line does not.
Experiments to further investigate the mechanism of action of ICEC0942 in these cell
lines are ongoing, with the aim of shedding light on the 2D and 3D dose-response assay
results in the HCC1428 LTED line. All cell lines were sensitive to CDK9 inhibition by NVP-
2 and AZD4573, and there was a promising finding of synergy between AZD4573 and
palbociclib in the MCF7 LTEDP?®°R model in both 2D and 3D culture (Figure 6.15, 6.27).
Experiments to investigate the mechanism of action of AZD4573 in these cell lines may
therefore further our understanding of the development of palbociclib-resistance.
Support for targeting CDK9 in ER-positive breast cancer comes from the analyses of the
MONARCH-E trial (Harbeck et al., 2021). This trial evaluated the role of the CDK4/6
inhibitor abemaciclib as adjuvant therapy in early breast cancer, and the improvement
in invasive disease-free survival has resulted in FDA approval of abemaciclib as adjuvant
therapy in early breast cancer with high proliferation markers. There have been other
trials evaluating adjuvant CDK4/6 inhibitors in early breast cancer that have not shown
significant improvement in invasive disease-free survival (PENELOPE-B (Loibl et al.,
2021) and PALLAS (Mayer et al., 2021)). It has been suggested through examining the
multiomics profiling of the different CDK4/6 inhibitors, that abemaciclib can target

additional CDKs (one of which being CDK9) at clinically relevant concentrations (Hafner
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et al., 2019), which may explain part of the success of abemaciclib in its adjuvant

treatment of early breast cancer, in comparison to palbociclib.

The finding of synergy between the CDK9 inhibitor AZD4573 and palbociclib in the pre-
clinical MCF7 LTEDP#*°R model indicates a potential role for combination therapy for
endocrine-resistant, palbociclib-resistant disease, which is currently being explored in
animal studies. Specifically, through a collaboration with Dr Elisabetta Marangoni at the
Institut Curie, a PDX model of palbociclib-resistant disease is being treated with
AZD4573 alone, or in combination with fulvestrant and palbociclib, to examine whether

this combination may be a viable option in resistant breast cancer.

A further interesting finding of the combination palbociclib/CDK7/9 inhibitor treatment
experiments is that where additivity occurs in the palbociclib-sensitive models, it is at a
lower concentration than the mean plasma concentration of palbociclib (FDA, 2014)
(Figures 6.18, 6.19, 6.20, 6.21). This indicates that anti-proliferative effects could be
achieved at lower palbociclib concentrations through combination therapy. This is
important, given that a potential reason for the failure of the PALLAS trial to achieve
significance was the palbociclib discontinuation rate of 42.2% due to adverse
haematological effects. If the dose-sparing effect of combination treatment does

translate from in vitro to in vivo, it would be of potential clinical relevance.

The discordance between the additivity and synergy seen in the combination drug
studies, and the lack of re-sensitisation to palbociclib following siRNA treatment
targeting CDK7 and CDK9 must be noted. One potential reason for this could be that the
synergy is due to off-target effects of the drugs used. However, both ICEC0942 and
AZDA4573 were chosen for their selectivity and specificity for their targets. ICEC0942 is a
small molecule inhibitor of CDK7 that binds reversibly to the ATP-binding site of CDK7,
and while crystal structures of ICEC0942 bound to CDK7 are yet to be obtained,
modelling studies have identified aspartate-155 as the residue that is likely to determine
the selective binding of ICEC0942 to CDK7 (Hazel et al., 2017). Screening of ICEC0942
against a 117 kinase panel of various kinase classes confirmed CDK7 selectivity, with the
next most sensitive CDK (CDK2) having an ICs fifteen-fold higher than CDK7 (Patel et al.,

2018). AZD4573 was identified through a structure-based drug discovery approach to
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identify compounds showing high fidelity of binding to CDK9 (Barlaam et al., 2020).
Kinase selectivity profiling of AZD4573 against a panel of 468 kinases showed high
selectivity for CDK9, and notably AZD4573 exhibited >25-fold cellular selectivity for
CDK9 over other CDKs in MCF7 cells (Cidado et al., 2020). Studies profiling the activity
of ICEC0942 show that it is able to inhibit the key actions of CDK7, as increasing
concentrations of ICEC0942 result in decreased phosphorylation of RNA-Pol |l at serine-
5, decreased phosphorylation of CDKs 1, 2, 4 and 6, and Rb, causing cells to be blocked
through cell cycle progression, and decreased phosphorylation of ER at serine-118 (Patel
et al., 2018). Similar studies investigating the activity of AZD4573 have shown that
treatment with this compound inhibits the phosphorylation of RNA Pol Il at serine-2,
with inhibition of serine-5 phosphorylation only occurring at 200-fold higher
concentrations (Cidado et al., 2020). No effect on the putative endpoints of multiple
other CDKs were observed in this study. While the Western blots investigating the
mechanism of action of ICEC0942 and AZD4573 (Figures 6.28, 6.29) have not shown the
clear-cut specificity of inhibiting RNA Pol Il at serine-5 and serine-2 respectively as has
previously been published (Patel et al., 2018, Cidado et al., 2020), the time course for
these experiments may have been too long. Therefore, the off-target effects of
ICEC0942 and AZD4573 mediating the results seen in the combination drug studies is

unlikely.

Another possible reason for the lack of effect observed after CDK7 and CDK9 siRNA
transfection could be because the knockdown of the targets by siRNA was not
sufficiently effective. Ideally, further optimisation of siRNA transfection, particularly in
the HCC1428 lines, would have been carried out, through use of single siRNAs in the
event that the SMARTpools contained ineffective siRNAs, or through the trial of
alternative transfection agents, and repeats of siRNA knockdown followed by palbociclib
treatment. Unfortunately, at the time of these experiments, there were significant
delays in obtaining tissue culture flasks due to Brexit, and attempts to use other plastics
were unsuccessful. In order to carry out validation studies of these targets without using
pharmaceutical inhibition, alternative options would be to use shRNAs, or CRISPR-Cas9
editing to silence CDK7 and CDK9 expression in the MCF7 LTEDP¥*°R and HCC1428
LTEDP2PR |ines, and then treat with palbociclib to examine whether silencing of these

targets altered the palbociclib-resistant phenotype observed in these models.
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As well as the ongoing experiments investigating how the mechanism of action of
ICEC0942 and AZD4573 act to achieve synergy in the context of palbociclib treatment,
future studies are required to examine the cellular response of palbociclib-resistant
models to these drugs. Given that CDK7 is a master regulator of the cell cycle, cell cycle
analysis using flow cytometry to examine the effects of ICEC0942 on how the palbociclib-
resistant cell lines progress through the cell cycle should be performed. Cell-cycle
analysis of HCT116 and MCF7 cells treated with ICEC0942 demonstrated induction of
arrest at the GoM checkpoint (Patel et al., 2018), and it would be intriguing to assess
whether this effect persisted in the palbociclib-resistant derivatives. CDK9 is integral to
transcription, and the hypothesis underlying targeting transcription in cancer is that
certain cancers may be transcriptionally addicted to specific drivers (Section 6.4.2).
Therefore, to examine if this is the case in these models of resistant breast cancer,
transcriptomic profiling prior to and following AZD4573 treatment using RNA-seq may
identify pathways specifically targeted by AZD4573 that the cells are reliant upon.
Finally, given the successes of abemaciclib as adjuvant therapy in early breast cancer,
and the hypothesis that this may be due to inhibition of CDKs beyond CDK4 and CDK®6,
it would be intriguing to assess whether the palbociclib-resistant models are also
resistant to abemaciclib, and to assess the effect of combination therapy of abemaciclib

with CDK7 and CDK9 inhibitors on these models.

7.4 Conclusions

The data presented in this thesis demonstrate that (a) there is significant heterogeneity
with few key transcriptional driver pathways in endocrine-resistant clinical samples as
determined by RNA-seq; and (b) there are three key areas of vulnerability common to
multiple endocrine-resistant models — PI3K-AKT-mTOR signalling, ER-signalling, and
CDK-dependent processes. Further investigation indicates that CDK7 and CDK9 are
potential targets for therapy in both endocrine-resistant and palbociclib-resistant
settings. Drug studies suggest that combination therapy of CDK7 or CDK9 inhibitors with
palbociclib may be useful in endocrine-resistant and palbociclib-resistant disease, with
the potential for palbociclib dose-reduction. Future studies are required to determine

the mechanism of drug combination synergism in the context of palbociclib, and other
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CDK4/6 inhibitor-resistant disease, and the potential for combination therapy in the

clinic.
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Chapter 9 Appendix 1

9.1 Genes identified as hits in 2D siRNA screens

9.1.1 Comparison of all LTED cell lines (Fig 5.4B)
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9.1.2 Comparison of MCF7 LTEDWT and MCF7 LTEDY3’C lines (Fig 5.5A)
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9.1.3 Comparison of all MCF7 LTED lines (Fig 5.6A)
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9.1.4 Comparison of T47D LTED and ZR75.1 LTED (Fig 5.7A)
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9.2

9.2.1 Comparison of all LTED lines (Fig 5.8)

Genes identified as hits in 3D siRNA screens
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9.2.2 Comparison of MCF7 LTEDWT and MCF7 LTEDY>3’C lines (Fig 5.9A)
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9.2.3 Comparison of all MCF7 LTED lines (Fig 5.10A)
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HCC1428 LTED
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9.2.4 Comparison of HCC1428 LTED and HCC1428 LTEDP?*°R (Fig 5.11A)
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9.3 Drugs identified as hits in 2D screens

9.3.1 Comparison of all cell lines (Fig 5.14)

T47D LTED and ZR75.1 LTED

0S1-027

MCF7 lines

CUDC-907

Genistein

NVP-BVU972

HCC1428

Triciribine
PF-03758309
Rapamycin

BGT226
Torin-2
Sapanisertib
AZD8055

SUMA44\LTED lines

CUDC-907

Dinaciclib
THZ1
Omipalisib
PF-04691502
WYE-125132

Temsirolimus
Flavopiridol
Zotarolimus
Ridaforolimus
Linsitinib

KX2-391
Everolimus
Aurora-A-Inhibitor-I
NMS-P937

R0O3280
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MCF7 LTEDWT

Dinaciclib
CUDC-907
THZ1
PIK-75-HC
Omipalisib
PF-04691502
WYE-125132

9.3.2 Comparison of MCF7 LTEDWT and MCF7 LTEDY>3C lines (Fig 5.15A)

MCF7 LTEDY®37¢

BGT226
AZD8055
GSK461364
BI2536
Apitolisib
Sapanisertib
Vistusertib
VS-5584
CH5132799
NMS-P937
Temsirolimus
Hesperadin
Flavopiridol
RAD1901
Fulvestrant
KX2-391
ZSTK474
Alisertib
AZD7762

BMS-754807
AD80
Triciribine
PP-121
Torin-2
0sS1-027
AZD3463
Ridaforolimus
CHIR-124
RO3280
Pictilisib
Everolimus
GDC810
Zotarolimus
PF-03758309
MK-2206
Rapamycin
Volasertib

Aurora-A-Inhibitor-I
Danusertib-(PHA-739358)

GDC-0349
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SUM44 LTEDWT

9.3.3 Comparison of SUM44 LTEDWT and SUM44 LTEDY®375

SUM44 LTEDY®37S

CuDC-101
SNS-032-(BMS-
387032)
GZD824-Dimesylate
CGK-733

Bosutinib
Wortmannin
PD168393
Pimasertib

CUDC-907
BGT226
Dinaciclib
THZ1
PIK-75-HCI
Torin-2
Sapanisertib
WYE-125132
PF-04691502
AZD8055
Omipalisib
Temsirolimus
Flavopiridol
Zotarolimus
Rapamycin
Ridaforolimus
Linsitinib
KX2-391
PF-03758309
Everolimus
Aurora-A-Inhibitor-I
Triciribine
NMS-P937
RO3280

GSK461364
BI2536
ADSO
Fulvestrant
CHIR-124
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9.4

9.4.1 Comparison of all cell lines (Fig 5.17)

MK-1775

MCF7 lines

MK-2206
GSK690693
AZD5363
Alpelisib

Drugs identified as hits in 3D screens

CH5132799

BI2536

T47D LTED

NVP-2

BGT226

CUDC-907

Flavopiridol

HCC1428 lined

Volarsertib

CUDC-101
WYE-125132

NMS-P937
CHIR-124
Ridaforolimus

Omipalisib
Sapanisertib
PF-04691502
Dinaciclib

SUM44 LTED lines

THZ1
PIK-75

SNS-032-(BMS-387032)
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Chapter 10 Appendix 2

10.1 List of siRNAs used in siRNA library and their targets

GenelD Description

AAK1 AP2 associated kinase 1

AATK apoptosis associated tyrosine kinase

ABL1 ABL proto-oncogene 1, non-receptor tyrosine kinase
ABL2 ABL proto-oncogene 2, non-receptor tyrosine kinase
ACVR1 activin A receptor type 1

ACVRIC activin A receptor type 1C

ACVR2A activin A receptor type 2A

ACVR2B activin A receptor type 2B

ACVRL1 activin A receptor like type 1

ADCK1 aarF domain containing kinase 1

ADCK2 aarF domain containing kinase 2

ADCK4 coenzyme Q8B

ADCK5 aarF domain containing kinase 5

ADK adenosine kinase

ADPGK ADP dependent glucokinase

ADRBK1 G protein-coupled receptor kinase 2

ADRBK?2 G protein-coupled receptor kinase 3

AGK acylglycerol kinase

AK1 adenylate kinase 1

AK2 adenylate kinase 2

AK3 adenylate kinase 3

AK4 adenylate kinase 4

AK5 adenylate kinase 5

AK7 adenylate kinase 7

AKT1 AKT serine/threonine kinase 1

AKT2 AKT serine/threonine kinase 2

AKT3 AKT serine/threonine kinase 3

ALDH18A1 aldehyde dehydrogenase 18 family member Al
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ALK ALK receptor tyrosine kinase

ALPK1 alpha kinase 1

ALPK2 alpha kinase 2

ALPK3 alpha kinase 3

AMHR2 anti-Mullerian hormone receptor type 2
ANKK1 ankyrin repeat and kinase domain containing 1
ARAF A-Raf proto-oncogene, serine/threonine kinase
ATM ATM serine/threonine kinase

ATR ATR serine/threonine kinase

AURKA aurora kinase A

AURKB aurora kinase B

AURKC aurora kinase C

AXL AXL receptor tyrosine kinase

BCKDK branched chain ketoacid dehydrogenase kinase
BCR BCR, RhoGEF and GTPase activating protein
BLK BLK proto-oncogene, Src family tyrosine kinase
BMP2K BMP2 inducible kinase

BMPR1A bone morphogenetic protein receptor type 1A
BMPR1B bone morphogenetic protein receptor type 1B
BMPR2 bone morphogenetic protein receptor type 2
BMX BMX non-receptor tyrosine kinase

BRAF B-Raf proto-oncogene, serine/threonine kinase
BRD2 bromodomain containing 2

BRD3 bromodomain containing 3

BRD4 bromodomain containing 4

BRDT bromodomain testis associated

BRSK1 BR serine/threonine kinase 1

BRSK2 BR serine/threonine kinase 2

BTK Bruton tyrosine kinase

BUB1 BUB1 mitotic checkpoint serine/threonine kinase
BUBI1B BUB1 mitotic checkpoint serine/threonine kinase B
CALM1 calmodulin 1
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CALM2 calmodulin 1

CALM3 calmodulin 1

CAMK1 calcium/calmodulin dependent protein kinase |
CAMK1D calcium/calmodulin dependent protein kinase ID
CAMKI1G calcium/calmodulin dependent protein kinase 1G
CAMK2A calcium/calmodulin dependent protein kinase Il alpha
CAMK2B calcium/calmodulin dependent protein kinase Il beta
CAMK2D calcium/calmodulin dependent protein kinase Il delta
CAMK2G calcium/calmodulin dependent protein kinase Il gamma
CAMK2N1 calcium/calmodulin dependent protein kinase Il inhibitor 1
CAMK4 calcium/calmodulin dependent protein kinase IV
CAMKK1 calcium/calmodulin dependent protein kinase 1
CAMKK2 calcium/calmodulin dependent protein kinase kinase 2
CAMKV CaM kinase like vesicle associated

CASK calcium/calmodulin dependent serine protein kinase
CDADC1 cytidine and dCMP deaminase domain containing 1
CDC42BPA CDC42 binding protein kinase alpha

CDC42BPB CDC42 binding protein kinase beta

CDC42BPG CDC42 binding protein kinase gamma

cDC7 cell division cycle 7

CDK1 cyclin dependent kinase 1

CDK10 cyclin dependent kinase 10

CDK11A cyclin dependent kinase 11A

CDK11B cyclin dependent kinase 11B

CDK12 cyclin dependent kinase 12

CDK13 cyclin dependent kinase 13

CDK14 cyclin dependent kinase 14

CDK15 cyclin dependent kinase 15

CDK16 cyclin dependent kinase 16

CDK17 cyclin dependent kinase 17

CDK18 cyclin dependent kinase 18

CDK19 cyclin dependent kinase 19
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CDK2 cyclin dependent kinase 2

CDK20 cyclin dependent kinase 20

CDK3 cyclin dependent kinase 3

CDK4 cyclin dependent kinase 4

CDK5 cyclin dependent kinase 5

CDK5R1 cyclin dependent kinase 5 regulatory subunit 1
CDK5R2 cyclin dependent kinase 5 regulatory subunit 2
CDK6 cyclin dependent kinase 6

CDK7 cyclin dependent kinase 7

CDK8 cyclin dependent kinase 8

CDK9 cyclin dependent kinase 9

CDKL1 cyclin dependent kinase like 1

CDKL2 cyclin dependent kinase like 2

CDKL3 cyclin dependent kinase like 3

CDKL4 cyclin dependent kinase like 4

CDKL5 cyclin dependent kinase like 5

CDKN1A cyclin dependent kinase inhibitor 1A

CDKN1B cyclin dependent kinase inhibitor 1B

CDKN1C cyclin dependent kinase inhibitor 1C

CDKN2B cyclin dependent kinase inhibitor 2B

CDKN2C cyclin dependent kinase inhibitor 2C

CDKN2D cyclin dependent kinase inhibitor 2D

CERK ceramide kinase

CHEK1 checkpoint kinase 1

CHEK2 checkpoint kinase 2

CHKA choline kinase alpha

CHKB choline kinase beta

CHUK conserved helix-loop-helix ubiquitous kinase
CiB2 calcium and integrin binding family member 2
ciTt citron rho-interacting serine/threonine kinase
CKB creatine kinase B

CKM creatine kinase, M-type

269



CKMT2 creatine kinase, mitochondrial 2

CKS1B CDC28 protein kinase regulatory subunit 1B
CKS2 CDC28 protein kinase regulatory subunit 2
CLK1 CDC like kinase 1

CLK2 CDC like kinase 2

CLK3 CDC like kinase 3

CLK4 CDC like kinase 4

CMPK1 cytidine/uridine monophosphate kinase 1
COASY Coenzyme A synthase

COL4A3BP collagen type IV alpha 3 binding protein
COMMD3 COMM domain containing 3

CPNE3 copine 3

CRIM1 cysteine rich transmembrane BMP regulator 1
CRKL CRK like proto-oncogene, adaptor protein
CSF1R colony stimulating factor 1 receptor

CSK C-terminal Src kinase

CSNK1A1 casein kinase 1 alpha 1

CSNK1A1L casein kinase 1 alpha 1 like

CSNK1D casein kinase 1 delta

CSNK1E casein kinase 1 epsilon

CSNK1G1 casein kinase 1 gamma 1

CSNK1G2 casein kinase 1 gamma 2

CSNK1G3 casein kinase 1 gamma 3

CSNK2A1 casein kinase 2 alpha 1

CSNK2A2 casein kinase 2 alpha 2

CSNK2B casein kinase 2 beta

DAPK1 death associated protein kinase 1

DAPK2 death associated protein kinase 2

DAPK3 death associated protein kinase 3

DBF4 DBF4 zinc finger

DCK deoxycytidine kinase

DCLK1 doublecortin like kinase 1
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DCLK2 doublecortin like kinase 2

DCLK3 doublecortin like kinase 3

DDR1 discoidin domain receptor tyrosine kinase 1

DDR2 discoidin domain receptor tyrosine kinase 2

DGKA diacylglycerol kinase alpha

DGKB diacylglycerol kinase beta

DGKD diacylglycerol kinase delta

DGKG diacylglycerol kinase gamma

DGKH diacylglycerol kinase eta

DGKI diacylglycerol kinase iota

DGKK diacylglycerol kinase kappa

DGKQ diacylglycerol kinase theta

DGUOK deoxyguanosine kinase

DLG1 discs large MAGUK scaffold protein 1

DLG2 discs large MAGUK scaffold protein 2

DLG3 discs large MAGUK scaffold protein 3

DLG4 discs large MAGUK scaffold protein 4

DMPK DM1 protein kinase

DSTYK dual serine/threonine and tyrosine protein kinase

DTYMK deoxythymidylate kinase

DUSP21 dual specificity phosphatase 21

DYRK1A dual specificity tyrosine phosphorylation regulated kinase 1A
DYRK1B dual specificity tyrosine phosphorylation regulated kinase 1B
DYRK2 dual specificity tyrosine phosphorylation regulated kinase 2
DYRK3 dual specificity tyrosine phosphorylation regulated kinase 3
DYRK4 dual specificity tyrosine phosphorylation regulated kinase 4
EEF2K eukaryotic elongation factor 2 kinase

EFNA3 ephrin A3

EFNA4 ephrin A4

EFNA5 ephrin A5

EFNB3 ephrin B3

EGFR epidermal growth factor receptor
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EIF2AK1 eukaryotic translation initiation factor 2 alpha kinase 1
EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2
EIF2AK3 eukaryotic translation initiation factor 2 alpha kinase 3
EIF2AK4 eukaryotic translation initiation factor 2 alpha kinase 4
EPHA1 EPH receptor Al

EPHAZ2 EPH receptor A2

EPHA3 EPH receptor A3

EPHA4 EPH receptor A4

EPHAS EPH receptor A5

EPHA6 EPH receptor A6

EPHA7 EPH receptor A7

EPHAS8 EPH receptor A8

EPHB1 EPH receptor B1

EPHB2 EPH receptor B2

EPHB3 EPH receptor B3

EPHB4 EPH receptor B4

EPHB6 EPH receptor B6

ERBB2 erb-b2 receptor tyrosine kinase 2

ERBB3 erb-b2 receptor tyrosine kinase 3

ERBB4 erb-b2 receptor tyrosine kinase 4

ERN1 endoplasmic reticulum to nucleus signalling 1

ERNZ2 endoplasmic reticulum to nucleus signalling 2

ETNK1 ethanolamine kinase 1

ETNK2 ethanolamine kinase 2

EXOSC10 exosome component 10

FASTK Fas activated serine/threonine kinase

FER FER tyrosine kinase

FES FES proto-oncogene, tyrosine kinase

FGFR1 fibroblast growth factor receptor 1

FGFR2 fibroblast growth factor receptor 2

FGFR3 fibroblast growth factor receptor 3

FGFR4 fibroblast growth factor receptor 4
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FGFRL1 fibroblast growth factor receptor like 1
FGR FGR proto-oncogene, Src family tyrosine kinase
FLT1 fms related tyrosine kinase 1
FLT3 fms related tyrosine kinase 3
FLT4 fms related tyrosine kinase 4
FN3K fructosamine 3 kinase
FN3KRP fructosamine 3 kinase related protein
FRK fyn related Src family tyrosine kinase
FUK fucokinase
FXN frataxin
FYN FYN proto-oncogene, Src family tyrosine kinase
GAK cyclin G associated kinase
GALK1 galactokinase 1
GALK2 galactokinase 2
GCK glucokinase
GK glycerol kinase
GK2 glycerol kinase 2

glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine
GNE kinase
GOLGAS5 golgin A5
GRK1 G protein-coupled receptor kinase 1
GRK4 G protein-coupled receptor kinase 4
GRK5 G protein-coupled receptor kinase 5
GRK6 G protein-coupled receptor kinase 6
GRK7 G protein-coupled receptor kinase 7
GSG2 histone H3 associated protein kinase
GSK3A glycogen synthase kinase 3 alpha
GSK3B glycogen synthase kinase 3 beta
GTF2H1 general transcription factor IIH subunit 1
GUCY2C guanylate cyclase 2C
GUCY2EP guanylate cyclase 2E, pseudogene
GUCY2F guanylate cyclase 2F, retinal
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GUK1 guanylate kinase 1

HCK HCK proto-oncogene, Src family tyrosine kinase
HIPK1 homeodomain interacting protein kinase 1
HIPK2 homeodomain interacting protein kinase 2
HIPK3 homeodomain interacting protein kinase 3
HIPK4 homeodomain interacting protein kinase 4

HK1 hexokinase 1

HK2 hexokinase 2

HK3 hexokinase 3

HSPB8 heat shock protein family B (small) member 8
HUNK hormonally up-regulated Neu-associated kinase
HUS1 HUS1 checkpoint clamp component

ICK intestinal cell kinase

IGF1R insulin like growth factor 1 receptor

IGF2R insulin like growth factor 2 receptor

IKBKAP elongator complex protein 1

IKBKB inhibitor of nuclear factor kappa B kinase subunit beta
IKBKE inhibitor of nuclear factor kappa B kinase subunit epsilon
IKBKG inhibitor of nuclear factor kappa B kinase subunit gamma
ILK integrin linked kinase

INSR insulin receptor

INSRR insulin receptor related receptor

1P6K1 inositol hexakisphosphate kinase 1

IP6K2 inositol hexakisphosphate kinase 2

IP6K3 inositol hexakisphosphate kinase 3

IPMK inositol polyphosphate multikinase

IPPK inositol-pentakisphosphate 2-kinase

IRAK1 interleukin 1 receptor associated kinase 1
IRAK2 interleukin 1 receptor associated kinase 2
IRAK3 interleukin 1 receptor associated kinase 3
IRAK4 interleukin 1 receptor associated kinase 4

ITK IL2 inducible T cell kinase
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ITPK1 inositol-tetrakisphosphate 1-kinase

ITPKA inositol-trisphosphate 3-kinase A

ITPKB inositol-trisphosphate 3-kinase B

ITPKC inositol-trisphosphate 3-kinase C

JAK1 Janus kinase 1

JAK2 Janus kinase 2

JAK3 Janus kinase 3

KCNH2 potassium voltage-gated channel subfamily H member 2

KCNH8 potassium voltage-gated channel subfamily H member 8

KDR kinase insert domain receptor

KHK ketohexokinase

KIT KIT proto-oncogene receptor tyrosine kinase

KIAA1804 Mitogen-activated protein kinase kinase kinase 21

KSR1 kinase suppressor of ras 1

KSR2 kinase suppressor of ras 2

LATS1 large tumour suppressor kinase 1

LATS2 large tumour suppressor kinase 2

LCK LCK proto-oncogene, Src family tyrosine kinase

LIMK1 LIM domain kinase 1

LIMK2 LIM domain kinase 2

LMBR1 limb development membrane protein 1

LMTK2 lemur tyrosine kinase 2

LMTK3 lemur tyrosine kinase 3

LRRK1 leucine rich repeat kinase 1

LRRK2 leucine rich repeat kinase 2

LTK leukocyte receptor tyrosine kinase

LYN LYN proto-oncogene, Src family tyrosine kinase
membrane associated guanylate kinase, WW and PDZ domain

MAGI1 containing 1
membrane associated guanylate kinase, WW and PDZ domain

MAGI2 containing 2
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membrane associated guanylate kinase, WW and PDZ domain

MAGI3 containing 3

MAK male germ cell associated kinase

MAP2K1 mitogen-activated protein kinase kinase 1

MAP2K2 mitogen-activated protein kinase kinase 2

MAP2K3 mitogen-activated protein kinase kinase 3

MAP2K4 mitogen-activated protein kinase kinase 4

MAP2K5 mitogen-activated protein kinase kinase 5

MAP2K6 mitogen-activated protein kinase kinase 6

MAP2K7 mitogen-activated protein kinase kinase 7

MAP3K1 mitogen-activated protein kinase kinase kinase 1
MAP3K10 mitogen-activated protein kinase kinase kinase 10
MAP3K11 mitogen-activated protein kinase kinase kinase 11
MAP3K12 mitogen-activated protein kinase kinase kinase 12
MAP3K13 mitogen-activated protein kinase kinase kinase 13
MAP3K14 mitogen-activated protein kinase kinase kinase 14
MAP3K15 mitogen-activated protein kinase kinase kinase 15
MAP3K19 mitogen-activated protein kinase kinase kinase 19
MAP3K2 mitogen-activated protein kinase kinase kinase 2
MAP3K3 mitogen-activated protein kinase kinase kinase 3
MAP3K4 mitogen-activated protein kinase kinase kinase 4
MAP3K5 mitogen-activated protein kinase kinase kinase 5
MAP3K6 mitogen-activated protein kinase kinase kinase 6
MAP3K7 mitogen-activated protein kinase kinase kinase 7
MAP3K8 mitogen-activated protein kinase kinase kinase 8
MAP3K9 mitogen-activated protein