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Abstract

Breast cancer stem cell (BCSC) activity is enhanced following anti-estrogen treatment of
Estrogen Receptor positive (ER+) breast cancer, leading to endocrine therapy resistance.
Notch4 receptor signalling is highly activated in these BCSCs, linking Notch4 activity to
endocrine therapy resistance (Simdes, O’Brien, et al., 2015). In Drosophila, the Notch AxE2
mutant is involved in ligand-independent, Deltex-dependent signalling (Shimizu et al., 2014).
Human Notch4 possesses the equivalent residue change to this mutant (Y914), diverging
from Notch1/2/3. It is therefore hypothesised that Notch4 may signal in a Deltex-dependent
or ligand-independent manner, increase BCSC activity and drive endocrine resistance.
Notch4 mutants selected during endocrine therapy may further increase Deltex-dependent

signalling.

Immunofluorescence and gene expression analysis showed that Notch4 signals via an
endocytic pathway mechanism in breast cancer cells, passing through endosomes and
lysosomes as a full length receptor for activation. We found that Deltex1, Deltex4 and Rab7a
are specifically involved in this signalling pathway. Deltex4 is essential for BCSC activity of
Notch4 cells and TRPML (facilitates fusion of endosomes and lysosomes) was found to be
required for viability and BCSC activity of endocrine resistant and Notch4 reliant cells, whilst
ADAM10 (undertakes a cleavage of Notch in the canonical signalling pathway) was not.
Creation of a stable Notch4 overexpressing cell line demonstrated that Notch4 increases
Hey2 expression preferentially over the other Notch target genes Hes1 and Hey1. This Notch4
cell line was found to have increased Notch signalling, BCSC activity and resistance to
endocrine therapy. Analysis of breast cancer genomic databases identified increased
numbers of Notch4 mutations in metastatic breast cancers compared to primary breast
cancers. Investigating selected breast cancer associated Notch4 mutations using site-
directed mutagenesis identified unique signalling and trafficking roles. Through its reversion
to the residue found in Notch1/2/3, the Y914 Notch4 residue was discovered to be required

for Notch4 endocytic trafficking and BCSC activity.

In conclusion, we have shown that Notch4 can signal via an endocytic pathway route, which
requires Deltex. Deltex4 and TRPML are required for Notch4 mediated/ endocrine resistant
BCSC activity. These actions are linked to the Notch4 Y914 residue which has been linked to
ligand independent Notch activation in Drosophila. Using knowledge gained about Notch4
signalling mechanisms in BCSCs, the future aim is identification of therapeutic targets to
reduce Notch4 activity and treat breast cancer stem cells, to be used in combination with

endocrine therapy.

13



Declaration

| declare that no portion of the work referred to in the thesis has been submitted in support
of an application for another degree or qualification of this or any other university or other

institute of learning.

14



Copyright Statement

The author of this thesis (including any appendices and/or schedules to this thesis)
owns certain copyright or related rights in it (the “Copyright”) and s/he has given the
University of Manchester certain rights to use such Copyright, including for

administrative purposes.

Copies of this thesis, either in full or in extracts and whether in hard or electronic
copy, may be made only in accordance with the Copyright, Designs and Patents Act
1988 (as amended) and regulations issued under it or, where appropriate, in
accordance with licensing agreements which the University has from time to time.

This page must form part of any such copies made.

The ownership of certain Copyright, patents, designs, trademarks and other
intellectual property (the “Intellectual Property”) and any reproductions of copyright
works in the thesis, for example graphs and tables (“Reproductions”), which may be
described in this thesis, may not be owned by the author and may be owned by third
parties. Such Intellectual Property and Reproductions cannot and must not be made
available for use without the prior written permission of the owner(s) of the relevant

Intellectual Property and/or Reproductions.

Further information on the conditions under which disclosure, publication and
commercialisation of this thesis, the Copyright and any Intellectual Property and/or
Reproductions described in it may take place is available in the University IP Policy
(see http://documents.manchester.ac.uk/Doculnfo.aspx?DoclD=24420), in any
relevant Thesis restriction declarations deposited in the University Library, the
University Library’s regulations (see http://www.library.manchester.ac.uk/about/

regulations/) and in the University’s policy on Presentation of Theses.

15



Acknowledgements

| would like to firstly thank my supervisors, Rob Clarke and Martin Baron, for the opportunity
to carry out this research. | am very grateful for all of their support and guidance in person
and via zoom over the 4 % years. | also really appreciate all of the opportunities | have had to

present my results at conferences and meetings across the world.

Thank you to the members of Breast Biology, past and present, for all of their

encouragement, help in the lab and kindness. | will miss seeing them every day.

I’d like to thank Abby, Ailsa and Adam, who | would not have met if it had not been for this

PhD, and who | could not have completed it without.

And finally, | continue to forever be thankful for my family. This thesis is dedicated to them.

16



1 Introduction

1.1 Breast cancer

Breast cancer is the most common cancer in women in the UK and it is estimated that 1 in 7
women will develop it in their lifetime. It accounts for 15% of female cancer related deaths,
making it the second most common cause of cancer death after lung cancer (Smittenaar et
al., 2016). Detection, treatment and management methods have greatly improved over time,
leading to earlier diagnosis and therefore 70-80% survival rate in those with early, non-
metastatic disease (Harbeck et al., 2019). The majority of cancer deaths result from relapse
or metastatic spread of the cancer following therapy resistance, highlighting a key area for

development and further research.

1.1.1 Risk factors

There are many risk factors that contribute to an individual’s risk of developing breast cancer,
with the most predominant and unavoidable being age. 95% of diagnosed breast cancers
occur in women above the age of 40. After menopause, risk decreases due to the lower
exposure to hormones. Approximately 69% of cases are diagnosed between the ages of 45
and 75 (Rojas & Stuckey, 2016). Other major risk factors include mammographic density,

reproductive history, lifestyle, family history and genetics.

1.1.1.1 Mammographic density

A high mammographic density is the most significant risk factor after age. The density of the
breast can be identified by a mammogram and is often quantified to assess risk (Sherratt et
al., 2016). Dense breasts arise from a higher percentage of stromal and epithelial cells
compared to fatty adipose tissue. The reason that dense breasts lead to a higher risk of breast
cancer is not fully understood. Some links that have been identified include environmental
influences, inherited factors and molecular players including collagen type-1, TGF-B and COX-

2 (Nazari & Mukherjee, 2018).

1.1.1.2 Reproductive history
Reproductive history is linked to breast cancer risk because of the effects of estrogen and

progesterone on the breast tissue. The situations that increase an individual’s risk are those
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that increase their exposure to estrogen and progesterone, particularly related to hormone
receptor positive breast cancer (Anderson et al., 2014). Having children, and particularly
having the first child at an earlier age, is protective against developing hormone receptor
positive breast cancers. However, those with many children, or high parity, have a slightly
increased risk over those with fewer children, due to a “recent” childbirth increasing the risk
(Bladstrom et al., 2003). Breastfeeding has been found to be protective for developing breast
cancer, and this protective effect is amplified the longer the time spent breastfeeding
(Anderson et al., 2014; Ursin et al., 2005). Menopause related hormone replacement therapy
can also play a part in increasing the risk of breast cancer (Rojas & Stuckey, 2016). Women
who go through menarche at a younger age, as well as those that experience menopause at

a later age have an increased risk of breast cancer (Hamajima et al., 2012).

1.1.1.3 Lifestyle

A high BMl is linked to an increased risk of developing hormone positive breast cancer in
post-menopausal women (Biglia et al., 2013). This is thought to be linked to an increase in
insulin and insulin-like growth factors which act both directly and via cross-talk with estrogen
to increase risk (Renehan et al., 2004). IGF-1 may play a part in relation to diet as a high
protein diet increases circulating levels of IGF-1, and so may contribute to a greater risk of
breast cancer (Levine et al., 2014). A high frequency of exercise decreases an individual’s
breast cancer risk (McTiernan et al., 2003). Smoking and alcohol also both have a link to
increasing breast cancer risk, with the effects varying depending on age, amount consumed

and whether it is current or historical (Rojas & Stuckey, 2016).

1.1.1.4  Family history / genetics

Family history of breast cancer can contribute significantly to an individual’s risk. One well
known factor is inheritance of mutations that lead to dysfunction of the BRCA1 and BRCA2
genes. Mutations of these genes can lead to a 60% lifetime risk of developing breast cancer
(Mavaddat et al., 2013). As well as mutations in these genes, other genetic factors have been
used to predict an individual’s inherited risk, including Single Nucleotide Polymorphisms
(SNPs). Genome Wide Association Studies (GWAS) have contributed greatly to this field,
identifying SNPs that are linked to an increased risk of developing breast cancer (Fanfani et
al., 2021). Approximately 300 SNPs associated with breast cancer risk have been identified

(Evans et al., 2018). Ongoing research into the distribution of SNPs could help identify more
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high risk women than in the past, stratifying them according to risk, allowing for earlier

intervention and more effective treatment.

1.1.2 Subtypes of breast cancer

In the past, breast cancers were only classified in terms of histological appearance. These
histological classifications are constantly changing as there is a lot of crossover between
subtypes, leading to differing analysis from different individuals. One of the most recent
histological classifications was published in a report by Weigelt et al in 2010. This study found
that 25% of cancers can be categorised into 17 histological ‘special’ types. The remaining
cancers did not fit into these categories and can be classified as invasive ductal carcinomas
not otherwise specified (IDC-NOS). The most prevalent of these subtypes are listed in Table

1-1 (Weigelt et al., 2010).

Histological type Prevalence (%)
Invasive ductal carcinoma (IDC-NQOS) 50-80

Invasive lobular carcinomas 5-15

Tubular carcinoma 2-4

Medullary carcinoma 1-7

Mucinous carcinoma 1.5-2.2
Invasive cribriform carcinoma 0.3-3.5
Neuroendocrine carcinoma 0-5

Table 1-1: Summary of the most prevalent histological subtypes of breast cancer (Weigelt
et al., 2010).

As well as histology, there are five subtypes of cancer that can be defined by their molecular
make-up. These are defined in Table 1-2 and include triple negative (basal-like), HER2+,
normal breast-like, luminal A and luminal B (Dai, Li, et al., 2015). Although these are definable
types of breast cancer, they all show genetic heterogeneity. These classifications were
originally defined by Perou et al using 65 breast cancer samples from 42 patients. Gene
expression patterns were identified from these samples and it was speculated that molecular
subtypes could be identified from these (Perou et al., 2000). Sgrlie et al further validated this

to determine molecular subtypes related to the differences in gene expression, as well as
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confirm the distinction between the two ER+ luminal subtypes (Sgrlie et al., 2001). The
molecular subtypes are mainly defined using expression levels of three receptors- estrogen
receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor
(HER2). Further classification comes from the expression of Ki67 which is an antigen

associated with proliferation (Scholzen & Gerdes, 2000).

Subtype Receptor expression Prevalence (Perou et al., 2000;
Voduc et al., 2010)

Triple negative ER- PR- HER2- 15%

(Basal-like)

HER2+ ER- PR- HER2+ 10%

Normal breast-like | ER+ PR+ HER2- Ki67- 5-10%

Luminal A ER+ PR+ HER2- Ki67- 40-50%

Luminal B ER+ PR+ HER2-/+ Ki67+ 15-20%

Table 1-2: Molecular subtypes of breast cancer (Dai, Li, et al., 2015). ER — Estrogen Receptor,
PR — Progesterone Receptor, HER2 — human epidermal growth factor receptor 2.

Luminal breast cancers tend to express the two steroid receptors, ER and PR. The prognoses
of luminal A breast cancers are significantly better than other subtypes and they are usually
treated with endocrine therapy (Brenton et al., 2005). Luminal B tumours have a worse
prognosis than luminal A and are often of a higher tumour grade. The two luminal subtypes
have different gene expression profiles and prognostic gene signatures have been developed

to distinguish between them (Paik et al., 2009; Van’t Veer et al., 2002)

HER2+ cancers include tumours in which the HER2 receptor is overexpressed due to gene
amplification and are frequently ER and PR negative. They are also categorised by the high
level of expression of HER2 target genes including GRB7 and PGAP3 (Dai, Chen, et al., 2015;
Z. Hu et al,, 2006). The majority of these tumours also have a mutation in the tumour

suppressor gene TP53 (Dai, Li, et al., 2015).

Basal or triple negative tumours do not express ER, PR or HER2. They are associated with a
very poor prognosis, showing little to no response to endocrine therapies, but can respond

to chemotherapy. There are many reports that show a link between basal breast cancers and
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cancers that lack BRCA1 function due to a gene mutation (Turner & Reis-Filho, 2006). Both
cancer types have a poor prognosis and share basal markers including p53, P-cadherin and
Epidermal Growth Factor Receptor (EGFR) (Rakha et al., 2008). Compared to luminal and
HER2 subtypes of breast cancer, basal tumours are more common in African-American

women at a young age (Carey et al., 2006).

The different molecular subtypes are linked to different prognoses, with basal breast cancers
correlated with a worse prognosis and luminal cancers with a better prognosis (summarised
in Figure 1-1). The correlation of ER expression level and better prognosis can be explained
by additional factors correlated with ER expression, including lower proliferation of the

tumour, lower tumour grade and differentiation status (Dai, Li, et al., 2015).

Worse prognosis Better prognosis
<€ >

Intrinsic subtypes

ER- PR-HER2- ER-PR-HER2+ ER+ PR+ HER2+ ER+ PR+ HER2-

Molecular subtypes

Figure 1-1: Intrinsic and molecular subtypes of breast cancer correlated with prognosis. A
better prognosis of breast cancer is associated with the luminal A subtype and Estrogen
Receptor (ER)/ Progesterone Receptor (PR) positivity. A worse prognosis of breast cancer is
associated with the basal subtype, receptor negativity and BRCA1 mutations. Adapted from
(Dai, Li, et al., 2015).

Gene expression profiling can be predictive or prognostic. Predictive gene expression

profiling is used before treatment to predict how the tumour will respond. Prognostic gene
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expression profiling is used to estimate the prognosis of the cancer, with or without
treatment (Mallmann et al., 2010). A popular prognostic gene signature is PAM50, which
identifies intrinsic subtypes based on the expression of 50 genes. It has been found to be able
to predict for long term survival in hormone receptor positive breast cancers. Combining this
gene signature with others including hypoxia signatures has been suggested to improve risk

stratification (Pu et al., 2020).

Integrative clustering is another detailed way to characterise breast cancers and combines
genetic information and transcriptomic features of tumours, such as Single Nucleotide
Polymorphisms (SNPs) and Copy Number Aberrations (CNA). These are usually categorised
by clinical outcome and can allow greater insight into personalisation of treatment (Curtis et

al., 2012; Dawson et al., 2013).

Another way of subtyping breast cancer comes from the analysis of somatic mutations. Nik-
Zainal et al published a study analysing the mutational landscape of 560 breast cancers,
investigating driver mutations as well as identification of potential novel subtypes (Nik-Zainal
et al., 2016). This study identified that the most commonly mutated genes across the breast
cancers sampled were TP53, PI3KCA, CCND1, PTEN and ERB2, suggesting these genes play
the most important roles in breast cancers (Nik-Zainal et al., 2016). More recent studies have
provided more detail into this area. Tegally et al used a driver selection method, which
allowed identification of mutations associated with the most differentially expressed genes,
which were then validated through clinical data analysis and pathway analysis. Many novel,
potentially cancer driving mutations were identified across a pan-cancer landscape, including
breast cancer (Tegally et al., 2020). Others have created gene panels for use in identifying
targetable mutations, known as Mammaseq. This panel can be used on advanced tumour
biopsies and liquid samples, allowing for subtyping of the tumour in order to identify

appropriate treatment strategies (N. G. Smith et al., 2019).

1.1.3 Breast cancer treatments

Currently, breast cancer patients are treated with one or a combination of surgery,
radiotherapy, chemotherapy, endocrine therapy or targeted therapy. Treatment decisions
are decided based on the tumour subtype and gene expression profile, as well as the general
health, age and treatment history of the patient. Treatment is often a dynamic process as
every tumour and patient will react differently. If a tumour shows ER/ PR expression,

endocrine therapies are usually administered (Dai, Li, et al., 2015). Breast cancers with HER2
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positivity are often treated with chemotherapy or a HER2 receptor targeted treatment such
as trastuzumab (Lopez et al., 2009). Tumours with a triple negative phenotype are usually
treated with chemotherapies such as fluorouracil, epirubicin and cyclophosphamide (Wahba
& El-Hadaad, 2015). TNBCs with a BRCA mutation are treated with PARP inhibitors (Layman
& Arun, 2021). These different therapies can be administered in a neo-adjuvant way, in order
to attempt to shrink the tumour pre-surgery; or in an adjuvant way, post-surgery, in order to
prevent the cancer from recurring ((EBCTCG), 2018). Adjuvant radiotherapy is also

sometimes given to destroy any remaining cancer cells after surgery ((EBCTCG), 2011).

These are the standard of care treatments that are currently used routinely to treat most
primary breast cancers. However, there are many other more personalised, targeted
therapies that are in various stages of research from early basic science research through to
clinical trials. These include CDK4/6 inhibitors, immune checkpoint inhibitors, PARP inhibitors
and Akt, PI3K and mTOR inhibitors (Cortesi et al., 2021; J. J. X. Lee et al., 2015; Martorana et
al., 2021; Spring et al., 2019; Thomas et al., 2021; Z. Zhang & Richmond, 2021).

Endocrine therapies, also known as anti-estrogens, act directly on the estrogen receptors in
signalling cells and block their downstream actions (Osborne & Schiff, 2011). They act in a
cytostatic way, blocking the growth of tumour cells. Tamoxifen is an example of a Selective
Estrogen Receptor Modulator (SERM). This type of drug is an antagonist to the ER, and binds
directly in the binding site, blocking estrogen and its effect on target genes. Interestingly,
tamoxifen has also been reported to act as an ER agonist in some tissues, perhaps causing
off-target effects (Frasor et al., 2004; Osborne & Schiff, 2011). It is unknown whether this is
the case for all SERMs. Aromatase inhibitors (Al), including anastrozole, are another
treatment commonly used to deprive tumours of estrogen. They block the formation of
estrogen from androgens by inhibiting the enzyme aromatase at the last step of synthesis
and are mostly prescribed to post-menopausal women (Mokbel, 2002). The third class of
endocrine therapies are the Selective Estrogen Receptor Downregulators (SERDs) that
include fulvestrant. These drugs act as downregulators of the ER by targeting it for
degradation with ubiquitination (S. J. Howell et al., 2004). This reduces the amount of ER in
the tumour cells and therefore reduces the level of signalling and gene regulation (Dowsett

et al., 2005). The actions of the endocrine therapies are summarised in Figure 1-2.
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Figure 1-2: The effect of endocrine therapies on Estrogen Receptor (ER). Aromatase
Inhibitors e.g. anastrozole block the conversion of androgens including testosterone to
estrogen/estradiol. Tamoxifen is a Selective Estrogen Receptor Modulator (SERM). It is an
antagonist of ER, blocking the binding of estrogen. Fulvestrant is a Selective Estrogen
Receptor Downregulator (SERD). It binds directly to ER and targets it for degradation.

1.1.3.1 Endocrine resistance

ER+ breast cancers are generally treated successfully with anti-estrogen therapies. However,
there is large population of women who develop resistance to the drugs (known as endocrine
resistance), and subsequent recurrence or metastasis of the cancer occurs. In a large meta-
analysis by C Davies et al it was shown that after 5 years of adjuvant tamoxifen treatment,
up to 33% of cases resulted in recurrence or metastasis, suggesting these cancers are
resistant to anti-estrogen therapies (Early Breast Cancer Trialists’ Collaborative Group
(EBCTCG) et al., 2011). This was significantly reduced from the control group with no adjuvant
treatment, of which 46.2% recurred, but represents the ferocity of resistance to anti-

estrogen treatment (Figure 1-3) (Early Breast Cancer Trialists’ Collaborative Group (EBCTCG)
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et al., 2011). A further analysis by Pan et al sorted breast cancer recurrence events by grade
and node status, among other factors, and found that the 5-20 year recurrence risk after
adjuvant therapy ranges from 10% to 40% risk. The higher end of the risk corresponds to
cancers with a larger tumour diameter and involvement of many nodes, and the lower end
corresponds to cancers with a smaller tumour diameter and no involvement from lymph

nodes (Pan et al., 2017).
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Figure 1-3: Results from a meta-analysis of more than 10,000 women investigating
recurrence of ER+ breast cancer after 15 years following 5 years of treatment with
tamoxifen. Graph sourced from (Early Breast Cancer Trialists’ Collaborative Group (EBCTCG)
et al,, 2011).

Multiple studies have classified ER+ tumours into groups that predict for the level of
resistance and metastasis. These classifications use gene expression profiling and split
tumours in terms of likelihood of recurrence and aggressiveness. Two of the main gene
profiles that have been developed are 21-gene and 70-gene lists (Paik et al., 2009; van de
Vijver et al., 2002). Generally, the tumours more resistant to endocrine therapy will have a
more aggressive phenotype, be highly proliferating, have a lower comparative expression of
ER and PR and possess a high-risk gene profile. Gene signatures have also been used to
predict for the response to aromatase inhibitors. This gene signature is made up of genes

involving proliferation, apoptosis and immune signalling (Turnbull et al., 2015). EndoPredict
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is another gene expression signature that tests for the likelihood of a woman with ER+/HER2-

breast cancer developing metastasis within 10 years of diagnosis (B. M. Miiller et al., 2013).

1.1.3.2 Mechanisms of endocrine resistance

There have been multiple reports investigating the mechanisms of resistance in tumours
following endocrine therapy. In some cases, resistance can already be present in the tumours
before any therapy but only become apparent once treatment has been administered (de
novo resistance). The resistant population will not show any response to the initial treatment.
They are often ER- cells and will dominate the tumour following treatment. Acquired
resistance during treatment can happen for various reasons, of which some are explored
below. Some cancer cells can remain dormant for extended periods of time and then emerge
from dormancy by a particular signal and repopulate the tumour. It has been hypothesised
that the treatments used on cancers can push the cells into a dormant state by inducing a
growth arrest that becomes epigenetically imprinted (Clarke et al., 2015). This suggests that
the dormant cells are also resistant to treatment. Increases in angiogenesis and signals from
the immune system have been suggested as mechanisms that may allow exit from dormancy

(Clarke et al., 2015).

ER+ tumours can develop resistance to endocrine therapy via complex mechanisms (Hanker

et al., 2020):

o Loss of expression of ER. Tumours are no longer sensitive to antagonists of the
receptor. This occurs in about 10% of the tumours that develop endocrine resistance.
This can happen epigenetically, via multiple different methylation routes (Shiino et
al., 2016).

e Upregulation of HER2 expression. Provides an alternative pathway for growth and
proliferation signalling. Can also further reduce the expression of ER, reducing the
effect of antagonists (Arpino et al., 2004).

e Ligand independent ER reactivation, rendering anti-estrogens ineffective (Miller et
al., 2011):

o Mutation of ERa at key sites, including Y537 and/or D538. Present in 20% of
breast cancers (Toy et al., 2013).

o ERa gene fusions (Basudan et al., 2019).

o Changes in crosstalk with other cancer driving pathways (HER2, EGFR, Ras,
FGFR). For example, loss of NF1 in the Ras pathway (Z. Y. Zheng et al., 2020).
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e |L-6-STAT3 pathway leads to endocrine resistance by hijacking ER enhancers
(Siersbeak et al., 2020).
e Alterations in the tumour microenvironment- CAFs (cancer associated fibroblasts),
Extracellular Matrix, exosomes, inflammatory cells, immune cells.
o Hypoxia- interplay between ER and HIFla via SNAT2, which leads to

resistance to endocrine therapies (Morotti et al., 2019).

After many years of treatment, if not fully ablated, all tumours subject to endocrine therapy
will become resistant, with not all mechanisms known (Osborne & Schiff, 2011). Each tumour
is unique and different treatments have different levels of success in different patients. There
are some rare cases that confirm that resistance and response are not fully understood. For
example, one patient showed response to repeated endocrine therapy followed by estrogen

deprivation over eight years, without developing resistance (Osborne & Schiff, 2011).

Another pathway to endocrine resistance is the progesterone induced pathway, often caused
by the loss of the progesterone receptor. As well as reflecting and exacerbating the loss of
the ER and therefore decreasing estrogen signalling, this may also act as an independent
mechanism, decreasing the signalling that occurs via the progesterone receptor. The
expression of PR may be decreased by the crosstalk between ER and growth factor signalling,
via the PI3K pathway (Cui et al., 2005). Cancers that are ER positive and lack expression of PR
(both de novo and acquired) have more responsiveness to aromatase inhibitors but

specifically develop resistance to SERMs (Cui et al., 2005).
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Figure 1-4: Mechanisms of endocrine therapy resistance and the treatments utilised to
overcome it. PROTAC drugs target resistance caused by ER mutations. CDK4/6 inhibitors
target resistance caused by ER fusion and ligand independent ER signalling. GSls target
resistance caused by upregulation of Notch signalling. HER2 antibodies or inhibitors target
resistance caused by HER2 activation. Immune checkpoint inhibitors and IL-6 blockade may
reduce the effect of the microenvironment. Hypoxia prodrugs or HIFla inhibitors target
resistance caused by hypoxia. Growth factor receptor upregulation can be targetted with
Growth Factor Receptor inhibitors and ER expression could be restored with HDAC inhibitors.
Created with BioRender.com. Adapted from (Hanker et al., 2020).

1.1.3.3 Overcoming endocrine resistance

The approaches for targeting endocrine therapy resistance depend on the method by which
the resistance has been acquired. The main mechanisms of endocrine therapy resistance and
the route each of these may be targeted is explored in Figure 1-4, adapted from Hanker et

al, 2020.

If resistance develops due to a mutation in ER, a feasible alternative treatment could be a
PROTAC (Proteolysis targeting chimera). PROTACs are bi-functional endocrine therapies that
target both wild-type and mutated ER. These drugs include an ER ligand crosslinked to a

ligand for E3 ligase, allowing for the recruitment of E3 ligase to the ER. This results in the ER
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being ubiquitylated and targeted for degradation, in spite of any resistant mutations being

present (Hanker et al., 2020).

If a mutation or amplification in another signalling pathway has been acquired, a specific
targeting antibody or treatment towards that pathway may work synergistically with the
endocrine therapy, preventing any further resistance e.g. FGFR1 TKlIs, HER2 antibodies,
MEKis or GSIs to target the Notch pathway (Hanker et al., 2020). PAK4 has been shown to be
amplified in some endocrine resistant, metastatic ER+ breast cancers. It correlates with BCSC
activity and progression in ER+ breast cancer samples. Targeting PAK4 has promising effects

in reducing BCSC activity and reversing endocrine resistance (Santiago-Gémez et al., 2019).

CDKA4/6 inhibitors are proven to effectively treat endocrine resistant breast tumours and may
also prevent resistance from occurring. ER reactivation that involves the mitogenic pathway
is dependent on CDK4/6, demonstrating inhibition of CDK4/6 may prevent this from
occurring (Miller et al., 2011). The combination of CDK4/6 inhibitors with anti-estrogens has
lengthened progression free survival, showing a successful preventative measure for
resistance (Spring et al., 2019). CDK4/6 inhibitors can also be used to treat cancers after
becoming endocrine therapy resistant, particularly those that acquire ESR1 gene fusion as
these cancers stay sensitive to CDK4/6 inhibition (Lei et al., 2018). The field of CDK4/6
inhibitors in breast cancer has progressed to the point that they are currently in the first-line
treatment for metastatic ER+ breast cancer. Current approved combination therapies are
palbociclib, ribociclib and abemaciclib. These are individually combined with the
administration of fulvestrant or an aromatase inhibitor (Baselga et al., 2012; Dickler et al.,
2017; Finn et al., 2016; Hortobagyi et al., 2016; Turner et al., 2015). However, as with most
treatments, not all patients will respond. A marker of CDK4/6 inhibitor resistance is cyclin E
overexpression (Min et al., 2018). This fortifies the need for targeted treatment, but also the

need to identify those individuals who will respond (Lei et al., 2019).

PARP inhibitors are also used to treat locally advanced or metastatic tumours that have
developed resistance to conventional therapy. Olaparib and talazoparib are approved for
treatment in such settings (Cortesi et al., 2021). PI3K/Akt/mTOR inhibitors are used to target
endocrine resistant breast cancers- alpelisib is approved in combination with fulvestrant to
treat PIK3CA mutated, as well as advanced and metastatic breast cancers (Narayan et al.,
2021). Everolimus, an mTOR inhibitor, is currently approved for treatment of endocrine

resistant/ metastatic hormone receptor positive breast cancers (Royce & Osman, 2015).
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Other drugs have been investigated in clinical trials in combination with endocrine therapy
but are not yet approved for treatment. These include PI3K/Akt inhibitors- taselisib in
combination with fulvestrant increases progression-free survival (Dent et al.,, 2021),
capivasertib, which was successfully trialled in combination with fulvestrant to treat
metastatic ER+ breast cancers (Jones et al., 2020), as well as the currently approved
everolimus in combination with various treatments including endocrine therapies and
chemotherapies (Jerusalem et al., 2018). Several trials are also investigating the combination
of three or more drugs, including the approved CDK4/6 inhibitor ribociclib and a conventional

anti-estrogen therapy along with an additional inhibitor (Maurer et al., 2017).

If the microenvironment was found to be driving endocrine resistance, different components
could be targeted. This could include inhibiting IL-6 with tocilizumab if aberrant activation
was observed, or the use of immune checkpoint inhibitors (ICls) in situations with increased
immune infiltrate (Hanker et al., 2020). Inflammation is another key factor driving breast
cancer progression and contributing to resistance. ERK5 is highly involved in this and it has
been shown that it can be directly targeted, reducing cancer associated inflammation,
potentially improving prognosis and allowing synergistic treatment of resistant tumours with
other agents (Finegan et al., 2015). The microenvironment could also be targeted in order to
prevent metastasis. For example, II-1B has been found to stimulate bone metastatic
colonisation of breast cancer. It is also linked to the ALDH+ population of cells that are key
for endocrine resistance. IL1-R1, another player in this pathway, is closely linked to endocrine
resistance and poor prognosis clinically. This 1I-1B/I1L1-R1/NFkB signalling pathway could be
targeted to help reduce endocrine resistance and bone metastasis (Eyre et al.,, 2019;

Sarmiento-Castro et al., 2020).

Cancer stem cells are another key driver of resistance in breast cancer which could be
targeted at the same time as the tumour bulk population to prevent the stem cells from
repopulating the tumour and leading to resistance. Cancer stem cells can be driven by
multiple targetable pathways including the Notch pathway. Breast cancer stem cells and

Notch will be explored in more detail in later sections.
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1.2 Mammary stem cells

Mammary stem cells are the source of all cell types within the mammary gland, including
ductal, alveolar and myoepithelial cells. They provide the massive expansion of cells for the
remodelling processes that take place in the breast tissue during puberty, pregnancy and
involution (Woodward et al., 2005). They also act in rare occasions to provide a resource for
tissue repair after damage (Woodward et al.,, 2005). Mammary stem cells were first
discovered in 1959 by DeOme et al in mouse experiments showing that small epithelial
samples of the mammary gland can regenerate the entire structure, including all cell types
(DeOme et al., 1959). However, the source of this regeneration wasn’t understood to be
mammary stem cells until 1991, when one mouse mammary epithelial cell was proved to be
able to reconstitute the entire population, supporting the presence of multipotent mammary

stem cells (Kordon & Smith, 1998; G. H. Smith et al., 1991).

Multiple markers have been used over the years to identify the mammary stem cell
population. Initially, cells with an expression profile of Lin//CD29"¢"/CD24* were shown to be
able to repopulate the mouse mammary gland (Shackleton et al., 2006). Meanwhile, Sleeman
et al showed in humans that it was specifically the CD24"°" basal cell population that
contained the mammary stem cells (Sleeman et al., 2005). CD49f"&" has also been identified
as an expression marker for a population of cells that have the ability to regenerate
mammary duct structures in vivo and possess proliferative activity in vitro (Eirew et al., 2008).
More recently, studies have used a range of different markers to sort mammary stem cells
into subpopulations through the stem cell hierarchy. The different combinations of these
markers in each subpopulation highlights the heterogeneity of mammary stem cells (Taurin
& Alkhalifa, 2020). This also supports the theory that stem cells exhibit a high level of
plasticity and don’t come from one singular source, with cells instead able to differentiate

and de-differentiate.

Many signalling pathways act with a high importance in mammary stem cells. These include
the Hedgehog pathway, the Wnt pathway and the Notch pathway. Hedgehog signalling is
important in these cells in embryonic mammary gland development, as well as alveolar
development (S. Liu et al., 2005). Wnt signalling has been linked to mammary stem cells
through its actions in transgenic mice (B. Y. Liu et al., 2004). Notch signalling is closely linked
with mammary stem cells and its roles in mammary gland development are explored in

section 1.4.3.2.

31



Dontu et al first demonstrated the link between mammary stem cells and Notch using a
Notch activating peptide which increased the self-renewal ability of normal human mammary
tissue by 10-fold (Dontu et al., 2004). This same stimulation also led to an increased ability of
mammary progenitor cells to produce 3D structures in Matrigel culture. In particular, it was
observed that the increased action of the Notch4 receptor has the most pronounced effect
on both mammary stem cells and progenitor cells, compared to the other Notch receptors

(Dontu et al., 2004).
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1.3 Breast Cancer Stem Cells (BCSCs)

1.3.1 Cancer stem cells
Cancer stem cells have been identified in many cancers as a population of cells with the ability
to self-renew and generate more differentiated cells (Garza-Trevifo et al., 2015; Huntly &

Gilliland, 2005; S. Liu et al., 2014). This population of cells can reproduce an entire tumour.

There are different theories to describe the hierarchy of cancer stem cells. The single cell of
origin theory maintains that there is one fully multipotent progenitor. This cell gives rise to
discreet populations of further progenitors which can differentiate into different subsets of
cells which make up the tumour. These populations may be overlapping, allowing plasticity
between the different levels of progenitors (Cole et al., 2020). It has also been hypothesised
that non-cancer stem cells could give rise to cancer stem cells, thereby repopulating the

diversity of the tumour (Gupta et al., 2009).

As well as the cancer stem cell model of tumour heterogeneity, there are also two other
theories used to explain the development of tumours. These are the clonal evolution model
and the plasticity model. The clonal evolution model describes that all malignant cells begin
biologically equivalent but acquire mutations which may increase tumour aggressiveness and
invasiveness. These characteristics will drive tumour heterogeneity. The plasticity model ties
together the cancer stem cell and clonal evolution theories, proposing that stem and
differentiated cell states can interconvert. This plasticity could be driven by stimuli within the
tumour or from the surrounding microenvironment (Rich, 2016). The plasticity model is the
most relevant as it explains the great heterogeneity of cells within a breast tumour, as well

as maintaining that some cells are genetically more “stem-like”.

Cancer stem cells are usually termed by the name of the cancer, for example stem cells that
are the source of breast cancer are Breast Cancer Stem Cells (BCSC). Breast cancer stem cells
were first discovered by Al-Hajj et al in 2003 with the identification of specific cells within the

breast tumour with the ability to repopulate the tumour (Al-Hajj et al., 2003).

1.3.2 BCSCs and resistance
Resistance is thought to arise from Breast Cancer Stem Cells (BCSCs). It is thought that
treatment causes regression of the bulk tumour, leaving behind resistant BCSCs. These cells

can survive in the body and may remain dormant for an extended length of time. At a later
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date they can then repopulate the tumour, leading to a local relapse of the breast cancer or

travel to a distant site, resulting in metastasis (Figure 1-5A) (Bozorgi et al., 2015).

Evidence has suggested that the number of BCSCs in tumours increases following anti-
estrogen treatment. In vitro, BCSC activity in the form of mammosphere forming efficiency
(MFE) and percentage of cells positive for ALDH increased following anti-estrogen treatment
(Piva et al., 2014; Sim3es et al., 2011). Anti-estrogens have shown the same effects in vivo
(Simdes, Alferez, et al., 2015). BCSC genes including NANOG, OCT4, SOX2 and CK5 have also
been shown to increase following treatment in ER+ breast cancer cell lines (Creighton et al.,
2010; Kabos et al., 2011; Piva et al., 2014; Simdes et al., 2011) and in vivo in human cancer
tissue (Creighton et al., 2010; Kabos et al., 2011). These actions could be due to a selection
of BCSCs following treatment or by a switch of cell phenotype to a stem-like phenotype
(Simd&es, Alferez, et al., 2015). Dormancy is also a key feature of BCSCs. BCSCs can remain
quiescent and dormant within tumours or in the metastatic setting, until a signal induces
them to exit dormancy. Dormant cells have key links with endocrine therapy, as discussed in
section 1.1.3.2 (Clarke et al., 2015). Early metastatic breast cancer cells have been found to
have a distinct stem cell gene signature, higher tumour initiating capacity and can
differentiate to form advanced metastatic disease. It was found that BCSCs isolated from
primary samples can also lead to metastases (Lawson et al., 2015; L. Liu et al., 2018). These
findings all confirm that the BCSC population are involved in the development of endocrine

resistance and are therefore important in recurrent and metastatic breast cancer.

1.3.3 Subpopulations of BCSCs

Two main subpopulations of BCSCs can be defined by their gene expression, those with the
expression profile CD44+/CD24- and those with a high activity of the protein ALDH (Al-Hajj et
al., 2003; Ginestier et al., 2007).

The CD44+/CD24- expression profile in BCSCs was first defined by Al-Hajj when these cells
were found to have a greater in vivo tumour initiating ability in mice (Al-Hajj et al., 2003).
Tumour initiating cells isolated from breast cancer patients and propagated in vitro were also
found to be CD44+/CD24-, and had links with mesenchymal markers (Creighton et al., 2009;
Ponti et al., 2005). CD44 is a transmembrane protein which activates many signalling
pathways, increasing survival, motility and proliferation of cells, greatly contributing to the

action of breast cancer stem cells (Chen et al., 2018).
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Aldehyde dehydrogenases (ALDH) are a family of internal cellular enzymes involved in
oxidation of aldehydes and are established as a marker of BCSCs (Ginestier et al., 2007). The
most prominent of these is ALDH1 and its high activity in cells has been associated with a
strong tumour initiating ability and correlates with other stem and progenitor markers.
Cancers with a high ALDH1 expression also tend to have a poor prognosis (Ginestier et al.,
2007). A method to separate/ identify these cells with high ALDH activity is the Aldefluor
assay. The substrate BODIPY aminoacetaldehyde (BAAA) is converted, by the activated ALDH,
to the fluorescent product BODIPY amino acetate (BAA). The cells that have a high activity

level of ALDH can then be separated by flow cytometry (Tirino et al., 2013).

These two expression profiles were initially thought to be two ways of defining the same
population, but it has been shown that these two markers represent two sub-populations or
states of BCSCs and it has been proposed that cells can transition between the two due to
their enhanced plasticity. This flexibility could be regulated by the tumour microenvironment
including signals from growth factors and hormones, allowing for optimal metastatic
colonisation. The CD44+/CD24- population are mesenchymal-like cells and are dormant. The
ALDH"&" population represents the epithelial-like and proliferative state (S. Liu et al., 2014).
The same study also identified a smaller sub population which is an overlap of the two,

expressing both expression profiles, CD44+/CD24- and ALDH"®" (S, Liu et al., 2014).

Other markers have been used to identify BCSCs. These include CD133+, CD49f+, MUC1, and
CK5+ (Brugnoli et al., 2019; Krawczyk et al., 2014; Ye et al., 2017). These proteins directly
and indirectly upregulate signalling pathways involved in survival and metastasis, key
features of BCSCs. Stemness factors and stem cell signalling pathways are also upregulated
in BCSCs. These include Notch, Wnt, Hedgehog and Sox (Domenici et al., 2019; Y. Li et al.,
2003; S. Liu et al., 2006). A splice variant of the estrogen receptor, ERa36, is linked to the
BCSC population as it is correlated with an increase of the BCSC population following
tamoxifen and fulvestrant treatment (Deng et al., 2014; Z. Wang et al., 2005). This splice

variant activates the MAPK/ERK pathway when estrogen binds (Sim&es, Alferez, et al., 2015).

Markers are a good way to identify BCSCs, but even more important are the methods of
functionally characterising them. This has been done in many ways, with the most common
in vitro method being the mammosphere assay. In non-adherent, serum-free culture
conditions, the BCSCs in a population will survive anoikis. These then divide and create
floating colonies or mammospheres that can be quantified (Dontu et al., 2003; Farnie et al.,

2007; Ponti et al., 2005) This method originated within neural stem cell research, whereby
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the isolation of stem cells could be achieved by growing them in suspension as neurospheres
(Reynolds & Weiss, 1996). Mammospheres have since been used to investigate breast cancer
stem cell activity in vitro to study both cancer cell lines and patient derived tumour samples
(Dontu et al., 2003, 2004; Harrison, Simoes, et al., 2013; Simdes, O’Brien, et al., 2015;
Woodward et al.,, 2005). Another functional characterisation method involves the
measurement of activity of the enzyme ALDH1 by the Aldefluor assay, described previously.
Dyes can also be used to label cells with stem-like characteristics, including the PKH26 dye
which labels cells which are dormant, and the exclusion of Hoechst dye in tumourigenic cells

(Patrawala et al., 2005; Pece et al., 2010).

The ‘gold standard” methods for studying the BCSCs within a tumour are in vivo studies as
they allow the analysis of how BCSCs behave within an organism. Patient derived xenografts
(PDXs) involve the subcutaneous transplantation of portions of a human breast cancer
sample into an immune-compromised organism, usually a mouse. BCSCs within the
transplanted sample initiate tumour development, enabling the identification and study of
tumour initiating cells. This was utilised by Eyre et al in a study that found that metastatic
breast cancer samples had a significantly greater in vivo tumour initiating ability compared
to early breast cancers, suggesting the proportion of BCSCs in metastatic tumours is higher
(Eyre et al., 2016). PDXs can also be used as a model for an individual’s cancer, allowing
treatments to be tested directly on the mice, leading the breakthrough in personalised
medicine (Bhimani et al., 2020). Limiting dilution assays can also be used to study the
proportion of BCSCs in cell lines or patient derived cancer cells. This method is similar to the
formation of PDXs, but involves the injection of a limiting dilution of single cells in order to
directly measure the tumour initiating capacity of cells (SimGes, O’Brien, et al., 2015).
Methods used to characterise BCSCs, including functionally and by expression are shown in

Figure 1-5B.
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Figure 1-5: Breast Cancer Stem Cells (BCSCs). A) Breast Cancer Stem cells survive treatment
with endocrine therapies. The cells lay dormant and can repopulate the tumour later, causing
relapse or metastasis. B) BCSCs can be characterised by marker expression (green), including
expression of CD49f, (CD133, Macl, Ck5, CD44+/24- or stem cell markers
Notch/Sox/Wnt/Hedgehog. They can also be characterised functionally (purple) using the
Mammosphere assay, Aldefluor assay, through Patient Derived Xenografts (PDXs) or Limiting
Dilution Assay.
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1.3.4 Hormone receptors and BCSCs

The hormone receptors Estrogen Receptor (ER) and Progesterone Receptor (PR) are highly
involved in crosstalk with BCSCs. BCSCs themselves have become independent from and
resistant to internal hormone receptor signalling, but through paracrine actions, the

hormone receptors drive stemness signalling, survival and self-renewal.

ERa promotes the expression of target genes that allow for cell survival and therefore tumour
growth and proliferation. It is activated by its ligand, estrogen, and in normal cells it is
involved in the control of cell proliferation and in the development of the reproductive
system (H.-R. Lee et al., 2012). The dimerisation of ER allows the recruitment of its co-
receptors and co-activators, which include ubiquitin and SUMO ligases (Schiff et al., 2004).
The genes activated downstream of the ER go on to regulate BCSCs via paracrine mechanisms
(Figure 1-6). The main secreted paracrine mediators are Epidermal Growth Factor (EGF) and
Fibroblast Growth Factor (FGF). ER+ cells also present Notch ligands on their surface. These
mediators bind to EGFR, FGFR and Notch receptors on BCSCs, facilitating proliferation and
survival. All three signalling mechanisms initiated by estrogen have been shown to increase

the number of CD44*/CD24 cells (BCSCs) (Fillmore et al., 2010; Harrison, Simdes, et al., 2013).

The progesterone receptor is also involved in paracrine signalling mechanisms on BCSCs. PR
is activated by progesterone, which dimerises the receptor and increases the expression of
downstream targets. These signalling factors travel to adjacent BCSCs and bind to their
receptors in order to stimulate proliferation and growth of the BCSCs. This regulation occurs
via CXCL12/CXCR4, RANKL/RANK, GH/GHR and WNT4/FZD in paracrine signalling

mechanisms (Figure 1-6) (Simdes, Alferez, et al., 2015).
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Figure 1-6: Hormones and hormone receptor driven paracrine signalling mechanisms that
promote survival and self-renewal of BCSCs. Estrogen and progesterone bind to the
estrogen receptor and progesterone receptor respectively and regulate target gene
expression. Estrogen receptor regulation causes the release of Fibroblast Growth Factor
(FGF) that stimulates Fibroblast Growth Factor Receptor (FGFR) in BCSCs. It also causes the
release of Epithelial Growth Factor (EGF), Amphiregulin (AREG) and TGFa which stimulate
the EGFR on BCSCs. Notch ligands are also expressed on the cell surface, which bind to the
Notch receptors on the BCSC surface. In terms of progesterone regulation, cells release
CXCL12, RANKL, Growth Hormone (GH) and WNT4 which bind to their receptors CXCR4,
RANK, Growth Hormone Receptor (GHR) and Frizzled (FZD), respectively. These events will
lead to downstream signalling that causes the upregulation of survival and self-renewal of
the BCSCs. Adapted from (Simdes, Alferez, et al., 2015).

1.3.5 Targeting BCSCs

Above are the main hormone driven, paracrine signalling mechanisms acting upon BCSCs.
The three key signalling pathways that are involved within BCSCs are Notch, Wnt and
Hedgehog. These pathways involve binding of an extracellular ligand to the receptor, leading
to downstream signalling cascades. There is also lot of crosstalk and interactions between
these BCSC signalling pathways in order to regulate the cells and maintain the tumour (Peng
et al 2016). The most efficient way to target BCSCs is to inhibit a specific pathway to target
the stem cells combined with standard treatments to regress the main bulk of the tumour.
However, there is likely to be some functional redundancy between these main BCSC
pathways as all are involved in the control of cell proliferation, differentiation and survival.

There is therefore the argument that two or more of these pathways could be targeted at
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once. Notch signalling inhibition will be covered in more detail in later sections. Briefly,
gamma-secretase inhibitors (GSls) that inhibit a key cleavage stage in the Notch pathway,
have been explored in clinical trials with varying success. The Wnt pathway could be targeted
with ursolic acid or LGK974, a porcupine inhibitor investigated in clinical trials for advanced
cancer (J. Liu et al.,, 2013). The hedgehog pathway could be targeted with vismodegib, and
the Hippo pathway with ciclesonide (S.-L. Kim et al., 2020). Some BCSCs efflux drugs at a
higher rate and so could be targeted by inhibiting the pumps that remove drugs from cells,
for example with lapatinib (Chun et al., 2015). Salinomycin is a another BCSC targeting drug
which was identified using a library screen of current approved drugs. It has been reported
to act in various ways to reduce drug resistance whilst allowing clinical regression of a breast

tumour (Gupta et al., 2009; Versini et al., 2020).

Finally, the tumour microenvironment could also be targeted to treat BCSCs. CXCR1 has been
targeted due to its high expression in BCSCs and activation by the inflammatory cytokine IL-
8 (Ginestier et al., 2010). There have been promising results in vitro and in phase 1 clinical
trials of the small molecule CXCR1 inhibitor Repertaxin (Q. Zheng et al., 2021). Targeting
interleukins has also shown promising results in treating BCSCs. Inhibiting IL-1p reduces mice
bone metastases resulting from breast tumours, via the inhibition of BCSCs (Eyre et al., 2019).
IL-6 can also be targeted, which has been shown to significantly reduce BCSC activity (Heo et

al., 2016; Simdes et al., 2020).

The key BCSC pathway that will be explored here is the Notch signalling pathway.

1.4 Notch

The discovery of the Notch gene was made in Drosophila through the identification of a
mutation in the gene affecting the wing phenotype, leading to a distinctive “Notch” in its
shape (Dexter, 1914). Notch has been extensively studied in Drosophila, as well as other
model organisms. In humans and mice, there are four Notch proteins and the structures and

domains are shown schematically in Figure 1-7. (Kopan & llagan, 2009).

The Notch receptor in Drosophila and the four Notch receptors in humans have a modular
structure with a separate extracellular domain and intracellular domain. All Notch proteins
possess multiple EGF-like repeats at the N-terminus. Drosophila Notch, similarly to Notch1
and Notch2 in humans, has 36 EGF-like repeats, whereas Notch3 has 34 and Notch4 has 29

(Bellavia et al., 2008). Also in the extracellular domain there are a number of

40



Lin12/Notch/Glp-1 (LNG) repeats, which are known as the NRR (Negative Regulatory Region).
This region controls the interaction between the ECD and ICD. The intracellular domain is
made up of the RBP-Jkappa-associated module (RAM) domain, which forms a tightly folded
binding domain, after which a nuclear localisation sequence is located (Kopan & llagan,
2009). This is followed by multiple ankyrin repeats and TAD domains. At the C-terminus is a
PEST domain, which functions as a regulator of the stability of the protein, as well as leading
to its ubiquitylation (Figure 1-7). An additional domain at the C-terminus of the Drosophila

Notch is a glutamine-rich repeat (OPA) (Kopan & llagan, 2009).

The ligands of the Notch receptor include Delta and Serrate in Drosophila (Kopan & llagan,
2009). In mammals the main ligands are DLL1, 3 and 4 and Jagged 1 and 2 (Kopan & llagan,
2009). Due to the large number of combinations of Notch receptor-ligand interactions, it has
been suggested that this could contribute to the variability in signalling output (Andersson et
al., 2011). Ligands are presented on the cell surface, similarly to the receptors, and so cell-
cell interactions are required for ligand dependent trans-activation. As well as being trans-
activated by ligands presented on neighbouring cells, Notch receptors can also be cis-

inhibited by ligands on the same cell as the receptor.

Non-canonical Notch ligands can also activate signalling. They include membrane tethered
proteins (Delta-like homolog 1 (Dlk1), DNER and Jedi), GPI linked proteins (Contactin1/6) and
secreted proteins (scabrous, wingless, OSM11 and MAGP-1/2) (D’Souza et al., 2010). Other
proteins are involved in modulating Notch signalling. These include Fringe proteins that
modify O-fucose residues on EGF repeats of Notch, allowing discrimination between different

ligands (Kakuda & Haltiwanger, 2017).
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Figure 1-7: Structure homology of Drosophila Notch and the four human Notch receptors.
Showing domains- EGF repeats, LNRs (Lin/Notch repeats), RAM (RBP-Jkappa-associated
module), ANK (Ankyrin repeats), TAD (Transactivation domain), PEST (Contains amino acids

Human

proline, glutamic acid, serine and threonine).

1.4.1 Notch structure

Notch decoys have been used as a tool to study the interactions between Notch receptors
and ligands. A Notch decoy includes a number of EGF repeats that mimic the Notch receptor
and bind to Notch ligands, preventing ligand-receptor binding. They are particularly useful to
determine which EGF repeats in the receptor are vital for the binding of particular ligands. A
study by Kangsamaksin et al explores the use of these decoys to block the interaction of DLL4
and Jaggedl (JAG1) with Notchl (Kangsamaksin et al., 2015). In this study, a decoy that
included the EGF repeats 1-36 blocked the binding of both DLL4 and JAG1. A decoy composed
of the EGF repeats 1-13 prevented DLL ligand induced Notch signalling. A decoy with EGF 10-
24 blocked only JAG ligand induced signalling. This study concluded that the DLL ligands
binding site is within EGF repeats 1-13 in Notchl1 and the JAG ligands binding site is within
EGF repeats 10-24 (Kangsamaksin et al., 2015).

The full structure of any of the four human Notch proteins is yet to be resolved, due to the
size and complexity of the receptors. Recently, two studies by Luca et al have solved the
crystal structure of the ligand binding region of Notch1 bound to two of its ligands- DLL4 and
JAG1, both in an anti-parallel formation (Luca et al., 2015, 2017). These studies built on the
work of Kangsamaksin et al. They showed that the region that binds to DLL4 is the EGF
repeats 11 and 12 and the region that binds to JAG1 involves EGF repeats 8 and 12. This
highlights the distinct roles of the different parts of the Notch ECD. The JAG1-Notchl
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interface was found to have catch-bond behaviour, with JAG1 changing conformation upon
binding, strengthening the interactions between the two proteins. This allows different
cellular interactions to discriminate between ligands, leading to variability in Notch signalling

output (Luca et al., 2017).

The Abruptex (Ax) domain, which is a portion of the receptor including the EGF repeats 24-
29 in both Drosophila and mammalian Notch1, also has a distinct role (Figure 1-9). It is key
for development in Drosophila and has been studied due to the myriad of mutations that
lead to a gain of Notch function and phenotype in the fly wing (Brennan et al., 1997). The
Abruptex domain has also been linked to alternative ligand independent pathways of Notch

signalling.

1.4.2 Notch signalling pathways

Notch signalling is made up of multiple pathways that include activating and repressing
pathways. These are ligand dependent or ligand independent (Figure 1-8). Notch is
synthesised as a single polypeptide and is post-translationally processed by protein
convertases with a cleavage coined “S1”. The final structure of Notch is therefore made up
of two non-covalently linked sections presented on the surface of the cell. The canonical
Notch activation pathway involves the binding of one of the ligands to the EGF repeats of
Notch. This changes the conformation of the Notch receptor from an inactive conformation,
maintained by the NRR, to an active conformation allowing access to the cleavage site. A
pulling mechanism is induced by the ligand (Gordon et al., 2009). An “S2” cleavage is then
carried out by a metalloprotease Kuzbanian (Drosophila) or ADAM10/ADAM17 (human),
releasing the Notch extracellular domain (NECD), which is endocytosed with the ligand into
the ligand presenting cell. This leaves the transmembrane bound intracellular domain, often
referred to as NEXT (Notch extracellular truncation) within the membrane of the Notch
presenting cell (Kopan & llagan, 2009). The final, “S3” cleavage is then carried out by a
gamma-secretase, releasing the Notch intracellular domain (NICD) into the cell. Cleavage

sites shown in Figure 1-9.

Once released, the NICD translocates to the nucleus and binds with the protein complex CSL
(CBF1/RBP/Su(H)/Lag-1), also known as RBP-Jk (Wilson & Kovall, 2006). The binding of the
NICD converts this complex from a transcriptional repressor, when in the resting state, to a
transcriptional activator. In the repressor state, the complexis bound to the DNA. The binding

of the ANK domain of NICD displaces co-repressors and recruits the co-activators
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Mastermind (Drosophila) or Mastermind-like (humans), as well as Lag-3 (Kopan & llagan,
2009). This then allows recruitment of MED8 (Kopan & llagan, 2009). Signalling can be
blocked by the hyper-phosphorylation of NICD and it will subsequently be degraded (Wilson
& Kovall, 2006). The main transcriptional targets of the Notch receptors include the HES
(Hes1, Hes5) and HEY (Heyl, Hey2, Heyl) genes. These target genes encode transcription
factors that have key roles including in development of the nervous system and vessel
system. Other target genes include Cyclin D1 (involved in cell cycle progression), c-myc
(division and proliferation), Slug (differentiation and migration), p21 (DNA repair), GATA3 and
Nanog. The products of these genes lead to control of further transcriptional targets (Nowell
& Radtke, 2017). Once NICD has bound to its transcriptional target, its degradation is carried
out by an F-box ubiquitin ligase, Archipelago in Drosophila and Fbw-7/SEL-10 in mammals
(Kopan & llagan, 2009). Numb also negatively regulates Notch and has an important role in

controlling the level of Notch signalling (Kopan & llagan, 2009).

The ligand independent mechanisms of Notch signalling are less widely studied, but they
have been investigated in Drosophila. There are two main ligand independent Notch
signalling pathways (Figure 1-8). Activation involves the endocytic trafficking of the full length
Notch receptor, via a clathrin mediated pathway, induced by its mono-ubiquitylation by the
E3 Ubiquitin ligase Deltex, after its binding to the ANK domain of Notch (Figure 1-9)
(Guruharsha et al., 2012). It then travels from the endosomes to the lysosomes through the
endocytic trafficking pathway. This requires proteins including Rab7, HOPS complex
(including Carnation and Deep orange in Drosophila) and AP-3. The NICD is released from the
lysosomal limiting membrane into the cytosol. From this point the pathway is the same as
the ligand dependent activation pathway, with NICD translocating to the nucleus and

inducing signalling (Wilkin et al., 2008).

The Notch repressing pathway is promoted by “Suppressor of Deltex” (Su(dx)) and involves
internalisation of the Notch receptor by a clathrin-independent mechanism, followed by
degradation via the multi vesicular bodies (MVB) (Figure 1-8) This pathway can alternatively
lead to Notch activation if the Su(dx) hect domain is inactive (Shimizu et al., 2014; Wilkin et
al., 2008). In Drosophila, it has been shown that Deltex and Su(dx) compete to promote each
ligand independent pathway, providing a balance that is important for control within the cell

(Shimizu et al., 2014).

In Drosophila, it has been shown that the Deltex stimulated activation pathway does not

require ADAM10, whereas the Su(dx) degradation pathway does (Shimizu et al., 2014).
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However, the method of ICD release into the cell in the ligand independent activation
pathway could occur via multiple routes. The ECD may be fully proteolysed in the lysosome,
or acidification of the lysosome may destabilise the NRR, with both routes allowing gamma-
secretase to perform the “S3” cleavage (Steinbuck & Winandy, 2018). These insights are
gained from Drosophila and little is known about the ligand independent routes of Notch

activation in humans.

The Notch signalling pathway is involved in crosstalk with other important pathways. These
include Wnt, NF-kB, HIF1a, YAP/TAZ, TGF-B, Akt and ERa (Edwards & Brennan, 2021; Rizzo et
al.,, 2008). These crosstalks are implicated over the many normal functions of Notch in

development, inflammation, and cell maintenance as well as in tumourigenesis.
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Figure 1-8: Signalling mechanisms of the Notch receptors. Prior to presentation on the
surface, the Notch receptor is cleaved initially (51) in the Golgi and travels to the surface as
two domains connected non-covalently. In the ligand activated pathway, a ligand on the
signal sending cell binds to the receptor on the signal receiving cell, causing another cleavage
(S2), releasing the ligand and extracellular domain. The third cleavage (S3), facilitated by
gamma-secretase, releases the Notch intracellular domain (NICD) into the cytosol. In the
ligand independent activation pathway, the Notch receptor is internalised into the endocytic
pathway without ligand binding, facilitated by Deltex. From here it is trafficked through the
endosomes to the lysosomes where the NICD is released into the cytosol. The second ligand
independent Notch signalling mechanism causes the downregulation of Notch. This pathway
is controlled by Suppressor of Deltex (Su(dx)) and involves the trafficking of the Notch
receptor to the multi-vesicular body (MVB) and subsequent degradation. After release of
NICD into the cytosol, it translocates to the nucleus and localises with co-activators, causing
transcription of target genes. Created with Biorender.com.
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Figure 1-9: Structure of Notch4 with binding sites, cleavage sites and regions of interest.
The ligand binding region of Notch4 is between EGF repeats 8-12. The Abruptex domain is
between EGF repeats 24-29. Deltex binds to the ANK domain. The S1, S2 and S3 cleavage
sites are near the transmembrane region. BB-94 MMP inhibitor prevents the S2 cleavage and
gamma-secretase inhibitor prevents the S3 cleavage. Domains — EGF repeats, LNRs
(Lin/Notch repeats), TMR (transmembrane region), RAM (RBP-Jkappa-associated module),
ANK (Ankyrin repeats), PEST (Contains amino acids proline, glutamic acid, serine and
threonine).
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1.4.2.1 Deltex
Deltex is a key protein involved in the ligand independent activation mechanism of Notch. Its

role was demonstrated in Drosophila using null mutations and overexpression experiments
(Hori et al., 2011; Yamada et al., 2011). As well promoting the internalisation of Notch, it has
also been established that Deltex has a key role stabilising Notch on the surface of the late
endosome (Yamada et al.,, 2011). It additionally assists transmembrane proteins such as
Crumbs to control the localisation of the Notch receptor (Nemetschke & Knust, 2016). Deltex
and Su(dx) are involved in a fine balance, with Deltex promoting activation and Su(dx)
promoting degradation of Notch. It has also been found that Deltex can have a negative
control over Notch if expressed along with Su(dx). This is due to Deltex driving Notch
endocytosis which Su(dx) could then divert to the MVB for degradation. This highlights the
fine balance that gene expression changes can inflict upon Notch signalling (Shimizu et al.,
2014; W. Yao et al.,, 2018). In terms of links to cancer in humans, Deltexl (DTX1) has
associations with tumourigenesis in glioblastoma (Huber et al., 2013) and has a tumour
suppressive role in gastric cancer (Hsu et al., 2018). Mutations in DTX1 have been linked to
certain lymphomas and non-small cell lung cancer (J. H. Lee et al., 2019; Meriranta et al.,
2017). Deltex4 (DTX4) is linked to development and metastasis of hepatocellular carcinoma,

melanoma and colorectal cancer (Lin et al., 2016; W. M. Liu et al., 2010; Viatour et al., 2011).

1.4.3  Normal functions of Notch

The outcome of Notch signalling varies depending on the developmental stage of the cell,
the tissue of origin and crosstalk with other signalling pathways, including differentiation, cell
survival/proliferation or cell death. These normal functions of Notch are summarised in

Figure 1-10.

1.4.3.1 Asymmetric division

The main functions that Notch signalling fulfils are in situations where asymmetric division
and boundary formations are key. During development, in situations where cells have
different ratios of Notch and ligand, some cells become signal sending and some signal
receiving. This allows for the beginning of a boundary to be formed, leading to definition
between tissue compartments (Guruharsha et al., 2012; Sprinzak et al., 2010). Notch has a
key role in the stem cell niche in Drosophila and is involved in its formation and maintenance

(Song et al., 2007).
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1.4.3.2 Mammary development

An important setting that Notch-led asymmetric division control comes into play isin cell fate
determination of mammary stem and progenitor cells. Self-renewal of mammary stem cells
and proliferation of their progenitors have been shown to be promoted by Notch signalling,
and are particularly dependent on Notch4 (Dontu et al.,, 2004). Myoepithelial lineage
commitment and branching morphogenesis in the mammary gland is also controlled by
Notch. Notch was found preferentially in the luminal epithelial cells, driving cells down the
luminal cell lineage (Bouras et al., 2008). Notch4 specific signalling is involved in mammary
gland duct formation in breast development and in the expansion of mammary gland alveoli
during pregnancy (G. H. Smith et al., 1995). Notch4 expression is heightened at the tips of
the ducts in the cap cells when not pregnant. It changes localisation during pregnancy to the
basal cells (Politi et al., 2004). The involvement of Notch4 in the mammary gland was further

backed up in experiments studying the MMTV int3 (discussed in section 1.5).

1.4.3.3 Vascular and neural development

Notch is involved in the development of the vascular and neural systems. The main roles of
Notch in vascular development are in artery or vein differentiation and the coordination of
the branching and sprouting of vessels (Gridley, 2003). Notch mutant mouse models to study
neural development show that Notch assists with the maintenance of progenitor neural cells
(Yoon & Gaiano, 2005). When both Notch1 and Notch4 genes are disrupted in mice, there is
a much more severe phenotype of disrupted vascular morphogenesis than the Notchl

mutations alone (Krebs et al., 2000).

1.4.3.4 Stem cells

In addition to developmental roles, Notch also has roles in adult tissue. In Drosophila, it plays
a part in the maintenance of stem cell niches and tissue repair (Song et al.,, 2007). In
mammals, adult functions of Notch signalling include control of T cell production in the
thymus and the maintenance of progenitor cells in the gut. Notch can act to prevent or
promote differentiation of progenitor cells, enriching the gut epithelial stem cell pool or
providing more differentiated gut cells (Pellegrinet et al., 2011). In the mammary gland,
Notch and DLL1 contribute to crosstalk in the mammary stem cell niche. Stem cells express
the DLL ligand which activates macrophages. This in turn induces Wnt signalling which feeds

back to the mammary stem cells, creating a positive feedback loop (Chakrabarti et al., 2018).
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1.4.3.5 Cell proliferation

Notch has animpact on cell proliferation via target gene expression and through downstream
signalling pathways. As summarised in a recent review by Edwards and Brennan, multiple
Notch target genes are cell cycle regulators but can act against one another, complicating the
pathway. Hesl and Hes6 are both Notch target genes, but Hesl acts to inhibit cell
proliferation by downregulating E2F1. Hes6 however, increases cell cycle progression
through the upregulation of E2F1, but is also an inhibitor of Hesl, further increasing
proliferation. Cyclin A, D and B1 are also all Notch target genes, and increase cell cycle
progression (Edwards & Brennan, 2021). Crosstalk with Ras and Wnt signalling pathways are

also involved in cell proliferation.
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Figure 1-10: Normal functions of Notch. The main actions of Notch in development are due
to its control over asymmetric division. This leads to it playing a key part in mammary,
vascular and neural development. It also has a role in cell proliferation, via its impacts on
E2F1 and cyclins. Notch is involved in regulation of adult stem cells. These include mammary
stem cells, gut stem cells and stem cells involved in T cell production.

50



1.4.4 Notch in disease

Mutations in the Notch receptors can lead to multiple disorders and diseases. Many of these
involve developmental defects such as familial aortic disease and alagille syndrome, which
are diseases of the circulatory system (Garg et al., 2005; Gridley, 2003). The pathway is also
associated with adult onset diseases involving defects in artery structure. Notch3 is linked to
CADASIL which is a rare genetic disorder that acts upon the small blood vessels in the brain

(Stojanov et al., 2014).

Notch has widely been implicated as an oncogene in many cancers. The first identified with
a link to Notch was T cell acute lymphoblastic leukaemia (T-ALL). This oncogenic activity can
occur via a translocation of the Notch gene with the T cell receptor B promoter-enhancer
region, creating a dominantly active Notchl. Mutations within the NRR and PEST domains of
Notch are also often found in T-ALL and lead to aberrant activation (Weng et al., 2004).
Aberrantly activated Notchl is found in approximately 60% of T-ALL cases (Tosello &
Ferrando, 2013). Notch signalling is also activated in osteosarcoma (L. Yu et al., 2016). This is
heightened after treatment with cisplatin, suggesting that the upregulation of Notch
signalling is associated with resistance and therefore CSCs. A link has also been found in non-
small-cell lung cancer, in mouse models where Notch signalling was shown as essential for
tumour formation (Maraver et al., 2012). Links to oncogenic Notch have also been found in

pancreatic cancer, colorectal cancer, melanoma and breast cancer (Nowell & Radtke, 2017).

In contrast, evidence has shown that Notch acts as a tumour suppressor in squamous cell
carcinomas (SCC) in multiple epithelial tissues. Notch loss-of function mutations are one of
the most common mutations found in lung SCC, head and neck SCC, bladder SCC and
oesophageal SCC (Nowell & Radtke, 2017). These mutations have been found in Notch1l, 2

and 3, in the ligands and other pathway components (Nowell & Radtke, 2017).

There are some cancers which have a strong link with the Notch signalling pathway but the
role of Notch as either an oncogene or a tumour suppressor has not been defined. These
include pancreatic ductal carcinoma (Miyamoto et al., 2003) and haematological cancers. T-
ALL and chronic lymphocytic leukaemia demonstrate an oncogenic role for Notchl and

myeloid leukaemias show tumour-suppressive roles of Notch (Nowell & Radtke, 2017).

Notch signalling in cancer cells leads to crosstalk with the tumour microenvironment, acting
on immune cells in a tumour promoting or suppressing manner, depending on the situation.
Notch activation in a tumour can recruit immune cells and activate them, which will then

activate tumour cells. For example, Notch mediated IL-6 secretion from myeloid derived
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suppressor cells can lead to activation of tumour cells. Notch activation can also activate
cancer associated fibroblasts (Meurette & Mehlen, 2018). In these and other ways, the

microenvironmental actions of Notch have implications for most cancer types.

1.4.5 Notch in angiogenesis in cancer

Notch receptors and ligands are involved in the activation of angiogenesis. As Notch has a
key function in normal vessel formation, tumours exploit this in order to aid their growth. It
has been demonstrated that Jaggedl expression in tumours activates Notch signalling in
neighbouring endothelial cells to activate vessel growth. This was also indicated in breast
tumours, with estrogen upregulating Notch signalling, leading to increased vessel growth (Shi
& Harris, 2006). However, the Notch ligands DLL4 and JAG1 were found to have different
effects on Notch signalling and vessel formation, leading to differing effects on tumour
growth. DLL4 caused growth of fewer bigger vessels, whilst JAG1 produced more smaller
vessels (Oon et al., 2014). This solidifies the multiple roles that the different pathways of

Notch signalling can play.

Research has begun to investigate the targeting of Notch signalling, whilst also targeting
angiogenesis. This can be achieved by targeting VEGFR as well as Notch to stop the direct
effect of Notch on the tumour as well as its effects on angiogenesis. This has been achieved
by the production of a breast cancer specific adenovirus that targets both DLL1 and VEGF.
Infection with this virus successfully reduced tumour growth, angiogenesis and prolonged

survival time (Bazan-Peregrino et al., 2013).

1.4.6 Notch4

The first link between Notch4 and breast cancer was made in 1992 by Robbins et al when
investigating insertion sites by the mouse mammary tumour virus (MMTV) (Robbins et al.,
1992). This study identified that the third insertion site (int3), was within a member of the
Notch family. It was Gallahan et al in 1997 that moved on to identify that int3 was within the
Notch4 gene (Gallahan & Callahan, 1997). All int3 insertions led to a high level of Notch4 ICD.
Gallahan et al also confirmed whilst working with the intracellular domain that altered
Notch4 ICD signalling is tumourigenic (Gallahan et al., 1996). This highlighted that the gene

plays a key role in mouse mammary tumours.
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Notch4 is a slightly shorter member of the Notch receptor family, with 29 EGF repeats as
opposed to the 36 of Notchl (Figure 1-7). Notch4 is a vital protein that in mammals is most
highly expressed in the vasculature (James et al., 2014). Notch4 is known to contribute to
mammary stem cell maintenance, vasculature control and development as well as lung,
adrenal gland and brain development in mice (Ables et al., 2011; Dontu et al., 2004). In
vasculature development it controls the specification of arterial cells, controlling the size and
shape of the vessels. It also has a particularly heightened role during ischemia of the vessels
(James et al., 2014). When the vascular plexus (newly formed networks of vessels) is forming,
Notch4 signalling controls parallel and antiparallel cell division and prevents excess branching
(Hellstrom et al., 2007). As well as being active in development, Notch4 signalling is present
in the brain where it acts as an important regulator for neurones, controlling their migration,
plasticity (both structural and synaptic) and survival during aging and following trauma (Ables
et al., 2011). It also has a role in the inflammation response in the coordination of T-reg cells
in asthma (Harb et al., 2020). Importantly, Notch4 is also involved in the formation and

function of the mammary gland.

There are four phosphorylation sites in the Notch4 ICD which are able to be phosphorylated
by Akt both in vivo and in vitro (Ramakrishnan et al., 2015). The phosphorylation sites allow
the protein 14-3-3 to bind and prevent the NICD from translocating to the nucleus. This
provides a control over the cellular location of the NICD, suggesting a potential regulation
carried out by the PI3K/Akt pathway (Ramakrishnan et al., 2015). This is particularly
interesting as the PI3K/Akt pathway is usually upregulated in breast cancer (Creighton et al.,
2010). James et al also discovered a cis-inhibition ability of Notch4, to block the signalling of
Notch1 when both receptors are expressed in the same cell (James et al., 2014). This would
allow for selection for a certain type of Notch signalling, fine-tuning the role and action of

cells.

1.5 Notch and breast cancer

After the identification of int3 of MMTV being within the Notch4 gene, further in vivo
experiments in mice confirmed the importance of Notch4 in mouse mammary tumours. Mice
that were altered to overexpress Notch1 ICD, Notch3 ICD and Notch4 ICD were found to have
increased mammary tumour growth (C. Hu et al., 2006; Robbins et al., 1992). In vitro, an RBP-

Jk dependent increase in Notch signalling induces transformation of normal mammary

53



epithelial cells into cancerous cells. This transformation can be reversed with the suppression

of Notch signalling (Stylianou et al., 2006).

Altered expression of Notch has been reported in many breast cancers. Accumulation of
Notch1 ICD was found in many cases, along with aberrantly higher Notch activity (Stylianou
et al., 2006). High expression of Notch1 and Notch4 receptors in breast tumours is associated
with poor prognosis, poor survival rates and higher chance of recurrence (Reedijk et al., 2005,
2008; K. Yao et al., 2011). A positive correlation was found between Notch4 expression and
proliferation measured by Ki67 levels in breast cancer samples (Rizzo et al., 2008). A high
level of Notchl expression also correlates with a higher grade and more EMT markers in

ALDH+ breast tumours (Pal et al., 2017).

High expression level of Notch ligands is also linked to breast cancer progression. A
particularly poor outcome was identified in breast cancers with a very high expression level
of Jagged1 (Dickson et al., 2007). Jagged1 is also involved in a positive feedback loop between
the tumour microenvironment and BCSCs. This action, via Zeb1, acts to increase Notch
signalling (Jiang et al., 2020). DLL1 is also overexpressed in ER+ breast cancers. It is linked to
poor prognosis, cellular invasion and cancer stem cell function and is stabilised by estrogen
signalling (Kumar et al., 2018; Sales-Dias et al., 2019). DLL4 has been found to be highly
expressed in the intratumoural endothelium of breast cancers, indicating its association and

potential as a prognostic factor (Jubb et al., 2010).

Numb is a negative regulator of the Notch pathway and has been found to be lost in half of
breast cancers (Pece et al., 2004). In normal tissue, Numb reduces the cell surface availability
of Notch receptors, either by ubiquitination or increased endocytosis. Therefore, with a
reduced level of Numb in the cell, the level of Notch available for signalling increases (McGill

et al., 2009).

Mutations have been found in Notch genes in all subtypes of breast cancer. In triple negative
breast cancer, mutations in the PEST domain stabilise the receptor, increasing Notch
activation and signalling (K. Wang et al., 2015). Other mutations can be found in the
extracellular domain, increasing ligand independent signalling, altering activation and

changing crosstalks, leading to aberrant signalling (Mollen et al., 2018).
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1.5.1 Roles in breast tumours

There are many roles that the Notch signalling pathway plays in the regulation of breast
tumours, summarised in Figure 1-11. Notch signalling can act to promote proliferation of
cancer cells via activation of the cyclin signalling pathways and prevent apoptosis via
upregulation of Akt (Meurette et al., 2009; Rizzo et al., 2008; Stylianou et al., 2006). These
roles would both allow for the survival of breast cancer. These dual roles of Notch have been
found to be dose-dependent in mammary cells, with a high level of Notch activity causing
growth arrest and prevention of apoptosis and a medium level of signalling causing a
hyperproliferative state (Mazzone et al., 2010). Notch alters the microenvironment to make
it advantageous to the tumour, through paracrine mechanisms leading to supportive
angiogenesis (Dufraine et al., 2008; Shi & Harris, 2006; Zeng et al., 2005). Notch signalling is
involved in hypoxia mechanisms in ER+ breast cancers, interacting with HIF-1a (Harrison,
Rogerson, et al., 2013). Notch signalling is also involved in the spread of breast cancer, with
cell migration of breast cancer cells increasing with Notch activation (Bolds et al., 2013). EMT
is heightened via Slug through the activation of Jagged1 mediated Notch signalling, and has
strong links to the advancement of triple negative breast cancer (Leong et al., 2007). Also via
Jagged1l induced signalling, Notch plays a part in promoting bone metastatic colonisation
(Sethi et al., 2011). Finally, Notch signalling has been linked heavily to the action of breast

cancer stem cells (BCSCs). This will be explored in section 1.6, examining the role of Notch4.

1.5.2 Interactions with other signalling pathways

The Notch pathway can interact with other signalling pathways to promote breast cancer,
simplified in Figure 1-11. Non-canonical Notch signalling interacts with IL-6 which can
activate the Jak/STAT pathway, leading to a pro-inflammatory phenotype. This is caused by
interaction with p53, a tumour suppressor gene (Jin et al., 2013). Myeloid derived suppressor
cells (MDSCs) have an interesting role in upregulating BCSCs and downregulating T-cell
activation. They enhance the crosstalk between Notch and STAT3. IL-6 phosphorylates STAT3

whilst Nitric oxide activates Notch, prolonging the STAT3 activation (Peng et al., 2016).

Another pathway that Notch has a particularly intricate crosstalk with is the NF-kB pathway.
Both pathways are implicated highly in cancer, and Notch-1 mediated NF-kB activation is
thought to contribute to oncogenic effects and cell survival in breast cancer (L. Li et al., 2014;
Osipo et al., 2008). When cells are under oncogenic conditions with increased Notch

signalling, the increased level of NICD in the cytosol will lead to some molecules forming
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complexes with other proteins including NF-kB and Smad3 (J. Han et al.,, 2011). These
complexes will promote alternative signalling pathways, leading to an altered phenotype of

the Notch activated cell, potentially promoting a more tumourigenic phenotype.

Notch-Wnt crosstalk has been linked to breast tumour initiation, as the Wnt induced
transformation of mammary epithelial cells is reliant on Notch (Ayyanan et al., 2006). Hypoxia
in tumours leads to upregulation of HIF2a, which induces Notch and Wnt signalling. This leads

to resistance to paclitaxel and an enhanced stem cell phenotype (Yan et al., 2018).

Crosstalk has also been observed between PKCa and Notch4 in endocrine resistant breast
cancer cells. The expression of the two components correlates strongly in breast cancer
samples and this correlation was less apparent with the other Notch receptors. Notch

inhibitors successfully reduced PKCa-high tumour growth (Yun et al., 2013).

Finally, Notch1 acts synergistically with the Ras/MAPK pathway to promote breast cancer,

leading to progression and a poor prognosis (Mittal et al., 2009).
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Figure 1-11: Roles and crosstalks of Notch in breast tumours. Notch is involved directly in
many aspects of the progression of breast tumours. These include its roles in proliferation,
progression (BCSCs, metastatic colonisation and cell migration (EMT)), and the
microenvironment (angiogenesis and hypoxia). Notch also is involved in crosstalk with many
pathways, including IL-6/STAT3, NF-kB, Ras/MAPK, Wnt/HIF1a and PKCa.
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1.5.3 Notch and endocrine resistance

There is extensive evidence that BCSC activity and Notch signalling are enriched after
treatment with endocrine therapies including tamoxifen. This is also the case following
estrogen deprivation (Haughian et al., 2012; Piva et al., 2014; Simdes et al., 2011; Simdes,
O’Brien, et al., 2015). High expression of Notch receptors also drives anti-estrogen treatment
resistance, promoting cell survival processes. Notch inhibition can reverse endocrine
resistance and stall tumour growth (Magnifico et al., 2009). In endocrine resistant breast
cancers, the Notch pathway, and particularly Notch4, is activated. Notch4 also promotes
tamoxifen resistance, leading to progression of breast cancer (Magnani et al., 2013; Yun et

al., 2013).

1.6 Notch4 and BCSCs

The specific link between Notch4 and Breast Cancer Stem Cells (BCSCs) was first made by
Harrison et al when they showed that in BCSCs Notch4 signalling is heightened, whereas
Notch1 signalling is decreased. Knocking down or inhibiting the Notch4 receptor reduced
BCSC activity, assessed by mammosphere forming efficiency, and abolished the tumour

initiating capacity in mice (Harrison et al., 2010).

In TNBC, Notch4 has been found to play a key role in mesenchymal-like BCSCs. It is essential
at maintaining the quiescence (through GAS1) and the invasiveness (through Snail) of BCSCs
(Zhou et al., 2020). The inhibition of Notch4 in TNBC has been shown to reduce proliferation
and invasiveness, highlighting its therapeutic potential as a BCSC target (Nagamatsu et al.,

2014).

Other studies have shown that breast cancer cells with an increased level of Notch activity
arising from acquisition of endocrine resistance have a greater Notch4 expression compared
to other Notch receptors (D’Angelo et al., 2015; Lombardo et al., 2014). These cells also
exhibit increased tumour-initiating capacity, mammosphere forming efficiency and
expression of cancer stem cell markers. This suggests that these cells with increased Notch
activity (particularly Notch4) are likely to be breast cancer stem cells. This is backed up by the
fact that following the induction of Notch4 overexpression by nicastrin, resistance to
tamoxifen is developed (Lombardo et al., 2014). Clinically, poor patient survival is correlated
with increased Notch4 expression in cancers, further solidifying the link (D’Angelo et al.,

2015). Mutations in the estrogen binding domain of ER drive cells to a BCSC phenotype

57



through ER/Notch4. This action is dependent on ERa phosphorylation at ser118 as inhibition
of this phosphorylation blocked Notch4 and BCSC activity (Gelsomino et al., 2018).

Notch4 is also implicated in breast cancer progression and metastasis, as it has been reported
that Notch4 plays a vital role in the epithelial-mesenchymal transition, an important step in
the metastatic progression of cancer. This was identified in a tamoxifen resistant breast
cancer cell line. It was also found that signalling via STAT3 was involved. An inhibitor to
Notch4 was found to reduce splenic metastases, suggesting that targeting Notch4 in

tamoxifen resistant breast cancers could help to reduce metastases (Bui et al., 2017).

The link between Notch4 and BCSCs in ER+ breast cancer was strengthened by Simd&es et al
when work proved a vital link between Notch4-Jaggedl signalling and anti-estrogen
treatment resistance. A strong Notch4/Hes/Hey signature predicted endocrine therapy
resistance and a poor prognosis, similarly to cells with high ALDH1 expression. Anti-estrogen
treatments increased BCSC activity and upregulated the Hes and Hey Notch target genes.
This suggests an increase in Notch4 signalling in BCSCs following the development of
endocrine resistance. An inhibitor of Notch4 then was employed which restored the
treatment-induced increase in BCSC activity to a basal level. This inhibitor was also found to
target BCSCs in long acquired tamoxifen resistant patient derived xenograft (PDX) models
(Simdes, O’Brien, et al., 2015). These results strongly link Notch4 to endocrine therapy

resistance and therefore BCSCs.

1.7 Clinical relevance of targeting Notch in breast cancer

As shown, the Notch pathway is linked to endocrine resistance, BCSCs and therefore
recurrence and metastasis of breast cancers. Targeting the Notch signalling pathway would
also reduce its effects on angiogenesis, indirectly reducing tumour growth. Therefore, it is a
key stem cell pathway to be targeted in therapy. It is a complex signalling pathway, providing

multiple stages at which it could be targeted for inhibition.

For example, ligand-receptor binding could be targeted with molecules that block binding,
such as Notch decoys or antibodies that bind to the receptor. These drugs would not inhibit
ligand independent signalling pathways so may not be able to inhibit all Notch signalling. The
cleavage events of “S2” or “S3” could be targeted by inhibiting the ADAM10 that carries out
“S2” or the gamma-secretase that carries out “S3”. The pathway could also be targeted

further along by inhibiting the formation of the transcriptional activator complex to prevent
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NICD from binding to the DNA and causing target gene expression (Edwards & Brennan,
2021). Specific Notch receptors could be targeted by exploiting differences between them,
for example their length differences. Alternative Notch signalling pathways, such as the

ligand independent pathway could also be targeted by inhibiting signalling components.

In reality, the only current Notch inhibitors that have been tested in the clinic are gamma-
secretase inhibitors (GSlIs), targeting the “S3” cleavage by gamma-secretase. There have been
many GSls explored in clinical trials for breast cancer, but after showing promising results in

vitro and in vivo in mice, multiple trials have been aborted due to toxicities.

The general toxicities shown in trials could be due to multiple reasons. As discussed, Notch
is a key signalling pathway involved in maintenance of many areas of the body, including the
vasculature. When inhibited, effects are observed across many organ systems, particularly
the gut (Milano et al., 2004). Moreover, gamma-secretases are key enzymes that are not
exclusive to the Notch pathway. They cleave many other proteins including E-cadherin and
ERB-B4 (Haapasalo & Kovacs, 2011). Inhibiting gamma-secretase would therefore affect

many other pathways, increasing the risk of side effects and toxicities.

The toxicities observed when using GSls clinically have been reduced by using smaller doses
and spreading doses across a longer period of time. This can also be achieved by combination
treatment with chemotherapy and endocrine therapy, inadvertently reducing dosage. These
methods have shown some success as improvements in toxicity, increased treatment efficacy
and reduction in metastases (Edwards & Brennan, 2021; Lamy et al., 2017; Meurette et al.,

2009; Proia et al., 2015).

A GSI (RO492097) which has shown the ability to target Notch4 has recently been
investigated in a Phaselb clinical trial to treat ER+ metastatic breast cancer. Inhibition of
Notch4 was achieved, stability of disease was observed in some cases and it was determined
that Notch inhibition should continue to be investigated in order to prolong life in the
metastatic setting (Means-Powell et al., 2021). Another GSI clinical trial is underway,
specifically to treat breast cancers that are Notch activated (A Study of AL101 Monotherapy
in Patients With Notch Activated Triple Negative Breast Cancer ClinicalTrials.gov, 2022).
Personalising GSI treatments to those that are most likely to benefit may be another
approach to minimising GSl-related toxicities. This could be done by creating PDX'’s directly
corresponding to a patient’s cancer and testing therapies directly. This has been done

recently with the GSI RO492097. Two PDX organoids were sensitive to the treatment,

59



suggesting that the corresponding tumour may also be sensitive, and R0O492097 may be

effective as a therapeutic strategy (Guillen et al., 2021).

Specific antibodies that target certain Notch receptors and ligands could provide an
alternative way of inhibiting Notch signalling. This would discriminate from the potential
tumour suppressing role that some Notch receptors may play. Anti-DLL4 monoclonal
antibodies have shown success at targeting DLL4 binding with Notch1 and Notch4. This led
to decreased Notch signalling and tumour growth (Brunner et al.,, 2016). Another DLL4
targeting antibody has been developed and investigated in solid tumours including breast. It
was found to be tolerated well and responses were observed from reducing Notch signalling
(Chiorean et al., 2015). Jagged1 has also been targeted with neutralising antibodies. These
have been developed by Masiero et al and have been found to block JAG1-Notch breast
cancer signalling in vitro and in vivo. They were also found to reduce brain metastases and
did not show any toxicities, indicating promising clinical potential (Masiero et al., 2019).
Specific monoclonal antibodies that target the individual Notch receptors have also been

identified and investigated (Y. Wu et al., 2010).

A solution to the targeting Notch problem may also come from using a drug that
simultaneously targets Notch signalling and other cancer signalling pathways. An example of
this is the drug Sulforaphane, which has shown success at inhibiting Notch signalling and
BCSCs in vitro and in vivo (Castro et al., 2019; Simdes et al., 2020). It has also shown promising

results in breast cancer clinical trials (S. J. Howell et al., 2019).

It can be agreed that further understanding on Notch signalling in BCSCs is needed to allow
more targeted Notch therapies. Insight gained could allow the very specific inhibition of a
particular Notch signalling pathway, abolishing its effects on BCSCs and endocrine resistance,

whilst allowing the normal functions of Notch to continue.
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1.8 Hypothesis and Aims

1.8.1 Hypothesis

Breast cancer stem cell activity is enhanced following anti-estrogen treatment of estrogen
receptor positive breast cancer, leading to endocrine therapy resistance. Notch4 signalling is
highly activated in these BCSCs, linking Notch4 activity to endocrine therapy resistance
(Simdes, O’Brien, et al., 2015). In Drosophila, the Notch AXE2 mutant (a single residue change
H1167Y, Figure 1-12) leads to a Notch gain of function. This mutant is highly dependent on
Deltex for activity determined by a more pronounced Notch loss of function when Deltex is
deleted (compared to WT Notch) (T. Xu & Artavanis-Tsakonas, 1990). Deltex has been linked
to ligand-independent/ endocytic pathway dependent Notch signalling. Human Notch4
possesses the equivalent residue change in its endogenous sequence (Y914), diverging from
Notch1/2/3 (Figure 1-12). Research has also shown that Notch4 has been unable to be

activated directly with ligand (James et al., 2014).

It is hypothesised that this evolutionary residue in Notch4 may enhance Deltex-dependent
or ligand-independent Notch signalling, increase BCSC activity and drive endocrine
resistance. Alongside this, Notch4 mutants selected during endocrine therapy may enhance
Notch4 signalling and may further increase reliance on ligand independent/ Deltex-

dependent signalling.

H1167Y

EGF repeats TMR
| LNRs Ram  ANK o PEST

Drosophila
Notch ] OO0

Y914

Notch4 — C)OO?I'_D:D:D’

Figure 1-12: Drosophila Notch AXE2 mutant and Notch4. The Drosophila AXE2 mutation
causes a gain of function for Notch to become more Deltex dependent. It also signals via the

ligand independent pathway. Notch4 possesses this residue change in its endogenous
sequence, diverging from Notch1/2/3. This suggests that Notch4 may signal in a Deltex
dependent, ligand independent way.
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1.8.2 Aims
1) To investigate Notch4 signalling by exploring requirements of trafficking proteins
such as Deltex and identifying signalling pathways involved.
2) To investigate the effects that Notch4 signalling has on BCSC activity and endocrine
resistance and to explore BCSC dependence on endocytic trafficking.
3) To investigate Notch4 mutations and the impact that they have on Notch4 signalling
and BCSC activity.

Ultimately, the future clinical aim is to apply the mechanistic knowledge gained to target
relevant parts of the Notch4 signalling pathway to treat breast cancer stem cells. The initial

part of this aim is addressed in this thesis.
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2 Materials and Methods
2.1 Materials

2.1.1 Antibodies

Name Target Host Source Lot/ Final volume/
species catalogue concentration to
number stain 100,000
cells/100pl
Notch4 Notch4 | Human | Medlmmune | MLO1545- | 0.4ul
01
IgG IgG Human | Medimmune | 555B0-130 | 0.4l
Notch4 Notch4 Human | Medimmune | N/A 4ug/ml
AlexaFluor647
conjugate
IgG AlexaFluor647 | I1gG Human | Medlimmune | N/A 4ug/ml
conjugate
Table 2-1: Antibodies used for flow cytometry and FACS
Name Target Host Source Dilution | Dilution | Catalogue
species for IF for WB number
Notch4 Notch4 C- Rabbit Abcam 1/400 1/400 Ab91621
terminus
Notch4 Notch4 NRR | Human Med 1/100 N/A N/A
AF647 domain
. Immune
conjugate
EEA1 Early Mouse Santa Cruz 1/500 N/A sc365652
endosomes
CD63 Late Mouse Merk 1/500 N/A CBL553
endosome Millipore
LAMP1 Lysosomes Mouse Santa Cruz 1/500 N/A sc18821
KDEL Endoplasmic | Mouse Enzo 1/500 N/A ADI-SPA-
Reticulum 827
GM130 Golgi Mouse Santa Cruz 1/500 N/A sc55591
DYKDDDDK | FLAG tag Mouse Cell 1/400 N/A 8146S
Tag mAb Signalling
technology
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B-actin B-actin Mouse Sigma N/A 1/10,000 | A1978
Table 2-2: Primary antibodies used for immunofluorescence and western blot
Name Target Host | Source Fluorescent Catalogue
conjugate number
Anti-rabbit | Rabbit Goat | Invitrogen AlexaFluor 488 | A-21206
antibodies
Anti-mouse | Mouse Goat | Invitrogen AlexaFluor 555 A-21422
antibodies
Table 2-3: Secondary antibodies used for immunofluorescence
Name Target Supplier Catalogue Dilution
number
Goat anti- Mouse Dako P0447 1/5000
mouse-HRP antibodies
Goat anti- Rabbit Dako P0449 1/5000
rabbit-HRP antibodies
Table 2-4: Secondary antibodies used for western blot
2.1.2 Drugs/inhibitors
Name Target Source Catalogue number
RO4929097 Gamma-secretase Cellagen C7649
technology
Batimastat (BB-94) | Matrix Stratech S§7155
Metalloproteases
GW-405833 (ML- TRPML Alfa-Aesar 167425
SI1)
ICI 182780 ER (downregulator) TOCRIS 1047
(Fulvestrant)
4-0OH-tamoxifen ER (antagonist) Sigma H7904
(Tamoxifen)

Table 2-5: List of drugs and inhibitors used
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2.1.3 General Reagents

Reagent

Supplier

2-Mercaptoethanol

Sigma

Acetic acid

Honeywell Fluka

B-27 Supplement

Gibco

ProLong™ Gold Antifade Mountant

Thermo Fisher Scientific

Ethanol Absolute

VWR Chemicals

Fetal Bovine Serum (FBS) Gibco
Geneluice® Transfection Reagent Novagen
Hexadimethrine bromide (polybrene) Sigma

L-Glutamine

Thermo Fisher Scientific

4x Laemmli Sample Buffer

Bio-Rad

Library efficiency DH5a Competent Cells

Thermo Fisher Scientific

Lipofectamine RNAIMAX transfection reagent

Thermo Fisher Scientific

Luminata Classico Western HRP Substrate

Millipore

Luminata Forte Western HRP Substrate

Millipore

SuperSignal West Femto Maximum Sensitivity Substrate

Thermo Fisher Scientific

Matrigel (standard LDEV-free)

Corning

Nitrocellulose

Invitrogen

N,O-bis(trimethylsilyl)acetamide (BSA)

Thermo Fisher Scientific

Penicillin-Streptomycin

Thermo Fisher Scientific

Precision Plus Dual Colour Protein Standards Biorad
Phosphate Buffered Saline (PBS) N/A
Poly(2-hydroxyethylmethacrylate) (polyhema) Sigma

Puromycin

Thermo Fisher Scientific

RNaseZap

Sigma

Tagman Transcription Reagents

Applied Biosystems

Tagman Universal PCR master mix Roche
Trichloroacetic acid (TCA) Sigma
TRIS-base Sigma
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Triton X-100

Sigma

Trypan blue (0.4 %)

Sigma

Trypsin-EDTA solution 0.05%: 0.5g porcine trypsin, 0.2g | Sigma

EDTA, 4Na/L HBSS, phenol red

Table 2-6: List of general reagents

2.1.4 Buffers

Buffer

Composition

Lysis Buffer (for WB)

15mM EDTA, 10% glycerol, 25mM HEPES, 50mM
NaCl, 50mM NaF, 30mM NaPP, 1uM PMSF, 1%
Triton-X-100, 1 Complete Mini Protease Inhibitor
Cocktail (Roche) tablet per 10 ml. 5ul of 200mM
PMSF added per 1ml buffer before use.

Running buffer (for WB): NU Page
Running Buffer

10x premixed electrophoresis buffer, contains 25
mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3
following dilution to 1x with water

Transfer buffer for (for WB)

14.3g Glycine, 3g Tris-Base, 800ml distilled water,
200mI methanol

10x Tris-Buffered-Saline (TBS) wash
buffer (for WB)

12.1g Tris base, 87.7g NaCl, distilled water to 1L. pH
7.4

TBS-Tween (TBST) wash buffer (for
WB

100ml 10x TBS, 900ml distilled water, 1Im| Tween

Ponceau red (for WB)

1% Ponceau s, 5% acetic acid

Tris-acetate-EDTA (TAE) Buffer

40mM Tris, 20mM acetic acid, ImM EDTA

FACS Buffer

1% BSA, PBS

Table 2-7: List of buffers and composition

2.1.5 Cell culture media

Dulbecco’s Modified Eagle’s Medium (DMEM): +1000mg/L glucose +Sodium Bicarbonate -

L-glutamine (Sigma)

DMEM F12 reduced serum media: +Non-essential amino acids +110mg/L sodium pyruvate -

L-glutamine (Sigma)

DMEM F12 reduced serum media: -phenol red (Ham) (Sigma)
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EBM-2 Basal Medium (Lonza)

Mammosphere media: DMEM F12 reduced serum media -phenol red, B27 supplement

(Gibco), 20ng/ml Epidermal Growth Factor (EGF, Miltenyi)

Opti-MEM™ Reduced Serum Medium (Thermo Fisher Scientific)

2.1.6 Equipment

Flow cytometry: BD LSRIl and BD Ariall

Tissue culture microscopy: Olympus CK2-TR 4x lens + 10x lens, Evos XL core (Life

Technologies)

Nanodrop Spectrophotometer: Nanodrop One® (Thermo Fisher Scientific)

Peltier thermal cycler PT-200 (MJ Research)

Qs5¢ gPCR machine (Thermo Fisher Scientific)

Tissue culture centrifuges: Heraeus™ Megafuge™ 40R centrifuge (Thermo Fisher Scientific)

+ centrifuge 5702 (eppendorf)

Main lab centrifuges: Centrifuge 5415 D (eppendorf) + microcentrifuge 154 (Camlab)

Fluorescent microscope: Axio imager M2 (Zeiss)

2.1.7 Primers

The following optimised TagMan gene expression primer assays were used for gqRT-PCR:

Target Amplicon | Supplier Assay

length ID

(nt)
DTX1 62 Thermo Fisher Scientific Hs01092201 m1
DTX2 69 Thermo Fisher Scientific Hs00539707_m1
DTX3 102 Thermo Fisher Scientific Hs01595350_m1
DTX4 74 Thermo Fisher Scientific Hs00392288_m1
DTX3L 97 Thermo Fisher Scientific Hs00370540_m1
NOTCH4 60 Thermo Fisher Scientific Hs00965889 m1
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GAPDH 122 Thermo Fisher Scientific Hs99999905_m1
18s rRNA 187 Thermo Fisher Scientific Hs99999901 s1

B actin 75 Thermo Fisher Scientific Hs00194899 _m1
Hesl 78 Thermo Fisher Scientific Hs00172878_m1

Table 2-8: Primer assays used in qRT-PCR reactions

The following primers were used for non-optimised qRT-PCR reactions:

Target Sequence Supplier
Hesl FW GAAGCACCTCCGGAACCT eurofins
Hesl RV GTCACCTCGTTCATGCACTC eurofins
Heyl FW CATACGGCAGGAGGGAAAG eurofins
Heyl RV GCATCTAGTCCTTCAATGCT eurofins
Hey2 FW CCCGCCCTTGTCAGTATC eurofins
Hey2 RV TTGTTTGTTCCACTGCTGGT eurofins

Table 2-9: Primers used in non-optimised qRT-PCR reactions

The following probes were used for non-optimised qRT-PCR reactions:

Probe name Fluorescent tag Source Gene that it
corresponds to

29 Tagman CRUKMI MBCF Heyl
60 Tagman CRUKMI MBCF Hesl
73 Tagman CRUKMI MBCF Hey2

Table 2-10: Probes used in non-optimised qRT-PCR reactions

The following primers were used for sequencing:
Target Sequence Supplier
NOTCH4 exon 2 FW GGGTACCATGTGCAGAGTGG eurofins
NOTCH4 exon 2 RV CACAAGCTGGGTGTCAA eurofins
DTX plasmid FW GAACCCACTGCTTACTGGCTT eurofins
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DTX plasmid RV ACGGTCGGTAGACAACAAACG eurofins
DTX1 plasmid GGTCCATCCGGCCCTGGCAGG eurofins
DTX2 plasmid GGGCGCAGCTCCTCCTTCCCT eurofins
DTX3 plasmid GAGCTCGGGGGCTCCCCCCTC eurofins
DTX4 plasmid AGGCACCATTCGAGGCCCACT eurofins
hN4 plasmid start FW AATATGTAATTTTCAGTGTTA eurofins
hN4 plasmid start RV CCACTGAGACACATAGCAGCA eurofins
hN4 plasmid end FW CTGTGGTCCCCCAGCCCTCCA eurofins
hN4 plasmid end RV TGTAATCCAGAGGTTGATTAT eurofins
L4A91AFWseq AAGTCCCTGTGAACATGGC eurofins
E511KRVseq ATATCCTCCTCACATCGGGT eurofins
Y914HFWseq TGCAACCTTCCACTGTCCT eurofins
E1009QRVseq CACAGGTCCCTCCATGAAA eurofins
E1836KFWseq AAGTAGCCCAGCTACTGCT eurofins
E1836KRVseq AAGTCTACGGACCAAGTCCG eurofins
Table 2-11: Primers used for sequencing
The following primers were used for site-directed mutagenesis:
Target Sequence Supplier
L491A FW ggaagcacctgtgcagacctacttgccaccttc eurofins
L491A RV gaaggtggcaagtaggtctgcacaggtgcttcc eurofins
E511K FW ggcttagaagggcagctctgtaaggtggagacc eurofins
E511K RV ggtctccaccttacagagcetgeccttctaagec eurofins
Y914H FW cagcggcceccteccatttetgecactg eurofins
Y914H RV cagtggcagaaatgggaggggccgctg eurofins
G924V FW ccctggattccaagtaagcectgtgecaggatce eurofins
G924V RV gatcctggcacaggcttacttggaatccaggg eurofins
E1009Q FW gggagacgtggaccagtgtctggacca eurofins
E1009Q RV tggtccagacactggtccacgtctecc eurofins
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E1836K FW cacaaagccacgecgggecgcaaagetgggecctteccgegege | eurofins
E1836K RV gcgegegggaagggeccagetttgeggeccggegtggcetttgtg | eurofins
Table 2-12: Primers used for site-directed mutagenesis
The following siRNA constructs were used for gene knockdown:
Type of siRNA Target Species Supplier
Silencer® Select Pre-designed (Inventoried) | DTX1 Human Ambion
Silencer® Select Pre-designed (Inventoried) | DTX4 Human Ambion
Silencer® Select Pre-designed (Inventoried) | Rab7a Human Ambion
Silencer® Select Pre-designed (Inventoried) | VPS33A Human Ambion
Silencer® Select Pre-designed (Inventoried) | VPS18 Human Ambion
Silencer® Select Pre-designed (Inventoried) | DTX2 Human Ambion
Silencer™ Select Negative Control No. 1 | Negative control | Human Ambion
SiRNA
Silencer™ Select Negative Control No. 2 | Negative control | Human Ambion
SiRNA

Table 2-13: siRNA constructs used for knockdowns

2.1.8 Plasmids

Name

Source

hNOTCH4 lentiviral plasmid VectorBuilder

Control lentiviral plasmid

VectorBuilder

DTX1 pcDNA3.1_C-DYK

Martin Baron, University of Manchester

DTX2 pcDNA3.1_C-DYK

Martin Baron, University of Manchester

DTX3 pcDNA3.1_C-DYK

Martin Baron, University of Manchester

DTX4 pcDNA3.1_C-DYK

Martin Baron, University of Manchester

Table 2-14: Plasmids obtained for use in the project
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2.1.9 Kits

Kit Supplier Catalogue number
Endofree Plasmid Maxi Kit Qiagen 12362
RNAeasy Mini Qiagen 74104
RNAeasy Micro Qiagen 74004
TagMan Universal PCR Master-mix | Thermo Fisher Scientific | 4304437
TagMan™ Reverse Transcription Thermo Fisher Scientific | N8080234
Reagents
ALDEFLUOR™ Kit STEMCELL Technologies | 01700
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific | 23225
QuickChange Il XL Site-directed Agilent 200517
Mutagenesis Kit

Table 2-15: List of pre-made kits used

2.1.10 Cell lines
Cell line Tissue
MCF7 Breast
MCF7 (Cardiff) Breast
TAMR (Tamoxifen resistant) Breast

FULVR (Fulvestrant resistant) Breast

MCF7 N4KO Clone control Breast
MCF7 N4KO Breast
HEK-293T Embryonic kidney
RPE (hTert-RPE1) Epithelial eye cell

Table 2-16: List of cell lines used
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2.2 Methods

2.2.1 Database search

Mutations in primary and metastatic breast cancers were searched for using publicly
available genomic databases and smaller study datasets. This was carried out methodically,
excluding samples that are present in more than one database. The databases used are as
follows: cBioPortal (Cerami et al., 2012; Gao et al., 2013), National Cancer Institute GDC Data
Portal (Grossman et al., 2016), COSMIC (Tate et al., 2019) and Tumour Portal (Lawrence et
al., 2014).

The studies that the mutations were sourced from are listed: “MSK-IMPACT Clinical
Sequencing Cohort” (Zehir et al., 2017), “Breast Invasive Carcinoma” (Banerji et al., 2012),
“Breast Invasive Carcinoma” (Ciriello et al., 2015), “Breast Invasive Carcinoma” (Koboldt et
al., 2012), “Breast Invasive Carcinoma” (TCGA, Provisional), “Mutational profiles of
metastatic breast cancer” (Lefebvre et al., 2016), “Sequence analysis of mutations and
translocations across breast cancer subtypes” (Banerji et al., 2012), “Landscape of somatic
mutations in 560 breast cancer whole-genome sequences” (Nik-Zainal et al., 2016), “A whole-
genome sequence and transcriptome perspective on HER2-positive breast cancers” (Ferrari
et al., 2016), “Diverse somatic mutation patterns and pathway alterations in human cancers”
(Kan et al., 2010), “Genomic Evolution of Breast Cancer Metastasis and Relapse” (Yates et al.,
2017), “Comparative genomic analysis of primary tumors and metastases in breast cancer”
(Bertucci et al., 2016), “Breast Cancer” (Razavi et al., 2018), “Breast Cancer” (Nixon et al.,
2019), “Breast Cancer” (Kan et al., 2018) and “Proteogenic landscape of breast cancer” (Krug

et al., 2020).

2.2.2 Cell culture methods

2.2.2.1 Normal cell culture

All cell lines were grown in tissue culture flasks and maintained at 37°C and 5% CO,. The flasks
were passaged once they reached 80% confluency. Detachment from the flasks was
performed using trypsin-EDTA (Sigma). Cell lines were tested regularly for mycoplasma
infection and authenticated through the CRUKMI Molecular Biology Core Facility. Tamoxifen
and Fulvestrant resistant cells (TAMR and FULVR) were a gift from Julia Gee (University of
Cardiff) and were treated with 10”M 40H-tamoxifen (Sigma) or 10%M ICI 182780
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(fulvestrant) (TOCRIS), respectively, to maintain resistance (Knowlden et al.,, 2003;

McClelland et al., 2001).

2.2.2.2 3+3day treatment culture

Cells were seeded in 6 well culture plates at a density to provide 80% confluency after 3 days
and treated with ethanol (vehicle), 10°M 40H-tamoxifen (Sigma) or 10’M ICI 182780
(Fulvestrant) (TOCRIS). These were grown for 3 days, detached, and reseeded at the same
confluency, with the same treatment. After another 3 days, the cells were detached and

analysed.

2.2.2.3 Mammosphere assay

Resuspended cells were syringed with a 25G needle to ensure a single cell suspension was
achieved. Cells were then seeded at the required density in Polyhema (Sigma) coated 6 well
plates in mammosphere media. They were then incubated at 37°C for 5 days. The primary
mammospheres formed were counted using an Olympus CK2-TR microscope, including only
those that had reached 60um diameter, using 4x lens. Mammosphere forming efficiency

(MFE) was calculated using the following equation:

No of mammospheres
no of cells seeded

Mammosphere forming ef ficiency (MFE)(%) = ( ) * 100

2.2.2.4 Transfection

Cells were cultured to reach approximately 70% confluency. First, 4.5ul Geneluice®
Transfection Reagent (Novagen) was added to 225ul Opti-MEM™ Reduced Serum Medium
and mixed by vortexing. 1.125ug of relevant plasmid was added and mixed by gentle
pipetting. This was incubated at RT for 30 mins, after which, it was added to monolayer cells
in Opti-MEM™ Reduced Serum Medium. Cells were analysed after 24 hours. Values for 1 well

of 6 well plate.

2.2.2.5 siRNA knockdown
Cells were cultured to reach approximately 70% confluency. 7.5ul Lipofectamine RNAIMAX

Transfection Reagent (Thermo Fisher Scientific) was added to 135ul Opti-MEM™ Reduced
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Serum Medium. 25pmol of relevant Silencer Select Pre-Designed & Validated siRNA (Thermo
Fisher Scientific) was added to a separate 135ul Opti-MEM™ Reduced Serum Medium. These
solutions were combined gently by pipetting, incubated for 15 mins at RT, and added
dropwise to monolayer cells in Opti-MEM™ Reduced Serum Medium. After 24h, knockdown

was confirmed using gRT-PCR or western blot. Values for 1 well of a 6 well plate.

2.2.2.6 Lentivirus production
HEK293T cells were cultured to reach 70% confluency. Cells were then transfected following

the calcium phosphate method using CaCl, and 2xHBS. 2xHBS was added to solution
containing equimolar ratio of lentiviral gene expression plasmid (Vector Builder) (Figure 2-1)
and 3 lentiviral packaging plasmids “gagpol”, “env” and “vsvg” as well as CaCl; solution. This
solution was mixed for 5 minutes, incubated for 12 minutes at RT and added dropwise to
cells. Incubation was carried out at 37°C for 6 hours, after which, the media was switched for
complete media. Virus particles were harvested 24h, 48h and 72h post-transfection. These
virus particles were ultra-centrifuged in Beckman Coulter Avanti JXN-30 centrifuge at
20000rpm for 2 hours at 4°C. Virus titre was determined using a titration method using
HEK293T cells. Serial dilutions of virus volume were added to cells with 8ug/ml Polybrene.
Fresh media was added after 6 hours and Puromycin (2pg/ml) was introduced 48 hours later
for selection. Colonies formed after 7 days were fixed and stained with 1% Giemsa stain. Virus
titre was calculated using the formula below for each well and mean value was taken as the

virus titre:

TU (Number of colonies

— = dilution factor
L ) - ditution f

total volume in well

o Wiy ) o,

p o a
Notch4 , Control
plasmid plasmid

D' ’

‘W

Figure 2-1: Plasmids obtained from VectorBuilder for lentivirus production
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2.2.2.7 Stable cell line production

Required parental cells were plated out at 10,000 cells/well in a 96 well plate. Once the virus
titre had been calculated, the virus could be added at the required MOI (Multiplicity of
Infection). Virus was added at a MOI of 0.5 with 8ug/ml polybrene 24 hours after seeding
cells. 6 hours later, virus containing media was switched for complete media. 48 hours after
this, Puromycin (2ug/ml) containing media was added to the cells for selection. Once selected

for, the transduced cells were expanded and used as required.

2.2.3 Imaging methods

2.2.3.1 Flow cytometry for Aldefluor assay and Notch4 antibody

Aldefluor assays were carried out using the ALDEFLUOR™ Kit (Stemcell Technologies) as per
manufacturer’s instructions. Cells were resuspended in FACS buffer at a density of 1x10°
cells/ml. 0.4ul of Notch4 ECD antibody (Medlmmune) was added per 100,000 cells and cells
incubated for at 4°C for 1 hour. Cells were washed in PBS and resuspended in ALDEFLUOR™
assay buffer. 2.5ul ALDEFLUOR™ reagent was added to half of the cell suspension. To the
other half, 5ul DEAB and 2.5ul ALDUFLUOR reagent was added. Following mixing, these cells
were incubated at 37°C for 40 minutes, mixing periodically. Cells were resuspended in
ALDEFLUOR™ assay buffer. Analysis was carried out using a BD LSRII flow cytometer and BD
FACSDIVA software using lasers and filters at (488)530/30 to detect Aldefluor reagent and
(640)660/20 to detect Notch4. Compensation was also carried out using single stained

controls. Further data analysis was carried out using FlowJo software (FlowJo).

2.2.3.2 Flow cytometry and sorting for Notch4 antibody

Cells were resuspended in FACS buffer at a density of 1x10° cells/ml. 0.4ul of Notch4 ECD
antibody (MedImmune) was added per 100,000 cells and cells incubated for at 4°C for 1 hour.
Cells were washed in PBS and resuspended in FACS buffer. Analysis was carried out using a
BD LSRII flow cytometer using lasers and filters at (640)660/20. Sorting was carried out using
a BD Ariall flow cytometer. Cells were sorted using a gate drawn for the lasers and filters at
(640)660/20, choosing the cells positive/ negative for Notch4. Cells were collected in DMEM
media and lysed for use in RNAseq. Further data analysis was carried out using FlowJo

software (FlowJo).
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2.2.3.3 Immunofluorescence

Cells were cultured on 16mm diameter coverslips (FisherScientific) that had been autoclaved
for sterility. Cells were fixed with 4% PFA, permeabilised with 0.2% Triton X-100 (in PBS) and
blocked with 4% PBSA. Primary antibodies at the required concentration in 4% PBSA were
added for the relevant time, followed by washes in PBS. Secondary antibodies at the required
concentration in 4% PBSA were then added for 30 mins in the dark, followed by washes in
PBS. After rinsing in ddH,0O, coverslips were mounted onto the slide with ProLong™ Gold
Antifade Mountant (Thermo Fisher Scientific). Slides were imaged on an Axio imager M2

fluorescent microscope (Zeiss) at 100x magnification.

2.2.3.4 Immunofluorescence image analysis

Immunofluorescence images were initially deconvolved using Huygens software (CRUKMI)
with appropriate settings. Images were then processed using Fiji (Image J) for viewing.
Colocalisation of channels was analysed using Imaris software, accessed via CRUK
Manchester Institute. The Imaris “coloc” function was used to create a colocalisation channel
from two chosen channels, providing quantification details about colocalisation, including
Pearson’s coefficient. The “volume” function was also used to represent the structure of the
compartments including endosomes. The intensity sum of certain channels that were present

within those compartments could then be quantified.

2.2.3.5 SRB assay

SRB assays were used to assess cell density. Cells were fixed at desired timepoints using 50%
Trichloroacetic acid (TCA, Sigma) for 1 hour at 4°C. Plates were washed 3-5 times with water.
Following air drying, cells were stained with 0.04% sulforhodamine B (SRB) in 1% acetic acid
for 1 hour at RT. Plates were washed 3-5 times with 1% acetic acid and air dried. Before
visualisation, stain was solubilised with 10mM TRIS-base (pH 10.5, Sigma). After 20 minutes,
optical density was measured at 570nm using VersaMax tuneable microplate reader and

SoftMax Pro software.
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2.2.4 Protein analysis - Western Blotting
Cells were lysed using lysis buffer and scraped with a cell scraper. The lysate was rotated for
1 hour at 4°C and centrifuged for 10 minutes at 4°C. The concentration of protein lysates was

determined with a BCA assay using a Pierce™ BCA Protein Assay Kit (Thermo Fisher).

A pre-cast 10% Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) gel
(BioRad) was used and loaded into a western blotting cassette. 80ug of protein was added to
each well, after being mixed with 4x laemmli buffer (BioRad) and boiling at 95°C for 5
minutes. 8ul Precision Plus Protein™ Dual Colour Standards (BioRad) was also added to
determine size of bands. The SDS-PAGE gel was run at approximately 150V for 30 minutes or

until the blue dye front had travelled out of the gel.

The gel was transferred to Nitrocellulose blotting membrane with 0.45um pores assembled
in a cassette including transfer sponges and filter paper. The protein was then transferred in

transfer buffer for 1 hour at 100V using the Trans-Blot Electrophoretic Transfer Cell.

Membranes were blocked using 5% BSA in TBS at RT for 1 hour on a shaker. They were then
incubated with primary antibody overnight at 4°C. Primary antibody dilutions and timings
were optimised for each antibody. Following three washes with TBS-Tween, membranes
were incubated with the appropriate HRP conjugated secondary antibody for 1 hour at RT.
Following another wash stage, the appropriate HRP substrate was added, depending on the
approximate concentration of the protein of interest. Images of the membrane were taken
using the BioRad ChemiDoc Touch Imaging System. If another protein was to be detected on
the same membrane, antibodies were stripped using Stripping Buffer (BioRad) for 30
minutes. This was followed by a wash stage and the detection stages were repeated, starting

with a blocking step.

2.2.5 Molecular biology methods

2.2.5.1 RNA extraction

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) and Qiashredder (Qiagen).
Monolayer cells were washed with PBS and RLT buffer (+B-mercaptoethanol) was added
directly to cells. Lysates were collected and RNA was extracted using columns as per
manufacturer’s instructions. Purity and yield were judged by a nanodrop spectrophotometer

(Thermo Fisher Scientific).
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2.2.5.2 gRT-PCR

2.2.5.2.1 Reverse Transcription

cDNA was produced from RNA using the TagMan® Reverse Transcription Reagents (Applied
Biosystems). Reagents provided in the kit and RNase free water (Ambion) were added to 1ug
RNA as described by manufacturer. The reaction took place on a Peltier thermal cycler (M)

Research) with the following settings: 25°C 10 minutes, 48°C 30 minutes, 95°C 5 minutes.

2.2.5.2.2 gPCR and quantification of mRNA expression

gPCR was carried out in a 384 well PCR plate (Thermo Fisher Scientific) using the Qs5c qPCR
machine (Thermo Fisher Scientific). Tagman Universal PCR Mastermix (Thermo Fisher
Scientific), optimised TagMan Gene expression primer assays or unoptimised primers and
relevant probes (section 2.1.7), and cDNA produced from reverse transcription were added
to each well. Assays were designed and analysed using the Thermo Fischer Scientific Cloud

“Design and Analysis Application”.

2.2.5.3 RNAseq

2.2.5.3.1 Library preparation and sequencing
Library preparation and sequencing was carried out by the CRUK Manchester Institute
Molecular Biology Core Facility. This was carried out with double-ended polyA sequencing

using a Novaseq SP system (Illumina).

2.2.5.3.2 Bioinformatic analysis

Bioinformatic analysis and production of user-accessible shiny app was carried out by
Matthew Roberts (CRUK). Bioconductor packages AnnotationDbi (1.48.0) (Pages et al., 2020)
and org.Hs.eg.db (3.10.0) (Carlson, 2019) were used to retrieve additional gene IDs. Gene set
enrichment analysis and pathway analysis was performed using Bioconductor packages ideal
(1.10.0) (Marini, 2020), fgsea (1.14) (Korotkevich et al., 2019) with MSigDB gene set
collections (McCarthy et al., 2012) limma (3.42.2), pathview (1.26.0) (Luo & Brouwer, 2013),
enrichR (3.0) (Jawaid, 2021), gage (2.36.0) (Luo et al., 2009) with gageData (2.24.0) (Luo,
2020) and ReactomePA (1.30) (G. Yu & He, 2016). ggplot2 (3.3.3) (Wickham, 2009), pheatmap
(1.0.12) (Kolde, 2019) and RColorBrewer (1.1-2) (Neuwirth, 2014) were used for making plots.
tidyr (1.1.3) (Wickham, 2021), tibble (3.1.2) (K. Miller & Wickham, 2021), dplyr (2.0.6)
(Wickham et al., 2021) and magrittr (2.0.1) (Bache & Wickham, 2020) were used for general

data processing and formatting. The analysis was presented in a web application using shiny
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(1.5.0) (Chang et al., 2021) hosted on a server running R (3.6.0) (R Core Team, 2020). Code
was written using RStudio Workbench (1.4.1717.3) (R Studio Team, 2021) using R (4.0.3).
Fastq files were processed with Nextflow (19.10.0) nf-core/rnaseq (1.3) pipeline. Gene count

normalisation was performed with DESeq2 (1.26.0).

Genes of interest were determined by calculating the log2 fold change between samples and
filtering for genes that met a certain, user defined threshold. Figures were created using shiny

(1.5.0) with user-defined parameters.

2.2.5.4 Genomic DNA purification

Genomic DNA was extracted from cells using the Wizard® Genomic DNA purification Kit as
per manufacturer’s instructions. Cells were detached from culture dishes and centrifuged at
16000g and then lysed using Nuclei lysis solution. RNA and proteins were removed with
RNase Solution and Protein Precipitation Solution. The DNA was then precipitated using

isopropanol and rehydrated with DNA Rehydration Solution.

2.2.5.5 Transformation

DH5a competent cells (Invitrogen) were used for transformations. 10ng plasmid DNA was
added to 50ul DH5a cells and incubated for 30 mins. A 45 second heat shock at 42°C was
used to allow DNA to enter the cells. Cells were incubated at 37°C for 1 hour at 225rpm and
spread on LB + Ampicillin plates. Plates were incubated overnight at 37°C and stored at 4°C

until needed.

2.2.5.6 Plasmid amplification and purification

Following transformation, clones were picked from stored LB + Ampicillin plates and pre-
cultured in LB broth with 100pg/ml Ampicillin at 37°C, 225rpm for 8 hours. Following this,
the preculture was added to the expansion culture (also LB broth with 100pg/ml Ampicillin).
Cells were harvested by centrifugation at 6000g 4°C for 15 minutes. A Qiagen Plasmid Maxi
kit (Qiagen) was used to purify plasmids according to manufacturer’s instructions. Pelleted
bacteria was resuspended in Buffer P1, followed by the addition of Buffer P2, incubation at
room temperature for 5 minutes, addition of Buffer P3 and then centrifugation at 6000g at

4°C for 15mins. A QlAfilter cartridge was used to clear the lysate. Buffer ER was then added
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followed by 30 minutes incubation on ice. A QIAGEN-tip was used to collect the plasmid DNA
and multiple washing rounds were carried out with Buffer QC. Buffer QN was used to elute
the DNA. Plasmid DNA was then precipitated with isopropanol, washed with ethanol and

rehydrated with RNase and DNase free water.

2.2.5.7 Site-directed mutagenesis
Site-directed mutagenesis was carried out using a QuickChange Il XL Site-directed

Mutagenesis Kit as per manufacturer’s instructions. Primers to correspond to each mutation
were designed using Snapgene software and synthesised by Eurofins. Mutated plasmids were
created using a modified PCR reaction, followed by a digestion of the original plasmid with
Dpn-1. Mutated plasmids were transformed into XL10-Gold ultracompetent cells and

amplified and purified as above.

2.2.5.8 DNA sequencing
DNA samples were sequenced using the CRUKMI Molecular Biology Core Facility. Each tube

contained 15ng DNA for genomic DNA or 300ng for plasmids and 15pmoles of primer.

2.2.6 Invivo methods

2.2.6.1 Limiting dilution assay

The resource equation was used to estimate optimal mouse number for the experiment.
“Experimental units = total degrees of freedom — treatments degrees of freedom”. For this
experiment, E=23 -5, E = 18. For optimal conditions, E should be between 10 and 20, so this

number of mice is an appropriate number to test this hypothesis (Mead, 1988).

Serial cell dilutions of N4AKO-CON and N4KO-N4 cells were made according to Table 2-17.
100pl cell suspension in mammosphere media was added to 100ul Matrigel (Corning) to
create a 1:1 dilution. Cells were injected subcutaneously into the left and right flanks of NSG
mice as described in Table 2-17. These mice had previously had a 90-day release 0.36mg 17-
R estradiol pellet (Innovative Research of America) implanted subcutaneously 7 days prior to
cell injection. Tumours (if formed) were measured 3 times a week. Tumour size was
calculated using 0.5 x length x width?. At endpoint (total tumour volume per mouse 1250mm?3
or 77 days post injection) tumours and lungs for groups 4a and 4b were collected and fixed

for 24 hours with formalin.
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Group number | Mouse Number of cells | Left flank Right flank
per injection

1 1-5 10,000 N4KO-CON N4KO-N4

2 6-10 1000 N4KO-CON N4KO-N4

3 11-15 100 N4KO-CON N4KO-N4

4a 16-19 100,000 N4KO-CON N4KO-CON

4b 20-23 100,000 N4KO-N4 N4KO-N4

Table 2-17: Experiment design for Limiting dilution assay

The Extreme Limiting Dilution Analysis (ELDA) is an online application that was used to

calculate tumour initiating cell frequency (Y. Hu & Smyth, 2009).

2.2.7 Statistical analysis

All statistical analyses were carried out using GraphPad Prism 9.0. Normality of datasets was
determined using Agostino-Pearson, Shapiro-Wilk and Kolmogorov-Smirnov normality tests.
Normal parametric tests included the unpaired two-tailed t-test, Ordinary one-way ANOVA
and Two-way ANOVA with Tukey’s or Sidak’s multiple comparisons, specified in figure legend.
p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****). Error bars are shown as +SEM unless

stated otherwise.
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3 Notch4 signals via a endocytic pathway signalling mechanism

3.1 Introduction
This chapter will investigate signalling by the Notch4 receptor and identify which endocytic
vesicle components are involved in the pathway. This was carried out using in vitro methods

including immunofluorescence, analysis of gene expression and knockdown of genes.

Canonical Notch signalling involves the binding of a Notch ligand expressed on the membrane
of a signal sending cell to a Notch receptor on the membrane of a signal receiving cell. “S2”
and “S3” cleavages that take place after ligand binding, release the Notch intracellular
domain into the cytoplasm, which translocates to the nucleus (Figure 1-8). Here, it binds with
the protein complex RBP-Jk and other co-activators and induces expression of target genes
including those of the Hes and Hey families (Kopan & llagan, 2009). In the ligand-independent
pathway, Notch is internalised into the cell via the actions of Deltex. It is trafficked through
the endocytic pathway via early endosomes, late endosomes and lysosomes. The NICD is
released and can travel to the nucleus, inducing target gene expression in a similar manner

to the ligand dependent pathway (Shimizu et al., 2014).

In Drosophila, a Notch mutant (AxE2) that contains one amino acid residue change in the
Abruptex (Ax) domain, from a histidine to a tyrosine, alters this signalling pathway. It alters
Notch function so that it becomes less ligand-dependent and more ligand-independent (T.
Xu & Artavanis-Tsakonas, 1990). This mutant Notch is also reliant on the protein Deltex for
signalling. The amino acid sequence of mammalian Notch4 is generally well conserved with
Notch1, 2 and 3 but significantly, Notch4 diverges from Notchl, 2 and 3 to match the
Drosophila AXE2 mutant described above. This leads to our hypothesis that Notch4 might
signal similarly to this mutant Notch, in a ligand-independent and Deltex-dependent way.
This would suggest less ligand control over the amount of Notch signalling in the cell and
NICD would be released into the cytoplasm at a greater rate, without the limiting step of

ligand binding for receptor activation.

Deltex is an E3 protein ubiquitin ligase and assists in the internalisation of various proteins
from the cell membrane, including Notch. In the non-canonical Notch signalling pathway it
generally acts as a positive regulator, both inducing internalisation of the full length Notch
receptor from the cell surface, as well as stabilising the receptor in the late endosome,
preventing degradation (Yamada et al., 2011). However, its role switches to a negative

regulator of the pathway when co-expressed with Su(dx) (L. Wang et al., 2021; Wilkin et al.,
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2008). The role of Deltex is further complicated by the fact that there are four Deltex proteins

in mammalian cells (DTX1-4).

The ligand-independent pathway has been studied in Drosophila, but very little is known
about this signalling pathway or its action in mammalian cells, including humans. Using
transient transfection of Notch4 into cell lines including breast cancer cell lines, this chapter
will investigate the Notch4 signalling pathway, looking for evidence of Notch4 endocytic
pathway activation. By use of immunofluorescence staining of Notch4, the cellular
localisation of full length or cleaved forms of the protein will be investigated. siRNA
knockdown will then be used to dissect the involvement of the members of the Deltex family
and various components of the endocytic pathway and gene expression of target genes will

be analysed.

3.2 Successful transient transfection of Notch4 into breast cancer cells

increases gene expression of Notch4 and Notch target genes
From previous work in the lab, it has been found that Notch4 is only present at a very low
level in the ER+ breast cancer cell line MCF7. In order to study Notch4 signalling in breast
cancer cells, Notch4 was transiently transfected into MCF7 cells. Due to the large size of the
Notch4 plasmid (14.7kb) (Figure 3-1A), Geneluice® was selected as the optimal transfection
reagent which allowed a balance between transfection efficiency and health of the cells. The
plasmid used is a lentiviral gene expression vector, also applicable for transient transfection.
The optimal length of time after transfection to analyse the expression of the Notch4
receptor on the cell surface was determined using flow cytometry. The cells were collected
24, 48 and 72 hours after transfection and cell surface Notch4 expression was analysed. They
were stained using the Notch4-AlexaFluor647 antibody, (a gift from Medlmmune). Notch4
transfected cells maintain a significantly higher AF647 fluorescence level than untransfected
after 24 hours. This returns to a similar level to untransfected cells after 48 and 72 hours
(Figure 3-1B+C). At 24 hours after transfection, approximately 10% of cells are positive for
Notch4, which reduces to 2.4% after 48 hours and to 1.2% after 72 hours (Figure 3-1D). These
data suggest transient transfection of Notch4 causes expression and membrane presentation

of the receptor, but turnover and loss of cell surface expression after 24 hours.
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Figure 3-1: Transient transfection of Notch4 into MCF7 cells leads to a significant
population of cells expressing Notch4 at the membrane after 24 hours. A) Plasmid map of
the construct containing Notch4 that was used here for transient transfection of MCF7 cells
using Geneluice®. B) Flow cytometry results using Notch4-AF647 fluorescently conjugated
antibody 24, 48 and 72 hours after transfection of MCF7 cells with Notch4 plasmid.
Histograms and scatter plots include untransfected (red) cells and transfected (blue) cells and
histograms have been normalised to allow for numbers of cells. C) Transfected MCF7 cells at
24 (orange), 48 (blue) and 72 (red) hours after transfection. Plotted using FlowlJo. D) Graph
to show percentage of cells positive for Notch4 from flow cytometry, 24, 48 and 72 hours
after transfection. N=1.

Above, we demonstrate that the transiently transfected Notch4 is expressed and protein is
detectible by flow cytometry at the cell surface of MCF7 cells. Next, we investigated whether
it is being activated and inducing signalling and expression of its target genes. We also used
a gamma-secretase inhibitor (GSI) to explore whether any signalling from the transiently
transfected Notch4 was gamma-secretase dependent. For this experiment a GSI was used
(RO4929097) that has been found to be more specific in blocking Notch4 signalling compared
to other pan-GSls such as DAPT (Simdes, O’Brien, et al., 2015). To show that the transiently
transfected Notch4 receptor was signalling, we measured expression levels of three Notch
target genes, Hesl, Heyl and Hey2. These three genes are used throughout this thesis as
Notch target genes as they are common canonical targets of Notch signalling in most tissues,
as well as in breast cancer. They encode for proteins involved in key cellular processes
(Stylianou et al., 2006). MCF7 cells were transiently transfected with Notch4 plasmid using
Geneluice® as described above. After 24 hours, these cells were treated for 48 hours with
vehicle or gamma-secretase inhibitor (GSI) RO4929097 (10uM). RNA was then collected, and
a qRT-PCR was carried out to investigate Hesl, Heyl and Hey2 gene expression levels.
Transfecting Notch4 into MCF7s increased expression of Hes1, Heyl and Hey2 genes (Figure
3-2A+B). These gene expression increases were reduced by treatment with the GSI for 48
hours. This establishes that the Notch4-induced increase of target genes is gamma-secretase

dependent.
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Figure 3-2: Notch4 transiently transfected into MCF7 cells induces Hes and Hey gene
expression. MCF7 cells were transiently transfected with Notch4 plasmid for 24 hours and
then treated with vehicle or the gamma-secretase inhibitor (GSI) RO4929097 (10uM) for 48
hours. After treatment was complete, RNA was collected and qRT-PCR was carried out to
measure gene expression of Notch target genes Hes1 (A), Hey1 (B) and Hey2 (C). Fold change
calculated from untransfected control. N=1. Data are represented as mean +SEM.

3.3 Full length Notch4 is present within the endocytic trafficking pathway

In the ligand-independent, Deltex-dependent Notch activation pathway in Drosophila, Notch
is internalised from the surface into the endocytic pathway as a full length protein. After
internalisation, it travels from the early endosomes through the late endosomes and into the
lysosomes, where the NICD is released into the cytoplasm (Shimizu et al., 2014; Steinbuck &
Winandy, 2018). In order to determine whether Notch4 signals via this pathway, we
investigated whether it is present in the cell as a full length protein. This was carried out using
3D immunofluorescence (with z-stacks at every 0.5mm) after transiently transfecting cells
with Notch4. 24 hours after transfection, cells were fixed, permeabilised and stained with
antibodies. The C-terminus (ICD) of Notch4 was labelled using a Notch4 ICD antibody (Figure
3-3). This was stained with an anti-rabbit AlexaFluor488 secondary antibody (green
fluorescence in figures). The NRR domain (within the ECD) of Notch4 was labelled using the
Notch4-AlexaFluor647 Medlmmune antibody (red fluorescence in figures) (Figure 3-3).
Colocalisation of these two antibodies observed in immunofluorescence of permeabilised

cells indicated the presence of full length Notch4 receptor within the cell.
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NOTCH4

Notch4-AF647
(ECD antibody)

Figure 3-3: Binding regions of Notch4 antibodies used in immunofluorescence. Notch4-
AF647 (ECD antibody) binds to the NRR (Negative regulator region). Notch4 (ICD antibody)
binds to the C-terminus of Notch4. LNRs (Lin-12/Notch repeats), TMR (transmembrane
region), RAM (RBP-Jkappa-associated module), ANK (ankyrin repeats).

hTert-RPE1 (RPE) cells were used initially as the optimisation cell line for the
immunofluorescence as they are very flat, thin cells, with little background, to allow for more
easy detection and imaging (Figure 3-4). In immunofluorescence of permeabilised cells,
staining for both Notch4 ICD (green) and Notch4 ECD (red) can be seen to colocalise (merged
panel, yellow), in punctate dots, suggesting that Notch4 is present within RPE cells as a full
length protein (Figure 3-4A). There are also some points of ICD and ECD separate within the
cell, indicating that intracellular separation of ICD and ECD is occurring. In non-permeabilised
RPE cells, the immunofluorescence demonstrated that only Notch4 ECD was detectible at the
surface of the cell, suggesting that the two antibodies are reliably binding and detecting the
two different ends of the Notch4 protein (Figure 3-4B). No Notch4 ICD was detected at the
surface (image not shown). Untransfected cells did not show ICD or ECD staining (data not

shown).
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Figure 3-4: Notch4 is present as a full length protein inside RPE cells. RPE cells were used to
optimise immunofluorescence staining for Notch4. Cells were transfected with Notch4
plasmid using Geneluice® and after 24 hours were fixed, stained with antibodies, and
visualised using an Axio Imager M2 fluorescent microscope (Zeiss) at 100x magnification.
Images were also deconvolved using Huygens software. Immunofluorescence pictures show
one plane of Notch4 intracellular domain (ICD) (green) and Notch4 extracellular domain
(ECD) (red) and a merge of the two channels to demonstrate colocalisation. Areas of key
colocalisation are indicated with arrows. A) Immunofluorescence using permeabilised cells
shows full length Notch4 protein inside the cell. B) Immunofluorescence using non-
permeabilised cells shows that only the Notch4 ECD is present at the surface of the cell. Areas
zoomed in to show detail in higher magnification, indicated by the white squares. Scale bars:
S5um.

The distribution of the colocalised “spots” of full length Notch4 in Figure 3-4 indicates that
the protein is located within an internal compartment. The compartments of the endocytic
trafficking pathway were investigated with antibodies. EEA1 antibody was used to stain the

early endosomes, CD63 antibody was used to stain the late endosomes and LAMP1 antibody
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was used to stain the lysosomes. These endocytic pathway antibodies are shown in blue in
Figure 3-5. They were used along with the Notch4 ICD (green) and Notch4 ECD (red)
antibodies used previously, and colocalisation between all three channels was analysed to
determine if the full length Notch4 receptor was present within the three endocytic
compartments in RPE cells. Figure 3-5A shows colocalisation of ICD, ECD and EEA1 antibodies
establishing that full length Notch4 is located in early endosomes. Figure 3-5C shows
colocalisation of ICD, ECD and LAMP1 antibodies, indicating that full length Notch4 is present
in lysosomes. There is also some colocalisation of ICD and LAMP1 without ECD (cyan dots),
indicating that in some situations ICD is present in lysosomes without ECD, suggesting
processing of Notch4 has occurred within the lysosome. In Figure 3-5B, although Notch4 ICD
and ECD consistently colocalise, there is only a little cross over with CD63, suggesting full
length Notch4 may be found in some subregions of the late endosomes, but not as
consistently within the compartment as in early endosomes or lysosomes. Additional
immunofluorescence experiments showed that full length Notch4 was not mainly remaining
within the ER or Golgi during synthesis and processing (no full colocalisation between ICD,

ECD and KDEL (ER marker) and GM130 (Golgi marker)) (Appendix Figure 8-1).
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Figure 3-5: Full length Notch4 is located in early endosomes and lysosomes in RPE cells.
Immunofluorescence images of RPE cells 24h after transiently transfecting with a Notch4
plasmid showing one plane of Notch4 ICD (green), Notch4 ECD (red) and EEAl-early
endosomes (blue) (A), CD63-late endosomes (blue) (B), LAMP1-lysosomes (blue) (C) and a
merge of the three channels to demonstrate colocalisation. Areas of key colocalisation are
indicated with arrows. Areas zoomed in to show detail in higher magnification, indicated by
the white squares. Scale bars: 5um.
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Equivalent immunofluorescence experiments were carried out in ER+ MCF7 breast cancer
cells to confirm whether the presence of the full length Notch4 receptor in the endocytic
pathway was apparent in breast cancer cells. It was observed that the Notch4 ICD and ECD
antibodies colocalised in permeabilised MCF7 cells (Figure 3-6A), suggesting full length
Notch4 is present. This colocalisation was further analysed using Imaris software with its
embedded “coloc” feature and the level of colocalisation between the two channels was
guantified using the Pearson’s correlation. Pearson’s correlation was used to measure the
colocalisation of two channels in an image and supplies a correlation score depending on the
colocalisation of the channels. These scores range from 0 with no colocalisation to 1 with full
colocalisation. The result of the analysis of fourteen images of MCF7 cells transfected with
Notch4 is shown in Figure 3-6B. The mean of these correlations is 0.66 showing a medium to
high colocalisation between the ICD and ECD channels. The spread of Pearson’s correlation

between the different images was from 0.51 to 0.82.
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Figure 3-6: Notch4 is present as a full length protein inside MCF7 cells. (A)
Immunofluorescence images of permeabilised MCF7 cells 24h after transiently transfecting
with a Notch4 plasmid, showing one plane of Notch4 intracellular domain (ICD) (green) and
Notch4 extracellular domain (ECD) (red) and a merge of the two channels to demonstrate
colocalisation. Areas of key colocalisation are indicated with arrows. Areas zoomed in to
show detail in higher magnification, indicated by the white squares. Scale bars: 5um. (B)
Pearson’s correlation of the colocalisation of Notch4 ICD and ECD channels in full 3D
immunofluorescence images. Graph shows spread between different images. Mean
Pearson’s correlation is 0.66. (C) Representative 2D scatter plot for colocalisation calculation
of one image with the green channel (Notch4 ICD) on the y axis and the red channel (Notch4
ECD) on the x axis. N=14.
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MCF7 cells were also investigated by immunofluorescence to explore Notch4 colocalisation
with endocytic pathway components. The same endocytic compartment antibodies that
were used in Figure 3-5 were used here- EEA1 to stain early endosomes, CD63 to stain late
endosomes and LAMP1 to stain lysosomes (Figure 3-7). Colocalisation between ICD, ECD and
EEA1 antibodies indicates full length Notch4 can be found in early endosomes (Figure 3-7A).
Colocalisation is also observed between ICD, ECD and CD63 antibodies, establishing that full
length Notch4 is located in late endosomes in MCF7s (Figure 3-7B). Figure 3-7C shows
colocalisation of ICD, ECD and LAMP1 antibodies, indicating full length Notch4 is present in
the lysosomes of MCF7 cells (Figure 3-7C). The immunofluorescence imaging of MCF7 cells
together establish that in MCF7 cells, full length Notch4 can be found in endocytic

compartments from early and late endosomes, through to lysosomes.
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Figure 3-7: Full length Notch4 is found in early endosomes, late endosomes and lysosomes
in MCF7 cells. Immunofluorescence images of MCF7 cells 24h after transiently transfecting
with a Notch4 plasmid using Geneluice® showing one plane of Notch4 ICD (green), Notch4
ECD (red) and EEAl-early endosomes (blue) (A), CD63-late endosomes (blue) (B), LAMP1-
lysosomes (blue) (C) and a merge of the three channels to demonstrate colocalisation. Areas
of key colocalisation are indicated with arrows. Areas zoomed in to show detail in higher
magnification, indicated by the white squares. Scale bars: S5um.
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3.4 Fulllength Notch4 colocalises with DTX1 and DTX4 in MCF7 cells

In Drosophila, Deltex is involved in the ligand independent Notch activation pathway. It binds
to the Notch receptor at the surface inside the cell and is involved in its monoubiquitylation,
leading to its internalisation as a full length protein. Previous studies have shown that Deltex
is essential for this alternative Notch signalling pathway (Guruharsha et al., 2012; Hori et al.,
2011; Wilkin et al., 2008; Yamada et al., 2011). In humans, there are four Deltex proteins,
Deltex 1-4. DTX1 and DTX4 are mainly found in the cytoplasm, whilst DTX2 and DTX3 are
usually found in the nucleus. DTX1 has the highest homology with Deltex in Drosophila and
has been studied the most in human cells (L. Wang et al., 2021). However, it is unknown
which, if any of the human Deltex proteins are involved in Notch signalling. Due to the
involvement of Deltex in the ligand independent Notch activation pathway in Drosophila, it
was investigated if any of the human Deltex proteins contribute to Notch4 signalling in

human breast cancer cells.

To investigate which of the Deltex proteins are most likely to be involved, MCF7 cells were
co-transfected with Notch4 and Deltex 1/2/3/4. Cells were stained for Notch4 ICD and ECD
in a similar manner as before, with the addition of a FLAG-tag antibody to bind to the FLAG
labelled DTX protein (shown in blue in Figure 3-8) and visualised by immunofluorescence.
The level of colocalisation between DTX and Notch4 was observed, by imaging and by using
the Imaris “coloc” function for quantification. Extensive colocalisation can be observed
between ICD, ECD and DTX1 (Figure 3-8A) as well as between ICD, ECD and DTX4 (Figure 3-
8D). There are a few areas of colocalisation between ICD, ECD and DTX2 (Figure 3-8B) and
little to no colocalisation between ICD, ECD and DTX3 (Figure 3-8C). This suggests that full
length Notch4 can be found together in the cell with DTX1 and DTX4, suggesting some

involvement of these two proteins, as well as a potential role of DTX2.

Quantification of results using the Imaris “coloc” function show that the Pearson’s correlation
of full length Notch4 with DTX4 is the highest, with an average value of 0.66 (Figure 3-9).
DTX2 and DTX3 both have a lower average Pearson’s correlation of 0.39. The three images
analysed for DTX1 have varied values for Pearson’s correlation (Figure 3-9B), giving them an
average of 0.52. These results support the colocalisation observed by imaging in Figure 3-8

and suggest that DTX colocalisation may vary from cell to cell.

95



MCF7

MCF7

ICD

96



DTX3 Merge

ICD ECD

™~

L

O

| . . .
D

ICD ECD DTX4

o - -

O

=

Figure 3-8: Full length Notch4 colocalises with DTX1 and DTX4 in breast cancer cells.
Immunofluorescence images of MCF7 cells 24h after transiently transfecting with a Notch4
plasmid and a DTX1 (A), DTX2 (B), DTX3 (C), or DTX4 (D) plasmid. Images show one plane of
Notch4 ICD (green), Notch4 ECD (red) and DTX1-4 (blue), and a merge of the three channels
to demonstrate colocalisation. Areas of key colocalisation are indicated with arrows. Areas
zoomed in to show detail in higher magnification, indicated by the white squares. Scale bars:
Sum.
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Figure 3-9: Quantification of colocalisation between full length Notch4 and DTX in MCF7
cells. Quantification was carried out using the Imaris “coloc” function on full 3D
immunofluorescence images. A new channel was created using colocalising voxels between
Notch4 ICD and Notch4 ECD and this was used as “full length Notch4” The colocalisation
between this channel and the DTX channel was then quantified and Pearson’s correlation
plotted. A) Data are represented as mean +SEM.

3.5 DTX1 and 4 knockdown reduces Notch4 ICD and ECD colocalisation

To further investigate the role of Deltex in Notch4 signalling, the Deltex genes were knocked
down using siRNA. DTX1 and DTX4 were selected due to their colocalisation with full length
Notch4 observed in immunofluorescence (Figures 3-8 and 3-9). The genes were knocked
down separately as well as both simultaneously, using Silencer Select pre-designed siRNAs
and lipofectamine RNAIMAX transfection reagent. RNA was isolated after 24 hours and levels
of DTX1 and DTX4 gene expression were analysed by gRT-PCR to confirm knockdown. With
both siDTX1 and siDTX1+4, levels of DTX1 gene expression were reduced at a rate of 4-fold
compared to untransfected control (Figure 3-10A). In siDTX4 and siDTX1+4, the gene
expression level of DTX4 was reduced by 5.5-fold and 4.1-fold, respectively (Figure 3-10B).

The controls in this case were untransfected cells. All knockdowns were significant p<0.0001.
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Figure 3-10: DTX1 and 4 genes were knocked down in MCF7 cells using siRNAs specific to
each gene. RNA was isolated 24 hours after transfection and gene expression analysed by
gRT-PCR. A) Knockdown of DTX1 was achieved at a rate of 4-fold when knocking down DTX1
alone and a rate of 4.6-fold when knocking down DTX1 and DTX4 together. B) Knockdown of
DTX4 was achieved at a rate of 5.5-fold when knocking down DTX4 alone, and a rate of 4.1-
fold when knocking down both DTX1 and 4. Shown as fold change compared to untransfected
control. Data are represented as mean *SEM. Statistical tests: Unpaired t-tests.
**%%p<0.0001. N=3.

The effect that knocking down DTX1, DTX4 and both DTX1+4 has on the location and full-
length/ cleaved status of Notch4 in MCF7s was investigated using immunofluorescence. The
same experiment and staining procedure was carried out as that shown in Figure 3-7, with
the addition of the siRNA when transfecting Notch4 into the MCF7s. Knocking down DTX1
led to a dramatic change in phenotype and there was little to no colocalisation between the
ICD and ECD of Notch4 (Figure 3-11). This was even more pronounced when knocking down
DTX4 (Figure 3-12), as well as when both DTX1 and DTX4 were knocked down simultaneously
(Figure 3-13).

The colocalisation of Notch4 ICD and ECD when knocking down DTX was analysed using the
Imaris “coloc” function and is quantified in terms of Pearson’s correlation (Figure 3-
14A+B+C). When quantified including the whole image, the Pearson’s correlation does not
differ significantly between control, siDTX1, siDTX4 or siDTX1+4 (Figure 3-14A). However,
when calculating the Pearson’s correlation between Notch4 ICD and ECD within a defined
Region of Interest (ROI) corresponding to the Notch4 ICD stained area, siDTX4 caused a

significantly reduced level of colocalisation (Figure 3-14B) (p<0.01). This was also the case
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when calculating the Pearson’s correlation within the colocalised area, with siDTX4 leading
to a significantly reduced colocalisation (Figure 3-14C) (p<0.05). Contrarily to the images, the
calculated Pearson’s correlation for Notch4 ICD and ECD when DTX1 or DTX1+4 were knocked

down, was not reduced in any case compared to the control.

When staining for EEA1, CD63 and LAMP1, Notch4 ICD and ECD were not colocalised with
any of the three markers, suggesting little to no full length Notch4 is present in early
endosomes, late endosomes or lysosomes when DTX1 and 4 are knocked down (Figure 3-
11+12+13). This is quantified in Figure 3-14D+E+F. Analysis in this case was carried out in
Imaris by creating a “surface” to represent each endocytic compartment and the intensity of
the full length Notch4 channel within that compartment was quantified and compared
between control and knockdown of DTX1, DTX4 or DTX1+4 (Figure 3-14D+E+F). Amount of
full length Notch4 in early endosomes was greatly reduced when DTX1, DTX4 and both
DTX1+4 were knocked down (Figure 3-14D). The amount of full length Notch4 in lysosomes
was also greatly reduced after DTX knockdown (Figure 3-14F). Knocking down DTX1 increased
intensity of full length Notch4 in late endosomes, whilst knocking down DTX4 reduced it

(Figure 3-14E). These did not reach significance due to the small sample size of some groups.

Together, these results suggest that knocking down DTX1 and DTX4 prevents Notch4 being
internalised into the endocytic pathway as a full length protein in MCF7 cells. The
quantification results mostly back this up, whilst suggesting that DTX1 may alter the Notch4

internalisation/ processing in some way.
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Figure 3-11: Immunofluorescence images of MCF7 cells 24h after transiently transfecting
with a Notch4 plasmid and an siRNA targeting DTX1. Images show one plane of Notch4 ICD
(green), Notch4 ECD (red) and EEA1- early endosomes (blue) (A), CD63- late endosomes
(blue) (B), LAMP1- lysosomes (blue) (C) and a merge of the three channels to demonstrate
colocalisation. Areas of key colocalisation are indicated with arrows. Areas zoomed in to
show detail in higher magnification, indicated by the white squares. Scale bars: 5um. D-F)
Panels from Figure 3-7 for comparison.
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Figure 3-12: Immunofluorescence images of MCF7 cells 24h after transiently transfecting
with a Notch4 plasmid and an siRNA targeting DTX4. Images show one plane of Notch4 ICD
(green), Notch4 ECD (red) and EEA1- early endosomes (blue) (A), CD63- late endosomes
(blue) (B), LAMP1- lysosomes (blue) (C) and a merge of the three channels to demonstrate
colocalisation. Areas of key colocalisation are indicated with arrows. Areas zoomed in to

show detail in higher magnification, indicated by the white squares. Scale bars: 5um. D-F)
Panels from Figure 3-7 for comparison.
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Figure 3-13: Immunofluorescence images of MCF7 cells 24h after transiently transfecting
with a Notch4 plasmid and siRNAs targeting DTX1 and DTX4. Images show one plane of
Notch4 ICD (green), Notch4 ECD (red) and EEA1- early endosomes (blue) (A), CD63- late
endosomes (blue) (B), LAMP1- lysosomes (blue) (C) and a merge of the three channels to
demonstrate colocalisation. Areas of key colocalisation are indicated with arrows. Areas
zoomed in to show detail in higher magnification, indicated by the white squares. Scale bars:
5um. D-F) Panels from Figure 3-7 for comparison.
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Figure 3-14: Quantification of colocalisation of Notch4 ICD and ECD and amount of full
length Notch4 in endosomal compartments when knocking down DTX. A+B+C) Pearson’s
correlation of colocalisation between Notch4 ICD and ECD channels in the whole image (A),
within a defined Region of Interest (ROI) (B) and within the colocalised volume (C). D+E+F)
Data intensity sum of full-length Notch4 within “surfaces” created to represent endosomal

compartments early endosomes (D), late endosomes (E) and lysosomes (F). The values for
Notch4 when DTX1, DTX4 or both DTX1+4 are knocked down are compared to control images

transfected with Notch4 alone. Data are represented as mean #SEM. Statistical tests:
Unpaired t tests. *p < 0.05. **p < 0.01. A+B+C) N=4. E) N=2. D+F) N=1.
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3.6 Knocking down DTX affects the gene expression of Notch target genes

Hesl1, Heyl and Hey2 and BCSC activity

Due to the dramatic change that knocking down DTX1 and DTX4 has on the colocalisation
and location of Notch4, the effect of knocking down these genes on Notch target gene
expression was investigated. DTX2 was also knocked down to investigate whether it is
involved in Notch4 signalling. DTX3 was not investigated as it does not contain a Notch
binding motif (L. Wang et al.,, 2021). The experiment was optimised and stable Notch4
expressing breast cancer cells were used (stable cell line explored fully in Chapter 4). DTX was
knocked down using Silencer Select siRNAs and the RNA was isolated 72 hours later. Gene

expression levels were analysed by qRT-PCR.

Firstly, with both siDTX1 and siDTX1+4, levels of DTX1 gene expression were reduced down
to a level undetectable by gRT-PCR, achieving a consistent knockdown (Figure 3-15B). With
siDTX4 and siDTX1+4, the gene expression level of DTX4 was reduced by 3.1-fold and 2.7-
fold, respectively (Figure 3-15D). Knockdown of DTX2 was achieved at an average rate of 5.6-
fold (Figure 3-15C). Knocking down DTX1 significantly increased the gene expression of
Notch4 by 2.4-fold (p<0.0001) (Figure 3-15A). The gene expression of Hesl and Heyl was
unchanged, but the gene expression of Hey2 was significantly reduced (p<0.0001) (Figure 3-
15E+F+G). Knocking down DTX4 did not affect expression of Notch4 or Hey2. However, it
increased expression of Hey1 (p<0.05) and decreased expression of Hes1 (p<0.01). Knocking
down both DTX1 and DTX4 together increased the expression of Notch4 (p<0.05) and Hey2
(p<0.001) but did not affect Hes1 or Heyl. Knocking down DTX2 did not affect Notch4 gene
expression but significantly increased expression of Heyl and Hey2 (p<0.05 and p<0.0001),
whilst decreasing Hes1 expression (p<0.05). These results suggest that DTX1, DTX2 and DTX4

have complex and contrasting roles on the expression of Notch target genes.

The effect that knocking down Deltex has on the mammosphere forming efficiency of breast
cancer cells was also investigated. The relevant DTX genes were knocked down in MCF7 cells
and after 24 hours cells were seeded out for mammospheres at 3000 cells/well in non-
adherent conditions. After 5 days, the mammospheres formed in each case were counted
and mammosphere forming efficiency (MFE) was calculated. Knocking down DTX4 and
DTX1+4 decreased the mammosphere forming efficiency of MCF7 cells, with DTX4
knockdown having the greatest effect, reducing the MFE by 2.2-fold (Figure 3-15H).

Knockdown of DTX1 and DTX2 did not affect the mammosphere forming efficiency. These
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results suggest that DTX4 plays an important role in the stem cell activity of breast cancer

cells.
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Figure 3-15: Knocking down DTX affects the gene expression of Notch4, Notch target genes
Hesl, Heyl and Hey2 and reduces mammosphere forming efficiency. Knockdown was
carried out using Silencer Select siRNAs and lipofectamine RNAIMAX in Notch4 expressing
cells. Control is a pre-made negative control #2 siRNA and data is shown as fold change to
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this control. Relative gene expression of Notch4 (A), Hesl (E), Heyl (F) and Hey2 (G) when
knocking down DTX1, DTX2, DTX4 and DTX1+4 together. B) Knockdown of DTX1 was achieved
to a level where it was no longer detectable by qRT-PCR when knocking down DTX1 alone
and when knocking down DTX1 and 4 together. C) Knockdown of DTX2 was achieved at a rate
of 5.6-fold. D) Knockdown of DTX4 was achieved at a rate of 3.1-fold when knocking down
DTX4 alone, and a rate of 2.7-fold when knocking down both DTX1 and 4. H) Mammosphere
forming efficiency of Notch4 expressing cells when DTX1, 2, 4 and 1+4 together are knocked
down. Data are represented as mean +SEM. Statistical tests: Unpaired t tests. *p < 0.05. **p
< 0.01. ¥**p<0.001. ****p<0.0001. N=3 (H: N=2).

3.7 Overexpressing DTX increases the gene expression of Notch4 and Notch

target gene Hesl
To further explore the role of DTX in Notch4 signalling, each of the DTX genes in turn were
overexpressed in Notch4 expressing breast cancer cells using Geneluice® and Notch target
genes were analysed. RNA was isolated 72 hours after transfection and gene expression was
analysed by gRT-PCR. Significant overexpression was achieved with DTX1 (53,000-fold
increase) (Figure 3-16A), DTX2 (34-fold increase) (Figure 3-16B) and DTX4 (78-fold increase)
(Figure 3-16C). Overexpression of DTX1, 2 and 4 increased gene expression of Notch4
significantly (p<0.01, p<0.05 and p<0.0001, respectively) (Figure 3-16D). Overexpression of
DTX1, 2 and 4 significantly increased gene expression of Hesl (p<0.0001, p<0.0001 and
p<0.01, respectively) (Figure 3-16E). However, overexpression did not affect Hey2 expression
(Figure 3-16G), and only DTX1 overexpression increased expression of Hey1 (p<0.05) (Figure

3-16F).

Overexpressing DTX 1, 2 and 4 increases the gene expression of the other DTX genes (Figure
3-16H-J). Overexpressing DTX1 increased expression of DTX2 and DTX4 (p<0.0001 and
p<0.01); overexpressing DTX2 increased expression of DTX1 (p<0.05); and overexpressing

DTX4 increased expression of DTX1 and DTX2 (p<0.001 and p<0.0001).

Taken together, these results suggest that DTX1, 2 and 4 work together in a positive feedback
mechanism to increase expression of each other. They also act directly on the expression of

Notch4 to positively regulate it and this feeds back to increase Hes1 expression.

107



DTX1 DTX2 DTX4
80000 *okok 50 100
= [ =
E == 5 i 5 * 4ok K
8 ® a0 & 304
& o 60000 2= e =
&o 2o g&o
3 g 5 30 35 60
@ O -
2 £ 40000 - 22
i.‘,% %!; 20 g‘% 40
@ - @
2 = 200004 2e ge
£ £ 101 5 20-]
[ [ a
13 o [ o [ 0-
Control +DTX1 Control +DTX2 Control +DTX4
D
Notch4
c 20
] ** ETTY
@ =
H
£s
5
SE
o o
235
5=
s
=
]
I
o
E F G
Hes1 Hey1 Hey2
S Y Y
c 20 - e 20 * e 1.5
o HEEE — =] - 2
@ — w ]
® 15 8~ 15 S~
55 8% 8310
55 S5 Xe
2 £ 10 g5 10 gs
52 52 52 s
B EERY -
B & ]
s K s
= s =
T g0 00 % oo
S & & S & P& & & P
&M TS S &8 8 s 888
H J
DTX1 DTX2 DTX4
15 15 *k
= *k ok c 20 *okokk s fulul
w o * %ok ¥ ‘B
@ a - H
5% 40 * =15 8% 10
g < 52 3g
o C el -
cc L qq cc
go 52 52
:'_o 5 ol o0 05
z= gg z=
2 z 05 i
[ _— @
9 € 44 LY
PP > S & P
& <& S 4N 4 & 4
& & &
& O & &S & PR

Figure 3-16: Overexpression of DTX increases the gene expression of Notch4, Notch target
gene Hesl and increases the expression of the other DTX genes. Transfection was carried
out in Notch4 expressing cells. RNA was taken 24 hours after transfection and qRT-PCR was
carried out to assess gene expression. Control is untransfected cells and data is shown as fold
change to this control. Overexpression of DTX1 (A), DTX2 (B) and DTX4 (C) was achieved at a
rate of 53,000-fold, 34-fold and 78-fold, respectively. A-C) Relative gene expression of Notch4
(D), Hesl (E), Heyl (F) and Hey2 (G) after transfection with DTX. (H-J) Gene expression
changes of other DTX genes when each is overexpressed. Data are represented as mean
+SEM. Statistical tests: Unpaired t tests. *p < 0.05. **p < 0.01. ***p<0.001. ****p<0.0001.
N=3.
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3.8 Knocking down components essential in the endocytic pathway affects

expression of Notch target genes Hes1, Heyl and Hey?2.
In Drosophila, Notch ligand-independent/ Deltex-dependent signalling also involves other
components including the HOPS complex and Rab7a, among others reviewed in Chapter 1
(Wilkin et al., 2008). These particular components are involved because their function is to
regulate endocytic trafficking, and so are essential in the trafficking of the Notch receptor
within the cell. Deep orange and carnation in Drosophila (VPS18 and VPS33a in humans) have
been found to be required for lysosomal activation of Notch (Wilkin et al., 2008). Notch has
also been found to be colocalised extensively with Rab7a on vesicles in Drosophila, indicating

it has an important role (Shimizu et al., 2014).

To investigate what parts of the endocytic pathway might be involved in Notch4 signalling in
breast cancer, Rab7a and the HOPS components VPS18 and VPS33a were knocked down
using Silencer Select siRNAs. This took place in Notch4 expressing breast cancer cells, as
above. RNA was isolated 72 hours after knockdown and qRT-PCR was used to analyse gene
expression. Significant knockdown was achieved of Rab7a (3.5-fold decrease), VPS18 (3.2-
fold decrease) and VPS33a (7.5-fold decrease) (Figure 3-17A-C). Knocking down Rab7a
increased gene expression of Notch4 more than 2-fold (p<0.0001), increased Heyl
expression (p<0.05) and decreased Hey2 expression (p<0.0001) (Figure 3-17D+F+G).
Knocking down VPS18 increased Notch4 expression (p<0.05) and increased Hes1 expression
(P<0.05). Knocking down VPS33a did not affect Notch4 expression, but increased expression
of Hey1 (p<0.01). In summary, knocking down Rab7a increases Notch4 gene expression and
decreases Hey2 gene expression, suggesting it acts on Notch4 in a similar way to DTX1. VPS18
may act on Notch4 in a different way as its knockdown increases Notch4 gene expression but

increases expression of a different target gene, Hes1.

Mammosphere analysis took place after knockdown of Rab7a, VPS18 and VPS33a. Cells were
isolated 24 hours after knockdown and plated out to form mammospheres, which were
counted after 5 days. Knockdown of Rab7a and VPS18 did not affect Mammosphere Forming
Efficiency (MFE). Knocking down VPS33a slightly decreased MFE, although this did not reach

significance (Figure 3-17H).
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Figure 3-17: Knocking down Rab7a and components of the HOPS complex affects the gene
expression of Notch4 and Notch target genes Hesl, Heyl and Hey2 and mammosphere
forming efficiency. Knockdown was carried out using Silencer Select siRNAs and
lipofectamine RNAIMAX in Notch4 expressing cells. Control is a pre-made negative control
#2 siRNA and data is shown as fold change to this control. (A-C) Knockdown of Rab7a (A),
VPS18 (B), VPS33a (C) was achieved at a rate of 3.5-fold, 3.2-fold and 7.5-fold, respectively.
Relative gene expression of Notch4 (A), Hes1 (B), Hey1 (C) and Hey2 (D) when knocking down
Rab7a, VPS18 and VPS33a. E) Mammosphere forming efficiency of Notch4 expressing cells
when Rab7a, VPS18 and VSP33a are knocked down. Data are represented as mean +SEM.
Statistical tests: Unpaired t tests. *p < 0.05. **p < 0.01. ****p<0.0001. N=3.
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3.9 High Notch4 and DTX4 expression correlates with reduced distant-
metastasis-free survival, particularly in endocrine therapy treated breast

cancer
Previous studies show that high Notch4 expression is linked with breast cancer progression,
resistance, recurrence, and metastasis (Bui et al., 2017; D’Angelo et al., 2015; Harrison et al.,
2010; Simdes, Alferez, et al., 2015; Yun et al., 2013). Previous research and results from this
chapter led to us investigating whether Notch4, DTX1 and DTX4 expression correlates with
breast cancer progression and metastasis clinically. KMPlotter software (Gy6rffy, 2021) was
used to compare mRNA expression levels of genes to survival of 7830 breast cancer patients.
Patients can be sorted for various characteristics including subtype of the tumour and
treatment type. They are split in terms of gene expression of a certain gene at the median of
expression and the survival for each group is plotted. This is the most unbiased approach to
splitting the data, demonstrating that any correlation observed can be relied upon. All graphs

shown here specifically explore distant metastasis free survival (DMFS).

Notch4 was investigated first. Notch4 was plotted against DMFS in ER+ breast cancer
patients, which showed that a high expression of Notch4 correlates with reduced DMFS in
ER+ breast cancers (p=0.067) (Figure 3-18A). This was also the case for Grade 3 breast cancers
(p=0.054) (Figure 3-18B), for those that were both ER+ and classed as Grade 3 (p=0.054)
(Figure 3-18C) and for breast cancers that are both Grade 3 and have had previous treatment
with endocrine therapy (p=0.061) (Figure 3-18D). However, these correlations did not reach
significance. A significant negative correlation was found between Notch4 expression and
DMFS when analysing breast cancers that were Grade 3 and had been treated previously

with Tamoxifen (HR=3, p=0.003) (Figure 3-18E).
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Figure 3-18: High Notch4 expression correlates with reduced distant metastasis free
survival (DMFS). Notch4 expression plotted against probability of DMFS using KMPlotter
software in ER+ breast cancers (A), Grade 3 breast cancers (B), ER+ and Grade 3 breast
cancers (C), Grade 3 and previous endocrine therapy treated breast cancers (D), and Grade 3
and Tamoxifen treated breast cancers (E).
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Next, DTX1 was investigated. DTX1 expression plotted against DMFS for ER+ breast cancers

demonstrates that low DTX1 expression correlates with reduced DMFS (p=0.0054) (Figure 3-

19A). This suggests that DTX1 may have a protective effect in ER+ breast cancers. There is

also a correlation between low DTX1 expression and reduced DMFS in ER+ breast cancers

that have undergone endocrine therapy, although this did not reach significance (p=0.11)

(Figure 3-19B).
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Figure 3-19: Low DTX1 expression correlates with reduced distant metastasis free survival
(DMFS). DTX1 expression plotted against probability of DMFS using KMPlotter software in
ER+ breast cancers (A) and ER+ and previous endocrine therapy treated breast cancers (B).
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DTX4 expression was also explored. In all breast cancers, high DTX4 expression correlates
significantly with reduced DMFS (p=0.048) (Figure 3-20A). However, in ER+ breast cancers,
this correlation did not reach significance (p=0.29) (Figure 3-20B). In Grade 3 and both
endocrine therapy and tamoxifen treated breast cancers, there is a correlation between
DTX4 expression and reduced DMFS up to the point of 60 months in endocrine treated and
80 months in Tamoxifen treated, where the two groups converge. Due to this, neither
correlation reaches significance, but suggests DTX4 may play a part in the early metastasising

breast cancers (Figure 3-20C+D).
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Figure 3-20: High DTX4 expression correlates with reduced distant metastasis free survival
(DMFS). DTX4 expression plotted against probability of DMFS using KMPlotter software in all
breast cancers (A), ER+ breast cancers (B), Grade 3 and previous endocrine therapy treated
breast cancers (C), and Grade 3 and Tamoxifen treated breast cancers (D).
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3.10 Discussion

The aim of this chapter has been to investigate Notch4 signalling in breast cancer cells. It has
been established that in ER+ MCF7 cells, Notch4 signals via an endocytic pathway
mechanism. It was also demonstrated that Deltex is essential for Notch4 signalling. We
hypothesised that this may be due to a tyrosine residue in Notch4, which is divergent from
the histidine in human Notch1/2/3 and Drosophila Notch. This change is equivalent to a
Drosophila Notch mutant AxE2 which is dependent on Deltex and signals in a ligand
independent manner. These are novel findings for the Notch field and shows a possible

mechanism for how Notch4 regulates BCSCs and endocrine resistance in ER+ breast cancer.

Firstly, we demonstrated that transient transfection of Notch4 plasmid leads to a consistent
level of cell surface expression of the Notch4 receptor at 24 hours after transfection. Despite
successful optimisation, the final transfection efficiency was never higher than 10%. In the
future, to increase the percentage of these cells that express Notch4, they could be sorted
with FACS to isolate the Notch4 expressing cells, which could then be analysed. This transient
transfection also upregulated Notch target genes Hesl, Heyl and Hey2 (displayed in the
summary gene expression figure below, Figure 3-21A). To date, the signalling capacity of
Notch4 has not been demonstrated in breast cancer cells in this way, highlighting this novel
finding. These findings made use of a novel Notch4 conjugated antibody, gifted by
MedImmune, which we have demonstrated can be reliably used to detect the surface
expressed Notch4 receptor in flow cytometry. The highest surface expression of the
transiently transfected Notch4 was found to occur at 24 hours, whilst the target gene
expression increase was highest 72 hours after transfection. This was not measured after 72
hours, leaving the possibility that greater induction of gene expression could have been
detected after this. This would likely depend on the stability of the protein as well as the
speed of its processing. The induction of gene expression by Notch4 was also shown to be
dependent on gamma-secretase. However, these data are from only one biological repeat,

requiring it to be further validated in the future.

We also demonstrated that the Notch4 antibody can be reliably used to detect the
extracellular domain (ECD) of the Notch4 receptor in immunofluorescence through its
binding to the NRR domain of Notch4. Use of this antibody alongside a Notch4 ICD antibody
showed that Notch4 is present in MCF7 cells as a full length protein, confirming
internalisation of the receptor. Full length Notch4 can be found in early endosomes, late
endosomes, and lysosomes in MCF7 cells, establishing that it is internalised into the

endocytic pathway and trafficked through it. These findings in mammalian cells corroborate
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the Drosophila ligand independent Notch activation pathway. This previous work showed
that Drosophila Notch can signal via a ligand independent signalling route, and in particular
that the AXE2 mutant is partly dependent on this signalling pathway (Shimizu et al., 2014).
The fact that Notch4 signals via an endocytic pathway, likely to be similar to this Drosophila
one, is a novel finding for Notch4 in mammalian cells and breast cancer cells. However, we
do not know how much Notch4 signals via this route, or even whether this pathway is
required for Notch4 signalling. This could be explored by fully blocking this endocytic

pathway and observing Notch4 signalling.

These data support the hypothesis that full length Notch4 is trafficking through the endocytic
pathway for ICD release at the lysosomes, but there are some aspects that should be
explored further in the future. There is little to no LAMP1 colocalisation with ECD alone or
ICD alone, suggesting no presence of either ECD or ICD portions of Notch4 in the lysosome.
However, this could be the case if the ECD is degraded simultaneously to ICD release. There
are various other endocytic compartment markers that could be stained and explored in a
similar way to investigate Notch4 colocalisation and dissect the exact pathway of Notch4
trafficking in breast cancer cells. This would help to identify if Notch4 is present in a specific
subset or part of the compartments. These include Rab5 (a marker for early endosomes)
Rab7 (a marker for late endosomes), and GPI (a marker for membrane microdomains) which
have been explored in the lysosomal Notch activation pathway in Drosophila (Shimizu et al.,

2014).

When the role of DTX in Notch4 endocytic signalling was explored by immunofluorescence,
DTX1 and DTX4 were found to be likely candidates for involvement as when they were
overexpressed with Notch4, they consistently colocalised. When knocking down these genes,
the colocalisation of Notch4 ICD and ECD was dramatically reduced, with little to no full
length Notch4 observed. The punctate dots of full length Notch4 that are observed when DTX
is present are abrogated when DTX is knocked down, leaving a more dispersed distribution
of Notch4 ICD and Notch4 ECD. It is likely that the knockdown of DTX1 and 4 prevents Notch4
from localising to the endocytic compartments, leaving some in the cytoplasm of the cell.
Due to this “blurry” appearance, the whole image Pearson’s correlation is more difficult to
compare, as there is more background colocalisation from the cytoplasm located Notch4.
However, the ROl and colocalised volume Pearson’s correlation was decreased with
knockdown of DTX4 compared to control, showing consistency with the images. This was not
reflected with the knockdown of DTX1, perhaps highlighting the different roles of the two

DTX proteins. Quantification of full length Notch4 within endocytic compartments agreed
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with observation of images, although the knockdown of DTX1 led to an increase in intensity
of full length Notch4 in late endosomes when quantifying, whereas the images suggested a
decrease. This could be due to a role of DTX1 in downstream compartment sorting, although

further replicates would be needed in order to be confident of a link.

Knocking down DTX1, 2 and 4 had varying effects on Notch target gene expression. These
effects have been summarised in Figure 3-21A below. Results indicate that DTX1 acts
conversely to DTX2 and DTX4, which have similar effects. DTX1 upregulates Hey2 and DTX2
and DTX4 downregulate Hey2 and Hey1 and upregulate Hes1. Results also indicate that DTX1
downregulates Notch4 gene expression (Figure 3-22A). These actions may be happening
directly via these genes, indirectly via Notch4 or independently through another unspecified
mechanism or signalling pathway. To investigate this, the Notch4 and DTX promoter regions

could be studied to identify any binding sites for each other.

The signalling results are contrasted with the immunofluorescence results as the actions of
DTX1 and DTX4 knockdown on reducing the colocalisation of Notch4 ICD and ECD are very

similar, whereas the signalling gene expression effects are very different.

The complexity of the effects of DTX on Notch target genes are further demonstrated when
investigating the overexpression of the DTX proteins. These gene expression results have also
been summarised in Figure 3-21B below. Overexpression of DTX1, DTX2 and DTX4 all
upregulate Notch4 and Hesl gene expression (Figure 3-22B). In most cases these results
support the data from knockdown experiments, although knockdown of DTX1 suggests it
plays a negative role on Notch4 gene expression and overexpression suggests it has a positive
effect. Again, there is the possibility that different signalling pathways are playing a role,
including potential interaction with the other Notch receptors 1, 2 and 3. The interaction of
each DTX with the other Notch receptors has not been explored and would be an interesting
future perspective on the signalling pathway. Each DTX also shows signs that it controls and
promotes the other DTX proteins, which may occur via the Notch signalling pathway or via a

separate pathway and mechanism.

One way to explain the contrasting results could be that the two different situations, with
and without DTX, represent two separate signalling mechanisms of Notch4, with different
distributions of Notch4 observed by immunofluorescence as well as different downstream
consequences on which target genes are activated. The DTX proteins may also play more
than one role in these pathways, explaining the varying effects when knocked down and

overexpressed. One role of both DTX1 and 4 may be to induce internalisation of the full
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length Notch4 receptor. Their roles may then diverge further on in the trafficking pathway,

explaining their different effects on gene expression.

Something to take into consideration is that the overexpression and knockdown of DTX alters
their gene expression but not proportionally. The large overexpression could force the DTX
to act in an abnormal role or promote one particular role of it (if it has multiple roles in the
normal situation). In Drosophila, Deltex is involved in a very fine balance with other
components of the Notch pathway including Su(dx), pushing it towards a negative regulatory
role if this balance is changed (Shimizu et al., 2014). This could be happening in this situation
with the abnormal expression levels. Other components including Su(dx), AP-3 or Numb

could be investigated in the future in order to further explore this.

We have shown that DTX4 has a role in BCSCs as its knockdown reduced mammosphere
forming efficiency of Notch4 cells. In the future this role could be confirmed by investigating
how the overexpression of DTX4 affects mammosphere formation. Other methods of BCSC

activity analysis could also be explored, such as the Aldefluor assay.

These results agree with current published data in Drosophila that show Deltex is required
for Notch signalling (Hori et al., 2011; Shimizu et al., 2014; Wilkin et al., 2008). In mammalian
cells, some links to DTX being involved in Notch trafficking have been identified. DTX1 has
been connected to Notchl endosomal recycling, blocking ligand dependent signalling (L.
Zheng & Conner, 2018). DTX4 has been shown to promote ligand independent signalling of
Notchl by inducing its endocytosis (Chastagner et al., 2017). Our data agree with these
results showing that DTX has a key role to play in Notch4 signalling and particularly in the
endocytosis driven, ligand independent activation pathways. To date, no studies have been
published exploring the involvement of DTX in Notch4 signalling in breast cancer cells,

highlighting the novelty of these results.

When knocking down other components of the endocytic pathway, Rab7a was found to have
a very similar effect on gene expression as DTX1. Results show that it acts to downregulate
Notch4 and upregulate Hey2 gene expression. The HOPS complex components VPS18 and
VPS33a (Deep Orange and Carnation in Drosophila) had less distinct roles on gene expression,
neither confirming nor refuting previous studies that show that they are required for
lysosomal Notch activation in Drosophila (Wilkin et al., 2008). These components have key
roles in the regulation of all endocytic trafficking in the cell and are not directly related to
Notch, meaning that results, although indicative of some role in the Notch4 signalling

pathway, should be taken cautiously.
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Applied clinically, high Notch4 gene expression was found to correlate with metastasis in ER+
and grade 3 breast cancers. This correlation was increased in endocrine therapy treated
breast cancers. DTX4 also had a similar correlation, although effects were less pronounced.
DTX1 had the inverse correlation, being correlated with a reduced risk of metastasis in ER+
and endocrine therapy treated breast cancers. These results from breast cancer patient
samples support the hypothesis that DTX1 and DTX4 are acting conversely to each other,
suggesting that their opposing effects on Notch target gene expression and signalling may
translate to risk of metastasis in ER+ endocrine therapy treated breast cancer patients. These
results also suggest that DTX could be a promising target clinically. Its targeting could reduce
BCSCs, as its knockdown reduced BCSC activity and metastasis, as its expression is negatively

correlated with DMFS.

In conclusion, we have found that in ER+ human breast cancer cells Notch4 can signal via an
endocytic pathway route by being internalised into the cell and trafficking through the
endocytic pathway. DTX1 and DTX4 are also required for this pathway and are involved in the
full length receptor internalisation. DTX1 and DTX4 have opposing effects on Notch target
gene expression, indicating that they play multiple roles in Notch4 signalling and these roles
depend on Notch4, DTX gene expression level and the cellular context. Now that results have
confirmed that Notch4 can signal via this mechanism in breast cancer cells, and DTX4 is
required for BCSC activity, the role of this Notch4 signalling pathway will be investigated in

BCSCs and endocrine resistance, explored in the next chapter.
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Figure 3-21: Summary of signalling results from Notch4 and DTX transient overexpression
and DTX knockdown experiments to visualise a potential signalling pathway. Schematic
includes significant results from gene expression experiments in Chapter 3. A) Results from
Notch4 transient overexpression and DTX knockdown. B) Schematic in A with results from

DTX transient overexpression added.
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4 How BCSC activity / resistance to endocrine therapy is reliant
on endocytic Notch4 signalling

4.1 Introduction

This chapter will investigate Notch4 signalling further and will focus specifically on how its
endocytic pathway signalling is linked to endocrine resistance and Breast Cancer Stem Cells
(BCSCs) using lentivirus created cell lines, BCSC activity analysis, RNAseq analysis and specific

inhibitors.

Notch4 has been knocked out in breast cancer cell lines previously. For example, shRNA and
siRNA have been used in the ER+ T47D cell line to transiently knockdown Notch4 expression
(Rizzo et al., 2008; Yun et al., 2013). Harrison et al have used Notch4 siRNA for knockdown in
MCF7 cells, as well as a stable MCF7 cell line with a doxycycline-inducible, shRNA Notch4
knockdown (Harrison et al., 2010). In our group, a Notch4 knockout MCF7 breast cancer cell
line was previously created with CRISPR. It has very low expression of the Notch4 protein and
has been used in previous research to show that Notch4 is vital for breast cancer stem cell
activity, made more significant after endocrine treatment (Simdes, O’Brien, et al., 2015).
Although this cell line has its limitations (discussed further in section 4.2), it can be used as a

reliable stable ER+ “knockdown” of Notch4.

Previously, Notch4 intracellular domain (ICD) has been transiently overexpressed using
plasmid transfection in various breast cancer cell lines, including MCF7s (Harrison et al., 2010;
Simd&es, O’Brien, et al.,, 2015). Stable cell line overexpression of the full length Notch4
receptor has not previously been investigated in any breast cancer cell line although Zhou et
al used stable overexpression of Notch4 ICD (N4ICD) in triple negative SUM149 and MDA-
MB-231 cells as well as in ER+ MCF7s using a lentivirus overexpression method (Zhou et al.,

2020).

In the clinic, endocrine therapies are regularly used to treat estrogen receptor positive (ER+)
breast cancers. One of the most common of these is tamoxifen which acts as an antagonist
to the ER, blocking its downstream effects. Another endocrine therapy used in the clinic is
fulvestrant. Fulvestrant acts to directly downregulate the ER, targeting it for degradation (A.
Howell et al., 2004). Both drugs act to reduce ER signalling, acting cytostatically to prevent

growth of cells and therefore are effective on ER+ breast cancers.

In the canonical Notch signalling pathway, the binding of a ligand creates a conformational

change in the Notch receptor, allowing the matrix metalloprotease (MMP) ADAM10/17 to
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carry out the cleavage “S2”. This releases the ligand-ECD portion of the receptor outside of
the cell and leaves the membrane-bound Notch extracellular truncation (NEXT). Next,
gamma-secretase will carry out cleavage “S3”, releasing NICD into the cytoplasm (Kopan &
Ilagan, 2009). However, in the ligand independent activation pathway in Drosophila,
ADAM10 is not required for “S2” cleavage, but gamma-secretase is required for “S3” cleavage
(Shimizu et al., 2014). From previous studies in Drosophila, it is thought that the fusion of
endosomes and lysosomes is required for ICD release at the lysosomal limiting membrane.
These requirements in the ligand independent signalling pathway are unknown for human

cells.

In this chapter, the investigation will be carried out involving the production and
characterisation, as well as functional analysis of a stable Notch4 overexpressing ER+ breast
cancer cell line, produced by a lentivirus method. BCSC activity assays including
mammosphere assay, Aldefluor assay and limiting dilution assay will analyse this cell line
functionally. These cell lines will also be analysed preliminarily by RNAseq, to allow a overall
look at gene expression changes. Secondly, we explore the use of specific inhibitors, in order
to gain insight on the inner workings and connections between Notch4 endocytic signalling,

endocrine resistance and BCSCs.

4.2 N4KO cells have reduced breast cancer stem cell activity, increased Hes1

and Hey1 and decreased Hey2 gene expression
A Notch4 knockout (N4KO) cell line in MCF7s was created previously in the lab (Simdes,
O’Brien, et al., 2015). This cell line has lower levels of the active Notch4 protein than the
parental clone. The knockout was achieved by CRISPR-targeted deletions in the NOTCH4 gene
in both of the two alleles present in MCF7s. There is a 19 base pair deletion in exon 2 in one
of the alleles and a 170bp deletion spanning exon 2 and some of exon 1 in the other allele
(Appendix Figure 8-2B+C). These deletions were classed as abrogating the function of the
Notch4 gene and therefore this cell line was labelled as a knockout. However, there is still
some protein detectible by western blot (Appendix Figure 8-2A). This could be explained by
exon skipping since in the possible reads, there could be in-frame splice variants of Notch4
created between the end of exon 1 and the beginning of exons 4 or 5 These would allow an
almost full length Notch4 protein to be synthesised and therefore detected via western blot.
This slightly shorter Notch4 would not be functional in the same way as the full length

receptor. Due to the dramatic differences in phenotype and BCSC activity observed with the
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N4KO cell line by Simdes et al, as well as the markedly reduced expression detected by
western blot, this cell line can be classed as a Notch4 knockdown (Simdes, O’Brien, et al.,
2015). Therefore, the results must be treated in the knowledge that this CRISPR “knockout”

may be a functional knockout rather than a complete loss of gene.

To confirm previous findings, the N4KO cell line and control cell line were treated with
vehicle, tamoxifen (10°M) or fulvestrant (107M) for 6 days and then investigated for BCSC
activity. Drug concentrations were determined from previous experiments in the group. After
treatment, cells were plated out in low attachment conditions and mammospheres were
counted after 5 days (Figure 4-1A). N4KO cells had approximately 2-fold lower
mammosphere forming efficiency than control without treatment (p<0.01), as well as after
tamoxifen and fulvestrant treatments (p<0.0001 and p<0.05). Cells that had undergone
treatment with vehicle, tamoxifen or fulvestrant were also analysed by Aldefluor assay to
assess the ALDH activity, which is another measure of stemness (Figure 4-1B). An Aldefluor
assay was chosen as BCSCs have a high expression of the enzyme ALDH1 and is used alongside
the mammosphere assay to investigate BCSC activity. N4KO cells had reduced numbers of
ALDH+ cells, which was significantly reduced after no treatment (p=0.05). After tamoxifen

and fulvestrant treatment the results were too varied to achieve significance.

The gene expression of Notch target genes Hes1, Heyl and Hey2 were analysed in N4KO and
control cell lines (Figure 4-1C+D+E). N4KO cells had increased Hesl expression (p<0.0001)
and Hey1 expression (2.8-fold increase, p<0.0001). N4KO cells also had greatly reduced Hey2
gene expression (8.7-fold decrease, p<0.0001), suggesting that Hey2 is the best gene of the

three for measuring Notch4 signalling.
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Figure 4-1: N4KO cells have reduced breast cancer stem cell activity, increased Hes1 and
Heyl gene expression and decreased Hey2 gene expression. The N4KO (Notch4 knockout)
cell line was created prior to this project and has two gene deletions, creating a non-
functional protein (Simdes, O’Brien, et al., 2015). A) Mammosphere forming efficiency of
Control and N4KO cells after 6-day treatment with vehicle, tamoxifen (10°M) or fulvestrant
(107M). B) ALDH+ cells determined by Aldefluor assay in Control and N4KO cells after
treatment with vehicle, tamoxifen (10°M) or fulvestrant (107M). C+D+E) Relative gene
expression of Hesl (C), Heyl (D) and Hey2 (E) in Control and N4KO cells. N=3. Data are
represented as mean +SEM. Statistical tests: Unpaired t tests. *p < 0.05. **p < 0.01.
***¥p<0.001. ****p<0.0001.
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4.3 Creation of Notch4 overexpressing ER+ breast cancer cell line

In order to comprehensively investigate the actions of Notch4 and the connections between
Notch4 endocytic pathway signalling and Breast Cancer Stem Cells (BCSCs), a stable cell line
overexpressing Notch4 was needed. This was in part due to the duration of the assays to
determine stem cell activity, as well as the need for analysis of stemness with a consistent
and reliable Notch4 expression (rather than the rapidly changing gene expression of Notch4

when transiently transfecting).

Two stable cell lines were produced with the N4KO cell line used as a parental cell line. A
Notch4 expressing cell line (N4KO-N4) and a control cell line (N4KO-CON) were created using
a lentivirus transduction of Notch4 and control virus, respectively. The lentivirus expression
plasmids used to create the lentiviral particles are shown in Figure 4-2A+B. The plasmids were
acquired from VectorBuilder. The plasmids are identical, but the control plasmid has a
“stuffer” region in place of the Notch4 gene. The Notch4 gene is controlled by a UBC
promoter. The plasmids have a Puromycin resistance gene, controlled by a mPGK promoter,
to allow for antibiotic selection of the transduced cells. Other components of the plasmid
include an Ampicillin resistance gene for bacterial selection and RRE, W and WPRE to facilitate

and improve efficiency of viral packaging.

Firstly, the plasmids shown in Figure 4-2A+B were amplified along with three other plasmids

7 Ill

expressing the genes required for packaging a lentivirus. These are “rev”, “gagpol” and “vsvg”
(Appendix Figure 8-3). Cells were transfected with the lentiviral gene expression plasmid and
each of the lentivirus packaging plasmids using the calcium phosphate method. Virus
particles produced were collected and concentrated. A titration was carried out using
HEK293T cells to determine the concentration of the viral particles. The determined titre for
Control and Notch4 viruses were 5.3x10* TU/ml and 5.5x10* TU/ml, respectively. To make
the stable cell lines, N4KO cells were transduced with a MOI (Multiplicity of Infection) of 0.5
using polybrene to aid transduction efficiency and selected for with Puromycin treatment.
Previously, a kill curve was carried out to determine the optimal concentration of Puromycin

to use, which was determined to be 2pg/ml. Finally, the cells were selected with Puromycin

for 4 weeks whilst expanding (Figure 4-2C).

125



woay o [
- ” W & P
- - Armpiclin ~__
SVAO sarty pA ~_ . - o
P Notch4 Control  =-
== plasmid plasmid
mPGK promoter — D
WPRE SV40 sarty pA ' P
Detntryy LTR w NP
b\ MNOTCHANM_004557 .59 - ’ \\ O pﬂ.':::fé
C N\
KchcM ] ™
24h

20 (e 25 () 25 (e
| |

O O O HEK293T cells

gagpol vsvg env

» % » % * %

Notch4 lentivirus

Puromycin

* *

/

N4KO-N4

48 h

N4KO cells
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how the cell lines were created. Figure created with BioRender.com.
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4.4 N4KO-N4 (Notch4 expressing) stable cell line expresses more Notch4 than
N4KO-CON (control)

To characterise the cell lines created, western blots were used to measure the expression
level of the Notch4 protein. The N4KO-N4 cell line had more detectable protein than the
N4KO-CON control cell line (Figure 4-3A+B+C), for full length Notch4 as well as Notch4 ICD,

although this did not reach significance.

The cell lines were also analysed by flow cytometry and stained with Notch4-AlexaFluor647
conjugated antibody. Unstained (orange), N4KO-CON (blue) and N4KO-N4 (red) cells are
shown in Figure 4-3 D+F as histograms normalised to allow for cell number. The Notch4 cell
line has a clear shift to the right, indicating more surface expression of Notch4 compared to
control. The Mean Fluorescence Intensity (MFI) of the three groups of cells corroborates this
(Figure 4-3E). NAKO-CON and N4KO-N4 cells are also shown as a scatter plot demonstrating
that 13.9% of the N4KO-N4 cells have a high level of surface expression of Notch4 (Figure 4-
3G). Finally, RNA was taken from both N4KO-N4 and N4KO-CON cells and analysed by gRT-
PCR (Figure 4-3H). The gene expression of Notch4 was significantly higher in the N4AKO-N4

cells, with an increase of 13.7-fold compared to control (p<0.0001).
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Figure 4-3: N4AKO-N4 stable cell line expresses more Notch4 than N4KO-CON (control). A)
Representative western blot showing more Notch4 protein expression in the N4KO-N4 cell
line than in the N4KO-CON cell line. B+C) Quantification of the densitometry from western
blots of full length Notch4 (B) and Notch4 ICD (C). N=2. D) Flow cytometry results of Notch4
levels on the surface of unstained (orange), N4KO-CON (blue) and N4KO-N4 (red) cells
stained with Notch4-AF647 conjugated antibody. E) Mean Fluorescence Intensity from
histogram. N4KO-CON and N4KO-N4 are compared directly in histogram (F) and scatter plot
(G), with the latter showing an appropriate gate, demonstrating 13.9% of the cells have a
high Notch4 surface expression. Histograms normalised to allow for numbers of cells. N=1.
(H) N4KO-N4 cells have higher Notch4 gene expression than N4KO-CON cells. N=3 Data
represented as mean +SEM. Statistical test: Unpaired t-test. ****p<0.0001.
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4.5 N4KO-N4 cells have increased Heyl and Hey2 gene expression and

decreased Hes1, DTX1, DTX2 and DTX4 gene expression
As well as measuring the gene expression of Notch4 in the N4AKO-N4 and N4KO-CON cells by
gRT-PCR, expression of Notch target genes and DTX genes were measured. Hey2 gene
expression was significantly increased in N4KO-N4 cells up to a level 3.8-fold higher than
control (P<0.0001) (Figure 4-4C). Heyl gene expression was increased in the Notch4 cells
(P<0.05) (Figure 4-4B). Conversely, Hes1 gene expression was reduced in the Notch4 cells
compared to control (p<0.001) (Figure 4-4A). The gene expression of DTX1, DTX2 and DTX4

were reduced in Notch4 cells (Figure 4-4D+E+F).
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Figure 4-4: Notch4 overexpressing (N4KO-N4) cells have increased gene expression of Hey1
and Hey2 and decreased gene expression of Hesl, DTX1, DTX2 and DTX4. Relative gene
expression of Hesl1 (A), Heyl (B), Hey2 (C), DTX1 (D), DTX2 (E) and DTX4 (F). N=3. Data are
represented as mean *SEM. Statistical tests: Unpaired t-tests. *p < 0.05. **p < 0.01.
**%p<0.001. ****p<0.0001.

130



4.6 N4KO-N4 cells have increased breast cancer stem cell activity

Notch4 has been linked extensively to Breast Cancer Stem Cells (Sim&es, O’'Brien, et al., 2015)
and so the BCSC activity of the Notch4 expressing cells was investigated. This was explored
firstly with a mammosphere assay. N4AKO-N4 and N4KO-CON cells were treated with vehicle
or a gamma-secretase inhibitor (GSI) RO4929097 (10uM) for 48 hours, before being seeded
out for mammospheres in low attachment conditions. After 5 days, mammospheres were
counted and mammosphere forming efficiency (MFE) was calculated. Untreated N4KO-N4
cells have significantly increased MFE, an average of 1.06%, up from 0.40% in N4KO-CON cells
(p<0.01) (Figure 4-5A). Both N4KO-CON and N4KO-N4 cells have decreased MFE after
treatment with the GSI, and the N4KO-N4 increased MFE is reduced down to the level of
control, proving that this MFE increase by Notch4 is gamma-secretase dependent. As well as
the N4KO-N4 cells producing more mammospheres, the mammospheres were also much
larger in size compared to the N4KO-CON mammospheres (representative images of

mammospheres formed shown in Figure 4-5B).
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Figure 4-5: N4KO-N4 cells have increased mammosphere forming efficiency. A)
Mammosphere forming efficiency of N4AKO-CON and N4KO-N4 cells with and without 48 hour
treatment with the gamma-secretase inhibitor (GSI) R04929097 (10uM). N=3. B)
Representative images of mammospheres from N4KO-CON and N4KO-N4 cells. Data are

represented as mean +SEM. **p < 0.01. Statistical tests: two-way ANOVA with Tukey’s
multiple comparisons.
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Another BCSC activity assay carried out was the Aldefluor assay. MCF7 cells were transiently
transfected with the Notch4 plasmid. After 24 hours, these cells were stained with the
Notch4-AF647 conjugated antibody before undergoing an Aldefluor assay. They were then
analysed by flow cytometry using laser and filter settings of (488)530/30 to detect Aldefluor
reagent and (640)660/20 to detect Notch4 antibody. Using Flowlo, cells were gated to
exclude debris and doublet cells, to allow analysis only on single cells (Figure 4-6A). Cells
transfected with Notch4 had a higher proportion of ALDH positive cells than untransfected
cells. DEAB inhibitor was used to discriminate ALDH positive cells from negatives (Figure 4-
6B+C). After gating for ALDH, the cells positive for ALDH were measured for Notch4 positivity
and 4.85% of these cells were deemed positive, compared to 5.21% of the whole population
(Figure 4-6D). This suggests that after transfecting with Notch4, although indirectly enriching

the ALDH+ population, cells do not co-express both Notch4 and ALDH at high levels.

To confirm this, transfected cells and untransfected inhibited cells were plotted to show
Notch4 vs ALDH (Figure 4-6E). The Notch4 positive population can be clearly observed, as
well as the ALDH positive population. The double positive population, although present
(0.47% of cells vs 0% in untransfected), is very small, confirming that Notch4 expression does
not always lead to a high expression of ALDH. The Notch4 positive, ALDH positive and the
double positive populations were then plotted onto a FACS plot of FSC vs SSC to observe the
distribution of the populations (Figure 4-6F). Mostly, the Notch4+ and ALDH+ populations are
discreet, with the Notch4 cells being smaller and the ALDH cells being larger. There is also an
area of crossover, where the Notch4 and ALDH cells have similar sizes and granularity. The
double positive population is mostly distributed in an area that indicates that they are slightly
larger and more granular than the majority. Together, these results suggest that transfecting
with Notch4 slightly increases the population ALDH positivity. However, a high Notch4
expression does not directly lead to an increase in activity of ALDH, with the Notch4 positivity
of the ALDH+ cells reflecting that of the main population. The ALDH positivity of the Notch4
positive cells also reflects that of the main population (inverse analysis, data not shown). The
distribution of the populations suggests that the Notch4 positive cells represent a different

population of cells to the ALDH positive ones, although these populations do overlap.
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Figure 4-6: Notch4 transfection increases ALDH activity of MCF7 cells. MCF7 cells were
transiently transfected with Notch4, stained with Notch4-AF647 antibody, stained with
Aldefluor reagent and analysed by flow cytometry. DEAB inhibitor was used as a control to
prevent efflux of Aldefluor reagent. A) Gating strategy to include only single cells and exclude
debris and doublets. B) Representative FACS plots of cells with and without the Notch4
plasmid. ALDH positive cells (gate outlined) were discriminated from ALDH negative cells
using the DEAB inhibitor. 2.83% of the cells transfected with Notch4 were positive for ALDH
(bottom right panel). C) Bar chart representing proportion of ALDH positive cells in
Untransfected control and Notch4 transfected cells. Data is represented as mean +SEM. N=3.
D) Representative FACS plots showing the distribution of Notch4 staining of the ALDH+
positive cells from B. Gate used is a standard gating strategy showing cells positive for
Notch4. 4.85% of this population were positive for Notch4. E) Representative FACS plot
showing the single positive and double positive populations for ALDH and Notch4 in cells that
have been transfected with Notch4 and have no inhibitor (blue) and untransfected cells with
inhibitor (red). 0.47% of the former cells are double positive for Notch4 and ALDH, compared
to 0% of the latter. F) FACS plot showing the Notch4 positive, ALDH+ and double positive
populations of the transfected cells plotted onto a scatter plot of FSC vs SSC. Plot shows
distribution of these populations according to size and granularity. Plotted using FlowlJo
software.
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The gold standard assay for measuring BCSC activity is an in vivo limiting dilution assay. This
was carried out in NSG mice (Nod Scid Gamma, immunodeficient mice) to compare the
tumour forming capacity of NAKO-CON and N4KO-N4 cells. Serial dilutions of cells in 1:1
mammosphere media and Matrigel were injected subcutaneously into both flanks of mice
(as described in Table 2-17). Cell numbers were decided based on our group’s previous
publications (Harrison et al., 2010; Sarmiento-Castro et al., 2020). For groups 1,2 and 3
(10,000, 1000 and 100 cells per flank, respectively), control cells were injected into the left
flank and Notch4 cells were injected into the right flank. This was to reduce variability
between different mice having different cell lines injected. Groups 4a and 4b (100,000 cells
per flank) however, had only Control cells (4a) or Notch4 cells (4b) injected into both flanks.
This was so that the lungs could be collected and analysed for these groups to assess lung
metastasis developed by Notch4 cells compared to control cells. The lung metastasis data
has yet to be analysed and quantified. Appropriate mice numbers for each group was
determined using previous publications in our group (see above), using a resource equation
analysis (Methods) as well as taking into account the impact on each group of losing mice

due to natural causes.

Mice were implanted with 90-day release 0.36mg 17-R estradiol pellets 7 days before
injection of cells. Following injection, the mice were monitored for tumour growth 3 times a
week. The growth of NAKO-N4 tumours vs NAKO-CON tumours in groups 4a and 4b (100,000
cells per flank) was plotted as a 7-day moving average and it was found that all mice in both
groups formed tumours (Figure 4-7A+B). Both sets of cells maintained a similar rate of growth
for the first 4 weeks after implantations. After this point, the tumours formed by the N4KO-
CON cells grew at a faster rate, reaching significantly greater average volumes at week 7 and

beyond (Figure 4-7A).

The Extreme Limiting Dilution Analysis (ELDA) is an online application that was used in this
situation to analyse the tumour initiating cell frequency of the N4KO-N4 and N4KO-CON cells
(Figure 4-7C). The results show that the two sets of cells did not have a significant difference

in tumour initiating capacity.
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Figure 4-7: In vivo tumour growth and Extreme Limiting Dilution Analysis (ELDA) of N4KO-
N4 and N4KO-CON cells. Cells were injected subcutaneously into mice as described in
methods section. A+B) Growth curves of tumours from 100,000 injected cells showing
moving 7-day values for tumour volume (mm?3). Average values (A) and individual tumour
values (B). C) ELDA analysis was carried out for 100,000 cells, 10,000 cells, 1000 cells and 100
cells and corresponds to tumours greater than 100mm?3 at week 10. 1000 cells group has N=2
due to unexpected mouse deaths at an early stage of the experiment. Statistical test: Two-
way ANOVA with Sidak’s multiple comparisons test (A) and Chi-squared (x?) (C). ***p<0.001.
***%p<0.0001.
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4.7 Notch4 expressing cell line is resistant to fulvestrant treatment while the

Notch4 knockout cell line is more susceptible
Notch4 has been linked extensively to endocrine resistance (D’Angelo et al., 2015; Lombardo
et al., 2014; Simdes, O’Brien, et al., 2015). In order to investigate this, NAKO-N4 and N4KO-
CON cells were treated with vehicle or endocrine therapies tamoxifen 10°M or fulvestrant
107M. Drug concentrations were determined by previous experiments in the lab. The
treatment spanned 14 days, with media changes at regular points. The cell density
throughout the treatment was assessed by SRB assay and these data were processed relative

to vehicle control and day 0.

No difference in cell density was observed between the cell lines after treatment with
tamoxifen (data not shown). After treatment with fulvestrant (107M), it was found that
N4KO-N4 was slightly more resistant to treatment than N4KO-CON, with a higher relative cell

density from day 5 through to day 14 (Figure 4-8A).

The Notch4 knockout cell line (N4KO) was also investigated for resistance to fulvestrant (10
M) treatment, compared to its control cell line. It was found that NAKO was more susceptible
to fulvestrant treatment compared to control, with much less cell density detected (Figure

4-8B).
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Figure 4-8: Notch4 expressing cell line is resistant to fulvestrant treatment while the Notch4
knockout cell line is more susceptible. Cells were treated with 10”M fulvestrant over 14 days
and the cell density was determined using SRB assay. A) NAKO-CON and N4KO-N4. B) Control
and N4KO cells. Data is plotted relative to vehicle control and relative to day 0 and is shown

as mean +SEM. N=2.
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4.8 Analysis of putatively differentially expressed genes in N4KO-N4 cells

Next, we aimed to identify genes and pathways that might be responsible for the differences
observed between N4KO-N4 and N4KO-CON cells. The gene expressions of the two sets of
cells were analysed using RNAseq. Analysis was carried out by Matthew Roberts (CRUK) and
detailed methods are included in the methods section. The genes that were found to have
the greatest difference in expression between N4KO-N4 and N4KO-CON are plotted in
heatmaps (Figure 5-9). Due to the low number of samples (N=1), a high fold change threshold
was chosen to increase confidence around differences. 91 genes were identified that were
putatively differentially expressed with a log2 fold change of greater than 3.25, which
corresponds to a fold change of 9.51. 43 genes were identified that were putatively
differentially expressed with a log2 fold change of greater than 4, which corresponds to a
fold change of 16. Some of these genes that are highly upregulated in the Notch4 cells
compared to the control have an association with cancer. These are listed in Table 4-1. CD36
was a gene in this group with a significant link to this project as it has been found to drive
proliferation and metastasis of tamoxifen resistant breast cancers (Liang et al., 2018),

although this was a highly downregulated gene in the Notch4 cells.

A user defined list of genes was queried for within the RNAseq data. This Notch related gene
list included the genes for Notch receptors, Notch ligands, Notch target genes and other
genes of interest including the DTX genes and genes involved in endocytic trafficking. The
heatmap for gene expression of N4KO-N4 vs NAKO-CON of this set of genes is shown in Figure
4-10. From this set, genes that were upregulated, in order from most upregulated to least
upregulated are JAG1, HEY1, HES2, JAG2, HES6, DLL1, NOTCH1, HES1, NOTCH4, CDKNI1A,
VPS18. HES4, DLL4, GATA3, RAB7A, DTX2 and VPS33A. Genes that were downregulated, from
most downregulated to least downregulated are HEY2, DTX3, DTX3L, HEYL, DTX4, CCND1,
NOTCH3 and NOTCH2. Calculated fold change values of these genes are found in Appendix
Table 8-1.
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Figure 4-9: Genes putatively differentially expressed in NAKO-N4 compared to N4KO-CON.
Includes genes with a log2 fold change greater than 3.25 (A) and 4 (B). Red corresponds to
upregulated genes and blue to downregulated genes.
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Gene ID Gene name Relevance/ association with cancer/

TNFRSF11B TNF Receptor Superfamily | Activates Wnt/ B-catenin signalling.

Member 11b Associated with gastric cancer (Luan et al.,
2020).
CYP1A2 Cytochrome P450 1A2 May contribute to lifestyle risk of breast
cancer (Hong et al., 2004).
Cacna2d1l Calcium Voltage-Gated Associated with epithelial ovarian cancers

Channel Auxiliary Subunit | (D. Yu et al., 2016)
Alpha2delta 1

EDIL3 EGF Like Repeats And Involved in angiogenesis and EMT (Gasca et
Discoidin Domains 3 al., 2020).
CD36 Proliferation, tumourigenesis and endocrine

resistant growth and metastasis in ER+
breast cancer (Liang et al., 2018)

Table 4-1: Relevance/ association with cancer of some of the putatively differentially
expressed genes identified in Figure 4-9.
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Next, we identified signalling pathways and networks that were associated with the Notch4
cells compared to the control cells. KEGG pathway analysis was performed using the R
package limma (v3.42.2) (McCarthy et al., 2012). Genes with a log2 fold change greater than
1 were used for the comparison between N4KO-N4 and N4KO-CON, and they were compared
to gene sets that correspond to a certain cellular/ molecular signalling pathway. The
pathways that have enough matching genes present in the dataset that leads to a p value of
less than 0.01 are displayed in Table 4-2. Pathways of significance to this research are

highlighted in pink and these include the TGFB, MAPK, Wnt, Hippo and HIF-1 signalling

pathways.
Pathway Number | Putatively differentially | P value
of genes expressed genes in
N4KO-N4

Rap1 signalling pathway 210 32 0.000099
Cytokine-cytokine receptor interaction 295 39 0.00040
Axon guidance 182 27 0.00053
cAMP signalling pathway 221 31 0.00057
TGF-beta signalling pathway 94 17 0.0006
MAPK signalling pathway 294 38 0.00074
Gap junction 88 16 0.00081
Pathways in cancer 531 60 0.00094
Inflammatory bowel disease 65 13 0.00099
Cellular senescence 156 23 0.0015
C-type lectin receptor signaling 104 17 0.0019
pathway
Calcium signalling pathway 240 31 0.0022
Oxytocin signalling pathway 154 22 0.0027
Cocaine addiction 49 10 0.0032
AGE-RAGE signaling pathway in 100 16 0.0032
diabetic complications
cGMP-PKG signalling pathway 167 23 0.0036
Whnt signalling pathway 167 23 0.0036
Colorectal cancer 86 14 0.0049
Arachidonic acid metabolism 61 11 0.0055
Glucagon signalling pathway 107 16 0.0064
Hippo signalling pathway 157 21 0.0073
HIF-1 signalling pathway 109 16 0.0076
Estrogen signalling pathway 138 19 0.0077
Phospholipase D signalling pathway 148 20 0.0078
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Glycine, serine and threonine 40 8 0.0091
metabolism
Chagas disease 102 15 0.0094
FoxO signalling pathway 131 18 0.0095
Table 4-2: Pathways identified by KEGG pathway analysis that have an association with the

N4KO-N4 cell line. Putatively differentially expressed genes with a log2 fold change of more
than 1 identified in NAKO-N4 vs N4KO-CON were included in the analysis. Pathways that had
an association with these genes leading to a p value of less than 0.01 are shown in the table.
Those that are of particular interest are highlighted in pink.

We performed gene set enrichment analysis (GSEA) using genes of interest, defined by log2
fold change. The R package ideal (v1.10.0) (Marini, 2020) was used to generate enrichment
analysis results using Gene Ontology terms from two domains- Biological Processes and
Molecular Functions. Gene sets which correspond to these processes/ functions were
compared to the differentially expressed genes between N4KO-N4 that were above a log2
fold change of 1.5 for Biological processes (Table 4-3) and 1 for Molecular functions (Table 4-
4). Of note, this identified the biological processes “regulation of MAPK cascade”, “positive

regulation of ERK1 and ERK2” and “positive regulation of cell communication”. It also

identified key molecular functions involved in receptor coordination.

Next, we performed GSEA using the R package fgsea (c1.14) (Korotkevich et al., 2019) and
gene set collections from the molecular signature database (MSigDB) were compared to
genes of interest defined by a log2 fold change of greater than 1. Hallmark genes sets that
overlap with these genes with a p value of less than 0.05 are included in Figure 4-11A. This
data showed that the N4KO-N4 cells have a positive association with Notch signalling and
epithelial mesenchymal transition, and a negative association with estrogen response late
genes. Using the “C2” curated gene sets, those that overlap with a p-adjusted value of less
than 0.05 are included in Figure 4-11B. The data showed that N4KO-N4 cells have a positive
association with endocrine therapy resistance and “squamous breast tumour” gene sets but

a negative association with estradiol response and metastasis gene sets.

Together, these data suggest a complex role for Notch4 that enriches for endocrine
resistance and EMT but is not classically associated with estrogen signalling. The enriched
genes associated with Notch4 identifies novel molecules to investigate further in Notch
signalling and breast cancer. There are multiple signalling pathways that have enrichment

when Notch4 expression is high, including MAPK, TGF-B, HIF-1 and ERK signalling pathways.
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Biological Process Number | Differentially expressed | P value
of genes genes in NAKO-N4

Biological adhesion 1426 102 2.6E-07
Cell adhesion 1419 100 4.7E-07
Anatomical structure development 5987 282 2.6E-06
Regulation of multicellular organismal 3260 169 1.2E-05
process
Developmental process 6407 293 1.2E-05
Multicellular organism development 5489 258 1.4E-05
Homophilic cell adhesion via plasma 168 27 1.7E-05
membrane adhesion molecules
System development 4917 234 2.8E-05
Animal organ development 3584 180 5.6E-05
Cell-cell adhesion via plasma- 274 33 8.9E-05
membrane adhesion molecules
Extracellular structure organization 421 38 0.00011
Multicellular organismal process 7718 332 0.00011
Tissue development 2064 115 0.00014
Cell-cell adhesion 839 61 0.00021
Cell surface receptor signalling 2947 150 0.00024
pathway
Positive regulation of protein 1015 67 0.00024
phosphorylation
Extracellular matrix organization 367 34 0.00025
Positive regulation of phosphorylation 1066 69 0.00028
Positive regulation of phosphorus 1139 72 0.00033
metabolic process
Positive regulation of phosphate 1139 72 0.00033
metabolic process
Positive regulation of MAPK cascade 545 43 0.00045
Skeletal system development 517 41 0.0014
Anatomical structure morphogenesis 2737 139 0.0014
Negative regulation of multicellular 1317 74 0.0023
organismal process
Regulation of ossification 201 21 0.0030
Regulation of protein phosphorylation 1463 83 0.0035
Positive regulation of protein 1234 73 0.0036
modification process
Animal organ morphogenesis 1067 67 0.0057
Positive regulation of ERK1 and ERK2 213 21 0.0058
cascade
Regulation of MAPK cascade 768 50 0.0095
Regulation of secretion by cell 753 49 0.0096
Positive regulation of cell 1847 97 0.0096
communication

Table 4-3: Biological processes identified by GSEA that have an association with the N4KO-
N4 cell line. Processes that have differentially expressed genes with a log2 fold change of
more than 1.5 in N4KO-N4 vs N4KO-CON with a p value of less than 0.01 are included.
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Molecular Function Number of | Differentially expressed P value
genes genes in NAKO-N4

Calcium ion binding 702 113 1.3E-10
Signalling receptor binding 1547 170 3.1E-05
Molecular function regulator 1808 191 3.2E-05
Receptor regulator activity 528 68 0.00088
Peptidase regulator activity 217 36 0.00090
Receptor ligand activity 484 63 0.0010
Peptidase inhibitor activity 180 31 0.0014
Serine-type endopeptidase 93 19 0.010
inhibitor activity
Endopeptidase inhibitor 173 28 0.010
activity
Growth factor activity 164 28 0.011
Syndecan binding 7 5 0.015
Endopeptidase regulator 180 28 0.017
activity
Sialyltransferase activity 21 8 0.021
Chemorepellent activity 27 9 0.046

Table 4-4: Molecular functions identified by GSEA that have an association with the N4KO-
N4 cell line. Processes that have differentially expressed genes with a log2 fold change of
more than 1 in N4KO-N4 cell vs N4KO-CON with a p value of less than 0.05 are included
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Figure 4-11: GSEA plots of NAKO-N4 vs N4AKO-CON using MSigDB gene sets. Gene sets that
corresponded to differentially expressed genes between N4KO-N4 and N4KO-CON with a

log2 fold change of more than 1 were included for the analysis. Plots shown are A) Hallmark

gene sets that overlap with the N4KO-N4 cell line with a p value of less than 0.05 and B)

Relevant C2 curated gene sets that overlap with the N4KO-N4 cell line with a p-adjusted value

of less than 0.05.
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4.9 Tamoxifen and Fulvestrant resistant cell lines are more sensitive to ML-SI1

(TRPML inhibitor) treatment than control

Next, we investigated the use and effect of two inhibitors on Notch4 signalling and BCSC
activity in ER+ breast cancer cells. These inhibitors were used to further explore the pathway

of Notch4 signalling as they each inhibit a key component of Notch signalling.

Batimastat (BB-94) is an inhibitor of matrix metalloproteinase (MMP) activity and acts by
binding a zinc ion in the MMP’s catalytic site, blocking its action (Low et al., 1996). An
important MMP in Notch signalling is ADAM10 which is involved in the canonical Notch
pathway. It facilitates the “S2” cleavage event in the cell membrane, which allows the “S3”
cleavage event to happen and NICD to be released. Previous studies have shown that BB-94
successfully inhibits ADAM10 (Abel et al., 2004; Leriche et al., 2016). BB-94 has also been
implicated in breast cancer by inhibiting tumour progression, although clinical trials were not
successful (Low et al., 1996; Macaulay et al., 1999). The main evidence for using BB-94 as a
specific ADAM-10 inhibitor comes from studies by Shimizu et al in Drosophila, showing that
it successfully inhibited ligand dependent Notch signalling, but not Deltex-driven ligand
independent signalling (Shimizu et al.,, 2014) (Baron et al, unpublished). It is unknown
whether Notch4 signalling (and Notch4 endocytic pathway signalling) requires ADAM10. Use
of this inhibitor whilst studying the effects on Notch4 signalling could help us to answer that

guestion.

Another inhibitor used in this part of the chapter is ML-SI1. This inhibitor blocks the action of
TRPML (Samie et al., 2013). The TRPML group of proteins, of which the main one is TRPML1
(also known as MLN1), are mucolipins that act as cation channels within the endocytic
pathway (Zeevi et al., 2007). They are located in the cell in the late endosomes and lysosomes
and they are essential for the fusion of these compartments (Venkatachalam et al., 2015).
The TRPML channels have been implicated in cancers as they are essential for regulating
lysosomes and therefore autophagy. They have also specifically been linked to breast cancer,
playing a part in tumour progression and cell survival (Huang et al., 2013; M. Xu et al., 2019).
One of two identified TRPML inhibitors, ML-SI1 has also been investigated in Drosophila. It
has been found that due to its actions on blocking late endosome-lysosome fusion, it is
successful at inhibiting the Deltex-driven ligand independent, endocytic pathway dependent
mechanism of Notch signalling (Baron et al, unpublished). Use of this inhibitor whilst studying
Notch4 signalling, will further explore the requirements of the endocytic pathway in Notch4

activation.
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Tamoxifen resistant and fulvestrant resistant ER+ cell lines (TAMR and FULVR, respectively)
as well as their control (Cardiff), were used to explore the action of inhibitors BB-94 and ML-
SI1. These cell lines were a gift from Julie Gee (University of Cardiff) and were derived from
MCF7 cells that underwent long term treatment with a low concentration of tamoxifen or
fulvestrant until resistance was acquired (Knowlden et al., 2003; McClelland et al., 2001). In
previous studies it was found that these cell lines have an increased level of Notch4
expression, linking Notch4 to endocrine resistance and suggesting that these cells have a high
level of Notch4 signalling (Simdes, O’Brien, et al., 2015). These cells were therefore used to
investigate the effects of these inhibitors in the context of endocrine resistance, when
Notch4 levels are high. The Notch4 overexpressing cell line N4KO-N4 and its control (N4KO-

CON) discussed previously were used to specifically look at the inhibitor’s effects on Notch4.

TAMR, FULVR and Cardiff cells were treated with vehicle, 10uM Batimastat (BB-94, MMP
inhibitor), 50uM ML-SI1 (TRPML inhibitor) or both BB-94 and ML-SI1 for 24 hours, before
being counted using a haemocytometer method. The concentrations of the inhibitors used
was determined prior to use by Baron et al. After treatment with BB-94, the cell number of
the three cell lines did not change. However, after treatment with ML-SI1 all three cell lines
decreased in cell number to 50% (Cardiff), 6% (TAMR) and 20% (FULVR) compared to vehicle.
Although cell number was reduced by ML-SI1 in control cells, the reduction was markedly
greater in the TAMR and FULVR cells, reaching significance in the TAMRs (p<0.05) (Figure 4-
12A). When both inhibitors were used in combination, cell number was reduced below 50%
of vehicle in all three cell lines, although no differences were observed between cell lines.
When plotting these cell numbers relative to Cardiff for each of the treatment regimes, these
differences are more apparent (Figure 4-12B+C+D). Little to no difference was seen between
cell lines after BB-94 treatment, but a dramatic decrease in cell number of TAMRs and FULVRs
after ML-SI1 treatment was observed, suggesting tamoxifen and fulvestrant resistant cells

are more susceptible to ML-SI1 and therefore more dependent on TRPML.
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Figure 4-12: Tamoxifen and Fulvestrant resistant cell lines are more sensitive to ML-SI1
(TRPML inhibitor) treatment than control. Cardiff, TAMR and FULVR cells were treated with
vehicle, 10uM Batimastat (BB-94, MMP inhibitor), 50uM ML-SI1 (TRPML inhibitor) or both
BB-94 and ML-SI1 for 24 hours, after which cells were counted using a haemocytometer
method. A) Cell number plotted relative to vehicle control for each cell line. B) Cell number
relative to Cardiff after treatment with 10uM BB-94 (B), 50uM ML-SI1 (C), and both BB-94
and ML-SI1. N=3 Statistical tests: Two-way ANOVA with Tukey’s multiple comparisons (A)
Unpaired t-tests (B+C+D). *p < 0.05. **p<0.01.

150



4.10 Adding in ML-SI1 to BB-94 treatment decreases cell number in Notch4

overexpressing cells more than in control cells
When treating N4KO-CON cells and N4KO-N4 cells with BB-94 and ML-SI1, the same
treatment protocol was carried out as above. In both cell lines, BB-94 treatment did not
change cell number compared to control (Figure 4-13). ML-SI1 treatment reduced cell
number significantly compared to vehicle (p<0.01 in N4KO-CON and p<0.05 in N4KO-N4).
However, this reduction was similar for both control and Notch4 cell lines (to 38% and 49%
of vehicle, respectively). When comparing combination treatment of BB-94 and ML-SI1
together across the two cell lines, the reduction compared to control is quite similar, to 26%
of vehicle for control and 21% of vehicle for Notch4. However, in combination treatment
compared to the single treatment of BB-94 alone, there is a greater reduction in cell number
in the Notch4 cells when adding in ML-SI1 into treatment. This may suggest that there is a
greater susceptibility to ML-SI1 treatment in Notch4 cells, and more of a reliance on TRPML,

compared to control.
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Figure 4-13: Adding in ML-SI1 to BB-94 treatment decreases cell number in Notch4 cells
more than in control cells. NAKO-CON and N4KO-N4 cells were treated with vehicle, 10uM
Batimastat (BB-94, MMP inhibitor), 50uM ML-SI1 (TRPML inhibitor) or both BB-94 and ML-
SI1 for 24 hours, after which, cells were counted using a haemocytometer method. Cell
number plotted relative to vehicle control for each cell line. N=3 Statistical tests: Two-way
ANOVA with Tukey’s multiple comparisons. p < 0.05. **p < 0.01. ***p<0.001. ****p<0.0001.
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4.11 Batimastat (BB-94) treatment affects mammosphere forming efficiency

differently in different cell lines
Mammosphere forming efficiency was used to determine any affect that TRPML and MMP
inhibition has on BCSC activity. TAMR, FULVR and Cardiff cells were treated for 24 hours with
vehicle, 10uM Batimastat (BB-94, MMP inhibitor), 50uM ML-SI1 (TRPML inhibitor) or both
BB-94 and ML-SI1 and then plated out in low attachment conditions for mammospheres.
Mammospheres were counted after 5 days. Due to the death of almost all of the ML-SI1 and
combination treated TAMRs (Figure 4-12), only BB-94 treated cells were able to be plated
out for mammospheres. After treatment with BB-94, control cells do not create as many
mammospheres, with the mammosphere forming efficiency reducing to 36% of that of
vehicle treated cells (p<0.01). TAMR cells are seemingly resistant to this BB-94 induced
reduction in MFE, maintaining a similar MFE as TAMR vehicle treated cells. In FULVR cells,
treatment with BB-94 increases MFE (P<0.05) (Figure 4-14). The differences between these
cell lines in the effects of BB-94 treatment are apparent when mammosphere forming
efficiency is compared directly to each other and plotted relative to Cardiff (Figure 4-14B).
TAMR cells exhibit a 3.3-fold increase compared to Cardiff (p<0.05) and FULVR an 8.7-fold
increase (p=0.08). These data indicate that MMP inhibition increases the BCSC activity of

endocrine resistant cells.

Next, N4AKO-CON and N4KO-N4 cells were treated in the same way for 24 hours and plated
out for mammospheres. BB-94 treatment slightly reduced the MFE capacity of control and
Notch4 cells. However, ML-SI1 treatment increased MFE of control cells by 1.7-fold but did
not increase MFE of Notch4 cells. In combination treatment in control cells, addition of BB-
94 to ML-SI1 reduced the MFE to a similar level as vehicle, apparently reversing the effect of
ML-SI treatment alone (p<0.05 and 3.1-fold decrease of combination compared to BB-94
alone) (Figure 4-15A). When ML-SI1 treatment effect on MFE in Notch4 cells is plotted
compared to control cells, the difference between the two cell lines is more apparent
(p<0.0001) (Figure 4-15B). Compared to control, after treatment with ML-SI-1, Notch4 cells
have a more reduced MFE, indicating they are resistant to the ML-SI1 induced MFE increase

in control cells.
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Figure 4-14: Tamoxifen and Fulvestrant resistance reverses the BB-94 induced decrease of
MFE. Cardiff (control), TAMR (tamoxifen resistant) and FULVR (fulvestrant resistant) cells
were treated for 24 hours with vehicle or 10uM Batimastat (BB-94, MMP inhibitor) and then
plated out for mammospheres and counted after 5 days. A) Data plotted relative to vehicle
control for each cell line. B) Data plotted relative to vehicle control and Cardiff control for
BB-94 treatment. N=3 Statistical tests: Unpaired t-test. *p < 0.05. **p<0.01.
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Figure 4-15: Notch4 expressing cells are resistant to the ML-SI1 treatment induced MFE
increase in control cells. NAKO-CON and N4KO-N4 cells were treated for 24 hours with
vehicle, 10uM Batimastat (BB-94, MMP inhibitor), 50uM ML-SI1 (TRPML inhibitor) or both
BB-94 and ML-SI1 and then plated out for mammospheres and counted after 5 days. A) Data
plotted relative to vehicle control for each cell line. B) Data plotted relative to vehicle control
and N4KO-CON for ML-SI1 treatment. N=3 Statistical tests: Two-way ANOVA with Tukey’s
multiple comparisons (A). Unpaired t-test (B). *p < 0.05. **p < 0.01. ****p<0.0001.

4.12 BB-94 treatment increases Hey2 gene expression while ML-SI1 increases

Hesl and Heyl and decreases Hey2 gene expression
MCF7 cells were treated with vehicle, 10uM Batimastat (BB-94, MMP inhibitor), 50uM ML-
SI1 (TRPML inhibitor) or both BB-94 and ML-SI1 for 24 hours and then RNA was isolated. The
RNA was analysed for gene expression of Notch target genes Hes1, Heyl and Hey2 and DTX2
and DTX4 by qRT-PCR. BB-94 treatment increased gene expression of Hey2 (p<0.05) (Figure
4-16C). ML-SI1 treatment increased Hesl (p<0.0001) and Heyl (p<0.0001) gene expression
(Hey1 by 10.8-fold compared to vehicle) (Figure 4-16A+B). It also decreased gene expression
of Hey2 (p<0.01) (Figure 4-16C). When ML-SI1 is added to BB-94 treatment, the Hey2 gene
expression increase reduced to a similar level of reduction as ML-SI1 alone (p<0.0001). When
BB-94 treatment is added to ML-SI1, the Hes1 gene expression increase reduced down to

match the reduction after BB-94 treatment (p<0.0001).
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BB-94 treatment reduces gene expression of DTX2 and DTX4, as well as in combination
(although this did not reach significance), whilst ML-SI1 treatment has no effect on their

expression (Figure 4-16D+E).

Taken together, these results indicate that MMP inhibition increases Hey2 Notch target gene
signalling. TRPML inhibition increases Hes1/Hey1l Notch target gene signalling and reduces
Hey2 Notch target gene signalling. This suggests that Hey2 signalling is reliant on TRPML and
Hes1/Hey1 signalling is reliant on MMP (ADAM10/17), and in the absence of each other, the

other Notch target genes are upregulated.
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Figure 4-16: BB-94 treatment increases Hey2 expression. ML-SI1 increases Hes1 and Hey1l
and decreases Hey2 expression. MCF7 cells were treated for 24 hours with vehicle, 10uM
Batimastat (BB-94, MMP inhibitor), 50uM ML-SI1 (TRPML inhibitor) or both BB-94 and ML-
SI1. RNA was then taken for gRT-PCR to calculate gene expression of Hes1 (A), Hey1 (B), Hey2
(C), DTX2 (D) and DTX4 (E). N=3. Data are represented as mean +SEM. Statistical tests: One-
way ANOVA with Tukey’s multiple comparisons. *p < 0.05. **p < 0.01. ***p<0.001.
***%p<0.0001.
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4.13 Discussion

The aim of this chapter has been to explore how the Notch4 endocytic signalling pathway
relates to Breast Cancer Stem Cell (BCSC) activity and resistance to endocrine therapy. This
has been achieved via the creation of a stable Notch4 overexpressing cell line using lentivirus.
This stable overexpression increases BCSC activity, Notch target gene expression and
resistance to endocrine therapy treatment. Preliminary RNAseq analysis of this cell line has
also identified signalling pathways and genes that are associated with increased Notch4
expression. The other aim of this chapter has been to gain new insight into the action and
interaction of two inhibitors, the MMP inhibitor BB-94 and the TRPML inhibitor ML-SI1, with
Notch4 and its endocytic trafficking. The use of these inhibitors has helped to explore Notch
target gene signalling further as well as solidify the link between endocrine therapy
resistance and endocytic trafficking. This novel research impacts on resistant and metastatic

breast cancers, linking Notch4 and endocytic trafficking to BCSCs and resistance.

The Notch4 knockout cell line that was created prior to this project has some limitations
(discussed in section 4.2). However, it had a very low level of Notch4 expression so is used as
a reliable “knockdown” of Notch4. It was found to have reduced BCSC activity compared to
control, measured by mammosphere forming efficiency and Aldefluor assay. This agreed with
Sim&es et al (Sim&es, O’Brien, et al., 2015). However, endocrine therapies were not observed
to have synergistic effects on BCSC activity, as seen by Simdes et al. These differences could
be explained by drift in clonality of cell lines over time, as well as a difference in treatment
protocols. These problems could be improved in the future with the streamlining and

optimisation of protocols and precise use of certain passages of cell lines.

The Notch4 knockout cell line has a large decrease in Hey2 gene expression and an increase
in Hes1 and Hey1 gene expression compared to control (summarised in the gene expression
schematic diagram below, Figure 4-17). This establishes that Hey2 is the main target gene of
Notch4, as when Notch4 is knocked out there is little to no expression. The increase of Hes1
and Hey1 could be explained by the actions of other Notch receptors. Perhaps when Notch4
is not present, they compensate for the reduced Hey2 expression by increasing Hes1 and
Heyl expression. These results may also indicate that Hey2 is not controlled by the other
Notch proteins as the decrease is quite dramatic. This could be explored further by observing
how the expression of these target genes are affected after knockdown of the other Notch
receptors. Some cross-regulation has been observed previously between the Notchl and

Notch4 receptors (James et al., 2014).
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Creation of a stable Notch4 cell line was an effective way of studying long term expression of
Notch4. The N4KO cell line was used as a parental cell line to create the Notch4 and Control
cell lines to ensure that they had a very low endogenous expression of Notch4. The Notch4
overexpressing stable cell line was found to have a higher protein (full length and ICD) and
gene expression of Notch4. It also had more surface Notch4 expression, detectable by flow

cytometry.

The stable Notch4 overexpression increased gene expression of target genes Heyl and Hey?2,
whilst decreasing Hesl. It also decreased expression of DTX1, 2 and 4 (all included in
summary Figure 4-17 below). These data, along with results from the N4KO cell line suggest
that over the long term (in the case of stable cell lines with increased or decreased expression
of Notch4), expression of Notch4 upregulates Hey2 expression and downregulates Hesl
expression. Heyl is more complicated as the knockout suggests that Notch4 downregulates
Heyl whereas the overexpression suggests Notch4 upregulates it. Perhaps there is a
variation on the effect of Hey1 at different levels of Notch4 gene expression. This case of
different effects at different expression levels has been explored previously, showing that
different expression levels of Notch has different effects on tumourigenic capacity and
proliferation of breast cells (Mazzone et al.,, 2010). Heyl could be a target gene that is
upstream of these different consequences. This could also be explained by different
signalling pathways taking over at different levels of Notch4 expression, leading to different
target genes being induced. Over long term expression, Notch4 also has a negative effect on

the expression of DTX genes.

The stable Notch4 overexpressing cell line was found to have greater BCSC activity,
determined by mammosphere assay and Aldefluor assay. However, when analysed by
limiting dilution assay, the Notch4 cells were not observed to have greater tumour initiating
capacity, instead suggesting that they had similar BCSC activity to control cells. This may be
due to the stem-like dormancy of these cells. Three out of five of the mice in one of the
groups died unexpectedly in the early stages of the experiment. With these extra data the
results could have been different. Although an increase in BCSC activity could be observed in
the in vitro mammosphere assay, perhaps the level of Notch4 expression in this stable cell
line was not enough to observe an increase in BCSC activity in vivo. Again, the expression
level of Notch4, whether medium or high, can impact the tumourigenicity and proliferation

of breast cells (Mazzone et al., 2010).
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The tumour initiating rate was the same for both groups of cells until week 4, after which,
the control cells had increased growth. This fits with the concept that the Notch4 cells are
more stem-like and would be expected to have lower proliferation. Studies have reported
that Notch4 cells are quiescent and have a phenotype that includes lower proliferation (Zhou
et al., 2020). The Notch4 cells here may be able to lay dormant, repopulate the tumour and
potentially lead to metastasis. To investigate if these Notch4 cells did form greater lung
metastases, the lungs from the group of mice with the most injected cells were isolated and
will be stained for Notch4 and imaged to detect metastases and micro-metastases. This will
be done after the completion of this thesis and will provide greater insight into the BCSC

activity and metastasis forming ability of Notch4 cells.

Previously, ALDH positive cells have been isolated by FACS and analysed for Notch4 protein
expression. The analysis showed that the ALDH+ cells had an increased protein expression of
Notch4 compared to the ALDH- cells (Simdes, O’Brien, et al., 2015). The results in this thesis
are contradictory to this, suggesting no enrichment of Notch4 surface expression in the
ALDH+ cells. This could be explained by the fact that we measured the surface expression of
Notch4 specifically compared to the total protein levels. The surface Notch4 is thought to
represent the active signalling Notch4 receptor compared to total protein level within a cell.
Here, the cells have also been transfected with Notch4, compared with untransfected MCF7s
in the previous study, suggesting there could be a difference due to the endogenous or
transfected expression level of Notch4 in the cells. However, this could be explored further
in the future. This would help us to explore the precise interaction between Notch4+ and

ALDH+ cells and whether these populations are discrete or overlap.

After treatment with the endocrine therapy fulvestrant over 14 days, it was found that the
N4KO cell line had greater susceptibility to treatment compared to control. It was also found
that the Notch4 overexpressing cell line showed greater resistance to the same treatment,
compared to respective controls. The amount of resistance applied by the Notch4 expressing
cell line did not reach that of N4KQO’s control, but this was to be expected as the N4KO-N4
was not a full “rescue” cell line as it did not reach the Notch4 expression of the parental MCF7

cells (data not shown). Further repeats are needed in order to confirm this resistance.

The RNAseq analysis undertaken on the N4KO-N4 cells to identify genes and pathways that
have a particular association with the cell line compared to N4AKO-CON was a preliminary
analysis due to the fact that there was only one sample of each cell line. Because of this,

differentially expressed genes are “putative” and high log2 fold change values are used to
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discriminate for genes, to increase confidence in expression changes. A gene signature and
Notch-related gene signature for N4KO-N4 were identified and would have to be confirmed
in the future. In the Notch related user defined gene set, the reduction of CCND1 expression
in the Notch4 cells fits in with the in vivo tumour growth results showing that the Notch4
cells have reduced proliferation. The higher level of CDKN1A expression also fits with this as
it is an inhibitor of CCND1. CDKN1A is also associated with a higher risk of developing breast
cancer (Akhter et al., 2021). From this RNAseq data, signalling pathways, biological processes
and molecular functions that have been shown to be associated with the Notch4 cells include
the MAPK, TGF-B, HIF-1, Wnt, Hippo and ERK signalling pathways. The Wnt, HIF-1, MAPK and
TGF-B signalling pathways have been shown previously to have links to the Notch signalling
pathway in breast cancer (Collu & Brennan, 2007; Ercan et al., 2012; L. Han et al., 2014; Mittal
et al., 2009), with TGF-B having a link with Notch4 specifically, through Notch4’s ability to
bind Smad3 which inhibits TGF-B signalling (Sun et al., 2005). The Hippo pathway has been
linked to BCSCs and metastasis, providing another link with Notch4 (L. Wu & Yang, 2018). The
ERK signalling pathway has been linked to Notch signalling in pancreatic cancer, but not

breast (Tremblay et al., 2013).

It was also shown with RNAseq that Notch may have a negative association with estrogen
signalling (Rizzo et al., 2008). This negative crosstalk between ER and Notch4 has been
observed previously in the lab and this association would suggest that although Notch4 has
been extensively linked to ER positive breast cancers, the direct crosstalk between the

receptors is a negative feedback.

In this chapter, the use of MMP inhibitor BB-94 (to inhibit the action of ADAM-10) and TRPML
inhibitor ML-SI1 (to inhibit endosome-lysosome fusion) has gained insight into the link

between Notch4, endocrine resistance and endocytic pathway signalling.

We showed that TAMR and FULVR cells are reliant on TRPML for growth and viability. They
are also resistant to the BB-94 induced decrease of MFE in control cells. It can therefore be
concluded that ADAM-10 is required for BCSC activity in control cells, but not in TAMR and
FULVR cells.

Notch4 expressing cells are linked to TRPML for growth and viability but are not as reliant as
the TAMR and FULVR cells are. Notch4 cells are resistant to the ML-SI1 induced increase in
MFE in control cells. This shows that without TRPML, control cells increase their BCSC activity,
but Notch4 cells do not. This could be the case if their BCSC activity happens through Notch4

and Notch4 requires TRPML for signalling through the endocytic pathway.
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Current published data in Drosophila shows that BB-94 blocks base level Notch signalling, as
well as ligand activated signalling, but not Deltex activated signalling (Shimizu et al., 2014).
Our data aligns with this, suggesting that control cells require ADAM-10 for BCSC activity, but
Notch4 cells do not. Taken together, this suggests that the Notch4 signalling leading to BCSC

activity is DTX activated.

Unpublished previous research showed that ML-SI1 treatment inhibited Deltex driven ligand
independent Notch signalling in Drosophila, determining that TRPML was required for this
signalling (Baron et al, unpublished). Our data aligns with this, suggesting that Notch4
requires TRPML for signalling, highlighting the importance of late endosomal trafficking in

Notch4 signalling.

Results from gene signalling experiments indicated that BB-94 and ML-SI1 act in opposing
ways on Notch signalling. Hey2 signalling is reliant on TRPML and Hes1/Hey1 signalling is
reliant on ADAM10. With the action of each inhibitor blocking each pathway, the other genes
that have not been blocked are upregulated in order to compensate for the loss of the other
signal. This agrees with the earlier data of Notch4 “knockout” leading to a decrease in Hey2
expression whilst increasing Hes1 and Hey1 expression to compensate. From this, it could be
suggested that BB-94 treatment, or ADAM-10 inhibition mimics anincrease in a Notch4 signal
whereas ML-SI1 treatment, or TRPML inhibition mimics a decrease in Notch4 signal. BB-94

could be acting on the other Notch receptors with potential crosstalk to Notch4.

Further insight could be gained by studying the effect of these inhibitors on Notch4
internalisation by immunofluorescence. In the future, BB-94 and ML-SI1 could even be
investigated clinically. ML-SI1 is the more promising due to its effects on viability of endocrine

resistant cells suggesting it may have effects countering endocrine resistance clinically.

To summarise the insights gained from inhibitor experiments, Notch4 cells and endocrine
resistant cells (that have higher Notch4 levels), need TRPML for growth, viability and BCSC
activity. They also don’t require ADAM-10 for growth, viability and BCSC activity. Hey2
signalling requires TRPML and Hes1/Hey1 signalling requires ADAM-10. These data together
link Notch4, endocytic trafficking, endocrine resistance, BCSCs and Hey2 signalling which are

novel insights.

In conclusion, we have created a Notch4 overexpressing cell line which provides novel
insights into Notch4 signalling, building on the previous chapter by linking the endocytic

pathway signalling to BCSC activity. The Notch4 stable cell line could continue to be used in
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the future for further investigations into Notch4, endocrine resistance and BCSCs. The
inhibitor experiments have also brought together endocytic trafficking and Notch4, showing
that endocrine resistant cells require TRPML for growth, viability and BCSC activity, while not
requiring ADAM10. Hey?2 is further linked to Notch4, whilst Hes1 and Heyl, although linked,
may be downstream of another Notch receptor or pathway. The next chapter will aim to
apply these insights on Notch4 signalling clinically, by investigating genomic reasons for its
actions, as well as exploring Notch4 mutations found in primary and metastatic breast

cancer.

Notch4
[ ]
Hes1 Heyl Hey2
DTX1 DTX2 DTX4

Notch4 stable knockout
—— Notch4 stable overexpression

Figure 4-17: Signalling results from stable Notch4 knockout and overexpression
experiments to visualise a potential signalling pathway. Schematic includes significant
results from gene expression experiments in Chapter 4.
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5 Investigating Notch4 mutations in breast cancer

5.1 Introduction

This chapter will focus on Notch4 mutations in Drosophila and breast cancer. This will be
done by investigating how mutations affect Notch4 signalling and endocytic trafficking. The
effects on BCSC activity will also be explored and preliminary gene expression analysis will be
undertaken by RNAseq. Altering a residue present in Notch4 that has been studied in
Drosophila will also add to data in previous thesis chapters to further dissect the Notch4
endocytic trafficking. These insights will aid research into how mutations affect the action of
Notch4 in breast cancer, with the possibility of being able to apply this insight into clinical

research.

Several databases collate genetic, proteomic and transcriptomic data on patient cancer
samples from research studies. The most prominent of these for genomic data is cBioPortal,
which is coordinated by the Broad Institute (Cerami et al., 2012; Gao et al., 2013). Others
include the National Cancer Institute GDC Data Portal (Grossman et al., 2016), COSMIC (Tate
et al., 2019) and Tumour Portal (Lawrence et al., 2014). Mutational information for all genes
in any cancer of choice can be accessed in these databases and they were used to

methodically search for mutations in Notch4 in breast cancers.

The Notch AXE2 mutant studied in Drosophila has a mutation which alters a histidine residue
to a tyrosine in the Abruptex (Ax) region. This makes Notch act in a Deltex dependent way,
which may be ligand independent (T. Xu & Artavanis-Tsakonas, 1990). Notch4 has this residue
change in its endogenous wild-type protein sequence, diverging from Notch1/2/3. For this
reason, it was hypothesised that Notch4 may act in a ligand independent/ Deltex dependent
manner and signal via the endocytic pathway. This was investigated in Chapter 3 and it was
established that Notch4 can signal via an endocytic pathway and that DTX1, 2 and 4 are
involved. It was also confirmed in Chapter 4 that Notch4 is highly involved in BCSCs and
endocrine resistance and this resistance is reliant on endocytic trafficking. Our hypothesis is
that this unique endocytic signalling involving DTX and leading to BCSC upregulation and
endocrine resistance is due to this Ax domain residue in Notch4 being different to the

equivalent residue in Notch1/2/3.

The ligand binding domain of Notch is present between EGF repeats 8 and 12. Different
ligands bind to different EGF repeats. This has been studied previously by resolving portions
of the crystal structure of Notchl bound to JAG1 or DLL4 and it was found that EGF repeats
8 and 12 of Notch1 are required for JAG1 binding and 11 and 12 for DLL4 binding (Luca et al.,
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2015, 2017). Due to this it can be determined that EGF repeat 12 is required for the binding
of most ligands to Notch. The ligand binding domain of Notch1 corresponds to the same EGF
repeats of Notch4. The ligand binding domain of Notch in Drosophila has been even more

extensively studied (Whiteman et al., 2013).

Gain of function mutations, which allow Notch to possess a new molecular function leading
to an altered gene expression pattern, have been observed in Notch genes in various cancers
including T-ALL, NSCLC and breast cancer (Mutvei et al., 2015). In breast cancer, mutations
specifically in the PEST domain of Notch have been found to increase Notch stability, activity
and therefore signalling (K. Wang et al., 2015). We have hypothesised that in breast cancer,
mutations in Notch4 could increase its signalling and exacerbate its effects on BCSC activity

and therefore increase resistance to therapy.

Using site-directed mutagenesis, this chapter will investigate the effect of Notch4 mutations
found in breast cancers, a ligand binding disruption mutation, and the “reverted residue”
mutation in the Abruptex region. The effect of these mutations on the signalling of Notch4
will be explored, as well as its trafficking activities, gene expression signatures and further

effects on BCSC activity.
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5.2 Identification of Notch4 mutations in breast cancers using genomic

databases
Publicly available genomic databases were searched for all Notch4 mutations found in breast
cancer. These databases included cBioPortal, The Cancer Genome Atlas (TCGA) and National
Cancer Institute Genomic Data Commons (NCIGDC). Additional studies not accessible on
these databases were also included. 24 studies were included overall and data from 10,011

primary breast cancer samples and 4028 metastatic breast cancer samples was analysed.

The frequency of mutations and their genomic location was mapped along the Notch4
protein length, compared to the schematic of the Notch4 domains (Figure 5-1). Overall, 190
samples contained at least one mutation in Notch4 with 2.89% of primary samples containing
a mutation (97 out of 10,011) and 3.84% of metastatic samples (93 out of 4028). This
indicates an increase in mutation frequency in Notch4 in metastatic samples, indicating these
mutations may contribute towards the progression and metastasis of breast cancer. In
primary breast cancer samples, Notch4 mutations were mostly clustered to the EGF repeats
region in the extracellular domain of the receptor. In metastatic samples there were less EGF
repeat mutations but more frequent PEST domain mutations. A mutation of key note with a
particularly high frequency in the metastatic samples was the mutation E1836K/Q in the PEST
domain. The PEST domain of Notch is a region of importance to the stability of the protein.
Mutations or deletions in this area have been linked with increased stability and activity of
the protein (K. Wang et al., 2015). The increase in this type of mutation in Notch4 could lead

to a higher level of Notch signalling, which could drive the metastatic process.

Mutations found exclusively within the EGF repeats of Notch4 were plotted onto the typical
structure of an EGF domain with conserved residues across Notch receptors illustrated. These
mutations are separated into mutations found in primary and metastatic breast cancers and
the EGF repeat that the mutation is found in is also included (Figure 5-2). Mutations found in
the ligand binding domain are shown in red and those found in the Abruptex domain are in

green. Mutations used later in the chapter are circled.
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Figure 5-1: Notch4 mutations in breast cancer. Open access databases including cBioPortal
and COSMIC cancer browser were searched for all Notch4 mutations in breast cancer. 24
studies were investigated overall, with 14,039 breast cancer tumours analysed between
them, 10,011 primary and 4028 metastatic. 190 of these samples contained a mutation in
the Notch4 gene, with 2.89% of primary samples containing a mutation and 3.84% of
metastatic samples. Mutations were plotted across the Notch4 structure using cBioPortal’s
mutation mapper (B+C). A) Schematic of Notch4 protein structure, showing domains. LNR
(Lin-12/Notch repeats), TMR (Transmembrane Region), RAM (RBP-Jkappa-associated
module), ANK (Ankyrin repeats). Domains in B and C correspond to the domains in A directly
above.
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Figure 5-2: Notch4 mutations in primary and metastatic breast cancers mapped to a model
EGF repeat peptide sequence. Conserved consensus residues between EGF repeats and key
disulphide bonds are included in the diagram. Red corresponds to mutations in the ligand
binding domain, EGF repeats 8-12. Green corresponds to mutations in the Abruptex region,
EGF repeats 24-29. The number below the mutation is in which EGF repeat it is found.
Mutations that are circled were used for further investigation.
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5.3 Generation of Notch4 mutations using site-directed mutagenesis

Notch4 possesses a key tyrosine residue in the Abruptex domain at amino acid position 914
which differs from the equivalent histidine residue in Drosophila Notch and mammalian
Notch 1, 2 and 3 (Sequence alignment in Figure 5-3). In Drosophila Notch mutation studies,
that residue change leads to Notch signalling in a ligand independent and Deltex dependent

way.

hNotchl ..DAGNTHHCRCQ...
hNotch2 ..NAGNTHYCQCP...
hNotch3 ..DEDSSHYCVCP...
DrosophilaNotch ...DYGNSHVCYCS...
hNotch4 | _DSGPSYFCHCP...

Figure 5-3: Amino acid sequence alignment of part of EGF 29 in the four human and
Drosophila Notch proteins showing the key Y914 residue in Notch4 that will be mutated to
match the conserved Histidine residue.

In order to study whether this residue is the reason that Notch4 signals in an endocytic
pathway manner, the wild-type NOTCH4 gene in the plasmid used previously was mutated
using site-directed mutagenesis. The codon that encodes a tyrosine at amino acid position
914 (TAT) in the wild-type Notch4 gene was changed to a codon that encodes a histidine
(CAC) (Y914H).

Site-directed mutagenesis was also carried out to separately introduce five additional residue
changes in the Notch4 gene, to generate five mutant versions of the Notch4 plasmid. These
mutations are illustrated across the protein domain structure of Notch4 (Figure 5-4A). The
mutations were chosen to test the functional consequences of certain mutations and to
study any differences they caused in Notch4 signalling and activity (Figure 5-4B). For example,
L491A was chosen to test its effect on the function of the ligand binding domain of Notch4
as it is a mutation of a conserved residue in EGF repeat 12. The equivalent residue has been
identified and investigated in Drosophila and has been shown to be essential for ligand
binding (Baron et al, unpublished) (Whiteman et al., 2013). The remaining four were
discovered in breast cancer samples (Figure 5-1). E511K was chosen as it was found in

multiple primary and metastatic breast cancers and changes a negatively charged residue to
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a positive charge, therefore potentially having an impact on the structure of the protein
(Figure 5-2). G924V is a mutation found in two metastatic breast cancer samples (and no
primary samples). It is within the Abruptex region, very close to the key tyrosine residue
(Y914). The endogenous glycine is also a consensus residue for the EGF domain structure.
E1009Q was chosen due to its proximity to Y914 and because it is within the Abruptex
domain, as well as because it is found in primary and metastatic breast cancer samples.
Finally, the E1836K mutation within the PEST domain was chosen as it was found at high
frequency in metastatic breast cancer samples and may be a stabilising mutation as it is
within the PEST domain. Interestingly, this mutation reverts the Notch4 glutamic acid residue

to a lysine to match Notchl, 2 and 3.

Following site-directed mutagenesis and sequencing to confirm the presence of required

mutations, the mutated plasmids were then expanded ready for use.

A High frequencyin
Ligand bindingdomain Ax domain .
metastatic breastcancers
1491A  ES11K G924V F1836K
? Y914H ®  *E1009Q !
B
Mutation | Location Role
L491A EGF repeats (ligand | Knocks out ligand binding domain
binding domain)
E511K EGF repeats (ligand Found in multiple primary and metastatic breast
binding domain) cancers
Puts a positive charge where is originally a negative
G924V EGF repeats (Ax Found in two metastatic breast cancers
domain) Close to Y914
Consensus residue for EGF structure
E1008Q EGF repeats Found in primary and metastatic samples
At the very end of Ax region
E1836K PEST domain Found in high frequency in primary and particularly
metastatic breast cancers
. Reverting to match Notch1,2,3
Y914H EGF repeats (Ax Reverting the “ligand independent” residue from
domain) Drosophila studies to match WT Drosophila Notch (and
mammalian Notch1,2,3)

Figure 5-4: Mutations targeted in site-directed mutagenesis. Six mutations were chosen to
be targeted in site-directed mutagenesis experiments. A) Notch4 mutations for site-directed
mutagenesis plotted along the schematic of domains of Notch4. Plotted using cBioPortal’s
mutation mapper. B) Details of each mutation, its domain location in Notch4 and the roles
that the mutations investigate.
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To study the Notch4 mutations, the plasmids containing the mutated Notch4 gene were
transiently transfected into MCF7 cells as described previously. In order to confirm that the
transfected mutated Notch4 was signalling, protein and RNA was collected 24 hours after
transfection and analysed by western blot and qRT-PCR, respectively. Transfection with all
six mutated Notch4 plasmids increased the protein expression of Notch4, compared to
untransfected (Appendix Figure 8-4). Notch4 gene expression was also significantly increased
after all transfections, compared to untransfected (Figure 5-5). This increase differed
between mutations compared to WT Notch4. The protein expression of all six mutations is
very similar, so this change is likely to be due to the action of the mutation on downstream
Notch4 gene expression. The Y914H “reversion” mutation increased Notch4 gene expression
compared to WT by approximately 2-fold. G924V and E1009Q mutations also had a higher
Notch4 expression than WT. L491A, E511K and E1836K mutations had a lower Notch4

expression than WT, although all were more than 2000-fold higher than untransfected.
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Figure 5-5: Transient transfection of plasmids containing mutated Notch4 genes leads to
increased gene expression of Notch4. MCF7 cells were transiently transfected with a plasmid
containing WT Notch4 or Notch4 with one of six mutations. After 24 hours, RNA was
extracted. Relative gene expression of Notch4 in transfected cells, analysed by gRT-PCR,
plotted relative to untransfected control. Data are represented as mean +SEM. Statistical
tests: Unpaired t tests. **p < 0.01. ***p<0.001. ****p<0.0001. N=3.
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5.4 Y914H mutation of Notch4 gene reduced colocalisation of Notch4 ICD and
ECD and reduced the full length Notch4 presence in the endocytic

trafficking pathway
In chapter 3, it was found that Notch4 is present as a full length protein within MCF7 cells
and inside early endosomes, late endosomes and lysosomes. From this, it was concluded that
it is trafficked through the endocytic pathway for signalling. To investigate how the Y914H
Notch4 mutation affects this trafficking action, wild-type (WT) and Y914H Notch4 plasmids
were transiently transfected into MCF7 cells before being fixed and stained with Notch4 ICD
antibody (green) and Notch4 ECD antibody (red) and visualised with permeabilised
immunofluorescence. WT Notch4 ICD and ECD colocalised throughout the cell as observed
by punctate dots of yellow (Figure 5-6A). However, Y914H Notch4 does not. There is little to
no colocalisation of Notch4 ICD and ECD and most Notch4 can be observed as separate areas
of green (Notch4 ICD) and red (Notch4 ECD) (Figure 5-6B). This colocalisation was analysed
as described previously using the “coloc” function of the Imaris software (Figure 5-8A+B+C).
The Pearson’s correlation calculated for the whole image was significantly reduced in the
Y914H Notch4 compared to wild-type (p<0.05) (Figure 5-8A). This quantification
corroborates the reduced colocalisation that can be observed in the images with Y914H

mutated Notch4.

Next, it was investigated whether the Y914H mutation altered the cellular distribution of
Notch4. Compared to wild-type Notch4, very little Notch4 was colocalised with EEA1
antibody and CD63 antibody (Figure 5-7A+B). If any, it is the ECD portion of Notch4 that
colocalises. This indicates that little to no Notch4 was located in the early or late endosomes.
There is some colocalisation between Notch4 ICD and LAMP1 and also between Notch4 ECD
and LAMP1 (Figure 5-7C). This suggests that although mostly the Notch4 ICD and ECD were
separate within the cell, some of both parts could be found in lysosomes. However, these
areas of colocalisation are greatly reduced compared to that observed using wild-type
Notch4. This colocalisation was again quantified using the “surface” function of Imaris to
represent the compartment and the intensity of the full length Notch4 channel within the
compartment was measured (Figure 5-8D+E+F). No change in amount of full length Notch4

in early endosomes, late endosomes or lysosomes was observed (Figure 5-8F).

Taken together, these data indicate that the Y914 residue of Notch4 is a key residue for the

endocytic pathway signalling action of Notch4. When this residue is altered so that it matches
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Notch 1, 2 and 3, the endocytic pathway signalling is reduced and full length is Notch4 found

within the cell at a lower rate.

A
Merge

hN4

Y914H

Figure 5-6: Y914H mutation of Notch4 reduced colocalisation of Notch4 ICD and ECD within
the cell. Immunofluorescence images of MCF7 cells transiently transfected with a WT Notch4
plasmid (A) or a Notch4 plasmid with a mutation at Y914H (B). Images show Notch4 ICD
(green), Notch4 ECD (red) and a merge of the three channels to demonstrate colocalisation.
Areas of key colocalisation are indicated with arrows. Areas zoomed in to show detail in
higher magnification, indicated by the white squares. Scale bars: 5um.
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Figure 5-7: Immunofluorescence images of MCF7 cells transiently transfected with a
Notch4 plasmid with a Y914H mutation. Images show Notch4 ICD (green), Notch4 ECD (red)
and EEA1- early endosomes (blue) (A), CD63- late endosomes (blue) (B), LAMP1- lysosomes
(blue) (C) and a merge of the three channels to demonstrate colocalisation. Areas of key
colocalisation are indicated with arrows. Areas zoomed in to show detail in higher
magnification, indicated by the white squares. Scale bars: 5um. Panels from WT Notch4 from
Figure 3-7 are shown for comparison.
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Figure 5-8: Quantification of ICD and ECD colocalisation and amount of full length Notch4
in endosomal compartments with WT and Y914H mutated Notch4. A+B+C) Pearson’s
correlation of colocalisation between Notch4 ICD and ECD channels in the whole image (A),
within a defined Region of Interest (ROI) (B), and within the colocalised volume (C). D+E+F)
Data intensity sum of full-length Notch4 within “surfaces” created to represent the
endosomal compartments early endosomes (D), late endosomes (E) and lysosomes (F). Data
are represented as mean +SEM. Statistical tests: Unpaired t tests. *p < 0.05. A+B+C) N=7.
D+E) N=3. F) N=2.
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5.5 Y914H Notch4 gene mutation increased Notch4, Hey2 and DTX1 gene

expression and decreased Mammosphere Forming Efficiency
Transiently transfecting MCF7s with wild-type Notch4 (Chapter 3) increased Hes1, Hey1 and
Hey2 gene expression. To study the effect of the Y914H mutation on Notch4 signalling, RNA
taken after transiently transfecting with WT or Y914H Notch4 was analysed for gene
expression of Notch4, Notch target genes Hesl, Heyl and Hey2, and DTX genes. Compared
to wild-type, the Y914H mutant increased Notch4 gene expression (P<0.0001) (Figure 5-9A).
It also increased Hey2 gene expression (p<0.01), but not Hesl1 or Heyl (Figure 5-9B+C+D).
DTX2 and DTX4 gene expression was unchanged, but DTX1 was increased in the Y914H
mutant (p<0.05) (Figure 5-9E+F+G). Taken together, these data suggest that reverting the
ligand independent linked tyrosine residue in Notch4 to a histidine to match Notch1, 2 and 3

increases gene expression of Notch4, Hey2 and DTX1.
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Figure 5-9: Y914H mutation of Notch4 increased Notch4, Hey2 and DTX1 gene expression,
compared to WT Notch4. MCF7 cells were transiently transfected with WT or Y914H mutant
Notch4, lysed for RNA after 24 hours and gene expression was analysed. Relative gene
expression of Notch4 (A), Hes1 (B), Hey1 (C), Hey2 (D), DTX1 (E), DTX2 (F) DTX4 (G). N=3. Data
are represented as mean +SEM. Statistical tests: Unpaired t-tests. *p < 0.05. **p < 0.01.
****0n<0.0001.
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Following transfection with Y914H mutant and wild-type Notch4, MCF7 cells were plated out
for amammosphere assay to measure BCSC activity. It was found that compared to wild-type
Notch4, the Y914H mutant Notch4 had slightly decreased mammosphere forming efficiency,
although this did not reach significance (p=0.16) (Figure 5-10). This suggests that reverting
the histidine found in Notch4 to a tyrosine which is found in Notch1/2/3 reduces Notch4’s

BCSC activity action.
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Figure 5-10: The Notch4 mutant Y914H slightly reduced mammosphere forming efficiency
of MCF7 cells (compared to WT Notch4). Mammosphere forming efficiency of MCF7 cells
transiently transfected with WT or Y914H mutant Notch4. N=3. Data are represented as
mean +SEM. Statistical test: Unpaired t-test.
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5.6 Notch4 gene mutations affect Notch4 ICD and ECD colocalisation

Notch4 gene mutations that are found in breast cancers were mapped along the Notch4
domain structure and EGF repeat structure (Figure 5-1 and 5-2). Four of these mutations
were selected, along with a mutation that blocks ligand binding in Drosophila (Baron et al,
unpublished) (Whiteman et al., 2013) and plasmids containing the mutated Notch4 genes
were created (Figure 5-4). To investigate how these mutations affect the Notch4 ICD and ECD
colocalisation, the mutated plasmids were transiently transfected into MCF7 cells. These cells
were fixed and stained for Notch4 ICD (green) and Notch4 ECD (red) (Figure 5-11). By eye,
compared to wild-type, L491A and E511K mutations increase the colocalisation between
Notch4 ICD and ECD, suggesting increased levels of full length Notch4 within the cell (Figure
5-11B+C). Some colocalisation between Notch4 ICD and ECD can be observed in the G924V
mutant Notch4, although most of the staining shows separate green and red, indicating
separate Notch4 ICD and ECD (Figure 5-11D). A similar situation can be observed with the
E1009Q Notch4 mutant, although with more colocalisation, reaching a similar level of
colocalisation to WT Notch4 (Figure 5-11E). Inthe E1836K mutated Notch4 image, the Notch4
is distributed within the cell more infrequently, with lots of colocalisation between ICD and
ECD and very punctate dots, but with more space between the areas of full length Notch4

(Figure 5-11F).
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Figure 5-11: Notch4 mutations affect Notch4 ICD and ECD colocalisation.
Immunofluorescence images of MCF7 cells transiently transfected with a WT Notch4 plasmid
(A) or a Notch4 plasmid with a mutation at L491A (B), E511K (C), G924V (D), E1009Q (E), or
E1836K (F). Images show Notch4 ICD (green), Notch4 ECD (red) and a merge of the three
channels to demonstrate colocalisation. Areas of key colocalisation are indicated with
arrows. Areas zoomed in to show detail in higher magnification, indicated by the white
squares. Scale bars: 5um.
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5.7 Notch4 mutations affect full length Notch4 location in the endocytic

trafficking pathway
As well as investigating the ICD and ECD colocalisation of the Notch4 mutants, they were also
analysed for endocytic pathway location. MCF7 cells were stained with Notch4 ICD (green),
Notch4 ECD (red) and EEA1l/ CD63/ LAMP1 (blue), to stain for early endosomes, late
endosomes, and lysosomes, respectively. The location of Notch4 within these compartments

was compared to that of wild-type Notch4 (Figure 5-12).

With L491A mutant Notch4, there was little to no colocalisation observed between Notch4
ICD or ECD and EEALl. This was the same with CD63, although some colocalisation was
observed between Notch4 ICD, ECD and LAMP1. Compared to WT Notch4, this is a reduced
level of Notch4 found in all endocytic compartments, suggesting that the L491A mutant
Notch4, which disrupts ligand binding, is not internalised into the endocytic pathway (Figure
5-12A+B+C).

The ICD and ECD of E511K mutant Notch4 had extensive colocalisation with the LAMP1
antibody, indicating that full length E511K Notch4 can be found in the lysosomes. There is a
small amount a full length colocalisation with EEA1, and little to no colocalisation with CD63.
This is greatly reduced in both cases compared to WT Notch4 (Figure 5-12D+E+F). These data
suggest that the E511K mutant Notch4, found in breast cancers, is internalised into the
endocytic pathway into lysosomes and also early endosomes, although at reduced rate

compared to WT.

The G924V mutant Notch4 showed reduced early endosome and late endosome
colocalisation compared to WT, although certain areas of full length Notch4 colocalised with
CD63 (Figure 5-12G+H). This mutant had altered LAMP1 colocalisation compared to WT. The
ICD portion of Notch4 extensively colocalised with LAMP1 (cyan areas in Figure 5-121). There
are also distinctive areas of Notch4 ECD colocalisation with LAMP1 (pink areas) as well as
some full length Notch4 colocalisation. This suggests that G924V Abruptex domain mutated
Notch4 is mostly located within the lysosomes, both as a full length protein and also in its
cleaved form. This is a big change to the ICD localisation, and has similar effects to that of the

Y914H reverted mutation.

The full length E1009Q Notch4 mutant has limited colocalisation with EEA1, although some
colocalisation can be observed between Notch4 ECD and EEA1 (pink areas in Figure 5-12J).
Little to no Notch4 colocalisation can be observed with CD63. However, there is extensive

colocalisation between E1009Q mutant Notch4 and LAMP1, in both its full length version and
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also the ICD form (Figure 5-12J+K+L). These data suggest that this mutant has similar effects

on Notch4 localisation in the cell to that of the Y914H mutant.

E1836K PEST domain mutation of Notch4 altered mainly the full length Notch4 distribution.
There were some areas of colocalisation with EEA1. CD63 and LAMP1 staining was limited in
this situation, although when present, colocalisation with full length E1836K Notch4 was
observed in both cases (Figure 5-12M+N+Q). This indicates that whilst altering the cellular
distribution of Notch4, the E1836K mutation in Notch4 does not reduce its presence in early

endosomes, late endosomes and lysosomes.

The colocalisation was quantified as described previously, calculating Pearson’s correlation
for ICD and ECD colocalisation and intensity sum for amount of full length Notch4 within
endocytic compartments (Figure 5-13). The E1009Q mutation significantly increased
Pearson’s correlation for Notch4 ICD and ECD in the whole image compared to wild-type
(p<0.05) (Figure 5-13A), whilst E511K, G924V, E1009Q and E1836K mutations increased ROI
Pearson’s and colocalised volume Pearson’s (Figure 5-13B+C). The G924V mutation increased
full length Notch4 presence in early endosomes and lysosomes compared to wild-type

Notch4 (p<0.01, p<0.05) (Figure 5-13D+F).

182



L491A

L491A

L491A

EEAl
(early endosomes) Merge

CD63
(late endosomes) Merge

LAMP1
(lysosomes) Merge

183



ES11K ES11K ES511K

R
A

ICD

ECD

ECD

ECD

EEA1
(early endosomes)

CD63
(late endosomes)

LAMP1
(lysosomes)

R
2

Merge

184



EEAl
(early endosomes) Merge

G924V

CD63
(late endosomes)

G924V

LAMP1
(lysosomes)

G924V

185



E1009Q

E1009Q

ICD

ICD

ICD

EEA1

ECD (early endosomes)

ECD

ECD

CD63
(late endosomes)

LAMP1
(lysosomes)

Merge

Merge

186



M EEA1
(early endosomes) Merge

E1836K

N CD63
(late endosomes)

E1836K

E1836K

Figure 5-12: Notch4 mutations affect full length Notch4 location in the endocytic trafficking
pathway. Immunofluorescence images of MCF7 cells transiently transfected with a Notch4
plasmid with a mutation at L491A (A,B,C), E511K (D,E,F), G924V (G,H,l), E1009Q (J,K,L) or
E1836K (M,N,0). Images show Notch4 ICD (green), Notch4 ECD (red) and EEAl-early
endosomes (blue) (A,D,G,J,M), CD63-late endosomes (blue) (B,E,H,K,N), LAMP1-lysosomes
(blue) (C,F,I,L,0) and a merge of the three channels to demonstrate colocalisation. Areas of
key colocalisation are indicated with arrows. Areas zoomed in to show detail in higher
magnification, indicated by the white squares. Scale bars: 5um. Panels from WT Notch4 from
Figure 3-7 are shown for comparison.
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Figure 5-13: Quantification of ICD and ECD colocalisation and amount of full length Notch4
in endosomal compartments with WT and mutated Notch4 (L491A, E511K, G924V, E1009Q
and E1836K). A+B+C) Pearson’s correlation of colocalisation between Notch4 ICD and ECD
channels in the whole image (A), within a defined Region of Interest (ROI) (B) and within the
colocalised volume (C). D+E+F) Data intensity sum of full-length Notch4 within “surfaces”
created to represent the endosomal compartments early endosomes (D), late endosomes (E)
and lysosomes (F). Data are represented as mean SEM. Statistical tests: Unpaired t tests. *p
< 0.05. **p < 0.01. ***p<0.001. ****p<0.0001. A+B+C) N=7. D+E) N=1. F) N=2.
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5.8 Notch4 mutants affect target gene expression and Mammosphere

Forming Efficiency
MCF7 cells were transfected with wild-type and mutated Notch4 and RNA was analysed for
Notch target gene expression and DTX gene expression. The different mutants had different
effects on Notch4 gene expression compared to the WT Notch4. L491A and E511K mutants
caused decreased Notch4 gene expression compared to wild-type (p<0.0001 and p<0.001),
whereas G924V and E1009Q mutants increased Notch4 gene expression (p<0.05 and p<0.01)
(Figure 5-14A). The E1009Q mutant Notch4 decreased Hes1 gene expression (p<0.05) (Figure
5-14B). None of the five mutants affected Hey1 or Hey2 gene expression any differently than
wild-type Notch4 (Figure 5-14C+D). DTX genes were also differently affected in some cases.
E1009Q mutation increases DTX1 gene expression (p<0.001) (Figure 5-14E), E511K mutation
increases expression of DTX2 (p<0.01), and both L491A and E511K mutation increase DTX4

expression compared to wild-type (p<0.01) (Figure 5-14F+G).

Combining these signalling results, we can determine that compared to wild-type Notch4,
the L491A mutation increased DTX4 expression whilst decreasing Notch4 expression, the
E511K mutation decreased Notch4 expression and increased DTX2 and DTX4, the G924V
mutation decreased Hesl and DTX4 expression and increased Notch4, and the E1009Q

mutant increased Notch4 and DTX1 gene expression and decreased Hes1 expression.
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Figure 5-14: Notch4 mutants affect target gene expression in different ways. MCF7 cells
were transiently transfected with WT or L491A, E511K, G924V, E1009Q or E1836K mutant
Notch4 plasmids. Cells were lysed for RNA after 24 hours and gene expression was analysed.
Relative gene expression of Notch4 (A), Hes1 (B), Hey1 (C), Hey2 (D), DTX1 (E), DTX2 (F) DTX4
(G). N=3. Data are represented as mean +SEM. Statistical tests: Unpaired t-tests. *p < 0.05.

*¥p < 0.01. ***p<0.001. ****p<0.0001.
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MCF7 cells were also transfected with the five Notch4 mutants and plated out for
mammospheres. Mammosphere forming efficiency was assessed after 5 days. G924V and
E1009Q Notch4 mutations both slightly reduced mammosphere forming efficiency compared

to wild-type Notch4, but this did not reach significance (p=0.08) (Figure 5-15).
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Figure 5-15: The Notch4 mutants G924V and E1009Q slightly reduced mammosphere
forming efficiency of MCF7 cells (compared to WT Notch4). Mammosphere forming
efficiency of MCF7 cells transiently transfected with WT or L491A, E511K, G924V, E1009Q or
E1836K mutant Notch4. Data are represented as mean +SEM. Statistical tests: Unpaired t-
tests.

5.9 Analysis of putatively differentially expressed genes caused by mutations

of Notch4
Next, we aimed to identify gene expression patterns and pathways that may be altered by

the mutations of Notch4 (including the reverted residue). To do this, MCF7 cells were
transiently transfected with a mutant or WT Notch4 plasmid, as described previously. 24
hours after transfection, the transfected cells were stained with the Notch4-AF647 antibody
and sorted using FACS. The cells positive for Notch4 were discriminated from the negative
cells using a stringent gating strategy (Appendix Figure 8-5). The RNA was extracted from
these sorted cells and analysed by RNAseq by the CRUKMI Molecular Biology Core Facility.
downstream analysis of this data was carried out by Matthew Roberts (CRUK) (Methods).
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The genes that were found to have the greatest difference in expression between cells
positive for WT Notch4 and those negative for Notch4 are plotted in a heatmap detailing
gene expression differences, as well as the gene expression differences seen in the mutated
Notch4 cells (Figure 5-16). Genes that were putatively differentially expressed with a log2
fold change of greater than 3.25 are included in the heatmap. Some genes, including Notch4,
are consistently upregulated in all samples, with others consistently downregulated in all,
including BOLA2B. Some of the genes identified in Figure 5-16 have an association with
cancer and are listed in Table 5-1. These include TNF which has been extensively linked to
breast cancer, as well as FGR which interacts with Src in cancers (H. S. Kim et al., 2011;
Mercogliano et al., 2020). Interestingly, both of these genes are upregulated in the WT
Notch4 population but are downregulated or less highly upregulated in the E1836K mutant
Notch4 cells. The sample that diverges the most from the others using these genes of interest
is the WT Notch4, with the Y914H and E1009Q mutants being the most similar to one

another.

The user defined list of genes related to Notch that was used in Chapter 4, was used again
for this dataset. The heatmap for gene expression, compared to Notch4 negative cells, for
this set of genes is shown in Figure 5-17. The most upregulated genes in all samples include
NOTCH4, CDKN1A, VPS33A and DTX3. The most downregulated genes in all samples include
JAG2, HES6, GATA3 and HEY2. The main differences between samples occur in VPS18 and
DTX4, which are upregulated in WT Notch4, but downregulated in Y914H, E1009Q and
E1836K mutants, compared to Notch4 negative cells. The sample that diverges the most from
the others using this gene set is the L491A mutant sample. Calculated fold change values of

these genes are found in Appendix Table 8-2.
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Figure 5-16: Genes putatively differentially expressed in WT, L491A, Y914H, E1009Q and
E1836K Notch4 compared to an equivalent sorted population negative for Notch4. Includes
genes above the log2 fold change 3.25 threshold in the WT Notch4 sample. Red corresponds

to upregulated genes and blue to downregulated genes.
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Gene ID Gene name Relevance/ association with cancer

HSPAG6 Heat Shock Protein Family A | Associated with Hepatocellular carcinoma.
(Hsp70) Member 6 Inhibits migration and invasion of TNBC

cells (Shen et al., 2021).

FGR FGR Proto-Oncogene, Src Involved with Src in various cancers,
Family Tyrosine Kinase including ovarian (H. S. Kim et al., 2011).

TNF/ Tumour necrosis factor/ TNF | Extensively linked to cancers, including

TNFAIP3 Alpha Induced Protein 3 breast cancer (Mercogliano et al., 2020)

Table 5-1: Relevance/ association with cancer of some of the putatively differentially
expressed genes identified in Figure 5-17.
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Figure 5-17: Expression level of genes related to Notch signalling including target genes and
related genes. In WT, L491A, Y914H, E1009Q and E1836K Notch4 compared to an equivalent
sorted population negative for Notch4. Expression level displayed as log2 fold change. Red
corresponds to upregulated genes and blue to downregulated genes.
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We then aimed to identify signalling pathways and networks that had associations with each

mutated Notch4. As in chapter 4, KEGG pathway analysis was performed and genes that had

a log2 fold change of greater than 1 were used in the analysis. These were compared to gene

sets corresponding to certain signalling pathways. The pathways that have an association

with the WT or mutated Notch4 populations that correspond to a p value of less than 0.01

are displayed in Table 5-2. WT Notch4 is associated with pathways including cytokine

pathways and cell adhesion. Each mutant Notch4 shares some of these pathways, but each

are associated with its own set of pathways. Of note, L491A Notch4 is uniquely associated

with the TNF signalling pathway. Y914H Notch4 is associated with the cell cycle, p53 and

JAK/STAT signalling pathways. The E1836K Notch4 is uniquely associated with pathways

involved in DNA repair.

P value
Pathway WT L491A Y914H | E1009Q | E1836K
Notch4
Cytokine-cytokine receptor HkkE 0.00056 | **** 0.00024
interaction *oAkA
Hematopoietic cell lineage kA HkkE 0.00516
Viral protein interaction with 0.0028
cytokine and cytokine receptor 0.00030
Cell adhesion molecules 0.00039 | ****
Rheumatoid arthritis 0.0022 | **** 0.0081 | 0.00034
Neuroactive ligand-receptor 0.0015 | 0.0095
interaction 0.0028
Phagosome 0.0041 | **x* 0.00014
Antigen processing and presentation Hkkk 0.0032
TNF signaling pathway ook
Complement and coagulation 0.00017 | 0.0039
cascades
Viral carcinogenesis 0.0035 0.0012
Transcriptional misregulation in 0.0038
cancer
Th1 and Th2 cell differentiation 0.0040
Small cell lung cancer 0.0040 | 0.0075
Ce” CyCle 3 %k %k k 3 %k %k k %k k%
DNA replication 0.00041 HkE
p53 signaling pathway 0.00029 | 0.00040 | ****
JAK-STAT signaling pathway 0.0031
Gap junction 0.00019
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Mismatch repair 0.00012
Homologous recombination 0.00046
Cellular senescence 0.0015
Base excision repair 0.0018
Apoptosis 0.0034
Nucleotide excision repair 0.0053

Table 5-2: Pathways identified by KEGG pathway analysis that have an association with
one or more of the cell populations expressing WT or mutant Notch4. Genes that had a log2
fold change of more than 1 compared to cells negative for Notch4 were included in the
analysis. Pathways that are associated with these genes with a p value of less than 0.01 are
included in the table. Pathways that are not relevant have been excluded from the table.
**** p<0.0001.

We performed gene set enrichment analysis (GSEA) using genes of interest defined by log2
fold change of greater than 1. As in Chapter 4, enrichment analysis results using Gene
Ontology terms from “Biological Processes” and “Molecular Functions” were produced. Gene
sets that correspond to the processes and functions were compared to the genes of interest
for each Notch4 population WT and mutant. The overview or “signature” of these functions
or processes are summarised in Table 5-3 for each population of cells. Mutating the Notch4
changed the main theme of processes from extracellular response and movement related
when WT, to cell cycle/ division related with L491A, Y914H and E1009Q mutants and to
immune response related with E1836K mutants. The receptor activity themed functions
associated with WT Notch4 was changed to DNA synthesis themed functions in Y914H and
E1836K mutants.

Next, GSEA was performed to compare gene set collections from the Hallmark gene sets from
MSigDB to the genes of interest, defined by a log2 fold change greater than 1 (Figure 5-18).
The WT Notch4 population is negatively associated with E2F targets, mitotic spindle and G2M
checkpoint gene sets, which are associated with cell proliferation and division. All mutant
Notch4 populations are also similarly negatively associated with these gene sets (not shown).
E1836K, Y914H and L491A mutant Notch4 cells are all associated with at least one immune/
inflammation related gene set. L491A has associations with multiple gene sets, additionally

including IL6-STAT3 and K-Ras signalling gene sets.

Together, as these data are preliminary, it is difficult to draw any solid conclusions. However,
what can be concluded is that mutating Notch4 alters the signalling pathways, functions and

gene signatures of breast cancer cells.
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Biological Processes Molecular Functions
WT Notch4 Extracellular response and Receptor activity
movement
L491A Notch4 Cell cycle/ cell division Receptor activty
Y914H Notch4 Cell cylce/ cell division DNA synthesis
E1009Q Notch4 | Cell cycle/ cell division Receptor activity/ binding
E1836K Notch4 | Immune response DNA synthesis

Table 5-3: Summary of Biological Processes and Molecular Functions identified as being
most associated with each mutant or WT Notch4 expressing population of cells. Genes that
had a log2 fold change of more than 1 compared to cells negative for Notch4 were included
in the analysis. Full list of top 10 associated processes and functions can be found in Appendix
Figures 8-6 and 8-7.
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Figure 5-18: GSEA plots of Notch4 positive cells vs Notch4 negative cells using Hallmark
gene sets from MSigDB. Genes that had a log2 fold change of more than 1 compared to cells
negative for Notch4 were included in the analysis. Plots shown are those that overlap with
the relevant WT or mutated Notch4 with a p-adjusted value of less than 0.05.
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5.10 Discussion

The aim of this chapter has been to explore mutations of Notch4 in breast cancer and assess
how these affect Notch4 signalling and trafficking, cellular gene expression signatures and
Breast Cancer Stem Cell (BCSC) activity. This has been achieved by the site-directed
mutagenesis of the Notch4 gene with key mutations identified in a thorough database search
of primary and metastatic breast cancer samples. Site-directed mutagenesis was also
employed to revert the amino acid residue in the Abruptex domain of Notch4 that has been
hypothesised to play a part in Deltex dependent/ ligand independent signalling to match the
conserved residue present in Notch1/2/3. Immunofluorescence, qRT-PCR and
mammosphere experiments with cells expressing these mutated Notch4 receptors has found
that the Y914H mutant reduces full length Notch4 levels in the cell and alters downstream
signalling, indicating the tyrosine residue plays a key role in Notch4 signaling. It was also
found that each mutant Notch4 has a different signature in trafficking, signalling and activity.
Preliminary RNAseq analysis provided further insight into potential genes and pathways that
are changed by the mutations. These further findings could be used for new research into
mechanisms of Notch signalling, as well as being applicable in the clinic. As these mutations
have been found in primary and metastatic breast cancers, the insights gained could be used

to improve specific personalised treatment strategies in the future.

After searching for Notch4 mutations present in breast cancer samples in publicly available
genomic databases, it was found that Notch4 mutation frequency was increased in
metastatic samples compared to primary samples (3.84% compared to 2.89%). This suggests
that these mutations contribute towards the progression and metastatic spread of breast
cancers. The most common location for mutations was altered between primary and
metastatic samples, from within the EGF repeats to within the stabilising PEST domain. This
backs up the idea that the mutations are stabilising Notch4, allowing greater signalling
capacity and driving metastasis. However, metastatic cancers tend to possess more
mutations than primary, so this increase in mutation frequency could be as a result of the
metastases, rather than the mutations helping drive metastasis (Gara et al., 2018; Paul et al.,
2020). The Notch4 mutation data came from many different databases and studies which
had not all published the same amount of data including subtype and grade of the cancer
and patient information including survival. These data, had they been present, could be
analysed further, sorting the mutations by subtype/ severity of the cancer and gaining insight

into the grouping of mutations.
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Clustering of mutations within the ligand binding domain (EGF repeats 8-12) seems
paradoxical, since in other cancers, mutations in this area have been observed to be loss of
function mutations (N. J. Wang et al., 2011). However, it could be possible that if the
mutations remove the function of the ligand binding domain, this may increase the ligand
independent signalling. Thus, these mutations could be driving ligand independent Notch4

signalling and potentially breast cancer stem cell activity.

The mutations used were selected for key reasons, including presence in multiple metastatic
breast cancers and ligand binding disruption. For the scope of this project, only a limited
number could be chosen. Other reasons that mutations may have been of interest is if they
are located on an exposed loop or contact region of an EGF repeat, or correspond to other
key mutations in other Notch receptors, either in breast cancer or other cancers. There is the
chance that other mutations could have had more dramatic effects, and many other Notch4

mutations could potentially be investigated in the future.

The Y914H mutation reverts the tyrosine residue which in Drosophila has been linked to
ligand independent and Deltex dependent signalling, to a histidine residue which matches
the conserved residue in Notch1/2/3 and Drosophila Notch. We found that this mutation
reduced full length Notch4 internalisation into the cell and reduced its trafficking through the
endocytic pathway. Some extracellular domain (ECD) was detected in the early and late
endosomes which suggests a small amount of trafficking took place. Both portions of the
Notch4 receptor are found separately in the lysosomes which suggests they are likely to have
been trafficked to the lysosome and subsequently degraded in the Multi Vesicular Bodies
(MVB). To further explore this, other antibodies such as Rab5, Rab7 and GPI could have been

used to stain other compartments within the endocytic pathway (discussed in Chapter 3).

The reversion mutation increased Notch4, Hey2 and DTX1 gene expression compared to WT.
This reflects the link between Notch4 and Hey2 expression, and between DTX1 and Hey2
(discussed in Chapter 3). Perhaps the increased Notch4 gene expression is due to a positive
feedback loop, allowing Notch4 to be transcribed more easily with the mutation. As previous
results have shown, Hey2 is the Notch target gene most closely controlled by Notch4, so is
expected to be the only one to be changed by this Y914H reversion, rather than Hes1 and
Heyl whose expression may be controlled by the other Notch receptors. The mutation may
even stop Notch4 endocytic pathway activation (as observed in IF) and may lead to a switch
to ligand activated signalling, causing the target gene repertoire to change. This highlights

that Notch4 is involved in a tightly controlled fine balance in its signalling pathways. This

199



could be investigated by blocking ligand activated signalling to observe effects with Y914H
Notch4. On the other hand, if the gene expression changes are normalised for the
approximately 2-fold increase in Notch4 expression in the Y914H mutant, the results are
different. Normalised for Notch4 gene expression, all Notch target genes and DTX genes have

reduced expression after transfection with the Y914H mutant Notch4, compared to wild-

type.

Y914H Notch4 decreased mammosphere forming efficiency slightly compared to wild-type
Notch4, but it did not reach significance. It was performed after transient transfection so it
is not expected that increased Notch4 expression was maintained for the entire duration of
the experiment. This duration of the BCSC activity assay was one of the reasons that a Notch4
expressing stable cell line was produced in Chapter 4. However, stable cell lines were not
produced for the Y914H Notch4 nor any of the mutants. Due to this, the mammosphere
experiment observed here should be classed as preliminary as the non-significant decrease
observed may have been enhanced if long term stable expression was achieved. Therefore,

it is likely that the Y914 residue in Notch4 plays a part in its BCSC activity.

The preliminary RNAseq analysis that was undertaken compared Notch4 positive sorted cells
that had been transfected with WT Notch4 or mutant Notch4 to cells negative for Notch4.
This identified that the gene signature of Y914H Notch4 cells differed greatly from WT Notch4
cells. Interestingly, some pathways that were found to be upregulated in the Y914H Notch4
cells that differed from WT Notch4 cells were the cell cycle, DNA replication and the p53 and
JAK/STAT signalling pathways. This suggests that the Y914 amino acid residue may have a
role in cell cycle/ proliferation and also in preventing or enhancing crosstalks with classically
cancer associated signalling pathways. The pathways identified are associated with genes
that are differently expressed and it has not been identified if this is a positive or negative
regulation. The RNAseq data is relatively preliminary, due to there being just one repeat for

each sample.

The ligand binding domain mutant (L491A) of Notch4 was chosen as it should completely
block binding of the ligand to the receptor (Whiteman et al., 2013). The Notch4 gene
expression itself is slightly reduced but its target genes are signalling at a similar rate as WT
Notch4 so it can be determined that ligand is likely not to play a major part in Notch4 target
gene signalling. In fact, by immunofluorescence, more ICD and ECD colocalisation could be
observed, although less localisation to the endocytic pathway components. When analysing

the user defined Notch related genes in preliminary RNAseq, the L491A mutation was found
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to be the mutant with an expression signature that differed most from the other mutants,
perhaps highlighting the difference between this mutant and the others that were all found
in breast cancers. This mutant had associations with the TNF, IL6-STAT3 and K-Ras signalling
pathways and had multiple immune and inflammation related pathways upregulated
compared to Notch4 negative cells, uniquely among the mutants. Future work would need
to confirm that this mutant is definitely knocking out ligand-induced signalling, by creating a

ligand induced signalling assay with WT Notch4 and comparing to L491A Notch4.

The E511K Notch4 mutant was selected due to its presence in multiple primary and
metastatic breast cancer samples. It caused increased DTX2 and DTX4 gene expression
compared to WT Notch4 but did not affect any other target genes. It had increased Notch4
ICD and ECD colocalisation, and localisation in the lysosome (although not apparent with
quantification, potentially explained by limitations discussed below). These suggest that this
mutation may push Notch4 to drive the expression of DTX, which may in turn may increase
its internalisation via the endocytic pathway route. This could then lead to its signalling being
increased in breast cancers that it is present in, driving BCSC activity and progression. The
BCSC activity was not increased here, but as discussed, stable cell lines are preferable over
transient transfection for longer term assays. This sample, as well as the G924V Notch4 cells

were not able to be investigated by RNAseq as an insufficient level of RNA was isolated.

The G924V Abruptex mutation that was identified in two metastatic breast cancers was
observed to have less Notch4 ICD and ECD colocalisation than WT, but more intensity in early
endosomes and lysosomes by quantification. It did not affect gene expression of genes
measured but slightly reduced mammosphere forming efficiency, not reaching significance.
This mutation could act in a way to stabilise Notch4 in the endocytic compartments, but not
allow its transport or cleavage, not increasing its signalling, and indirectly decreasing BCSC

activity slightly.

The E1009Q Notch4 mutation is also within what is considered as the Abruptex domain and
was found in primary and metastatic breast cancer samples. This was the only mutant Notch4
that was measured to have significantly increased colocalisation between ECD and ICD when
quantified for the entire image. Some full length E1009Q Notch4 was found in lysosomes,
but not exclusively. This mutant would benefit from a more extensive staining protocol,
testing for its presence in other endocytic compartments. This mutant increased Notch4 gene
expression the most, as well as increasing DTX1, whilst decreasing Hes1 expression, fortifying

the link with DTX1 and suggesting that this mutation positively increases Notch4 signalling
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through DTX1 expression. However, similarly to G924V, this mutation slightly reduced
mammosphere formation, not reaching significance. Except for a switch to a cell division
theme with identified genes, the preliminary RNAseq analysis did not identify any unique
gene signatures associated with this mutation compared to WT Notch4. This mutation may

prevent Notch4 from being released from the endocytic pathway, reducing its BCSC effects.

The E1836K had the highest frequency of mutation found in breast cancers across the whole
of Notch4, with the majority of these being found in metastatic samples. This mutation was
in the PEST domain which has been linked to stability of Notch and progression of triple
negative breast cancers (K. Wang et al., 2015; Weng et al., 2004). This mutation changed the
distribution of Notch4 to larger particles with a greater distance between them, whilst
maintaining full length status within the cell and within endocytic compartments. In RNAseq
analysis, DNA repair and synthesis pathways were activated, as well as immune response
related genes. Perhaps this mutation is indeed stabilising the Notch4 receptor, allowing it to
distribute in greater amounts through the endocytic pathway for activation, and on a cellular

level leading to DNA repair and synthesis and ultimately survival of the breast cancer cells.

Although the Pearson’s correlation quantification of colocalisation between Notch4 ICD and
ECD channels did in some cases reflect what could be observed by eye, in some cases it
showed a very different case. Another way that the colocalisation could have been quantified
was to create “dots” to represent the punctate areas of staining in each channel. These could
then be measured to assess whether they colocalised or not. This would negate the issues
found when analysing images when Notch4 was distributed in dot forms, although may not
have been effective in situations when the distribution was more spread out, not in dots. In

theory, this could take place in the future, with these images and others.

In conclusion, we have found that mutating Notch4 by site-directed mutagenesis is a useful
tool to study the specific actions of mutations found in breast cancer on cellular events such
as gene expression and distribution of Notch4. However, stable cell lines expressing these
mutated Notch4 proteins would be preferable for a consistent gene expression level as well
as to allow for longer term assays such as BCSC activity assays. We have found that the Y914
residue, which was hypothesised to be responsible for the actions of Notch4 in endocytic
trafficking and its link to endocrine resistance, is likely to be involved in all of these events.
RNAseq analysis has proven to be a useful preliminary tool for evaluating gene signatures,

pathways and processes that are altered by different mutations. In the future, these, and
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other Notch4 breast cancer mutations could be investigated further, with effects in vivo

giving a clearer picture to the actions across a whole organism, rather than within single cells.
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6 Discussion and Future Perspectives

Estrogen Receptor positive (ER+) breast cancers make up 75% of all breast cancers
(Smittenaar et al., 2016). Although mostly treated effectively, many of these cancers develop
endocrine therapy resistance, rendering conventional treatments ineffective against
resulting recurrence or metastasis (Early Breast Cancer Trialists’ Collaborative Group
(EBCTCG) et al., 2011; Pan et al., 2017). Most deaths occurring from ER+ breast cancer are
caused by this resistant and metastatic spread (Smittenaar et al., 2016). Resistance is thought
to arise from a small population of Breast Cancer Stem Cells (BCSCs) that survive treatment
and can lay dormant. These can repopulate the tumour at a later date, leading to local relapse

or travel to a distant site, causing metastasis (Q. Zheng et al., 2021).

Notch4 is a key member of the Notch family of receptors that have been linked to
maintenance of stem cells, vascular development and mammary gland development (Dontu
et al., 2004; Krebs et al., 2000; Pellegrinet et al., 2011). Notch4 itself is extensively linked to
breast cancer. This relationship was first discovered when the MMTV third insertion site was
found to be within the Notch4 gene (Gallahan & Callahan, 1997). More recently, Notch4
signalling has been found to be upregulated and activated in breast cancer stem cells, linking

it strongly with endocrine resistance (Simd&es, O’Brien, et al., 2015).

Notch can be activated by two main pathways. The non-canonical, ligand independent
pathway, which has been studied in Drosophila, involves internalisation of the Notch
receptor through action of Deltex. The receptor is then trafficked through the endocytic
pathway and the NICD is released into the cytoplasm, where it travels to the nucleus and
induces target gene expression (Wilkin et al., 2008). This pathway does not require control

by ligand for Notch activation, rendering it more susceptible to over-activation.

In Drosophila, the Notch AXE2 mutant is more dependent on Deltex for activity than WT
Notch and is linked to Notch ligand independent/ endocytic pathway dependent signalling.
Notch4 possesses the equivalent residue change to this mutant in its endogenous sequence.
Therefore, it has been hypothesised that Notch4 signals via the ligand independent, Deltex
dependent pathway, contributing to its links with endocrine resistance and BCSCs. It was the
main aim of this thesis to investigate if this was the case, whilst gaining novel insight into the
signalling mechanisms of Notch4. This is essential for the clinical field as gamma-secretase
inhibitors (GSlIs), which inhibit Notch signalling, have been trialled for treating breast cancer.
They have been somewhat effective, but badly tolerated in terms of side effects. This is likely

due to the essential functions that Notch is involved in throughout healthy tissue.
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Improvements have come from combining GSIs with other drugs, as well as refining
treatment to those that may respond. A current clinical trial is underway treating advanced
breast cancers that are specifically Notch activated with a GSI (A Study of AL101 Monotherapy
in Patients With Notch Activated Triple Negative Breast Cancer ClinicalTrials.Gov, 2022). This
refining to those that will respond has been investigated in an ex vivo way, by creating PDX
organoids from a patient’s tumour and testing for sensitivity to GSI treatment (Guillen et al.,
2021). If these PDX organoids are sensitive to treatment, it would indicate that the
corresponding tumour may also be sensitive. If knowledge about the specific receptors and
signalling pathways of Notch in breast cancer is improved to allow separate inhibition of
receptors or signalling pathways, a more specific inhibition of the Notch activated breast

cancers could occur, allowing for more personalised treatment strategies.

Our first aim was to investigate Notch4 signalling by identifying a signalling pathway and
exploring its signalling requirements. To do this we used immunofluorescence. By staining
both portions of the Notch4 receptor we could determine if Notch4 was present as a full
length receptor in the cell, as well as investigate where in the cell it could be found. Analysis
of gene expression was also undertaken, whilst knocking down potential signalling
components to dissect requirements. From this, it was determined that Notch4 can signal via
an endocytic pathway mechanism, Rab7a is involved in its gene expression and DTX1 and
DTX4 are essential for its signalling. Both DTX1 and DTX4 are required for full length Notch4
internalisation into the endocytic pathway, DTX1 acts as a control over Notch4 and Hey2 gene
expression, and DTX4 is required for BCSC activity of Notch4 cells. It remains to be answered
whether this endocytic pathway signalling mechanism is the only or usual activation pathway
of Notch4, or whether it is situation dependent and the ligand activated pathway is also
involved. To further explore this in the future, the involvement of ligand and ligand

expressing cells could be brought in, to explore any ligand requirements.

Our next aim was to apply this signalling knowledge to breast cancers by exploring the effects
that Notch4 signalling has on BCSCs and endocrine resistance, whilst looking at this
dependence on endocytic trafficking. This was done by creating a Notch4 expressing stable
cell line that could be effectively used to explore BCSC activity. This helped fortify the
signalling link of the target gene Hey2 specifically to Notch4. It was also determined that
Notch4 contributes to BCSC activity and endocrine resistance. It remains to be fully
understood whether Notch4 drives cells to become BCSCs or acts upon BCSCs as a separate
population to increase their activity. The requirements of endocrine resistance on the

endocytic pathway were dissected by using specific inhibitors that led to the conclusion that
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endocrine resistant cells and Notch4 reliant cells require TRPML, but not ADAM10 for viability
and BCSC activity. In the future, these requirements for TRPML could be combined with
exploring the requirements for DTX, by combining the separate experiments performed to
investigate each. Also, requirements for TRPML and ADAM10 could be investigated further
using siRNA knockdown. This would allow for a more specific inhibition of their action as the

inhibitors used may have other targets.

Our final aim was to identify Notch4 mutations present in breast cancers and investigate the
effects that some of these mutations have on Notch4 signalling. Genomic changes were
carried out by site-directed mutagenesis and allowed exploration of breast cancer related
mutations. The residue that has been hypothesised to be responsible for Notch4’s ligand
independent signalling and link to endocrine resistance was altered to match the conserved
residue of Notch1/2/3. These experiments fortified the link that this residue has with ligand
independent signalling, showing that its reversion altered target gene expression, BCSC
activity and cellular distribution of Notch4. The mutation that disrupted Notch4’s ligand
binding ability gave indication that Notch4 does not require ligand for signalling. The other
mutation experiments determined that Notch4 mutations occurring in breast cancer have
varying effects on Notch target gene expression and Notch4 trafficking. The results show that
single point mutations can have large effects on target gene repertoire. Perhaps Notch4
activation from different locations in the cell has different preferences for nuclear activation
complex assembly and therefore target gene activation. Further work on this topic could help
to answer these questions. The mutation data shows that this method is a useful tool which
could be expanded in the future to investigate many genomic changes in breast cancer. The
mutations could also be linked with other requirements explored, including requirements for

DTX and TRPML.

From results in Chapters 3 and 4, DTX1 and DTX4 are clearly involved in a complex gene
expression crosstalk with Notch4 and target genes which relies on gene expression levels.
The summary of the results of gene expression experiments carried out with transient and
stable alteration of expression is shown schematically in Figure 6-1. When expression levels
are high in a subset of cells for a short time (transient transfection), DTX1 and 4 have a
positive effect on Notch4 and Notch4 has a positive effect on all 3 target genes. Transient
knockdown shows DTX4 has positive effect on Hesl but negative effect on Heyl and Hey2,
whilst DTX1 has a positive effect on both Hesl and Hey2. In the situation where Notch4 is
moderately overexpressed in all cells at an equal rate for a long time (stable cell line), it acts

negatively on DTX1 and DTX4 and negatively on Hes1, whilst positively on Hey2. This shows
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that the level and length of Notch4 expression changes its effect on target genes. This also
suggests feedback loops with the DTXs. Over the short term, DTX has a positive effect on
Hes1, but over the long term, Notch4’s negative actions on DTX1 may reduce this, leading to
an overall downregulation of Hes1 expression. A reciprocal action between Hesl and DTX1
has been observed previously in mammalian cells, with Hes1 directly binding to the DTX1
promoter and inhibiting its transcription (P. Zhang et al., 2010). The feedback loops observed
(Figure 6-1) could be DTX effects on Notch4 or direct effects on the target genes, or via a
completely different signalling mechanism. These complex interactions could be further

explored in the future, to gain deeper insight into Notch4 signalling.

Notch4

Hesl Heyl Hey2

DTX1 DTX4

Transient (overexpression or knockdown)

Stable (overexpression or knockdown)

Figure 6-1: Summary of the gene expression interactions of Notch4, DTX1, DTX4 and
Notch target genes Hes1, Heyl and Hey2 in transient (overexpression or knockdown) and
stable (overexpression or knockdown) expression experiments.

The analysis of BCSC activity has shown interesting results. The link between Notch4 and
BCSC activity has been strengthened and DTX4 has also been shown to be required for BCSC
activity. In endocrine resistant as well as Notch4 expressing cells, TRPML is linked to BCSC
activity, whilst ADAM-10 is not. The Y914 key residue also has associations, and potential
positive effects on BCSC activity. Whilst the mammosphere assay method of measuring stem
cell activity does not discriminate between the mesenchymal-like and epithelial-like stem

cells, the Aldefluor assay and FACS analysis methods begin to. Epithelial-like BCSCs tend to
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express ALDH, whereas mesenchymal-like stem cells express CD44*/CD24  (S. Liu et al., 2014).
A recent paper explored Notch4 in TNBC cells and found extensive links between Notch4 and
the mesenchymal population of BCSCs (Zhou et al., 2020). The flow cytometry data here
agrees with this as the Notch4 cells were of a size and granularity that fits with the
mesenchymal phenotype. There was also no large enrichment of ALDH+ cells with Notch4,
suggesting no epithelial-like stem cell enrichment. However, this thesis did not include
CD44*/CD24 analysis which would be key for future confirmation of the link between Notch4

and mesenchymal BCSCs.

The expression levels of the Notch target genes Hes1, Hey1 and Hey2 were used consistently
throughout this thesis as a signalling assay to determine Notch4 signalling. Another
potentially more reliable and direct way to measure Notch4 signalling could be a luciferase
assay. For this project, Notch4 signalling was unable to be measured with a luciferase assay
but could be explored more meticulously in the future. RNAseq is also a robust method to
analyse differential gene expression. With additional repeats in the future in order to convert
the preliminary results explored here to a reliable form, further analysis could take place.
This could include a PCA to observe potential clustering of mutations for roles and

interactions.

To summarise, there are many future perspectives that could follow on from this research.
This could include combining the investigation methods used here to improve knowledge
about the Notch4 endocytic pathway signalling mechanism. For example, the TRPML and
ADAMA10 inhibitors could be used to investigate the Notch4 mutations to explore if a change
in signalling pathway and requirements has occurred. Requirements for DTX could also be
investigated with the mutant Notch4 receptors, as well as the use of stable cell lines created
to comprehensively explore their effects on BCSC activity. The endocytic trafficking pathway
of Notch4 could be scrutinised in a more detailed way with an antibody influx time course,
allowing for a clearer comparison between the pathway of Notch4 in different situations.
This could be utilised to investigate DTX and mutations further. Improvements could be made
to the signalling assays by broadening target genes tested to create a more complex Notch4
target gene signature, which could then be investigated with the different situations
researched here (lack of DTX, mutations etc). /n vivo research could be expanded with the
creation of an inducible Notch4 mouse line, to allow for the tight control of Notch4 signalling
and therefore greater organism-wide investigation into its signalling. Ligand requirements
could be investigated with the creation of Notch ligand expressing fibroblast cell lines which

could be co-cultured with WT or mutant Notch4 expressing cells.
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The preliminary RNAseq presented and analysed here should be expanded to include more
repeats to increase the robustness of results. It could then be investigated further through
validation of genes and pathways identified. For example, the mutation that produced a gene
signature of DNA damage and repair could be investigated for chemotherapy and
radiotherapy resistance. In addition, the mutation that had upregulated immune-related
pathways could be investigated for sensitivity to immune targeting drugs. These insights
could then be applied clinically to breast cancer in a predictive or prognostic way, to identify
breast cancers that have a high Notch4 driven BCSC activity as well as those that may respond

to Notch4 specific therapies. This could provide more personalised therapy for breast cancer.

It would be beneficial to repeat the experiments investigated in this thesis in more ER+ breast
cancer cell lines or patient-derived samples to validate the findings. It would also be
interesting to compare this to ER- cell lines and cell lines from other subtypes of breast
cancer. Furthermore, it will be of interest to the wider research community to investigate
Notch4 endocytic pathway dependent signalling in other cancers, other tissues that are
reliant on Notch signalling including the vasculature, or other diseases. The investigation of
endocytic pathway signalling by other Notch receptors is also important. Notch4’s endocytic
signalling activity is linked to the residue Y914 that is not present in other receptors, but the
other Notch receptors may have the ability to signal in this way under certain conditions.
Mutations of the other Notch receptors that alter the conserved histidine to a tyrosine as in
Notch4, could occur in certain diseases or cancers, potentially driving them to signal in a

similar way to Notch4.

In conclusion, we have found that Notch4 can signal via an endocytic pathway dependent
route, which requires DTX1 and DTX4. DTX4 and TRPML are required for Notch4 mediated
breast cancer stem cell activity in endocrine resistant cells and the Y914 residue, which has
been linked to ligand independent signalling in Drosophila, is required for this Notch4
signalling and BCSC activity. Other results have provided the methods and preliminary data

to identify components that are involved in this signalling pathway in BCSCs.
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8 Appendix

A
ICD KDEL Merge
B

GM130

Figure 8-1: Full length Notch4 is not found predominantly in the Endoplasmic Reticulum or

the Golgi. Immunofluorescence images of RPE cells transiently transfected with a Notch4
plasmid using Geneluice® showing one plane of Notch4 ICD (green), Notch4 ECD (red) and
(A) KDEL- Endoplasmic Reticulum marker (blue) and (B) GM130 — Golgi marker (blue) and a
merge of the three channels to demonstrate colocalisation. Areas zoomed in to show detail
in higher magnification, indicated by the white squares. Scale bars: 5um.

237



\b"*& &
\é\ 3 1000
900
800)
NOTCH4-ICD| - o
60 ﬂ!:{irle of allele1+2
B-ACTIN 500 Allele 2
400
C
WT ;-:fs::s:;ss:ss:c::::s:::—:::::.: A SGLEG:F:A:»:?«C::L:ES:??f:‘ff:—::—::’?:—::?:.':C?::fi:t@s::?::?:IGTG:—ELS:??:I:ASL?::C?S?S::MTE:—;:—:—:AC:TSC:TG;«SC:TE?:TC?:-:»E;fv' x CA >
b e Ao et ottt :

N4KO allele 1 ¢

N4KO allele 2

170 bp deletion

[ INTRON 1 | EXON 2 | INTRON 2 |

Figure 8-2: N4KO cells characterisation. A) Western blot comparing wildtype and N4KO cells showing reduction in Notch4 ICD protein levels in N4KO cells. B)
Agarose gel of a portion of DNA in the Notch4 gene N4KO cells showing two fragments (2 allelic variants) containing deletions, and a further fragment which
is a PCR product containing a mixture of the two alleles. C) Representation of the DNA sequence of the wildtype NOTCH4 gene and two deletions found in
two alleles of the NAKO MCF7 cells. This is compared to the relative position of introns and exons along the sequence.
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Figure 8-3: Plasmids used for lentivirus production- “gagpol”, “vsvg” and “rev”. Plasmids
obtained from VectorBuilder for use in production of lentivirus.
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Figure 8-4: Transient transfection of MCF7 cells with mutated Notch4 plasmids leads to
increased protein expression of Notch4, detected by western blot. Cells were transfected
with Notch4 plasmids for 24 hours, after which, protein was extracted and analysed by

western blot for Notch4.
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Figure 8-5: FACS plots showing sorting protocol for mutant Notch4 MCF7 cells. MCF7 cells
were transiently transfected with different mutant Notch4 plasmids- L491A, E511K, Y914H,
G924V, E1009Q, E1836K and WT Notch4. After 24 hours they were stained with Notch4-
AF647 antibody and sorted for cells positive for Notch4 (and negative cells in the case of
hN4).
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Gene ID Calculated fold change of
gene expression N4KO-N4 vs
N4KO-CON

JAG1 2.84
HEY1 2.82
HES2 2.35
JAG2 2.33
HES6 1.86
DLL1 1.66
NOTCH1 1.53
HES1 1.49
NOTCH4 1.49
CDKN1A 1.44
VPS18 1.31
HES4 1.29
DLL4 1.21
GATA3 1.20
RAB7A 1.19
DTX2 1.05
VPS33A 1.02
NOTCH2 0.98
NOTCH3 0.96
CCND1 0.91
DTX4 0.88
HEYL 0.83
DTX3L 0.78
DTX3 0.71
HEY2 0.42

Table 8-1: Calculated fold change of gene expression between N4KO-N4 and N4KO-CON

cells of a Notch related user defined list of genes.
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Gene ID Calculated fold change of gene expression (vs sorted Notch4 negative cells)
WT Notch4 L491A Y914H E1009Q E1836K
NOTCH4 82.74 14.98 47.81 63.60 42.38
CDKN1A 2.12 2.45 2.59 2.48 3.24
VPS18 1.09 1.29 0.84 0.80 0.94
DTX4 1.09 1.06 0.95 0.78 0.91
DTX3 1.07 1.18 1.32 1.10 1.39
DTX3L 1.06 0.88 1.33 1.35 1.29
VPS33A 1.06 1.29 1.10 1.02 1.05
DTX2 1.02 0.98 0.87 0.81 0.86
RAB7A 1.01 1.01 0.99 0.89 0.89
HES2 1.00 1.08 1.14 1.10 1.39
NOTCH2 1.00 1.07 0.85 0.93 1.04
CCND1 0.99 0.95 1.03 1.03 1.08
HES4 0.98 1.19 1.15 1.20 1.21
JAG2 0.98 0.91 0.63 0.53 0.56
HES6 0.92 0.71 0.73 0.83 0.77
JAG1 0.92 0.94 1.55 1.57 1.65
NOTCH3 0.91 0.87 1.02 1.01 1.16
HEY1 0.88 0.73 1.39 1.65 0.80
HEY2 0.87 0.58 0.66 0.66 0.62
NOTCH1 0.86 0.91 0.75 0.86 1.11
DLL1 0.85 1.04 0.93 1.19 1.05
HES1 0.85 1.04 0.48 0.45 0.50
HEYL 0.81 1.00 0.94 1.02 1.20
GATA3 0.79 0.64 0.73 0.66 0.69
DLL4 0.70 1.03 0.63 1.27 0.61

Table 8-2: Calculated fold change of gene expression between WT, L491A, Y914H, E1009Q,
E1836K Notch4 and sorted Notch4 negative cells of a Notch related user defined list of

genes.
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Biological Processes

WT Notch4 L491A Notch4
Extracellular matrix organization mit+A23:A490tic cell cycle process
Response to external stimulus Cell cycle process
Response to chemical Cell cycle
Extracellular structure organization Mitotic cell cycle
Metal ion transport Mitotic cell cycle phase transition
Locomotion Cell cycle phase transition
Muscle organ development Nuclear division
Cell surface receptor signaling pathway Organelle fission
Response to cytokine DNA-dependent DNA replication
Cell motility Cell division

Y914H Notch4 E1009Q Notch4
Mitotic cell cycle Mitotic cell cycle
Mitotic cell cycle process Mitotic cell cycle process
Cell cycle Cell cycle process
Cell division Cell cycle
Cell cycle process Cell division
Nuclear division Nuclear division
Mitotic sister chromatid segregation Chromosome segregation
Mitotic nuclear division Nuclear chromosome segregation
Nuclear chromosome segregation Mitotic sister chromatid segregation
Sister chromatid segregation Sister chromatid segregation

E1836K Notch4

Immune response

Innate immune response

Cell surface receptor signaling pathway
Defense response

Immune system process

Positive regulation of immune system process
Positive regulation of immune response
Response to cytokine

Positive regulation of response to stimulus
Cytokine-mediated signaling pathway

Figure 8-6: Biological processes that are enriched in WT or each mutant Notch4 expressing
population of cells. The 10 most highly associated biological processes are included.
Differentially expressed genes with a log2 fold change of more than 1 were included in the
analysis.
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Molecular Functions

WT Notch4 L491A Notch4
Signalling receptor binding Signalling receptor binding
Phenanthrene 9,10-monooxygenase activity Peptide antigen binding
Receptor ligand activity
Receptor regulator activity
MHC class Il receptor activity
Cytokine activity
MHC class Il protein complex binding
Monovalent inorganic cation
itransmembrane transporter activity
Phenanthrene 9,10-monooxygenase activity
MHC protein complex binding

Y914H Notch4 E1009Q Notch4
Protein binding Signalling receptor binding
Tubulin binding Extracellular matrix structural constituent
Microtubule binding Microtubule motor activity
Microtubule motor activity Receptor regulator activity
Single-stranded DNA-dependent Receptor ligand activity
IATP-dependent DNA helicase activity Cytokine activity
Single-stranded DNA-dependent Protein binding
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Figure 8-7: Molecular functions that are enriched in WT or each mutant Notch4 expressing
population of cells. The 10 most highly associated molecular functions are included.
Differentially expressed genes with a log2 fold change of more than 1 were included in the
analysis.
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