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Abstract

Despite the remarkable advances in the understanding of breast cancer since the
1940s, and therefore in the treatment of the disease, there are still patients
whose cancer either cannot be addressed using current targeted therapies or
whose cancer does not respond to therapy in the desired manner. These issues
highlight the need to identify novel prognostic/therapeutic targets in breast
cancer in order that these unmet clinical needs can be addressed.

Various sequencing studies have facilitated the identification of driver mutations
in breast cancer and mapping of the breast cancer genomic landscape. Such
studies resulted in the identification of RUNX1 as a gene of interest in breast
cancer as tumours frequently harboured loss-of-function mutations in RUNXT,
particularly those classed as oestrogen receptor(ER)-positive. Previously, RUNX1
has been shown to be an important player in leukaemias where it elicits both a
tumour suppressor and oncogenic role depending on context. Likewise, studies
focusing on its role in breast cancer have revealed that while ER-positive breast
cancers often have RUNX1 mutations, indicating a tumour suppressive role, high
levels of RUNX1 expression in the triple-negative (ER-/PR-/HER2-) subtype has
been correlated with poor outcome in patients.

Using genetically engineered mouse models (GEMM) for mammary tumorigenesis
(with or without the additional mammary-specific deletion of Runx1), our
laboratory provided the first definitive in vivo confirmation of RUNX1 acting to
restrict tumour development in preclinical models of breast cancer. Accelerated
emergence and increased numbers of multifocal and multicentric lesions were
observed upon depletion of Runx1, indicating a possible role for RUNX1 in
regulating the stem-like potential of the mammary epithelium. Evidence from one
of these models suggests the early expansion of a tumour-initiating sub-population
of cells with an elevated stem/progenitor-like potential, which may at least partly
explain this phenotype.

In this thesis, the mechanisms behind the tumour suppressive functions of RUNX1
in the mammary epithelium were explored, with a particular focus on the
transcriptional alterations that are initiated upon deleting this transcription
factor. RNA-Sequencing highlighted a myriad of biological functions and pathways
that this protein is essential for and offers insights into the various potential
mechanisms by which it exerts its tumour-suppressing functions. Notably, the data
indicates altered expression of stem-related genes in RUNX1-deleted cells, and
thereby offers potential mechanisms that may underpin RUNX1-dependent control
over the stem cell compartment (including the regulation of stem-associated
genes such as Aldh1a1, Aldh1a7, and Bcl11b), thereby offering some explanation
as to why tumours, in which RUNX1 is deleted, exhibit accelerated onset.

Using an immortalised mammary cell line, these findings were validated using
mammosphere and 3D colony formation assays for the analysis of stem/progenitor-
like potential. While CRISPR/Cas9-mediated deletion of RUNX1 in cells elevates
the stem-like potential of mammary epithelial cells, ectopic expression of RUNX1
conversely decreased mammosphere and colony formation capabilities.
Additionally, loss of RUNX1 function appears to enhance the stemness-promoting
effects of WNT3A-treatment, while its overexpression dampens the stemness-
promoting abilities of WNT3A. Furthermore, stem-like genes such as Aldh1a1 and
Aldh1a7 were enriched in Runx1-deleted 3D colonies. Together, this work
indicates that RUNX1 is an essential factor for the regulation of the stem-like
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compartment of mammary epithelial cells, and its loss may result in the expansion
of a cellular subpopulation that is more vulnerable to transformation following
oncogenic insult.

Collectively, this research offers some valuable insights into the potential
functional and molecular mechanisms behind the tumour suppressive function of
RUNX1 in the mammary gland, and provides promising avenues to explore in order
to extend our understanding of this transcription factor in breast cancer.
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1 Introduction

Cancer is described as the uncontrolled growth and proliferation of abnormal
cells, which often invade surrounding tissues and even spread to distant organs in
a process known as metastasis. Human cells progress from normalcy to neoplastic
states through the acquisition of a variety of functional capabilities that increase
their ability to form malignant tumours. This set of underlying principles, which
are essential for the neoplastic transformation of cells, are described in The
Hallmarks of Cancer (Hanahan and Weinberg 2000, Hanahan and Weinberg 2011,
Hanahan 2022). Despite their shared name, “cancer” is the name given to a large

collection of diseases often with distinct genetic and pathological characteristics.

1.1 The ever-increasing prevalence of cancer

Worldwide cancer incidence has been growing significantly over the years and is
predicted to increase a further ~-57% between 2020 and 2040 (Ferlay J , Bray F
2006, Ferlay, Colombet et al. 2021). Estimations of the lifetime risk for developing
cancer have also changed gradually over time, with 1 in 2 people born in the UK
after 1960 now expected to develop a form of cancer at some point in their life
(Ahmad, Ormiston-Smith et al. 2015). Although different cancer types have their
own associated risk factors for the development of that specific disease, it is
possible to explain much of the overall increased cancer risk and incidence with
three main factors: increased population growth, ageing populations, and
increased exposure to risk factors (You and Henneberg 2018, Sung, Ferlay et al.
2021).

1.2 Risk factors for cancer development

Ageing is considered one of the biggest risk factors for the development of most
cancers due to accumulations in genetic anomalies during one’s lifetime and, due
to increased population sizes with longer overall life expectancy and larger
numbers of people living into old age, this increases the cancer development risk

for the overall population (Smetana, Lacina et al. 2016).
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Other risk factors are often more variable between countries and cancer types,
however lifestyle changes among many populations have increased exposure to a
variety of risk factors for several cancer types. These risk factors include, but are
not limited to, the following: tobacco use; being overweight or obesity; unhealthy
diet (diets high in red and processed meats, low fruit and vegetable intake); lack
of physical activity; alcohol use; carcinogenic infections (e.g. Helicobacter pylori,
Hepatitis B and C virus, Human papillomavirus); ultraviolet radiation exposure;
urban air pollution (Institute of Medicine Committee on Cancer Control in 2007,
2022). Prevention strategies therefore involve avoidance of risk factors, reduced
exposure to radiation, and vaccinating against carcinogenic viruses (HPV and
hepatitis B).

Another contributor to the significant increase in new cancer cases is the improved
and earlier detection and diagnosis of cancers due to increased awareness,
upgraded and more standardised methods of testing, and screening of particular
demographics within populations (some of whom may otherwise appear healthy,
but may have some asymptomatic abnormality or pre-cancer) (Public Health
England 2020, Nelson October 2019).

1.3 Changes in cancer-related deaths

As well as being a particularly prevalent disease, cancer is also still one of the
leading causes of death globally, second only to cardiovascular diseases (2016,
Ritchie 2018). Cancer-related deaths have continued to increase in spite of
improved survival rates, and can again be explained by the growing and ageing
global population (Ritchie 2018). With a larger population size often comes
increased total death numbers and, due to massive progress being made with
tackling causes of death that would have previously caused mortality at an earlier
age, more people reach older ages where they are afflicted with illness or disease,

such as cancer, that tend to cause death in older individuals.
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1.4 Breast cancer

1.4.1 Breast cancer survival

Breast cancer is one such cancer type where there have been vast improvements
made in relation to survival rates, with five-year relative survival rates in the UK
around 80-85% in recent years (Cancer Research UK). However, because breast
cancer is the second most common cancer type both in the UK and worldwide
(Cancer Research UK , Ferlay J , Ferlay, Colombet et al. 2021), even survival rates
of 85% translate into significant numbers of deaths. In the UK, breast cancer is
still the fourth most common cause of cancer-related death overall and the second
most common in women, resulting in an average of 32 deaths per day in the UK
alone between 2017 and 2019 (Cancer Research UK). It is for this reason that there
are still efforts and resources being put into continuing breast cancer research. In
order for breast cancer survival statistics to be raised further, it is important to

consider how such significant improvements have been achieved since the 1940s.

1.4.2 Breast cancer survival improvements

1.4.2.1 Improved breast cancer detection

Earlier detection of breast cancers in patients has been a key factor for reducing
breast cancer-related deaths. This early detection has been facilitated through
increased public knowledge of signs and symptoms, due to several charity-lead
awareness campaigns, and routine screening programmes that are offered to post-
menopausal women and other demographics who are particularly at risk, that have
allowed for the improved detection of even asymptomatic breast cancers (Burton
and Bell 2013, Mandelblatt, van Ravesteyn et al. 2013, Tabar, Dean et al. 2019).
Detecting breast cancer at these early stages is important, as there are
significantly more treatment options available, meaning there is an increased
chance for survival. Treatment options are also often less aggressive at these
earlier stages, leading to improved quality of life for patients. Once detected,
decisions are managed and implemented by a multi-disciplinary team of
healthcare professionals, who are well-trained and experienced in their respective
fields . Compared to previously implemented approaches to breast cancer care,
this highly stratified approach has significantly reduced the amount and variability
of breast cancer-related mortality in patients (Kalager, Haldorsen et al. 2009,
Kesson, Allardice et al. 2012).
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1.4.2.2 Targeted therapies for breast cancers subtypes

The emergence of routine immunohistochemical (IHC) and molecular subtyping of
breast cancers, and the development of therapies targeted to each of these
subtypes, has provided more options and helped to inform healthcare
professionals’ decisions on the most appropriate therapeutic approach to take for
each individual (Yersal and Barutca 2014, Zaha 2014). Breast tumours are often
tested for the presence of oestrogen and progesterone hormone receptors (ER and
PR) and human epidermal growth factor receptor 2 (HER2). ER and PR are
expressed in the vast majority of breast cancers (with ~75% of cases being ER/PR-
positive (Onitilo, Engel et al. 2009, Kohler, Sherman et al. 2015). Tumour cells
often experience increased sensitivity to oestrogen, thereby leading to aberrant
ER signalling and overexpression of a number of downstream target genes that
fuel the growth and progression of the tumour (Gross and Yee 2002). Endocrine
therapies, such as tamoxifen that binds to ERs to block oestrogen binding and
signalling; fulvestrant that blocks and damages ER; and aromatase inhibitors (e.g.
anastrozole and letrozole) that block oestrogen production, have been imperative
to improving survival in patients with hormone-positive breast cancers (Meisel,
Venur et al. 2018).

Breast cancers with ERBB2 gene amplification or overexpression of its associated
HER2 protein (described as HER2-positive tumours) account for ~15% of all cases
and are associated with increased tumour aggression (Onitilo, Engel et al. 2009,
Rakha, Pinder et al. 2015). Targeted therapies have also been developed to block
HER2 function in breast cancer, including: monoclonal antibodies (e.g.
trastuzumab and pertuzumab) to block HER2 protein function; antibody-drug
conjugates (e.g. ado-trastuzumab emtansine and fam-trastuzumab deruxtecan) to
target chemotherapy specifically towards the HER2 protein on cancer cells; and
kinase inhibitors (e.g. lapatinib and neratinib) to block the kinase activity of HER2
(Callahan and Hurvitz 2011, Igbal and Igbal 2014, Meisel, Venur et al. 2018).

One of the most aggressive breast cancer subtypes, triple negative breast cancer
(TNBC), accounts for ~15% of cases and is characterised simply by its lack of

expression of both hormone receptors and ERBB2/HER2, rather than by the
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presence of specific markers (Newman, Reis-Filho et al. 2015). Although TNBC
cannot be specifically targeted through ER or HER2, recent advances have
produced targeted therapies for this subtype in the form of poly(ADP-ribose)
polymerase inhibitors (PARPi) for treating cancers harbouring BRCA mutations
(Lyons 2019, McCann, Hurvitz et al. 2019), that disproportionately appear in TNBCs
(Newman, Reis-Filho et al. 2015, Chen, Wu et al. 2018), and checkpoint inhibitors
to enhance the anti-tumour immunity in this immunogenic subtype (Lyons 2019,
McCann, Hurvitz et al. 2019). The results of the clinical trials that lead to the FDA
approval of these targeted therapies for the treatment of breast cancer are shown
in Table 1.1 (PARPi) and Table 1.2 (immune checkpoint inhibitors). There have
also been recent investigations into the efficacy of combined PARPi and immune
checkpoint inhibitor therapy for the treatment of patients with TNBC and germline
or somatic BRCA mutations, some of which are still ongoing. These details of these

investigations are summarised in Table 1.3.



Table 1.1 Clinical trials for PARP inhibitors for the treatment of breast cancer.

Trial Name OlympiAD (NCT02000622)
(ClinicalTrials.gov identifier)

EMBRACA (NCT01945775)

Drug Name Olaparib (AZD-2281, trade name Lynparza) Talazoparib (BMN 673)
Drug Specificity PARP1 and PARP2 PARP1 and PARP2
Patients Recruited Patients with a germline BRCA mutation and HER2-negative metastatic breast Patients with advanced breast cancer and a germline BRCA1 and/or BRCA2

cancer who had received <2 prior chemotherapy regimens.

mutation who had received <3 prior chemotherapy regimens.

Treatment Groups Olaparib administered orally twice daily (BID) at 300 mg (2 x 150 mg tablets)
N=205;
Standard single-agent chemotherapy of physician's choice of capecitabine,
vinorelbine, or eribulin (TPC) N=97.

Talazoparib 1 mg oral capsules once daily for 21 continuous days N=287;
Standard single-agent chemotherapy of physician’s choice of capecitabine,
eribulin, gemcitabine, or vinorelbine N=144.

Results Median overall survival: Olaparib = 19.3 months; TPC = 17.1 months (P = 0.513).

6 months overall survival: Olaparib = 93.1%; TPC = 85.8%.
12 months overall survival: Olaparib = 72.7%; TPC = 69.2%.
18 months overall survival: Olaparib = 54.1%; TPC = 48.0%.

Median progression-free survival: Talazoparib = 8.6 months; standard therapy =
5.6 months (P < 0.001). Objective response rate: Talazoparib = 62.6%; standard
therapy = 27.2% (P < 0.001).

FDA Recommendation Approved for the adjuvant treatment of adult patients with deleterious or
suspected deleterious germline BRCA-mutated (confirmed by Myriad's
BRACAnNalysis CDx test), HER2-negative, high-risk early breast cancer who have
been treated with neoadjuvant or adjuvant chemotherapy.

Approved for patients with deleterious or suspected deleterious germline BRCA-
mutated (confirmed by Myriad's BRACAnalysis CDx test), HER2-negative locally
advanced or metastatic breast cancer.
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Table 1.2 Clinical trials for immune checkpoint inhibitors for the treatment of breast cancer.

Trial Name
(ClinicalTrials.gov identifier)

IMpassion130 (NCT02425891)

KEYNOTE-355 (NCT02819518)

Drug Name

Atezolizumab (Trade name Tecentriq)

Pembrolizumab (Trade name Keytruda)

Drug Specificity

PD-L1

PD-L1

Patients Recruited

Patients with locally advanced or metastatic triple-negative breast cancer
(TNBC) who have not received prior systemic therapy for metastatic breast
cancer.

Patients with untreated locally recurrent inoperable or metastatic triple-negative
breast cancer.

Treatment Groups

Results

Atezolizumab (840 mg via IV infusion on Days 1 and 15 of each 28-day
cycle until disease progression or unacceptable toxicity) in combination
with nanoparticle albumin-bound(nab)-Paclitaxel (100 mg per square
meter via IV infusion on Days 1, 8, and 15 of each 28-day cycle.
Administered for a target of at least 6 cycles, with no maximum in the
absence of disease progression or unacceptable toxicity) N=451.

Placebo (administered via IV infusion on Days 1 and 15 of each 28-day
cycle until disease progression or unacceptable toxicity) with nab-Paclitaxel
(as previous) N=451.

Median progression-free survival: Atezolizumab plus nab-Paclitaxel = 7.2
months; placebo plus nab-Paclitaxel = 5.5 months (P = 0.002).

Median overall survival: Atezolizumab plus nab-Paclitaxel = 21.3 months;
placebo plus nab-Paclitaxel = 17.6 months (P = 0.08).

Pembrolizumab (200 mg via IV infusion every 3 weeks) plus chemotherapy of
physician’s choice of nab-paclitaxel, paclitaxel, or gemcitabine plus carboplatin
N=566.

Saline placebo plus chemotherapy N=281.

Median progression-free survival among patients with CPS of 10 or more:
Pembrolizumab-chemotherapy = 9-7 months; placebo-chemotherapy = 5-6
months (P = 0.0012).

FDA Recommendation

Accelerated approval in 2019 for the treatment of adults with unresectable
locally advanced or metastatic triple-negative breast cancer whose tumors
express PD-L1, as determined by the FDA-approved VENTANA PD-L1
(SP142) Assay.

Approval withdrawn in 2021 based on FDA assessment of the metastatic
TNBC treatment landscape at the time, and in accordance with the
requirements of the accelerated approval program.

Approved in 2020 in combination with chemotherapy for the treatment of
patients with locally recurrent unresectable or metastatic triple-negative breast
cancer (TNBC) whose tumors express PD-L1 (CPS 210), as determined by an FDA
approved Dako PD-L1 IHC 22C3 pharmDx diagnostic assay.
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Table 1.3 Clinical trials for the combined PARPi and immune checkpoint inhibitor treatment of breast cancer.

Trial Name (NCT03101280) TOPACIO/KEYNOTE-162 (NCT02657889) MEDIOLA (NCT02734004) (NCT02849496)

(ClinicalTrials.gov identifier)

Trial Phase Phase | Phase I/11 Phase I/Il Phase Il

Study Start 27/04/2017 15/04/2016 17/03/2016 15/11/2016

Trial Status Completed Completed Active, not recruiting Active, not recruiting

Study Completion Date 11/08/2020 (actual) 17/09/2021 (actual) 30/12/2022 (estimated) 31/08/2023 (estimated)

(actual/estimated)

Drug Combination Tested Rucaparib and Atezolizumab Niraparib and Pembrolizumab MEDI4736 (Durvalumab) and Olaparib Olaparib and Atezolizumab

Patients Recruited Patients with previously treated advanced ovarian or Patients with advanced or metastatic TNBC and PARPi- and immunotherapy-naive patients with Patients with a locally advanced and unresectable, or
endometrial cancer (Part 1) and platinum-sensitive patients with recurrent ovarian cancer. Patients with relapsed small cell lung cancer (SCLC), germline BRCA with a metastatic, HER2-negative breast cancer and a
ovarian cancer or triple-negative breast cancer (TNBC) advanced or metastatic breast cancer must have TNBC mutated (§BRCAm) metastatic human epidermal known germline or somatic BRCA1/2 mutation.
(Part 2). Patients with previously treated TNBC witha  and may have received up to 2 lines of cytotoxic growth factor receptor 2 (HER2)-negative breast cancer,
BRCA mutation or BRCA-like molecular signature and  therapy. gBRCAm platinum-sensitive relapsed ovarian cancer,
have not been exposed to cancer immunotherapies. and gastric cancer.

Treatment Groups All participants received the combination of Rucaparib ~ All participants received Niraparib (300mg/day orally)  All participants given Olaparib twice daily starting on Arm 1: Olaparib administered orally twice daily on days
(600 mg oral administration twice per day) and in combination with Pembrolizumab (200mg IV on Day week 1 day 1, and MEDI4736 every 4 weeks startingon  1-21 of each cycle. Cycles repeat every 21 days in the
Atezolizumab (1200 mg administered by IV infusion 1 of each 21-day cycle). week 5 day 1. absence of disease progression or unacceptable toxicity.
once every 3 weeks) in 21-day cycles. Arm 2: Olaparib administered as in Arm | and

Atezolizumab administered by IV on day 1 of each cycle.
Cycles repeat every 21 days in the absence of disease
progression or unacceptable toxicity.




1.4.2.3 Improved therapeutic strategies

Targeted therapies, such as those described above, are usually administered in
combination with chemotherapy or radiotherapy, either before or after surgery,
meaning that there are a wide range of options and potential combinations that
can be administered. An example of one such therapeutic strategy made possible
is adjuvant therapy, whereby primary surgery is followed by an additional therapy
(such as chemotherapy, radiotherapy, and targeted therapy). Adjuvant therapy is
administered to ensure minimal risk of local and distant recurrence, caused by
escaped breast cancer cells or micro-metastases, after surgical removal of the
primary tumour (Chew 2001). Implementation of adjuvant therapy in patients who
were identified to be likely to benefit from this strategy has resulted in significant
survival benefits (including improved recurrence-free survival and overall survival)
to patients with various disease subtypes (Rossi, Stevens et al. 2015, Park, Han et
al. 2019, Tolaney, Guo et al. 2019). Neoadjuvant therapy, on the other hand, is
the pre-operative administration of chemotherapy, radiotherapy, and targeted
therapy. This therapeutic strategy is implemented with the aim of shrinking the
tumour prior to surgery, potentially allowing for a lumpectomy (or breast-
conserving surgery) to be performed rather than a mastectomy, or for easier
removal of any affected lymph nodes (Trimble, Ungerleider et al. 1993, lkeda,
Jinno et al. 2002, Briest and Stearns 2011). In addition, a neoadjuvant approach
can be used to refine or inform clinicians on the best adjuvant regimen to employ

and thereby potentially maximise the effectiveness of the therapy given.

1.4.3 The need for novel therapeutic targets for breast cancer

In spite of these vast improvements, there is an ongoing requirement for the
identification of novel cancer drivers and the associated development of targeted
therapies in breast cancer research. One reason for this is that many patients’
cancers cannot currently be addressed using therapies specifically targeted to that
particular subtype. For example, only ~15% of TNBC cases have the required BRCA
mutations required for PARPi therapeutic efficacy (Sharma, Klemp et al. 2014,
Engel, Rhiem et al. 2018), and a large portion of tumours lack the PD-L1 expression
required for successful treatment with checkpoint inhibitors (Mittendorf, Philips
et al. 2014, Dogukan, Ucak et al. 2019), leaving very limited therapeutic options
for TNBC patients.
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In a study looking at long-term recurrence risk in hormone positive breast cancer,
patients who were considered cancer-free at the end of their treatment, in the
form of 5 years of endocrine therapy, experienced a steady rate of recurrence
throughout the study period, from 5 years until as late as 20 years following the
initial diagnosis (Pan, Gray et al. 2017). The risk of recurrence was directly
correlated with the diameter, nodal status (including the number of cancerous
nodes), and characteristics (such as tumour grade and Ki-67 status) of the primary
tumour prior to therapy (Pan, Gray et al. 2017). It is therefore essential that
follow-up studies be conducted so that the identification of individuals who are
most at risk of even long-term recurrence is made possible. Based on this
information, healthcare providers may consider lengthening the duration of
hormone therapy past the usual 5-10 years for patients with higher risks of relapse.
It may also be necessary for patients’ tumours to be further investigated for other
therapeutic targets and novel therapies that may benefit them more than
current/traditional therapies, particularly if they offer more benefit than long-
term endocrine therapies that would extend exposure to their associated side

effects and toxicities.

Further to these challenges, it should also be noted that there is no absolute
guarantee that chemotherapy/radiotherapy or even targeted therapies will be
100% effective. This is, at least in part, due to intrinsic resistance (innate
resistance to therapy) and acquired resistance (the obtained ability to resist
therapy following exposure) to treatments (Wang, Zhang et al. 2019). There have
been several studies conducted that sought to identify mechanisms behind
resistance to currently available therapies. One such mechanism involves
increased efflux of drugs from cancer cells caused by the overexpression of ATP
binding cassette (ABC) transporters, including P-glycoprotein (P-gp) and the multi-
drug-resistance proteins (MRPs) subfamily of ABC transporters that, as the name
suggests, confer resistance to multiple drugs (Housman, Byler et al. 2014, Ji, Lu
et al. 2019, Wang, Zhang et al. 2019). In breast cancer, a significant proportion
of tumours express P-gp, whose expression has been shown to increase following
chemotherapy or hormone therapy (Rudas, Filipits et al. 2003). Pre-chemotherapy
MRP1 expression was found to be significantly associated with shorter progression-

free and overall survival in patients (Rudas, Filipits et al. 2003). Modifications of
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drug targets has also been linked to intrinsic and acquired resistance to several
breast cancer therapies, among other factors (Housman, Byler et al. 2014, Ji, Lu
et al. 2019, Wang, Zhang et al. 2019).

Investigations specifically into mechanisms of endocrine resistance have revealed
several factors involved, including: loss of ERa expression (Johnston, Saccani-Jotti
et al. 1995, Musgrove and Sutherland 2009); mutations in ERa (Musgrove and
Sutherland 2009, Szostakowska, Trebinska-Stryjewska et al. 2019); expression of
truncated variants of ERa and ERB (Musgrove and Sutherland 2009, Haque and
Desai 2019); increased expression of mediators of ERa activity, including activator
protein 1 (AP1) and nuclear factor-kB (NF-kB) (Musgrove and Sutherland 2009,
Haque and Desai 2019); post-translational modifications of ERa (Ali and Coombes
2002, Jordan and O'Malley 2007, Musgrove and Sutherland 2009); constitutive ERa
expression via deregulations in the activity of ERa co-activators (Ali and Coombes
2002, Ring and Dowsett 2004, Musgrove and Sutherland 2009); overexpression of
several members of the epidermal growth factor receptor (Egfr) family, resulting
in increased receptor tyrosine kinase signalling and Erk and PI3K pathway
activation (Ali and Coombes 2002, Musgrove and Sutherland 2009, Haque and Desai
2019); and deregulations in the cell cycle and apoptotic machinery (particularly
increased expression of anti-apoptotic molecules, such as BCL2, and decreased
expression of pro-apoptotic molecules, including caspase 9) (Musgrove and
Sutherland 2009).

Resistance mechanisms against HER2-targeted therapies have also been
identified. Impaired binding of drugs to HER2 can negatively impact their function
and can be due to HER2 gene mutations (Rexer and Arteaga 2012), low or
heterogeneous expression of HER2 (Hou, Nitta et al. 2017, Vernieri, Milano et al.
2019), expression of splicing variants of HER2 that compromise drug binding (for
example, a lack of an extracellular domain impairs the activity of drugs whose
binding site is located in this domain) (Pohlmann, Mayer et al. 2009, Rexer and
Arteaga 2012, Vernieri, Milano et al. 2019), or masking of the binding domain
(Pohlmann, Mayer et al. 2009, Rexer and Arteaga 2012, Vernieri, Milano et al.

2019). Resistance can also occur due to altered or constitutive activation of
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parallel or downstream pathways, including constitutive activation of the
PI3K/AKT/mTOR axis, caused by various alterations in pathway genes (Pohlmann,
Mayer et al. 2009, Rexer and Arteaga 2012, Vernieri, Milano et al. 2019).
Additionally, although therapies such as trastuzumab prevent HER2-driven
signalling by blocking homodimerisation, HER2 molecules that remain unbound by
the drug may still heterodimerise with other receptor tyrosine kinases (RTKs) and
initiate downstream pathways that are similar to those activated upon
homodimerisation, thus preserving some of its tumorigenic functions (Nahta, Yuan
et al. 2005, Pohlmann, Mayer et al. 2009, Rexer and Arteaga 2012, Vernieri, Milano
et al. 2019).

This limited availability of therapies for some subtypes and significantly reduced
options for some patients following resistance/recurrence highlights the need for
the identification of additional/novel therapeutic targets for breast cancer. This
would offer more options and would mean that the most appropriate therapy could

be administered based on the genetic makeup of the particular disease.

1.4.4 ldentifying novel biomarkers and therapeutic targets in breast cancer

In order to develop new therapies to effectively target and treat various breast
cancers, there first needs to be novel and promising biological targets identified
in patients. Promising targets are those whose activity can be modified in a clinical
setting (in other words, they are a druggable target) and with limited or
manageable off-target effects and toxicities (Gashaw, Ellinghaus et al. 2011). The
discovery of new drug targets involves looking deeper into the disease by
investigating large breast tumour sample numbers, collected from many different
patients (with various disease stages, characteristics, and subtypes), and
comparing to untransformed breast cells. This would allow for the identification
of genetic changes that most significantly correlate with, or accurately predict,
factors such as disease initiation, progression, and response to current therapy.
These genetic alterations are known as driver mutations, which are causally
implicated in oncogenesis and confer a selective growth advantage on the cells
carrying them (Haber and Settleman 2007, Merid, Goranskaya et al. 2014, Pon and

Marra 2015). Many of the mutations found in cancers, however, are described as
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passenger mutations that are not selected for, do not confer selective advantage
to the cell, but happened to be present in an ancestor of the cancer cell when it
acquired one of its drivers (Haber and Settleman 2007, Merid, Goranskaya et al.
2014, Pon and Marra 2015).

The emergence of several next-generation and high-throughput sequencing
studies have been key for identifying cancer drivers and mapping out the genomic
landscape of various cancers, including breast cancer, (Aherne, McDonald et al.
2002, Sjoblom, Jones et al. 2006, Greenman, Stephens et al. 2007, Hansen and
Bedard 2013, Jeon, Nim et al. 2014) from its “mountains”, that are mutated in
large proportions of tumours, to its numerous “hills”, that individually do not
appear as frequently as the “mountains” but collectively dominate the cancer
landscape (Wood, Parsons et al. 2007, Vogelstein, Papadopoulos et al. 2013).
These next-generation and high-throughput sequencing studies have not only
confirmed the cancer driving potential of genes previously implicated in breast
cancer, but have also identified numerous novel significantly mutated genes that
were not previously identified in clinical breast cancer samples. RUNX1 was one
such novel gene that was found to harbour genomic alterations, often resulting in
loss-of-function of the protein, in relatively high frequencies (Banerji, Cibulskis et
al. 2012, Ellis, Ding et al. 2012, Koboldt, Fulton et al. 2012, Cornen, Guille et al.
2014, Nik-Zainal, Davies et al. 2016, Pereira, Chin et al. 2016). Interestingly, these
RUNX1 mutations appeared to associate predominantly with the ER+ tumours
(Ellis, Ding et al. 2012, Cornen, Guille et al. 2014, Nik-Zainal, Davies et al. 2016,
Pereira, Chin et al. 2016). The RUNX1 gene, and the protein it encodes, are of
particular interest to the Blyth lab, particularly for its role in solid tumours, and
forms the basis of much of the research conducted, including the work described

in this thesis.

1.5 The RUNX family of transcription factors

1.5.1 The essential roles of RUNX transcription factors in development

The RUNX family of transcription factors consists of three individual members -
RUNX1, RUNX2, and RUNX3 - each with distinct functions that are essential for

several cellular and developmental processes including, but not limited to,
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proliferation, differentiation, and cell fate (Ito 2008, Mevel, Draper et al. 2019).
The function of the RUNX proteins is dependent upon their interactions with their
obligate co-factor, core-binding factor subunit beta (CBFB), which can form a
heterodimeric complex with each member, enhance their DNA binding affinity,
and stabilise the RUNX proteins from proteasome degradation such that the CBF
complex is able to bind to the DNA and either activate or repress their downstream
targets (Gu, Goetz et al. 2000, Tang, Crute et al. 2000, Tang, Shi et al. 2000).
These interactions between RUNX1 family members and CBFB, and between the
CBF complex and DNA, is facilitated by an evolutionarily conserved runt-homology
domain (RHD) in the N-terminus that is characteristic of the RUNX transcription
factors (Backstrom, Wolf-Watz et al. 2002). Shown in Figure 1.1 are the schematic
representations of each RUNX1 gene, with the RHD and transactivation domain
shown. Figure 1.1 also shows that each of the RUNX genes is under the control of
two promoters, a distal (P1) promoter and a proximal (P2) promotor, which leads

to the generation of distinct mRNA isoforms.
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Figure 1.1 Schematic representations of RUNX1, RUNX2, and RUNX3 gene structures.

Structures of each of the human RUNX genes are shown in the above schematic, which
highlights their similar genomic organization including their highly conserved Runt

domains and two promoters (P1 and P2).

In the RUNX1 gene, the proximal promoters generate the protein isoforms RUNX1a
and RUNX1b, while the distal promoter regulates RUNX1c. The structures of these
isoforms are shown in the schematic in Figure 1.2. All protein isoforms contain the
Runt domain, however the absence of a transactivation domain in the RUNX1c
isoform, which is present in the RUNX1b and RUNX1c isoforms, suggests an

antagonistic role for this specific isoform.
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Figure 1.2 Schematic representations of the three major isoforms of RUNX1.

Structures of the three major isoforms of RUNX1 (RUNX1a, RUNX1b, and RUNX1c) are
summarised above, with the major functional domains and isoform-specific regions

indicated in the key.

Gene knockout studies in mice have been essential for uncovering the discrete,
and sometimes overlapping, functions of each Runx family member in various
systems. RUNX1 was identified as a key factor for definitive haematopoiesis and
the generation of haematopoietic stem cells, and homozygous loss of Runx1
function during murine development results in embryonic lethality due to a lack
of definitive haematopoiesis (Okuda, van Deursen et al. 1996, Okada, Watanabe
et al. 1998, North, Gu et al. 1999, Yokomizo, Ogawa et al. 2001, Backstrom, Wolf-
Watz et al. 2002). Homozygous loss of Runx2 function in mice results in neonatal
lethality caused by an inability to breathe due to a complete lack of ossification,
indicating an essential role for RUNX2 in osteogenesis (Komori, Yagi et al. 1997,
Otto, Thornell et al. 1997). In addition to this, mutations in RUNX2 have been
linked to a genetic condition in humans known as cleidocranial dysplasia (CCD)
that affects the development of bones (Mundlos, Otto et al. 1997, Otto, Thornell
et al. 1997, Peng, Chen et al. 2017, Xu, Chen et al. 2017). Observations from loss
of Runx3 in genetic models indicate that this gene is involved in a wide variety of
tissues. Studies have indicated that RUNX3 is important in the normal
development of the gastric epithelium (although this is highly disputed) (Levanon,
Brenner et al. 2001, Li, Ito et al. 2002, Levanon, Brenner et al. 2003, Brenner,
Levanon et al. 2004, Carvalho, Milne et al. 2005, Ito, Inoue et al. 2009, Levanon,
Bernstein et al. 2011), TrkC dorsal root ganglia neurons (Levanon, Bettoun et al.
2002, Inoue, Ozaki et al. 2003), chondrocytes (Yoshida, Yamamoto et al. 2004),
hair follicle formation (Raveh, Cohen et al. 2005), and T cell and NK cell
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development and regulation (Taniuchi, Osato et al. 2002, Woolf, Xiao et al. 2003,

Djuretic, Levanon et al. 2007, Levanon, Negreanu et al. 2014).

1.5.2 The involvement of RUNX1 in cancer

1.5.2.1 RUNX1 in haematological malignancies

Given how essential the RUNX transcription factors are in a variety of fundamental
processes in the body, it does not come as a surprise that perturbations in their
expression are often associated with a variety of cancers. The RUNX proteins’ roles
in cancer are often paradoxical as both tumour suppressive and oncogenic
properties have been identified in each member of the RUNX family, with each
role dependent upon the specific context. This is perfectly exemplified by the role
of RUNX1 in haematological cancers, as RUNX1 mutations are among the most
common perturbations observed in a variety of haematological malignancies
(Niini, Kanerva et al. 2000, Osato 2004, De Braekeleer, Férec et al. 2009, De
Braekeleer, Douet-Guilbert et al. 2011) while, rather contradictorily, in some
leukaemia subtypes RUNX1 has been observed as a dominant oncogene and the
expression of wildtype RUNX1 is relied upon for the survival of acute myeloid
leukaemia cells (Ben-Ami, Friedman et al. 2013, Goyama, Schibler et al. 2013,
Choi, Illendula et al. 2017). Because RUNX1 aberrations have been so frequently
observed in haematological malignancies, and due to the (previously described)
dramatic phenotype witnessed in Runx1 KO mice linked to its essential role in
haematopoiesis, it is in these contexts that the function of RUNX1 has been most
extensively studied. However, there is increasing evidence, from sequencing
studies and conditional knockout mouse models, to suggest that RUNX1 plays a
role in various cancers of non-haematological origin, with its expression being

altered in numerous solid tumours.

1.5.2.2 The role of RUNX1 in solid tumours

Several studies have indicated that RUNX1 plays an important tumour suppressor
role in multiple components of the gastrointestinal tract. Recurrent deletions of
RUNX1 were found in oesophageal cancers, which was shown to be functionally
significant as reintroduction into an oesophageal carcinoma cell line resulted in a

69% reduction in anchorage-independent growth (Dulak, Schumacher et al. 2012).
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RUNX1 was also discovered to have been frequently, and significantly,
downregulated in both gastric cancer cell lines and primary samples from gastric
cancer patients (Sakakura, Hagiwara et al. 2005). The generation of an ApcM"
mouse model, for intestinal tumorigenesis, with conditional knockout of RunxT in
the epithelial cells of the GI tract resulted in enhanced tumorigenesis (Fijneman,
Anderson et al. 2012). Even more interestingly, Runx? deletion on an Apc"t
background was adequate to initiate tumorigenesis (Fijneman, Anderson et al.
2012). In another investigation, tagging for RUNX7 single nucleotide
polymorphisms (SNPs) showed significant associations with colon and rectal cancer
(Slattery, Lundgreen et al. 2011). Other SNP studies have also implicated RUNX1
SNPs in prostate cancer progression, revealing significant associations with
increased risk of progression and lymph node metastasis, resulting in poorer
prostate-specific antigen (PSA)-free survival (Huang, Lan et al. 2011). There is also
evidence from work in the Blyth laboratory that RUNX1 is a tumour suppressor in
prostate cancer (McKillop, Edwards et al. 2017). RUNX1 was also revealed to be
significantly downregulated in samples of liver cirrhosis (LC) and hepatocellular
carcinoma (HCC), with the prevalence of RUNX1 downregulations increasing with
progression from LC to HCC, and with the progression of HCC (Miyagawa, Sakakura
et al. 2006).

As with haematological malignancies, the role of RUNX1 in solid tumours is often
complex as it can also function as an oncogene in some contexts. In a 2019
publication, analyses of gene expression microarray datasets (TCGA and
GSE106582) was supported with in vitro and in vivo experiments involving
colorectal cancer (CRC) cell lines generated with either RUNX1 overexpression or
silencing (Li, Lai et al. 2019). The analyses demonstrated that RUNX1 (and its
associated protein) expression was upregulated in CRC tissues, compared to
normal or non-neoplastic tissues, and CRC patients with high RUNX1 expression
levels exhibited poorer disease-free and overall survival statistics compared to
those with lower levels of expression (Li, Lai et al. 2019). In vitro (wound healing
and Transwell) assays using these cell lines revealed that increased RUNX1
expression was associated with enhanced migration and invasion capabilities,
while in vivo orthotopic injection of these cell lines into nude mice demonstrated

that RUNX1 overexpression increased the metastatic ability of the cells (Li, Lai et
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al. 2019). Further analysis of the The Cancer Genome Atlas (TCGA) and GSE17538
datasets and analysis of the RUNX1 overexpressing and silenced cell lines,
demonstrated that RUNX1 expression was associated with an epithelial-to-
mesenchymal-transition(EMT)-associated phenotype and was positively correlated
with multiple components of the EMT process (Li, Lai et al. 2019). Following the
observation that RUNX1 was an enhancer of the Wnt/B-catenin pathway
activation, through direct interactions with B-catenin and the promoter and
enhancer regions of KIT, it was theorised that this could be a potential mechanism
for enhanced metastasis and EMT in RUNX1-overexpressing cells, leading to poorer
patient prognosis (Li, Lai et al. 2019). Overexpression of RUNX1 was demonstrated
to cause neoplastic transformation when overexpressed in fibroblasts (Kurokawa,
Tanaka et al. 1996). There is significant evidence in the skin of RUNX1 acting as
an oncogene, with key publications revealing overexpression of RUNX17 in human
skin squamous cell carcinoma (SCC) and human head and neck SCC samples
(Scheitz, Lee et al. 2012). Runx1 was also highly expressed in mouse models of
skin papilloma and SCC, and its deficiency resulted in reduced SCC formation in
the mouse skin (Hoi, Lee et al. 2010). Further to this, it was demonstrated that
Runx1 is required for tumour initiation and lineage-tracing studies revealed that
Runx1-expressing hair follicle stem cells (HFSCs) are the cells of origin for most
papilloma (Scheitz, Lee et al. 2012). Interestingly, the removal of Runx1 in already
established tumours in mice resulted in remarkable levels of tumour regression,
suggesting Runx1 may also be required for tumour maintenance in epithelial skin
tumours (Scheitz, Lee et al. 2012). Studied conducted by the Blyth laboratory
identified a novel protumorigenic role for the RUNX genes in clear cell renal cell
carcinoma (ccRCC), whereby tissue microarray (TMA) analysis revealed
significantly poorer patient survival with increased RUNX1 (and RUNX2) expression
(Rooney, Mason et al. 2020). Investigations using ccRCC cell lines revealed that
deletion of RUNX1 reduced tumour cell growth and viability in both in vitro and
in vivo based investigations, while in a genetically engineered mouse model
(GEMM) of kidney cancer with RUNX1 deletion exhibited increased overall survival

and reduced tumour cell proliferation.
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1.5.2.3 Analysis of cBioportal data

The duality and far-reaching consequences of RUNX7 in cancer is perfectly
illustrated when exploring the TCGA PanCancer Atlas Studies (made available
through cBioportal) (cBioportal for Cancer Genomics , Cerami, Gao et al. 2012,
Gao, Aksoy et al. 2013). RUNX1 was altered in 24 out of 35 (68.57%) cancer types
that were explored in these studies. Looking more closely at the types of
alterations (Figure 1.3), this data appears to be in agreement with the previously
described paradoxical roles of RUNX1 in cancer types, as the alterations in
oesophageal carcinomas and colorectal cancers, for example, are primarily deep
deletions or mutations, while the alterations present in leukaemias are
comparatively more frequent and varied. Interestingly, the 2" most common
cancer type possessing alterations in RUNX1, invasive breast carcinoma, appears
to also possess a high frequency of RUNX1 alterations, the nature of which are
relatively diverse. Using data from the slightly more in-depth METABRIC
exploration of primary breast tumours (available through cBioportal) (cBioportal
for Cancer Genomics , Cerami, Gao et al. 2012, Gao, Aksoy et al. 2013), by
separating tumours with RUNX17 alteration into ER-positive and ER-negative
populations (a feature commonly used to stratify breast cancer patients), it can
be seen that mutations are the most common RUNXT alteration type affecting the
ER-positive breast cancers, while amplifications are most common in the ER-
negative group (Figure 1.4). This indicates that, similar to in leukaemias, the role
of RUNX1 in breast cancer may be highly context-dependent and differ between
disease subtypes. There is considerable evidence in the wider literature to suggest

that this may indeed be the case, and is discussed in greater detail below.
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Figure 1.3 Frequencies of various RUNX1 alteration types in the TCGA PanCancer
atlas.

Represented in this figure are the 24 cancer types in which RUNX1 was altered in the
TCGA PanCancer Atlas Studies. The frequency of RUNX1 alteration is shown for each
cancer type and this is broken down further to illustrate the types of RUNX1 alterations
that are detected in each of the types of cancer studied. All data for this figure was
obtained through cBioPortal for Cancer Genomics using the TCGA PanCancer Atlas Studies
(cBioportal for Cancer Genomics , Cerami, Gao et al. 2012, Gao, Aksoy et al. 2013).
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Figure 1.4 RUNXT1-Altered Invasive Breast Carcinomas, Sub-Divided into ER-Positive
and ER-Negative Groups, Reveal Subtype-Dependent Alteration Signatures.

Depicted in this figure is data from the METABRIC study of invasive breast carcinomas, of
which the RUNXT1-altered tumours were selected and subsequently separated into ER-
positive (n=81) and ER-negative (n=41) groups. The proportion of the various types of
RUNX1 alterations present in the two primary breast tumour subgroups are represented
as a percentage of the total number of breast cancer cases in which RUNXT alterations
appeared within their respective group. This allows a direct comparison to be made
between the RUNX1 alteration signatures of each group. All data for this figure was
obtained through cBioPortal for Cancer Genomics using the METABRIC study (cBioportal
for Cancer Genomics , Cerami, Gao et al. 2012, Gao, Aksoy et al. 2013).
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1.5.3 The paradoxical role of RUNX1 in breast cancer

It is clear, from the previously described data obtained from next-generation and
high-throughput genome sequencing studies, that disturbed expression of RUNX1
occurs relatively frequently in invasive breast carcinomas. Data from the
METABRIC sequencing study demonstrate that these alterations are also clinically
relevant, as altered expression is associated with a significant reduction in overall
survival, as shown in Figure 1.5 below. However, detailed analyses have revealed
that, much like in haematological malignancies, the function of RUNX1 in breast
cancer is not quite as simple as this and, as suggested by the previous observation
of subtype-dependent RUNX1 alteration signatures in invasive breast cancers,
context is key, as both pro-tumour and anti-tumour roles have been observed.
Investigated together, many of these studies implicate the breast cancer subtype
as a determining factor for the specific role of RUNX7 in the progression and

outcome of that tumour.
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Figure 1.5 Alterations in RUNX1 are associated with shorter overall survival in breast
cancer patients, according to METABRIC sequencing study data.

Shown in the above figure is a survival curve, taken from cBioportal’s Comparison/Survival
function (cBioportal for Cancer Genomics , Cerami, Gao et al. 2012, Gao, Aksoy et al.
2013) that allows comparisons to be made between the survival outcomes of two or more
groups of patients. The above curve, generated by the website, compares overall survival
between patients whose primary tumours had altered expression of RUNX1 (n=115) and
those whose primary tumour showed unaltered RUNX1 expression (n=1866). A logrank test
was used to directly compare the survival distributions of the two groups, and the P-value
of 0.0236 (P<0.05) indicates a significant difference. Overall survival is demonstrably
shorter in individuals possessing tumours with RUNX1 alterations with median survival
being 116.43 months, compared to 159 months with unaltered RUNX1 expression.

1.5.3.1 RUNX1 as a tumour suppressor in hormone-dependent tumours

There is, indeed, a body of evidence, some of which predates these sequencing
studies, indicating that RUNX1 does in fact function as a tumour suppressor in
breast cancer. In one study, researchers compared the gene expression profiles of
adenocarcinoma metastases of multiple origin (including lung, breast, and
prostate) with unmatched primary adenocarcinomas (Ramaswamy, Ross et al.

2003). This analysis facilitated the discovery and refinement of a metastases-
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associated gene signature that could be used to predict the metastatic potential
of primary tumours, although none of these genes were individual predictors of
metastasis. This metastases-associated gene signature was comprised of 17 genes,
8 of which were upregulated and 9 of which were downregulated (Table 1.4).
Among the downregulated genes in this 17-gene signature was RUNX1, indicating
that downregulation of RUNX1, while alone is insufficient to predict the metastatic
potential of individual tumours, is an important component of the 17-gene

signature that could be used to predict metastasis and outcome in solid tumours.



Table 1.4 The 17-gene signature associated with tumour metastasis.

Gene

Upregulated/Downregulated

Function

ACTG2

Downregulated

Encodes actin gamma 2; a smooth muscle actin found in enteric tissues.

CNN1

Downregulated

Encodes a shin filament-associated protein implicated in the regulation and modulation of smooth muscle
contraction. Enables actin binding activity.

COL1A1

Upregulated

Encodes a fibril-forming collagen found in most connective tissues and abundant in bone, cornea, dermis
and tendon.

COL1A2

Upregulated

Encodes a fibril-forming collagen found in most connective tissues and abundant in bone, cornea, dermis
and tendon.

DHP5

Upregulated

Encodes a component of the diphthamide (a unique post-translationally modified histidine residue)
synthesis pathway.

EIF4EL3

Upregulated

Encodes a protein that is part of the mRNA cap binding activity complex and facilitates the processing and
translation of mRNA.

HLA-DPB1

Downregulated

Encodes protein expressed in antigen presenting cells, which are essentual to the immune system function.

HNRPAB

Upregulated

Belongs to the subfamily of ubiquitously expressed heterogeneous nuclear ribonucleoproteins (hnnRNPs)
associated with pre-mRNAs in the nucleus, and influence pre-mRNA processing and other aspects of mRNA
metabolism and transport.

LMNB1

Upregulated

Encodes Lamin B1, a scaffolding component of the nuclear envelope.

MT3

Downregulated

A member of the metallothionein family of genes involved in zinc and copper homeostasis, and is induced
under hypoxic conditions.

MYH11

Downregulated

Encodes smooth muscle myosin heavy chain 11, a major contractile protein involved in cell movement and
the transport of materials within and between cells.

MYLK

Downregulated

Encodes myosin light chain kinase, a calcium/calmodulin dependent enzyme that facilitates myosin
interaction with actin filaments to produce contractile activity.

NR4A1

Downregulated

Encodes protein involved in cell cycle mediation, inflammation and apoptosis.




This data is in agreement with a later publication, which found that RUNX1 could
serve as a positive regulator of E-cadherin (an epithelial cell marker whose
expression is decreased during EMT in cancer) and thereby limit the migratory
potential of breast cancer cells with a metastatic capacity (Liu, Lee et al. 2005).
Further to this, an MCF10A series of cell lines - ranging from an immortalised, but
otherwise untransformed, human breast epithelial model to transformed
premalignant human breast cells with a potential for neoplastic progression to
fully malignant breast cancer lines capable of metastasis - was used to explore
various genomic alterations involved in breast cancer progression (Kadota, Yang
et al. 2010). In the poorly differentiated malignant MCF10CA1a cell line,
intragenic RUNX1 deletions were found and confirmed by DNA and RNA analyses.
RUNX1 protein expression was also reduced in high-grade primary breast tumours
when compared to low/mid-grade tumours, an observation that was backed-up by
several Oncomine datasets showing that RUNX1 was increasingly lost from low- to
mid- to high-grade breast tumours. Notably, these analyses allowed for the
identification of a series of genetic events that characterise the progression of
breast cancer from early to late stages. RUNX1 deletion was one such genomic

alteration that was found to delineate poorly differentiated malignant tumours.

Another group, who also used the MCF10A cell line as their model, discovered that
lentiviral shRNA knockdown of RUNXT resulted in hyperproliferation (which could
be suppressed using roscovitine, thereby implicating sustained CDK activity
potentiated by increased/unobstructed transcriptional activity of FOXO) and
abnormal morphogenesis in the cells (Wang, Brugge et al. 2011). This phenotype
could be reversed by providing the cells with RNAi-resistant murine Runx1, which
re-established the reduced proliferative phenotype as witnessed in normal
MCF10A cells, indicating the phenotype was specifically induced by loss of RUNX1
and not a compensatory mechanism. By investigating the loss of RUNXT in this
model further, it was also revealed that FOXO expression was essential for
mediating the shRUNX1-induced hyperproliferative phenotype as expression of a
dominant-negative truncated variant of FOXO also restored the cells to a reduced
proliferative phenotype. Interestingly, a retrospective analysis of microarray data
revealed a significant negative correlation between RUNX1 and FOXO1 expression

specifically in TNBCs (a subset that enriches for basal-like cancers, a molecular
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subtype similar to MCF10A cells in their molecular expression profiles) that was
not observed in other subtypes. This strong association between RUNXT1
downregulation and FOXO1 upregulation again indicates a critical role for FOXO in
the maintenance of breast cancers initiated by low or impaired expression of
RUNX1.

Later publications illuminated associations between RUNX7 and ER in breast
cancers. In one such publication, van Bragt and associates first explored the
expression of Runx1 and its associated protein in the murine mammary gland (van
Bragt, Hu et al. 2014). Results from analyses using RT-gqPCR, IHC, and published
microarray datasets revealed Runx1 is expressed in all mammary epithelial cell
(MEC) subsets, except the secretory alveolar luminal cells that emerge during
pregnancy (van Bragt, Hu et al. 2014). Examinations of the missense mutations of
RUNX1, identified in the previously described sequencing studies of human breast
cancers, showed that such mutations have significant consequences for RUNX1
function and lead to loss-of-function due to perturbed DNA binding. Following on
from this discovery, van Bragt and associates sought to explore the consequences
of this loss-of-function on the development of normal MECs using a Runx1
conditional knockout model, in which the mouse mammary tumour virus (MMTV)
promoter directed Cre expression in the mammary epithelium, thereby driving
MEC-specific deletion of Runx1. The introduction of a YFP reporter allowed MEC
population changes to be traced in this model. Flow cytometry-based analyses of
the YFP-positive mammary epithelial cells revealed a significant reduction in the
luminal MECs, particularly in the ER-positive mature luminal subpopulation, in
Runx1-null mammary glands. Mammary tumours, however, were not detected in
any of these females, which were followed for at least 18 months. Although this
data may appear contradictory to the results found in previous sequencing studies,
it was hypothesised that the ER+ luminal MECs were the cell of origin for RUNX1
mutant cancers and that, while this cell of origin for this cancer is lost with
perturbed Runx1 expression alone, there may a requirement for additional
collaborating oncogenic events to initiate luminal breast cancers from this cell of
origin. Further to this, and consistent with its role in haematopoietic cell fate

determination, various in vitro and in vivo expression analyses revealed that
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RUNXT1 positively regulates genes involved in the ER program whilst repressing

genes that regulate the alveolar cells.

In another key study, a combination of in vitro and in vivo techniques were
implemented to explore possible mechanisms behind the tumour suppression
function of RUNX1 in an ER+ context (Chimge, Little et al. 2016). One particularly
interesting revelation from this study was the ability of RUNX1 to indirectly
regulate the canonical Wnt/B-catenin signalling pathway, a key player in various
tumorigenic events in breast cancer (including cancer stem cell generation and
maintenance) (Yin, Wang et al. 2018). RUNX1 was found to potentially mediate its
tumour suppressive role in the context of oestrogen receptor-positive (ER+) breast
cancer by antagonising oestrogen-mediated suppression of AXIN71, a negative
regulator of the Wnt signalling pathway due to its role in the B-catenin destruction
complex. The second intron of the AXIN1 gene was discovered to be co-occupied
by RUNX1 and ERa, resulting in the combinatorial regulation of AXINT by these
proteins, whereby oestrogen signalling negatively regulates its function and
RUNX1 abrogates this oestrogen-mediated suppression. This ER-dependent
regulation of AXIN by RUNX1 was confirmed in the clinical setting as analysis of
breast cancer patient data from the TCGA cohort indicated a correlation between
the RUNX1 inhibitory index and AXIN7T mRNA in ER-positive tumours and not in ER-
negative tumours. Immunostaining of a TMA showed that associations between
RUNX1 and AXIN1 at the protein level were dependent on the expression levels of
ER, with ER"&" tumours displaying significant correlations between the proteins
and no significant association exhibited in ER'Y tumours. Functionally, the loss of
RUNX1 in an ER+ context resulted in decreased AXIN1 expression, upregulated
active B-catenin, stimulated cell proliferation and stem cell marker expression,
which was at least partially restored upon stabilising AXIN1. This indicates that
ER+ breast cancers with deregulated B-catenin activity due to loss of RUNX1
function could be targeted by either restoring RUNX1 function or stabilising AXIN1

against ER-mediated suppression.

Other, more recent, publications have more closely examined the effect of RUNX1

on EMT at a mechanistic level. The Stein group initially compared RUNX1T mRNA
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and associated protein expressions between a control breast cell line and various
breast cancer cell lines, finding marked reductions in expression in the luminal-
like cancer cell lines compared to the control, and less so in the triple-negative
cancer line (Hong, Messier et al. 2017). In support of data from Wang and
associates, mRNA and protein analysis showed a reduction of RUNX7/RUNX1
expression with cancer progression and, additionally, showed a correlation
between the loss of RUNX1 and the emergence of an EMT phenotype. Both TGFB-
dependent and TGFB-independent induction of EMT resulted in decreased Runx1
expression in MCF10A cells, whilst direct depletion of RUNX7 in both non-
tumorigenic MCF10A cells and MCF7 breast cancer cells caused them to lose their
epithelial morphology and initiate EMT. Rescuing RUNX1 expression in MCF10A
cells with TGFB-dependent induction of EMT and in the tumorigenic MCF10AT1 cell
line drove both cell types back to an epithelial-like state. The functional
consequences of RUNX1 loss were demonstrated in TMAs of primary breast cancers
and their matched lymph metastatic sites, where quantification of RUNX1 levels
showed significantly lower levels in lymph samples than primary tumour samples.
Low levels of RUNX1 also appeared to correlate with higher-grade tumours. The
subtype dependency of RUNX1 expression was additionally demonstrated when
mining the TCGA database, as subtypes with poorer prognoses (luminal B, HER2-
enriched, and basal-like) all displayed reduced RUNX1T mRNA levels, while levels
in less aggressive luminal A tumours were comparable to that of normal-like breast
tissues. Further data from the Gene Expression Omnibus database showed that the
overall survival was significantly poorer for patients with tumours expressing low
levels of RUNX1T mRNA compared to individuals whose tumour exhibited high levels
of expression. Taken together, this data suggests that RUNX1 acts to inhibit EMT
in breast cancers, thereby limiting their progression and metastatic capacity, and

RUNXT levels could serve as a prognostic indicator to predict patient outcome.

Kulkarni and collaborators offered another novel insight into the relationship
between RUNX1 and EMT in breast cancer, this time identifying RUNX1 and RUNX3
as regulators of YAP-mediated EMT (Kulkarni, Tan et al. 2018). RUNX1 or RUNX3
co-expression with YAP (a core component of the Hippo pathway) attenuated
many of the YAP-induced oncogenic effects on mammary epithelial cells - which

included increased proliferation, enhanced trans-well migration, elevated
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expression of migration and mesenchymal markers, enhanced mammosphere
formation, and aberrant acini development - in a manner that was highly
dependent on direct interactions between YAP and the RUNX factors. These
interaction-dependent effects of RUNX1 and RUNX3 on YAP were shown, using
microarray gene expression analysis with RT-PCR validation, to be facilitated by
their ability to alter YAP-Signature gene expression in an interaction-dependent
manner. Enrichment analyses allowed for the discovery that the YAP-Signature
genes altered by RUNX1 and RUNX3 were most significantly representative of EMT
and mammary stem cell signatures, with both RUNX1 members inhibiting these
YAP-mediated functions. Analysing whole genome expression profiles of breast
cancers allowed assessments to be made for the clinical significance of the various
regulatory functions of RUNX1 and RUNX3 on YAP-mediated oncogenic functions.
Unsupervised hierarchical clustering of the breast cancer patient expression data
segregated the data into 4 groups based on their similarity with the YAP-Signature.
The subgroups with higher enrichment for the YAP-Signature were denoted as
YAPsig"8" while those with lower enrichment were YAPsig°Y, and each of these
subgroups was further distinguished based on their expression of RUNX1/RUNX3
by subdividing into RUNX1/RUNX3"¢" and RUNX1/RUNX3'", High expression of
RUNX1/RUNX3 significantly improved overall and disease-free survival of patients
with higher enrichment for the YAP-Signature. While both YAPsig"e" groups scored
higher enrichment for EMT and stemness signatures compared to the YAPg®"
groups, there was a lower enrichment for these signatures when RUNX1/RUNX3
expression was high, again indicating a protective role for RUNX1 and RUNX3
against the oncogenic functions of YAP through modulating EMT and stemness gene

expression.

1.5.3.2 The oncogenic function of RUNX1 in ER-negative breast cancers

Paradoxically, there is also increasing evidence indicating a pro-oncogenic role for
RUNXT in breast cancer, particularly in the ER-negative and TNBC subtypes.
Notably, the triple negative breast cancer subgroups exhibited upregulated RUNX1
MRNA expression in independent transcriptome studies (Karn, Pusztai et al. 2011,
Rody, Karn et al. 2011). In an additional study, focusing on super-enhancers,
H3K27ac ChIP-Seq data was used to identify super-enhancers in various human

cancers along with their associated genes, which consisted of a large and varied
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range of known oncogenes. Oct4, Sox2, and Nanog are examples of transcription
factors that are enriched at super-enhancers and contribute to super-enhancer
formation by binding directly to their known DNA sequence motifs (Hnisz, Abraham
et al. 2013). These murine embryonic stem cell transcription factors were
previously shown to occupy super-enhancers (add reference - Whyte). RUNX1 was
another such oncogenic driver that was associated with super-enhancers,

particularly in an ER-negative breast cancer cell line (Hnisz, Abraham et al. 2013).

In a comprehensive TMA analysis of RUNX1 protein expression and associated
clinical outcome in primary breast tumours, immunohistochemical staining of
invasive ductal breast cancer biopsies showed a statistically significant association
between RUNX1 expression and poorer cancer-specific survival in patients with
ER-negative breast cancer and patients with TNBC, but not patients with ER-
positive breast cancer (Ferrari, Mohammed et al. 2014). This was the first study
to identify RUNX1 as an independent prognostic marker in the TNBC subtype,

which correlates with poor patient outcome.

Another study focused on the role of Runx1 within the MMTV-PyMT transgenic
mouse model (Browne, Taipaleenmaki et al. 2015). Expression of Runx1 RNA and
RUNX1 protein was shown to increase gradually with disease progression in the
mammary tissue (the primary tumour site), and was further elevated in tumours
and distal metastases in the lung in later stages of progression. Further in vitro
analyses were conducted on an epithelial tumour cell line, derived from the
tumour of a 13 week old MMTV-PyMT mouse. This cell line showed elevated
Runx1/RUNX1 levels compared to a normal mouse mammary gland epithelial cell
line (NMUuMG) and demonstrated increased migration and invasion capabilities,
which were significantly abrogated upon inhibition of Runx1 by RNA interference.
Overall, this data demonstrated an oncogenic role for Runx1 in the MMTV-PyMT
mouse model, and indicates it may contribute to the progression and metastasis
of the model. It is important to consider these findings within the context of the
human disease as, while the majority of tumours that develop in MMTV-PyMT mice
are subtyped as a luminal/ER+ subtype (with gene expression profiling revealing

that PyMT tumours cluster with the luminal B subtype of human breast cancers),
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they also exhibit loss of ER expression with disease progression (Attalla, Taifour
et al. 2021). Within this study, the most significant increases in Runx1 expression
were observed in the later stages of disease progression, when ER expression was
likely very low or non-existent. Notably, the MMTV tumour cells (derived from a
mouse in a late disease stage) used for in vitro investigations were shown to be
negative for the Esr1 gene, encoding for the ERa protein (Browne, Taipaleenmaki
et al. 2015). It is therefore likely that this potential oncogenic role for Runx1 can
be more closely associated with progression and aggressive behaviours in

mammary tumours that lack ER expression.

1.6 Mammary stem cells and breast cancer stem cells

1.6.1 Mammary stem cells

The mammary gland is a highly specialised organ whose development is distinctive
from other organs due to the fact its morphogenesis predominantly occurs during
postnatal development, in puberty (Sternlicht 2006). The mammary gland is also
highly dynamic and, even post-puberty, continues to undergo extensive
morphogenesis with oestrus cycling and with each occurrence of pregnancy. The
processes that underpin this dynamic nature of the mammary gland involve a
complex interplay of systemic (hormonal) and local (growth factor) cues, which
promote the various intricate molecular and cellular mechanisms necessary for
these cellular and structural changes. In particular, this plasticity of the mammary
epithelium is accompanied by various cellular changes including proliferation,
differentiation, and apoptosis, which ultimately lead to tissue remodelling. It was
therefore often theorised that this was indicative of the existence of a renewable
stem or progenitor cell population that is capable of differentiating into the
various mammary cell types, thus ensuring the growth and development of the

gland during its development/remodelling cycle.

It was not until the development of the cleared mammary fat pad technique
(Deome, Faulkin et al. 1959) that it became possible to explore a cell population’s
self—renewal capacity and its ability to reconstitute a fat pad, cleared of its
epithelium, following transplantation. One particular study, using an adapted

version of this cleared fat pad assay, was instrumental in revealing that mammary
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stem cells are distributed throughout the ductal network of the mouse mammary
gland at any developmental stage throughout their lifetime (Daniel, Aidells et al.
1975). This was indicated by the fact that any portion of the ductal tree, taken at
any age and at any developmental stage, transplanted into a cleared fat pad, had
the capacity to regenerate the entire structure and could differentiate into
various specialised functional cell types that were responsive and adaptive to the
changing hormonal environment. This is an interesting contrast to other structures
in the human body, such as the intestine, in which the stem cells are contained
within specific regions in the base of the crypts of the adult intestine (Barker, van
de Wetering et al. 2008, Potten, Gandara et al. 2009).

Further advances in mammary stem cell research were facilitated through the
establishment of techniques for the dissociation of mammary tissues and
experimental methodologies for the isolation of particular cell populations. In
some publications, this isolation of specific cell populations was facilitated using
flow-assisted cell sorting (FACS) of cell populations labelled with specific
antibodies against cell surface antigens (Smalley, Titley et al. 1998, Stingl, Eaves
et al. 1998, Stingl, Eaves et al. 2001), an approach that was typically implemented
in the analysis of haematopoietic stem cells. For example, basal cells are
identifiable by  their CD49f"ieh;EPCAM*;K14* expression pattern, luminal
progenitors are described as CD49f*;EPCAM*;ER™;K8/18" populations, and mature
luminal cells show a CD49f;EPCAM*;ER*;K8/18* expression pattern. Various
isolated stem/progenitor cell populations were phenotypically and functionally
characterised using in vitro colony formation assays and in vivo limiting dilution
transplantation assays into the cleared fat pads of mice (Stingl, Eaves et al. 2001,
Welm, Tepera et al. 2002). Though these studies differed in their precise
methodologies, including in vivo transplantation sites (Stingl, Eirew et al. 2006,
Eirew, Stingl et al. 2008), they collectively demonstrate the similarities that exist
between the stem cell hierarchies of the mouse and human mammary epithelium
(Shehata, Teschendorff et al. 2012). It was not until the publication of a crucial
study in 2006 that the full potential of the mammary stem cell population was
realised, whereby a single mammary stem cell was demonstrated to have the
capacity to reconstitute a complete mammary gland structure following

transplantation into a cleared fat pad (Shackleton, Vaillant et al. 2006). Serial
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transplantation of the resulting clonal outgrowths also demonstrated the self-
renewal capabilities of these cells. These results had been previously predicted in
a much earlier publication from 1998, which presented early evidence predicting
that each of the individual multipotent stem cells (positioned throughout the fully
developed post-pubertal mammary gland) may individually possess the ability to
differentiate into sufficient progeny in order to recapitulate an entire functional

gland over several transplant generations (Kordon and Smith 1998).

1.6.2 Lineage tracing studies

In addition to these transplantation studies, lineage tracing experiments have
been a rich source of evidence for the existence of a hierarchy of stem and
progenitor cells within the mammary epithelium. Lineage tracing studies differ
from transplantation studies in that they can be used to track individual stem cells
and their progeny in vivo through expression of a reporter gene, whereas
transplantation studies allow for the quantification of the repopulating capacity
of distinct mammary subpopulations. A tissue- or cell-specific promoter is often
used to drive expression of a Cre recombinase to cause recombination at [oxP sites
in targeted cells, thereby causing excision of the stop cassette preceding the
reporter gene (GFP, RFP etc.). The reporter gene therefore becomes expressed
within the cells of interest and becomes a permanent, heritable identifier for
these cells and their progeny. This approach was previously used for the
identification of intestinal stem cells whereby a tamoxifen inducible CreERT2,
along with EGFP, were knocked into the Lgr5 locus in order to confirm predictions
that this gene is marker of intestinal stem cells (Barker, van Es et al. 2007). An
early mammary-specific inducible cell fate mapping study resulted in the
identification of long-lived unipotent stem cells in both the luminal and
myoepithelial lineages that independently drive expansion of the ductal tree in
puberty and pregnancy, and maintain ductal homeostasis in adulthood (Van
Keymeulen, Rocha et al. 2011). Another study showed that, in addition to the
distinct long-lived progenitor cells, there also exists bipotent mammary stem cells
within the mammary gland that contribute to both its morphogenesis and
maintenance (Rios, Fu et al. 2014). These bipotent mammary epithelial cells were
traced in situ using a novel three-dimensional imaging strategy in combination

with clonal cell-fate mapping studies using a doxycycline-inducible multicolour
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(Confetti) reporter system, generated by the Clevers lab (Snippert, van der Flier
et al. 2010), in two separate mouse models. Interestingly, an additional mouse
model was generated in order to trace Lgr5-expressing cells, which demonstrated
Lgr5 to be a marker of bipotent stem cells that are distributed throughout the
epithelial tree of the adult gland (Rios, Fu et al. 2014).

1.6.3 In vitro stem cell assays

Additional key progress in the mammary stem cell field has been achieved through
the development of the mammosphere assay (Dontu, Abdallah et al. 2003), an in
vitro single cell propagation assay (based on the neurosphere assay protocol) used
to test for various stem cell properties (including self-renewal and differentiation)
in cell populations, as well as enabling the isolation and characterisation of these
stem cells. Since its initial introduction into the field of mammary research, this
method has been further refined (Shaw, Harrison et al. 2012). The mammosphere
assay also allows for the relative quantification of stem cell/progenitor activity in
given mammary epithelial cell populations by comparing the numbers of 3D
mammary epithelial cell-derived spheres formed after seeding single cell
suspensions in low density, free-floating, and growth-limiting conditions. It is
thought that only cells with stem-like features are capable of forming
mammospheres, and additional stem-associated behaviours such as self-renewal
capacity can be further probed for by harvesting and dissociating primary
mammospheres and re-seeding to determine their ability to form secondary and

tertiary mammospheres (Shaw, Harrison et al. 2012).

1.6.4 Breast cancer stem cells

Combining together much of the knowledge obtained from the various
investigations into mammary stem and progenitor cells, there is clear evidence
that the mammary stem cell compartment is highly heterogeneous. Studies
suggest the existence of multiple molecularly distinct populations of stem cells,
each with their own distinctive (and often context-dependent) capabilities and
functions (Colacino, Azizi et al. 2018, French and Tornillo 2019). Of note,
plasticity and self-renewal are essential stem cell capabilities that are required

for the morphogenesis, remodelling/regeneration, and maintenance of the
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mammary epithelium throughout the various developmental stages and cycles.
Interestingly, these features are also thought to be acquired by subpopulations of
transformed mammary cells, known as cancer stem cells in order to drive tumour
initiation, heterogeneity, and resistance or recurrence following therapy. These
breast cancer stem cells are thought to have three individual possible causes of
their emergence. One such source is the transformation of normal mammary stem
cells through the acquisition of multiple genetic mutations. It is also possible that
breast cancer stem cells arise due to an acquisition of self-renewal capabilities in
normal mammary epithelial (non-stem) cells, through the accumulation of genetic
mutations. A third possible source is (due to the high degree of cellular plasticity
within mammary tumours) de-differentiation of cancer cells back towards a stem-

or progenitor-like state.

Notably, various studies have shown that adult mammary stem cells and breast
cancer stem cells share some common molecular regulators and markers. For
example, the numbers of cells expressing the cell surface markers
(Lin"CD24*CD29"e") - which can be used to enrich for mammary stem cells, were
found to be expanded in pre-neoplastic tissues from Wnt-driven mouse models of
mammary tumorigenesis (Shackleton, Vaillant et al. 2006, Wan, Lu et al. 2014).
Subpopulations of cells expressing these surface markers were also identified in
Brca1l-mutant cancer cell lines (derived from mammary tumours from
Brca1ke/co;p53+/-:WAP-Cre mice) and BRCA1-mutant primary mammary tumours
(Vassilopoulos, Wang et al. 2008). These subpopulations were also shown to
increase the tumorigenic ability of these cell lines, implying that breast neoplasia
and tumour-initiation are at least partly driven through expansion of the normal
stem cell phenotype following oncogenic transformation of the mammary gland.
Another more recent example is Lgr5, wherein lineage tracing studies indicated
that cells expressing Lgr5 contribute to the formation of both luminal and
myoepithelial cell subsets of the duct, in addition to the alveoli, which established
their bipotent potential (Rios, Fu et al. 2014). FACS sorting mouse mammary
epithelial cells (MMECs) for those expressing Lgr5, followed by in vitro mammary
colony formation assays and in vivo mammary repopulating assays, demonstrated
that Lgr5 marks epithelial cell populations with increased regenerative potential

compared to those not expressing Lgr5 (Plaks, Brenot et al. 2013, Trejo, Luna et
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al. 2017). Interestingly, LGR5 (and its protein) was overexpressed in primary
breast cancer tissues compared to paired adjacent non-tumour tissues, in both
RT-gPCR and TMA studies (Yang, Tang et al. 2015). There were several clinical
variables, including tumour size, TNM (tumour, node, metastasis) stage,
recurrence and metastasis, and a bias towards more aggressive subtypes, that
LGR5 expression was correlated with (Yang, Tang et al. 2015, Hou, Chen et al.
2018, Lee, Myung et al. 2021), in addition to also having associations with poorer
patient outcomes, including shorter overall and disease free-survival (Yang, Tang
et al. 2015, Hou, Chen et al. 2018). Additionally, LGR5 was shown to promote a
wide range of stem cell-related aggressive behaviours in breast cancer cells
(migration, invasion, EMT, metastasis), using a variety of in vitro and in vivo
investigations, through its activation of the canonical Wnt/B-catenin signalling
pathway (Yang, Tang et al. 2015). The Wnt signalling pathway is important for the
regulation of mammary stem cell differentiation in the normal gland and, in the
context of breast cancer, its dysregulation is associated with putative cancer stem
cells and the expansion of a progenitor/stem-like cell population during tumour
progression (Valkenburg, Graveel et al. 2011). This indicates that this
dysregulation of the Wnt/B-catenin signalling pathway is a critical event for both
the initiation and progression of mammary tumorigenesis. The ALDH genes,
particularly ALDH1A1, have also been identified as relevant markers of stem cells
in both the normal and malignant mammary gland (Ginestier, Hur et al. 2007).
Isolating  ALDHEFLUOR-positive and -negative populations from the normal
mammary epithelium and analysing using a variety of in vitro and in vivo assays
demonstrated that only those with ALDH1 expression exhibited characteristics
associated with stemness, such as the ability to form mammospheres or 3D
colonies, and the ability to reconstitute a cleared mammary fat pad. Human
breast cancers that were FACS sorted based on ALDH expression showed that only
ALDEFLUOR-positive cells were capable of reproducibly generating tumours when
limiting dilutions were transplanted orthotopically in the humanized cleared fat-
pad of NOD/SCID mice, indicating its importance in tumorigenesis. Independent
studies, analysing ALDH1 expression by IHC in TMAs, revealed that ALDH1
expression was associated with more aggressive breast cancer subtypes, with the
highest expression levels seen in the hormone receptor-negative subtypes
(Ginestier, Hur et al. 2007, Khoury, Ademuyiwa et al. 2012), in addition to

increased tumour size, more advanced tumour stages, and metastasis to lymph
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nodes (Khoury, Ademuyiwa et al. 2012). It was also correlated with poorer clinical
outcome for patients, including shorter overall and disease-free survival in
patients treated with neoadjuvant therapy (Ginestier, Hur et al. 2007, Khoury,
Ademuyiwa et al. 2012). Furthermore, ALDH1A1 protein was expressed in a
significant percentage of tumours from patients whose disease showed a
recurrence following neoadjuvant therapy (Khoury, Ademuyiwa et al. 2012), a

process that stem cells are essential in.

In addition to various stem cell markers being common to both the normal and
tumorigenic mammary epithelium, there is much evidence that mutations of
components or pathways critical for the normal regulation of mammary stem cells
can cause the formation of breast cancer stem cells, and thereby initiate breast
tumorigenesis. This includes various components of the Wnt/B-catenin (B-catenin,
Wnt1, Wnt3a, Wnt10b), Notch (Notch1-Notch4), and Hedgehog (Shh, Ihh, Dhh,
Ptch1, Ptch2, Smo, Gli1-3) signalling pathways (Farnie and Clarke 2007, Lamb,
Ablett et al. 2013, Yang, Wang et al. 2017). Many of these previous studies have
focused on the role of proto-oncogenes in the formation of cancer stem cells,
however there have also been potential links made with loss of function mutations
in tumour suppressor genes and the initiation of breast cancer stem cells. For
example, loss of function mutations in the retinoblastoma gene (RB), a prototypic
tumour suppressor that is altered in breast cancer, promotes the proliferation of
cancer cells, is associated with poorer patient outcomes, and has links with
hormone therapy resistance (Hwang-Verslues, Chang et al. 2008). This indicates
that loss of RB function in the breast, due to its mutation, may at least partly
contribute to the process by which normal mammary stem cells transform into
breast cancer stem cells. Additionally, during investigations into the mechanisms
of the tumour suppressor functions of PPARYy, it was found that loss of functional
PPARy in a Wnt1-driven mouse model of basal breast cancer resulted in earlier
tumour emergence and faster tumour growth (Kramer, Wu et al. 2016). This was
accompanied by the expansion of a pool of mammary stem cells expressing
CD24*/CD49f" cell surface markers, and increased expression of the Proliferating
Cell Nuclear Antigen (PCNA) proliferative marker by IHC, within these tumours,
indicating a role for PPARy in limiting the cancer stem cell potential in the context

of Wnt1-driven mammary tumorigenesis.
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1.6.5 A possible role for RUNX1 in mammary stem cells and breast cancer stem
cells
RUNX1 is a putative tumour suppressor gene in the mammary gland whose
expression has been linked with regulation of stem cells in the normal and
tumorigenic breast, and its loss in already established breast tumour cells has
been associated with the expansion of cell populations possessing progenitor-
/stem-like properties. One such publication identified RUNX71 as a potential
regulator of mammary stem cell differentiation and mammary morphogenesis in
3D culture models, whereby shRNA-mediating RUNX1 silencing in the MCF10A cell
line resulted in a significantly reduced ability to produce mature lobules, or form
ducts in 3D cultures. Rescuing RUNX1 expression reversed this phenotype (Sokol,
Sanduja et al. 2015). The Blyth lab finds indications of Runx7 being involved in
restricting the stem/progenitor cell functions in the tumorigenic mammary gland
within two independent mouse models (Riggio 2017), which are discussed in detail
in this thesis. This supports publications from the Stein group, who used the
MCF10A series of cell lines to interrogate the functions of RUNX1 (and RUNX2) in
the context of breast cancer stem cells (Hong, Fritz et al. 2018, Fritz, Hong et al.
2020). MCF10CA1a cells, injected into the mammary fat pads of SCID mice,
exhibited reduced expression of RUNX1 in the resulting tumours. Overexpressing
RUNXT1 in these cells reduced tumorigenesis and resulted in smaller tumours being
formed. In vitro assays were also performed using RUNX7-overexpressing
MCF10AT1 and MCF10CA1a cell lines, which demonstrated reduced migration and
invasion capacities (Hong, Fritz et al. 2018). This data, coupled with observations
that loss of RUNX1 leads to epithelial-to-mesenchymal transition (EMT) that can
be reversed by rescuing its expression (Hong, Messier et al. 2017), suggests that
RUNX1 could be repressing the breast cancer stem cell phenotype within
established tumours, which forms at least part of its role as a tumour suppressor

in the mammary gland.

1.7 The importance of genetically engineered mouse models (GEMMs) as
tools to study breast cancer

While transplantation models have been key to understanding the mouse

mammary epithelium, particularly its stem cell populations, this experimental

approach has also received some criticism in the past. Based on observations in
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lineage tracing studies, it has been argued that cells, which were isolated from
mammary tissues using dissociation techniques and subsequently transplanted into
cleared fat pads, may acquire properties or behaviours they would not typically
exhibit in the context of the intact tissue (Visvader and Stingl 2014). There are
also indications that limiting dilution assays into cleared fat pads and cancer cell
transplantation studies do not fully recapitulate the complexity of the mammary
gland landscape and the various intricate cellular interactions occurring therein.
Notably, tumours of mice that were genetically engineered to develop primary
tumours in the gastrocnemius muscle reacted differently to therapy than
transplantation-derived tumours, which was indicated to be at least partly
influenced by the distinct immune landscapes within each of their tumour
environments (Wisdom, Mowery et al. 2020). Within this same vein,
transplantation experiments involving human-derived cells often necessitates the
use of immunodeficient mice, which could potentially impact on tumour seeding

and growth capabilities in addition to altering the response to therapies.

Many of the loss-of-function studies used to explore the biological functions of
proteins have relied upon the use of immortalised cell lines derived from already-
established tumours, meaning it has mainly been studied within the context of
late tumour progression as opposed to tumour initiation and early tumorigenesis.
These breast cancer cell lines, and any tumours they form in transplantation
studies, are mostly comprised of cells that have accumulated various genetic
alterations in order to facilitate their tumourigencity, proliferative capacity, and
more aggressive-like behaviours (such as an EMT phenotype, propensity for
metastasis, etc.) and therefore do not represent the early transformation events

that occur in the breast to facilitate tumour emergence.

Genetically engineered mouse models offer a potentially more relevant or suitable
context in which to decipher the tumour-suppressive or pro-oncogenic functions
of proteins within the normal mammary gland and during the various stages of
tumorigenesis. Mice are the primary animal model used for the study of the human
breast and breast cancer, due to the mouse gland being

developmentally/structurally and functionally similar to that of the human breast
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(McNally and Stein 2017). It is also particularly relevant for the study of RUNX1,
and its functional loss, in the mammary gland due to it being expressed rather
highly in mouse mammary epithelial cells, as demonstrated in RT-gPCR analysis
(Ferrari 2013, McDonald, Ferrari et al. 2014) and by co-immunofluorescence (IF),

shown in Figure 1.6, conducted by myself.

CK8/18
Runx1

Figure 1.6 RUNX1 protein expression in ducts of post-pubertal mouse mammary
glands.

Co-immunofluorescence of Cytokeratin 14 (CK14 — green, marking basal cells),
Cytokeratin 8/18 (CK8/18 — grey, marking luminal cells), and RUNX1 proteins (red) in
formalin-fixed paraffin-embedded (FFPE) tissues extracted from 6 week-old (post-
pubertal) mice. Scale bar=50uM. Images were taken using a Zeiss LSM 710 microscope and
processed (scale bar added) using ImageJ.

Whole-body loss-of-function studies for Runx1 lead to embryonic lethality in mice,
due to its absolute requirement for definitive haematopoiesis, making it

impossible to study RUNXT1 in breast cancer in these models. However, this
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limitation can be circumvented by using conditional knockout mice whereby gene
knockout can be both spatially and temporally controlled using site-specific or
inducible recombinases (Hall, Limaye et al. 2009). This thesis used two such
independent GEMM models to study mammary-specific gene deletion. Specifically,
the Blg-Cre (Selbert, Bentley et al. 1998) and MMTV-Cre (Wagner, Wall et al. 1997)
promoters were used to drive mammary-specific gene knockout in models of

mammary tumorigenesis described below.

1.7.1 The MMTV-Cre; MMTV-PyMT mouse model

The MMTV-Cre mouse line was developed by the Hennighausen laboratory, whose
work on this model was first published in 1997 (Wagner, Wall et al. 1997). It has
since been estimated, from a subsequent paper in 2011, that this mouse line has
been used by at least 40 different labs to explore the functions of various genes
(using loss-of-expression or loss-of-function experiments) in the mammary
epithelium (Robinson and Hennighausen 2011), a number which has likely
increased in the years subsequent to this. Three distinct experiments were used
to characterise MMTV-driven Cre expression: the tissue distribution of Cre mRNA
was evaluated by RT-PCR analysis of various adult mouse tissues; delivery of an
adenovirus carrying a reporter gene was used in order to functionally analyse Cre
recombinase at the single-cell level; the MMTV-Cre line was crossed onto a
reporter strain carrying a lox-stop-lox transgene and a subsequent recombination
assay performed in order to examine Cre activity. By these means it was
discovered that expression of the MMTV-Cre transgene was confined to striated
ductal cells of the salivary gland and mammary epithelial cells of adult (virgin and

lactating) mice (Wagner, Wall et al. 1997).

The MMTV-PyMT transgenic mouse model, originally developed in 1992 by the
Muller laboratory (Guy, Cardiff et al. 1992), is well established and widely used in
the field of breast cancer research due to its potential to study various aspects of
tumorigenesis in the breast (initiation, progression, and metastasis). Although
PyMT is not a human oncogene, it interacts with various signal transducers and
thereby mimics an activated receptor tyrosine kinase (Attalla, Taifour et al. 2021),

a class of receptors that play an essential role in the progression of several cancer
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types, including breast cancer (Butti, Das et al. 2018). Given that the MMTV-PyMT
transgene can effectively mimic such a broad and essential spectrum of
components relating to human cancer progression, it is no surprise that this model
can recapitulate the progression of the human disease relatively accurately.
Notably, and as previously mentioned, the PyMT-driven tumours were shown to
cluster with the luminal B subtype of human breast cancers in gene expression
profiling experiments (Herschkowitz, Simin et al. 2007, Lim, Wu et al. 2010).
Similar to observations within the human disease, PyMT-driven tumours often also

exhibit loss of ER expression with disease progression (Attalla, Taifour et al. 2021).

Since the initial generation of the MMTV-Cre mouse line, it has been discovered
that this transgene can adversely affect lactation (Robinson and Hennighausen
2011, Yuan, Wang et al. 2011). The inability of these mice to nurse was correlated
with the appearance of the tissue within the mammary gland structures, including
incomplete filling of the fat pads. The MMTV-Cre line also exhibits some
expression mosaicism, which may result in the selection of cells containing
undeleted genes, though this is highly dependent on the nature of the targeted
gene and whether cells containing deletions are at a selective disadvantage as
compared with their undeleted counterparts. Additionally, where the MMTV-PyMT
tumour model is used in combination with other conditional genetic alterations
regulated by the MMTV-Cre, it is important to note that both Cre and PyMT are
driven by independent MMTV promotors sitting in different insertion site. This may
result in MMTV-PyMT-driven oncogenesis and MMTV-Cre-mediated gene alteration
occurring asynchronously and independently. Finally, the MMTV-Cre promoter was
shown to not be entirely specific to the mammary gland as it was found to be
expressed in other epithelia and in haematopoietic lineages, which has
implications for Runx1 deletion due to its essential role in definitive

haematopoiesis.

1.7.2 The Blg-Cre;Catnb"t/x(ex3) mouse model
The Blg-Cre promoter offers a potential alternative to the MMTV-Cre promoter
which, in addition to being highly tissue-specific (with very little background

expression in non-mammary tissues at each stage of development), has a certain
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amount of temporal regulation that can be achieved (Selbert, Bentley et al. 1998).
Relatively low levels (7%) of Cre-mediated deletion were exhibited in the cells of
the virgin gland, compared to the lactating mammary gland in which the vast
majority of cells (70-80%) exhibited Cre-mediated recombination.
Characterisation of the Blg-Cre driver, conducted by myself, has been carried out
using a reporter allele (Luche, Weber et al. 2007) and glands assessed by flow
cytometry. These analyses have nicely demonstrated an increased expression in
the luminal lineage and an almost complete expression in the pregnant gland
(Figure 1.7). Notably there was little expression in the non-mammary lineage
(lineage/Lin positive population). This analysis also supported previous data and
indicated that parity was a necessary procedure for potentiating sufficient
expression of Blg-Cre, and therefore the desired genetic alterations, in the
mammary epithelium as even a single pregnancy in these mice resulted in highly

elevated levels of RFP as compared with their virgin counterparts.
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Figure 1.7 Characterisation of Blg-Cre expression in the mouse mammary gland using
surrogate RFP reporter expression.

Scatter plots from flow-cytometry based investigations showing the proportion of RFP+
(Blg-Cre-expressing) cells in various populations of mammary cells, isolated from
mammary glands of Blg-Cre;tdRFP virgin mice at 6 (n=6), 9 (n=5), 12 (n=6) and 20 (n=4)
weeks of age and pregnant mice (n=4) at day 11.5-13.5 gestation (D11.5G-D13.5G).
Graphs were plotted using GraphPad Prism 9, with each data point representing the
percentage of cells expressing RFP within each of the specified Lin positive [A], luminal
[C], and basal [D] sample populations at each of the timepoints. For statistical
comparisons, one-way ANOVA was performed, with Tukey’s Post-Hoc Test to correct for
multiple comparisons [* p < 0.05; ** p < 0.01; **** p < 0.0001].

The Catnb*/!*x€x3) mouse line is a line that was generated to carry a stabilised
form of B-catenin (Harada, Tamai et al. 1999). This stabilisation of B-catenin is
achieved through the insertion of two loxP sites into the introns flanking exon 3

of the gene, which encodes the phospho-acceptor residues that promote B-catenin
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degradation. By crossing this mouse line with Blg-Cre mice, the Blyth laboratory
was able to create a novel conditional breast cancer model mimicking mammary-
specific constitutive activation of the Wnt/B-catenin pathway, which has been
shown to be a common feature of various solid tumours, including breast cancers
(Zhan, Rindtorff et al. 2017), and is potentially involved in the pathogenesis of
some acute myeloid leukaemias (Simon, Grandage et al. 2005). This model has a
long latency of mammary tumourigenesis with incomplete penetrance in virgin
animals and increased incidence in parous mice (Riggio Unpublished). The usage
of loxP sites to generate a mutant B-catenin allele in the Catnb"t/!ox(ex3) mouse line
results in this model having an advantage over the MMTV-PyMT line, in that the
Blg-Cre promoter can be used to simultaneously and synchronously drive
mammary-specific oncogenic activation of the Wnt/B-catenin alongside any other
desirable Cre-loxP-driven genetic alterations. This GEMM model therefore
provided an opportunity to explore the implications of mammary specific loss of

Runx1 function in the context of Wnt-driven mammary tumorigenesis.

1.8 Aims of the thesis

While previous studies relating to the role of RUNX1 provide strong evidence for a
context-dependent role in breast cancer, and offers evidence of its EMT- and
potential stem-like behaviour-restricting properties in the normal and tumorigenic
mammary gland, there is still much work to be done to fully comprehend the
tumour suppressive role of RUNX1 in breast cancer. For example, there is very
limited data pertaining to the molecular mechanisms behind the tumour
suppressive role of RUNX1. In particular, there is a dearth of information relating
to the potential molecular mechanisms behind the regulatory role for RUNX1 in
the potential stemness of the normal and tumorigenic breast. Additionally, many
of these studies relied on evidence from in vitro and ex vivo protocols and much
of the in vivo evidence was collected using transplantation models as opposed to

genetically engineered mouse models (GEMMs).

Using a novel GEMM for mammary cancer, the Blyth laboratory demonstrated for
the first time that Runx1 is capable of restricting the oncogenic action of activated

B-catenin in the mammary gland in vivo. This supports previous observations of
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RUNX1 loss in ER-positive breast cancers. Additionally, the stem-associated
phenotype observed within this model indicates that RUNX1 may protect the
mammary gland from ER-positive breast tumours by controlling its development
and by inhibiting the expansion of subpopulations of cells that are particularly
vulnerable to transformation events. It is also possible that RUNX1 could be acting
to limit the tumorigenic potential of the oncogenes driving breast cancer by
antagonising the various downstream targets that facilitate their tumour-

promoting functions.

1.8.1 Aim 1: Uncovering the mechanisms of RUNX1 tumour suppression in the mammary
gland
One specific aim of this work was to explore the potential molecular mechanisms

behind the tumour suppressor role of RUNX1 in breast cancer, by exploring the
means by which loss of functional Runx1 facilitates earlier mammary oncogenesis
in the mouse mammary gland. A relatively unbiased molecular approach was taken
to achieve this, using RNA-sequencing analysis of mammary epithelial cells
extracted from Blg-Cre;Catnb*!/ox(ex3); tdRFP mice, in order to uncover the various
molecular mechanisms underlying earlier tumour emergence in mammary glands

with loss of functional Runx1.

1.8.2 Aim 2: Exploring the role of RUNX1 in the “stemness” of the normal and
tumorigenic mammary gland
A second aim was to investigate the effects of RUNX1 on the mammary cell

populations and determine whether its loss results in the expansion of a
subpopulation of stem or progenitor cells that are more vulnerable to oncogenic
insult. The role of RUNX1 in stemness was investigated within the context of
normal mammary epithelial cells and at various stages of tumorigenesis, in order
to explore the possibility that the tumour-suppressive role of RUNX1 may be at
least partially mediated by its control over the stem-associated behaviours.
Phenotypic and molecular approaches were taken, within in vitro and in vivo
contexts. In vivo approaches additionally explored the effects of RUNX1 in
stemness within the context of two distinct oncogenes, and at several stages of
cancer progression in one model, in order to explore whether this tumour-

suppressive mechanism might be context or stage-specific.
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2 Materials and Methods

2.1 Animal procedures

All animal work was carried out with ethical approval from the University of
Glasgow Animal Welfare and Ethical Review Board and according to the UK Home
Office regulations. Work was carried out under Project Licenses 70/8645 and
PP6345023. Mice were housed in a pathogen-free animal facility within
individually ventilated cages. Staff from the Biological Service Unit (BSU) within
the CRUK Beatson Institute carried out general husbandry (daily checks) and
ensured the mice were provided with sufficient food (irradiated diet), water (in
sterilised pouches), and clean/enriching cage conditions. At the time of weaning,
BSU staff ear notched the mice for identification purposes and sent the excess
tissue to Transnetyx (Cordova, TN, USA) for genotyping. Mouse health checks were
carried out at least twice weekly under a laminar flow hood. Immediately
following the onset of clinical symptoms (observation of palpable tumours), males
and non-experimental females were culled (according to the conditions set out in
the Project Licence) and experimental females were monitored for tumour growth
until clinical end-point. Animals were sacrificed using a combination of at least
two different ASPA (Animals (Scientific Procedures) Act 1986) Schedule 1 methods.
Exposure to rising concentrations of carbon dioxide was predominantly employed
as a primary method (overdose of sodium pentobarbital in pregnant females),
followed by a confirmatory method of either cervical dislocation or onset of rigor

mortis.

2.1.1 Generation of Genetically Engineered Mouse Model (GEMM) cohorts
2.1.1.1 Blg-Cre;Catnb"t(ox(ex3) cohorts

In order to study the effects of mammary-specific conditional deletion of Runx1
and/or Runx2 in a B-catenin-dependent model of mammary tumorigenesis, the
following mouse lines were crossed together to produce various combinations of
Runx1 and Runx2 alterations: the betalactoglobulin (BLG)-Cre line, kindly
provided by AR Clarke (Selbert, Bentley et al. 1998); the stabilised B-catenin
(CatnbWt/'ox(ex3)) line, obtained from OJ Sansom (Harada, Tamai et al. 1999); the
Runx1/Uf conditional knockout mice, originally generated by the Nancy Speck lab

(Growney, Shigematsu et al. 2005) and given to the Blyth lab by Marella De Bruijn
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(University of Oxford); and the Runx2/f line, from Professor Michael Owen
(Imperial Cancer Research Fund London UK) (Ferrari, Riggio et al. 2015). The red
fluorescent protein Gt(ROSA)26Sort™'Hif knock-in Cre-reporter (Luche, Weber et
al. 2007) (henceforth known as tdRFP), obtained from the EMMA archive, was also
crossed onto the cohort to trace Cre expression. The final cohorts were
maintained on a mixed background, derived from a mix of various strains of mice,
including: C57BL/6J; FVB/NJ; CBA/Ca; and 129/Sv. The cohorts generated from

these crosses were each given abbreviations, as shown in Table 2.1.

Table 2.1 Blg-Cre;Catnb*"'°*#*3) cohort abbreviations.

Cohort Abbreviation
Blg-Cre;Catnb /") BCAT
Blg-Cre;Catnb /"™ .Runx1 ™" BCAT_1
Blg-Cre;Catnb 7" .runx2 ™" BCAT 2

Blg-Cre;Catnb """ -Runx1™" :Runx2™"  BCAT 12

2.1.1.2 MMTV-Cre; MMTV-PyMT cohorts

The MMTV-Cre;MMTV-PyMT model was initially used to study the effects of
mammary-specific conditional deletion of Runx? alone within the context of
mammary tumorigenesis. For these experiments, the following mouse lines were
crossed together: the MMTV-Cre line, obtained from the WJ Muller lab
(Andrechek, Hardy et al. 2000); the MMTV-PyMT line, also from the WJ Muller lab
(Guy, Cardiff et al. 1992); and the Runx 1/l conditional knockout mice, generated
by the Nancy Speck lab (Growney, Shigematsu et al. 2005) and provided by Marella
De Bruijn. The tdRFP transgenic reporter line (Luche, Weber et al. 2007) was also
crossed onto the cohort to trace Cre expression. These mice were finally
backcrossed for up to 10 generations onto a pure FVB background. Subsequent
experiments, investigating the additional loss of Runx2 within the context of
MMTV-PyMT-driven tumorigenesis, were conducted on these mice after crossing
with Cre-negative Runx2/f!mice from the Blg-Cre cohort and backcrossing onto a
pure FVB background. The cohorts generated from these crosses were each given

abbreviations, as shown in Table 2.2.
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Table 2.2 MMTV-Cre;MMTV-PyMT cohort abbreviations.

Cohort Abbreviation
MMTV-Cre;tdRFP MC
MMTV-Cre;tdRFP;Runx1”" MC_1
MMTV-Cre; MMTV-PyMT;tdRFP MCMP
MMTV-Cre;MMTV-PyMT;:tdRFP;Runx1 ™" MCMP_1

2.1.2 Survival analyses and samples

Enhanced monitoring of experimental mice was performed by palpating at least
twice a week to assess for the formation of mammary gland lesions. Upon tumour
notice, the initiation date and tumour size(s) were noted and tumours were
subsequently measured twice a week using callipers until clinical end-point, at
which point mice were sacrificed. The end-point, stipulated in the Project
Licence, was the point at which the largest tumour diameter of any tumour
reached 15mm, or at tumour ulceration. After sacrifice, various measurements
were taken including body weight, the cumulative mammary gland weight, and
lung weight. These measurements were later used to calculate tumour and lung
burdens, which are the tumour or lung tissue weights represented as percentages
of the respective total mouse weight. End-point mammary tumours were sampled
for analyses, with the majority being fixed in 10% neutral buffered formalin (NBF),
several small pieces fresh frozen, and several small pieces stored in RNAlater
(ThermoFisher, #AM7021). Lung tissue was also fixed in 10% NBF and several small
pieces were fresh frozen. For survival analyses, 3 distinct parameters were used
to compare mouse cohorts: tumour onset (time from birth to tumour notice);
tumour progression (time from tumour notice to end point); and overall survival
(time from birth to end point). This data was plotted as Kaplan-Meier curves for
comparison. Mice culled due to non-mammary tumour-related pathologies (cystic

lesions) were censored on the survival curves.

2.1.3 Samples from Blg-Cre;tdRFP mice

To analyse RFP expression levels (as a surrogate of Blg-Cre expression) in the
mammary epithelium of Blg-Cre;tdRFP mice during their development, virgin
female mice were sacrificed at 6, 9, 12, and 20 weeks of age. Pregnant females

were also taken between 11.5 and 13.5 days gestation (D11.5G-D13.5G). For each
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mouse, one of the #4 mammary glands was excised for formalin fixation (2.2.1)
and paraffin embedding for IF analysis (2.2.3). The rest of the glands were
collected (with lymph nodes removed from the remaining #4 mammary gland) and
processed as a single sample into a single-cell suspension of isolated mouse
mammary epithelial cells (2.3.1), which were subsequently analysed for RFP

expression within the different mammary cell lineages by flow cytometry (2.4.2).

2.1.4 Samples from Blg-Cre;Catnb"t/!ox(ex3); tdRFP mice

To analyse mouse mammary epithelial cells (MWMECs), isolated from 9 week-old
(pre-neoplastic) Blg-Cre;Catnb"!/ox(ex3):tdRFP mammary glands, by RNA
sequencing (RNA-seq), virgin mice were sacrificed at 9 weeks of age, prior to the
formation of palpable lesions within the mammary glands. Following removal of
the lymph nodes contained in the #4 mammary glands, all mammary gland tissue
was excised from each sacrificed mouse. These were then processed as a single
sample into a single-cell suspension of mouse mammary epithelial cells that were
isolated by a series of enzymatic digestions (Collagenase/Hyaluronidase, Trypsin)
and red blood cell lysis steps (Ammonium chloride) as described in a later section
(2.3.1). RFP-expressing cells were isolated from each single cell suspension using
a flow-assisted cell sorting method (2.4.3) and stored at -80°C in 100ul Lysis
Solution from the RNAqueous™-Micro Total RNA Isolation Kit (Invitrogen, #AM1931)
prior to RNA extraction and subsequent analysis by RNA-seq (2.5).

2.1.5 Samples from MMTV-Cre; MMTV-PyMT;tdRFP mice

2.1.5.1 Initial RFP analysis and tumoursphere/gPCR analyses

For the initial analysis of RFP expression in mammary glands from MMTV-
Cre;MMTV-PyMT; tdRFP mice, RFP expression was analysed in both MMTV-PyMT-
expressing and MMTV-PyMT-negative females, either with or without MMTV-Cre-
driven loss of Runx1 expression. MMTV-PyMT-expressing mice were sacrificed
either upon initial date of tumour notice (DON) or at clinical end-point (EP).
MMTV-PyMT-negative females were sacrificed at a DON equivalent timepoint of
~60 days and an EP equivalent timepoint of ~90 days. These timepoints were
chosen due to the average DON and EP timepoints, calculated for Runx1*t/*t and

Runx1/Uft_cohorts combined, being 56.4 days and 90 days, respectively. After
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removing the lymph nodes within both #4 mammary glands, all mammary gland
tissue (including any mammary lesions) was excised from each sacrificed mouse
and processed as a single sample into a single-cell suspension of isolated mouse
mammary epithelial cells (2.3.1). These cell suspensions were analysed for RFP
expression by flow cytometry (2.4.2). For samples that were being set up in
mammosphere/tumoursphere experiments, glands were sampled and processed in
the same manner to isolate MMECs, and subsequently set up in
mammosphere/tumoursphere experiments (described in 2.13.3). Some of the
MMTV-PyMT-expressing samples that were set up in these 3D assays were also
analysed by RT-qPCR (2.11) by taking a sub-sample of MMECs and freezing down

as a cell pellet.

2.1.5.2 Analysis of RFP in individual glands

For subsequent analysis of RFP expression within individual mammary glands from
MMTV-Cre;MMTV-PyMT;tdRFP mice, RFP expression was again analysed in both
MMTV-PyMT-expressing and MMTV-PyMT-negative females, either with or without
MMTV-Cre-driven loss of Runx1 expression. As with the initial analysis, MMTV-
PyMT-expressing mice were sacrificed upon initial date of tumour notice (DON) or
clinical end-point (EP). MMTV-PyMT-negative females were sacrificed at a DON
equivalent timepoint of ~60 days and an EP equivalent timepoint of ~90 days. An
additional pre-neoplastic (PN) timepoint of ~p days was introduced for both the
MMTV-PyMT-expressing and -negative cohorts to investigate RFP expression at an
earlier point in development. This was chosen as it was the earliest possible post-
pubertal timepoint occurring prior to the formation of any palpable lesions. For
each mouse that was sacrificed for this analysis, mammary gland #4 on the right
body axis was taken for formalin fixation (2.2.1). After removing the lymph node
from mammary gland #4 on the left body axis, the remaining mammary glands
were excised and each collected as individual samples for RFP analysis, with the
exception of the thoracic glands (#2 and #3) that were combined together on each
side due to their overlap and indistinguishability. For the MMTV-PyMT-negative
samples, the glands at positions #1 and #5 contained very few MMECs relative to
the other glands, and compared to the #1 and #5 mammary glands in the MMTV-
PyMT-positive glands (due to the presence of lesions in the latter). For this reason,

the left and right glands were combined into a single sample for each of these
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mammary gland positions. This meant that 7 individual samples were obtained
from each MMTV-PyMT-expressing mouse, and 5 were collected from each MMTV-
PyMT-negative mouse, as shown in Figure 2.1. These samples were processed into
single-cell suspensions of isolated mouse mammary epithelial cells (2.3.1) and

subsequently analysed for RFP expression by flow cytometry (2.4.2).

MMTV-Cre;tdRFP Mice MMTV-Cre;MMTV-PyMT;tdRFP Mice

D Sample 1 (#1R gland)

; [] sample 1 (#1 glands) ’ [l sample 2 (#1L gland)
Q O Sample 2 (#2/3R glands) Q ' Sample 3 (#2/3R glands)
g D Sample 3 (#2/3L glands) g D Sample 4 (#2/3L glands)

D ‘ . Sample 4 (#4L gland) D ‘ . Sample 5 (#4L gland)

[l semple 5 (#5 glands) [l sample 6 (#5R gland)

‘ ’ D FFPE sample (#4R gland) ‘ D D Sample 7 (#5L gland)

[[] FFPE sample (#4R gland)

Figure 2.1 Samples taken from MMTV-Cre;tdRFP and MMTV-Cre;MMTV-PyMT ;tdRFP
mice for RFP expression analysis.

Diagram depicting the glands that were used to form each of the final samples used for
the analysis of RFP expression in MMTV-Cre;tdRFP and MMTV-Cre;MMTV-PyMT;tdRFP
mouse mammary glands.

2.2 Histology

2.2.1 Tissue fixation

Tissue samples were fixed in 10% NBF for at least 48 hours before transferring into
70% ethanol. Samples were then embedded by the CRUK Beatson Institute

Histology Department in paraffin wax, within embedding cassettes.
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Table 2.3 Lists of antibodies used for immunofluorescence and immunohistochemical
analysis of FFPE samples.

Antibodies for Inmunofluorescence Analysis

Primary Primary Primary Primary Secondary Secondary
Antibody  Antibody Antibody Antibody Antibody Antibody
Target (Supplier) Concentration Host Species (Supplier) Concentration
CK14 Anti- 1:2000 Mouse Goat anti- 1:500
(Basal Cytokeratin Mouse IgG
cells) 14 antibody (H+L),
[LLOO2] Alexa Fluor
(Abcam, 488
#ab7800) (Invitrogen,
#A-11001)
CK8/18 Cytokeratin 8 1:1000 Guinea Pig Goat anti- 1:500
(Luminal +18 antibody Guinea Pig
Cells) (Fitzgerald IgG (H+L),
Industries, Alexa Fluor
#20R-CP004) 647
(Invitrogen,
#A-21450)
RUNX1 AML1 (D4A6) 1:50 Rabbit Goat anti- 1:500
Rabbit mAb Rabbit 1gG
(Mouse (H+L),
Preferred) Alexa Fluor
(Cell 594
Signaling (Invitrogen,
Technology, #A-11012)
#8529)
Antibodies for Inmunohistochemistry Analysis
Primary Primary Primary Primary Secondary Secondary
Antibody  Antibody Antibody Antibody Antibody Antibody
Target Name/Suppli Concentration Host Species Name/Supp Concentration
e lier
Ki67 Ki-67 (D3B5)  1:1000 Rabbit EnVision+ N/A
Rabbit mAb Rabbit (ready-to-use)
Proliferati (Mouse secondary
ng Cells Preferred; antibody
IHC (Agilent,
Formulated) #K400311-
(Cell 2)
Signaling,
#12202)
Cleaved Cleaved 1:500 Rabbit EnVision+ N/A
Caspase 3  Caspase 3 Rabbit (ready-to-use)
(Apoptotic (Asp175) secondary
Cells) Antibody antibody
(Cell (Agilent,
Signaling, #K400311-
#9661) 2)
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2.2.3 Immunofluorescence (IF)

2.2.3.1 Immunofluorescence Staining

The CRUK Beatson Institute Histology Department cut blank 4puM sections from
formalin-fixed paraffin-embedded (FFPE) tissue and mounted onto microscope
slides. The tissue was de-waxed by submerging in Xylene (Genta Medical, #XYL050)
for 3x5 minute washes, followed by a series of washes with decreasing
concentrations of ethanol (2x5 minute washes in 100% ethanol, 1x5 minute wash
in 70% ethanol, and a final wash in de-ionised water) to gradually rehydrate. Heat-
induced epitope retrieval (HIER) was performed using a PT Module Epitope
Retrieval Solution (ThermoFisher, #TA-250-PM1X) in a Thermo Scientific PT
Module, which was run using for 30 minutes at 98°C. Slides were subsequently
washed in phosphate buffered saline (PBS) solution with 0.05% Tween (PBS-T). A
Dako Pen was used to draw a water-repelling circle around tissue sections in order
to obtain more uniform IF staining results and reduce the volume of reagents
required. Sections were blocked by incubating with 5% Normal Goat Serum (NGS,
Dako, #X090710-8) in PBS for 30 minutes at room temperature, to reduce non-
specific binding of antibodies. Slides were then washed in PBS-T for 2x5 minute
washes before incubating with primary antibody in 5% NGS/PBS overnight at 4°C
in a humidified container. Slides were washed in PBS-T for 3x5 minute washes,
and then incubated in the dark with an appropriate secondary antibody in 5%
NGS/PBS for 1 hour at room temperature, before 3x5 minute final washes in PBS-
T. Coverslips were then mounted onto each slide using the ProLong™ Gold Antifade
Mountant with DAPI (Invitrogen, #P36931), which was allowed to dry overnight at

room temperature.

2.2.3.2 Immunofluorescence Analysis
Images were taken of IF-stained mammary glands manually, using a Zeiss LSM
710 microscope. These images were uploaded to the ImageJ software, which was

used to analyse the images and add auto-calibrated scale bars.
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2.2.4 Immunohistochemistry (IHC)

2.2.4.1 Immunohistochemical Staining

IHC staining was conducted by the CRUK Beatson Institute Histology Department.
Blank 4pM sections were cut from formalin-fixed paraffin-embedded (FFPE) tissues
or cell plugs and mounted onto microscope slides by the Histology Department,
who then stained slides on a Leica Bond Rx Autostainer, using a Leica Bond Intense
R Detection System (Leica, #DS9263) with protocol IHC Env Rb. The slides were
first dry heated at 60°C for 2 hours before being de-waxed in Bond Dewax Solution
(Leica, #AR9222) at 72°C for 30 minutes. Slides were then washed in Bond Wash
Solution (Leica, #AR9590) for 3x5 minute washes and HIER was performed at 100°C
in Bond Epitope Retrieval Solution 2 (Leica, #AR9640). A further 3x5 minute
washes in Bond Wash Solution were conducted both before and after a 5 minute
incubation in a Peroxidase Block (Leica, #RE7101-CE) containing 3% Hydrogen
Peroxide with stabilisers, which used to neutralise endogenous peroxidases. Slides
were incubated with primary antibody at a previously optimised dilution
(described in Table 2.2) in a Bond Primary Antibody Diluent (Leica, #AR9352) for
35 minutes. Slides were then washed in Bond Wash Solution for 8x5 minute washes
to remove any excess/unbound primary antibody. An EnVision+ Rabbit secondary
antibody (Table 2.2) was applied for 30 minutes, before slides were then washed
using Bond Wash Solution for 5x5 minute washes. DAB chromogen (Leica, provided
exclusively in Bond Intense R Detection System #DS9263) was then applied to the
slides for 5 minutes, which were washed in Bond Wash Solution for 3x5 minute
washes. The slides were counterstained using Haematoxylin (Leica, provided
exclusively in Bond Intense R Detection System #DS9263) and final 5 minute washes
in Bond Wash Solution and Deionised Water were performed. After removing the
slides from the Autostainer, they were finally dehydrated, cleared, and a coverslip
was mounted using DPX Mountant. Digital images were captured on an Aperio AT2

slide scanner at x20 maghnification.

2.2.4.2 Immunohistochemical Analysis

The digital images, captured using the Aperio AT2 slide scanner at x20
magnification, were uploaded to the HALO image analysis software (Indica Labs)
for quantification of IHC staining. The software was first trained to identify cells

based on the presence of the Haematoxylin counterstain in the cell nuclei, and
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then trained to identify which of these additionally stained positive for the target
antigen, as indicated by the presence of a brown precipitate in the cell. This
trained software was then used to analyse images of mammospheres for the

percentage of cells that stained positive within the structures.

2.3 Murine Cell Extraction

2.3.1 Mouse mammary epithelial cell (MMEC) extraction

Mammary gland samples were dissected from experimental mice as described in
sections 2.1.3 to 2.1.5 and stored in 10ml Ham's F-12 Nutrient Mix (ThermoFisher,
#11765-054) supplemented with 1% Penicillin/Streptomycin (ThermoFisher,
#15140-122) and 2mM L-glutamine (ThermoFisher, #25030-024) (PSG) in a 50ml
Falcon tube (Merck, #CLS430291), stored on ice. For each sample, the tissue was
chopped into a fine paste or slurry using a Mcllwain Tissue Chopper, transferred
into a 50ml Falcon tube containing Ham’s F12 supplemented with PSG and 10%
Collagenase/Hyaluronidase (Sigma, #C9891/Sigma, #H3506), and incubated at
37°C for 1.5 hours at 100rpm in a shaking incubator. The purpose of this was to
dissociate the mammary gland tissue and digest any fat. The dissociated tissue
was centrifuged at 350g for 5 minutes. The supernatant was collected in a fresh
50ml Falcon tube and spun down at 350g for 5 minutes before discarding the
supernatant. The purpose of this was to remove the digested fat, while also
collecting as many MMECs as possible. For each sample, both MMEC pellets were
combined into a single Corning 15ml Falcon tube (Merck, #CLS430053) by
resuspending together in 5ml of Ham’s F12 (PSG), which were subsequently
centrifuged at 350¢g for 5 mins. Red blood cells in the sample pellet were lysed by
resuspending in 0.75-1.5ml (specific volume depending upon the size of the pellet)
NH4Cl (0.8%, Sigma-Aldrich, #A9434-500G) and incubating at room temperature
for 10 minutes. The reaction was stopped using 5ml of Ham’s F12 (PSG) and the
lysed red blood cells removed by centrifuging the sample at 350g for 5 minutes
and aspirating away the supernatant. To selectively remove stromal cells from the
samples, each was plated in a Corning 10cm cell culture dish (Merck, #CLS430167)
in 10ml of Ham’s F12 medium, supplemented with PSG and 10% foetal bovine
serum (FBS, Gibco, #10270-106), and incubated at 37°C for 1 hour. During this
time, stromal cells (including fibroblasts) attach to the culture surface, whilst

very few of the epithelial cells attach within this timeframe. The unattached
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mammary epithelial cells were collected by removing the medium and gently
washing them out of the dish using PBS. A cell pellet was collected by
centrifugation at 350g for 5 minutes, which was washed with PBS and spun down
again to remove any traces of FBS, thus allowing for efficient trypsinisation. Cell
pellets were resuspended in 0.5-1ml (volume again dependent on pellet size) of
TEG cell dissociation solution composed of: 1X PBS; 0.25% Trypsin solution 10X
(Gibco, #15090-046]; 1mM EGTA; and 0.1mg/ml DNase | recombinant, RNase-free
(Roche, #04716728001). The cells were incubated in the TEG solution for 10
minutes in a 37°C waterbath to dissociate cells and produce a single cell
suspension. Addition of Ham’s F12 medium (10% FBS, PSG) was used to stop the
enzymatic digestion and each sample was passed through a 40uM cell strainer
(Greiner, #542040) to obtain a purified population of single cells. A viable cell
count was carried out by Trypan Blue exclusion on a haemocytometer, with a 1:10
dilution of Trypan Blue Stain (ThermoFisher, #T10282). The isolated cells were

then used in various analyses.

2.3.2 Mouse thymocyte extraction

Thymus tissue was extracted and stored in 10ml Roswell Park Memorial Institute
(RPMI) 1640 Medium (Gibco, #31870-025), supplemented with PSG, in a 50ml
Falcon tube and stored on ice. The tissue was chopped up in a 10cm cell culture
dish using sterile scalpel blades (Swann-Morton, #0570) and the resulting paste
was resuspended in 5ml RPMI medium, supplemented with PSG, FBS, and 2-
Mercaptoethanol (Sigma-Aldrich, #63689-100ML-F) at a final concentration
0.05mM. This suspension was filtered through a 70uM cell strainer (Greiner,
#542070) into a 15ml Falcon tube. A further 3ml of medium was used to wash away
any remaining tissue from the culture dish and filtered through a 70uM cell strainer
into the same 15ml Falcon tube. 5ml of Ficoll-Paque Plus (Sigma-Aldrich, #GE17-
1440-03) was pipetted into a new 15ml centrifuge tube, and the cell suspension
was very gently pipetted on top. This was then centrifuged at 1000g for 10
minutes. The interphase layer, containing live thymocytes, was extracted and
washed in 10ml RPMI medium (+PSG, +FBS, +2-Mercaptoethanol) and centrifuged
at 250g for 5 minutes. The supernatant was discarded and the thymocytes
resuspended in 10ml of culture medium. A viable cell count was carried out by

Trypan Blue exclusion on a haemocytometer, with a 1:10 dilution of Trypan Blue
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Stain. The cells were then frozen down as pellets of 1x10° cells for use in Western
Blot Analysis (2.9).

2.4 Flow cytometry

2.4.1 Antibodies

Table 2.4 List of antibodies used for flow cytometry-based analysis of mammary
epithelial cells.

Target

Fc

(CD16/32)

CD31

CDA45

Ter119

CD24

CD49of
(Integrin
alpha 6)

Dead cells

RFP

Fluorochrome

N/A (Fc block only)

Allophycocyanin

(APC)

APC

APC

Fluorescein

isothiocyanate

(FITC)

PerCP-eFluor™ 710

DAPI

N/A

Antibody
Concentration
1:100

1:200

1:200

1:200

1:100

1:300

1:1000

N/A

Laser

N/A

(Fc block
only)
RED 1
(RL1)

RED 1
(RL1)

RED 1
(RL1)

BLUE 1
(BL1)

BLUE 3
(BL3)
VIOLET 1

(VL1)

YELLOW 1
(YL1)

Supplier

Biolegend,
#101319

BD
Pharmingen,
#551262

BD
Pharmingen,
559864

BD
Pharmingen,
#557909

BD
Pharmingen,
#553261
Thermo
Fisher
Scientific,
#1943473
BD
Pharmingen,
#564907
N/A
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2.4.2 Flow cytometry analysis

2.4.2.1 Analysis of Blg-Cre;tdRFP samples

Mammary glands were extracted from virgin Blg-Cre;tdRFP mice (of various ages)
and pregnant Blg-Cre;tdRFP mice (2.1.3) and each sample processed into a single
cell suspension of isolated MMECs (2.3.1) that were transferred to Falcon 5 mL
Round Bottom polypropylene test tubes (Fisher Scientific, #14-959-11A) for
antibody binding and analysis. These samples were analysed for RFP expression
within different mammary cell types using flow cytometry analysis. Flow
cytometry analysis relies on the specific binding of antibodies (each with different
fluorescent labels) to unique regions in specific cellular subsets. However, the
Fragment crystallisable (Fc) region of the antibody interacts with a variety of Fc
receptors that are present on the cell surface of a wide range of immune cells,
and can therefore result in some non-specific binding. This unwanted, or non-
specific binding, to Fc receptors was prevented by saturating the receptors with
an anti-Fc receptor antibody prior to staining with labelled antibodies. The Fc
receptor antibody used was a TruStain FcX™ (anti-mouse CD16/32) Antibody
(Biolegend, #101319), which was diluted 1:100 in FACS buffer (composed of PBS,
2mM EDTA pH 8, and 1% FBS) and incubated with cells on ice for 10 minutes. Cells
were then washed with 1ml of FACS buffer, centrifuged at 350g for 5 minutes, and
the supernatant was removed. MMECs were then labelled with a mastermix
containing various anti-mouse antibodies, diluted in FACS buffer to their optimum
concentrations, listed in Table 2.4 (2.4.1). Cells were covered and incubated on
ice for 30 minutes. Cells were again washed with 1ml of FACS buffer and
centrifuged at 350g for 5 minutes to remove the supernatant. Cells were
suspended in an appropriate volume of FACS buffer and the DAPI antibody, also
listed in Table 2.4 (2.4.1), was added to the samples 5 minutes prior to analysing
using the Attune NxT Flow Cytometer (Invitrogen), using the indicated laser
settings in Table 2.4 (2.4.1).

For each experiment, in addition to the test samples there were also various
controls, including single antibody-labelled controls using UltraComp eBeads™
Compensation Beads (Invitrogen, #01-2222-42) which were washed and
resuspended in an eBioscience™ Flow Cytometry Staining Buffer (Invitrogen, #00-

4222-26) after staining and prior to analysis. Unstained and fluorescence minus
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one (FMO) control samples were used for each experiment in order to
appropriately set the gates for analysis. Samples were then run through the Flow
Cytometer and FlowJo software was used to analyse the data obtained. MMECs
were analysed using a series of gating steps. The first of these involved excluding
any cell debris using the SSC-A vs FSC-A axis settings (Figure 2.2A). Cell doublets
were then excluded using FSC-H vs FSC-A (Figure 2.2B) and SSC-A vs SSC-H (Figure
2.2C) axis settings. Any dead/DAPI-positive cells were then removed (Figure 2.2D),
as were haematopoietic (CD45- and TER119-positive) and endothelial (CD31-
positive) cells, collectively referred to as lineage positive (Lin*) cells (Figure 2.2E).
The remaining Lin" cells were analysed for CD24 and CD49f expression (Figure 2.2F)
to separate them into luminal (Lin"CD24*CD49f'°%) and basal/myoepepithelial (Lin-
CD24*CD49fMigh) subpopulations. Each of these populations was analysed for their
respective RFP expression levels (Figure 2.2G and Figure 2.2H), expressed as a

percentage of the total numbers of luminal or basal cells being analysed.
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Figure 2.2 Gating strategy for flow cytometry analysis of Blg-Cre;tdRFP mammary

epithelial cells.

Mammary epithelial cells from Blg-Cre;tdRFP mice were analysed by flow cytometry using
the gating strategy shown. Forward and side scatter settings were used to exclude cell
debris (SSC-A/FSC-A) [A] and cell doublets (FSC-H/FSC-A and SSC-A/SSC-H) [B and C]. Any
dead/DAPI-positive cells were then removed from analysis (SSC-A/DAPI) [D], as were Lin*
(CD317/CD45"/Ter119%) cells (SSC-A/APC) [E]. The remaining Lin" cells were then
separated into luminal (Lin"CD24°CD49f°%), basal/myoepepithelial (Lin"CD24'CD49f"e"),
and stromal (Lin"CD24'CD49f°") subpopulations [F]. Each of these populations was
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analysed for their respective RFP expression levels [G and H].
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2.4.2.2 RFP Analysis of MMTV-Cre; MMTV-PyMT;tdRFP samples

Mammary samples were extracted from MMTV-Cre;tdRFP and MMTV-Cre;MMTV-
PyMT;tdRFP mice at various timepoints (2.1.5) and each was processed into a
single cell suspension of isolated MMECs (2.3.1). Cells were suspended in an
appropriate volume of FACS buffer, transferred into a Falcon 5 mL Round Bottom
polypropylene test tube and the DAPI antibody, the details of which are in Table
2.4 (2.4.1), was added to the samples 5 minutes prior to analysing using the Attune
NxT Flow Cytometer (Invitrogen), using the indicated laser settings in Table 2.4
(2.4.1).

For each experiment, in addition to the test samples, MMECs were also extracted
from a mouse not expressing tdRFP, to use for an unstained control and a DAPI
only control. The purpose of these samples was to appropriately set the gates for
the analysis of data from each experiment. Samples were then run through the
Flow Cytometer and FlowJo software was used to analyse the data obtained.
MMECs were analysed using a series of gating steps. The first of these involved
excluding any cell debris using the SSC-A vs FSC-A axis settings (Figure 2.3A). Cell
doublets were then excluded using FSC-H vs FSC-A (Figure 2.3B) and SSC-A vs SSC-
H (Figure 2.3C) axis settings. Any dead/DAPI-positive cells were then removed
(Figure 2.3D), and the remaining live cells were analysed for their RFP expression

(Figure 2.3E) expressed as a percentage of the total number of live cells).
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Figure 2.3 Gating strategy for flow cytometry analysis of MMTV-Cre;tdRFP and MMTV-
Cre;MMTV-PyMT ;tdRFP mammary epithelial cells.

Mammary epithelial cells from MMTV-Cre;tdRFP and MMTV-Cre; MMTV-PyMT;tdRFP mice
were analysed by flow cytometry using the gating strategy shown. Forward and side
scatter settings were used to exclude cell debris (5SC-A/FSC-A) [A] and cell doublets (FSC-
H/FSC-A and SSC-A/SSC-H) [B and C]. Any dead/DAPI-positive cells were then removed
from analysis (SSC-A/DAPI) [D] and the live cells were analysed for RFP expression levels

[E].

2.4.3 Flow-assisted cell sorting (FACS)

Mammary glands were extracted from 9 week-old (pre-neoplastic) virgin Blg-
Cre;Catnb*t/ox(ex3); tdRFP mice (2.1.4) and each sample processed into a single cell
suspension of isolated MMECs (2.3.1). Cells were suspended in an appropriate
volume of FACS buffer and the DAPI antibody, listed in Table 2.4 (2.4.1), was
added to the samples 5 minutes prior to sorting. Samples were sorted using a BD
FACSAria™ Il Cell Sorter, with the indicated laser settings detailed in Table 2.4
(2.4.1).

For each experiment, in addition to the test samples, MMECs were also extracted
from a mouse not expressing tdRFP, to use for an unstained control and a DAPI

only control. The purpose of these samples was to appropriately set the gates to
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set up accurate parameters and sort gates for each experiment. MMECs were
sorted using the same gating strategy described in Figure 2.3. Sorting ensured the
exclusion of cell debris using the SSC-A vs FSC-A axis settings (Figure 2.3A). Cell
doublets were also excluded using FSC-H vs FSC-A (Figure 2.3B) and SSC-A vs SSC-
H (Figure 2.3C) axis settings. Any dead/DAPI-positive cells were then removed
(Figure 2.3D), and the remaining live cells were sorted based on RFP expression
(Figure 2.3E), where only RFP-positive cells from each sample were collected in a
5ml Falcon® Round-Bottom Polypropylene Tube containing 2ml of MMEC culture
media. Cells were washed with PBS before resuspending in 100pul Lysis Buffer from
the RNAqueous™-Micro Total RNA Isolation Kit (Invitrogen, #AM1931) and storing
at -80°C. RNA was subsequently extracted and samples were analysed by RNA

sequencing, as described in 2.5.

2.5 RNA sequencing (RNA-Seq)

2.5.1 RNA extraction

RNA was extracted from RFP-sorted MMECs, isolated from 9wks-old Blg-
Cre;Catnb"t/ox(ex3) . tdRFP mice, stored at -80°C in Lysis Buffer (described in 2.1.4,
2.3.1, and 2.4.3). RNA extractions were performed by Dimitris Athineos, a
colleague in Y35, using the RNAqueous™-Micro Total RNA Isolation Kit (Invitrogen,
#AM1931) according to the manufacturer’s protocol, provided with the Kit.
Residual genomic DNA was removed using the DNA-free™ system, also included in
the kit. Several lysed MMEC samples were combined together into a single 20ul
RNA sample by processing them through the same spin column. The MMECs isolated
from individual mice that were combined together to create the final pilot and
additional samples are detailed in Tables 3.1 and 3.3 (Chapter 3), respectively.
To combine MMECs from several mice into a single RNA sample, 50ul of ethanol
was added to each sample (according to the first step of the extraction protocol)
and then passing each the lysate/ethanol mixture through a single Micro Filter
Cartridge Assembly, one sample at a time, until RNA from all samples were bound
to the same Micro Filter Cartridge for further processing. A NanoDrop 2000
Spectrophotometer was used to quantify and assess the purity of the extracted

RNA prior to RNA-seq analysis.
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2.5.2 Library preparation, RNA-seq and analysis

The RNA samples, extracted as described in 2.5.1, were given to Billy Clark in the
Molecular Technology Services for quality assessment and sequencing. RNA quality
was first assessed using the RNA integrity number (RIN) obtained from analysis
using the Agilent 2200 TapeStation System with an RNA ScreenTape Analysis. A
higher RIN value is indicative of a higher degree of RNA integrity, and levels of 7.5
or above are generally accepted as sufficient for library construction. Samples
with RNA values exceeding 7.5 were chosen for RNA-Seq wherever possible,
however it was necessary to analyse some samples with RIN values ~3 (particularly
for the extended analysis - see 3.2.1 and 3.2.2) in order to obtain at least N=3 per
test group, and N=2 for the BCAT_2 cohort. RNA-seq libraries were prepared using
the SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian (Takara Bio,
#634411). The quality of these libraries assessed on an Agilent 2200 TapeStation
System with a High Sensitivity D1000 ScreenTape Analysis (Agilent, #5067-5584
and #5067-5585), and the quantity was measured using a Qubit Fluorometer
(Invitrogen). Libraries were sequenced using the Illumina NextSeq 500 System with
paired-end (2x36) sequencing using the MiniSeq High Output Reagent Kit (75-
cycles, Illumina, #FC-420-1001). The raw RNA-Seq data was processed by Robin
Shaw, a trained bioinformatician in the Computational Biology Department of the
CRUK Beatson Institute. The raw files were checked for quality using FastQC and
FastQ Screen. The paired-end reads were then aligned to mouse genome build
GRCm38.98 using TopHat2 with Bowtie2. Expression levels of each gene were
determined and statistically between each of the test groups and their control
group. This was achieved using a combination of packages and analysis suites in
Python (HTSeq package) and R Studio (Bioconductor and DESeq2) that were
specifically developed for the analysis of high-throughput sequencing data and for
differential gene expression analysis based on the negative binomial distribution.
Subsequent Gene Set Enrichment Analysis (GSEA) was also performed by Robin
Shaw. The resulting processed data was subsequently analysed by myself, as
described in Chapter 3, and the MetaCore analysis suite was additionally used to

interpret some of this processed data.
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2.6 Cell Culture
2.6.1 T6i lymphoma cells

Té6i cells were derived from a mouse T-cell lymphoma, which expressed high levels
of endogenous Runx1 due to proviral insertional mutagenesis (Wotton, Stewart et
al. 2002). They were used for this thesis as a known positive control for murine
RUNX1 protein expression, and were a kind gift from the Cameron lab. Téi cells
are suspension cells, and were maintained in an incubator at 37°C and 5% COa.
Cells were maintained in RPMI 1640 medium supplemented with 10% FBS, PSG, and
2-Mercaptoethanol at a final concentration of 0.05mM. Cells were passaged at a
1:10-1:15 dilution when they reached ~80-90% confluence.

2.6.2 HC11 mouse mammary epithelial cells

The HC11 cell line (ATCC, #CRL-3062) is an immortalised cell line originating from
the normal mammary gland of a pregnant Balb/c mouse (Danielson, Oborn et al.
1984, Ball, Friis et al. 1988). It is an adherent cell line that is predominantly
composed of luminal stem- or progenitor-like epithelial cells. HC11 cells were
grown in T75 flasks at 37°C and 5% CO,. They were maintained in RPMI 1640
medium supplemented with 10% FBS, PSG, Insulin solution (Sigma-Aldrich, #19278-
5ML) to a final concentration of 5ug/ml, and Mouse Recombinant Epidermal
Growth Factor (EGF, STEMCELL Technologies, #78016.1) to a final concentration
of 10ng/ml. Cells were provided with fresh medium every 2-3 days and passaged
upon reaching ~80-90% confluence. To split cells, they were trypsinised in 2ml of
Trypsin/EDTA at 37°C for ~3-4 minutes and passaged at a 1:15-1:20 dilution.

2.6.3 HEK293T embryonic human kidney cells

HEK293T cells (ATCC, #CRL-3216) are immortalized human embryonic kidney cells,
derived from the HEK293 parent cell line. These cells are commonly used for
retroviral production due to their ability to produce recombinant proteins within
plasmid vectors containing the SV40 promoter, which is due to the incorporation
of the SV40 large T antigen in their genome. HEK293T cells are semi-adherent in
nature and require growth conditions of 37°C and 5% CO,. They were maintained
in Dulbecco's Modified Eagle Medium (DMEM, Gibco, #21969-035) supplemented
with 10% FBS and PSG. Cells were provided with fresh medium every 2-3 days and
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passaged upon reaching ~80-90% confluence. They were used for retrovirus and
lentivirus production as described in 2.7 and 2.8. To split cells, they were
trypsinised in 2ml of Trypsin/EDTA at 37°C for ~2 minutes and passaged at a 1:10-
1:15 dilution.

2.6.4 Freezing Cell lines

To freeze cells, pellets of at least 1x10° cells were each resuspended in 1ml of
freezing medium, composed of 40% culture medium, 10% DMSO, and 50% FBS.
These 1ml suspensions were each transferred into 1.8ml cryogenic tubes (Thermo
Scientific, #377267) and frozen in a -80°C freezer in a CoolCell Freezing Container
(Corning, #432001) for 24 hours before transferring the vials to liquid nitrogen for

long-term storage.

2.7 Runx1 Overexpression

2.7.1 pBABE-Puro vector construct for Runx1 overexpression

pBABE-Puro
AmpR  LTR
promoter |
\ mRunx1P1
/
___ Sv40
AmpR — promoter

N\

| PuroR

LTR

Figure 2.4 pBABE-Puro construct used to induce Runx1P1 overexpression.

Schematic representation of pBABE-Puro construct, containing a mouse Runx1P1
sequence. Plasmid construct was used to made retrovirus that was used for viral
transduction in HC11 cell line.
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2.7.2 Transformation of Stable Competent Escherichia coli (E.coli) with pBABE-
Puro vector

In order to replicate the pBABE-Puro constructs (Empty and mRunx1P1) for use in
overexpression assays, NEB® Stable Competent E. coli (NEB, #C3040H) was
transformed with the constructs by following the High Efficiency Transformation
Protocol provided with the kit. Transformed colonies were selected for by growing
on Lysogeny Broth (LB) agar plates supplemented with 100ug/ml Ampicillin (Amp),
made in-house by the CRUK Beatson Institute Central Services. Starter cultures
were made by transferring a colony into a universal tube (Fisher Scientific, #07-
000-475) containing 5ml of selective LB broth (+100ug/ml Amp (Sigma-Aldrich,
#A5354-10ML)) and incubating in a shaking incubator at 37°C, at 225rpm, for
several hours until turbid. 1ml from each transformation was transferred into its
own respective conical flask with ~50ml selective LB broth (+100pg/ml Amp) and
incubated overnight in a shaking incubator at 37°C, at 225rpm, until turbid. The
bacterial cells were collected by centrifugation for 30 minutes at 2000g at 4°C
and by pouring off the supernatant. The cell pellet was then given to Molecular
Technology Services for Maxipreps, to isolate the plasmid construct DNA from the
transformed bacteria. This was performed using a PureLink™ HiPure Plasmid Filter
Maxiprep Kit (Invitrogen, #K2100-17).

2.7.3 Overexpression of Runx1 using retroviral infection of pBABE-Puro constructs

2.7.3.1 Retrovirus production

HEK293T cells were transfected with the experimental plasmid constructs
(encoding the altered viral genome), along with packaging and envelope plasmids
(encoding the components of the viral capsid and envelope). The purpose of this
was to produce retrovirus for the pBABE-Puro-mRunx1P1 construct (and pBABE-
Puro Empty Vector as a control) to transduce HC11 cells with and induce Runx1
overexpression within the cell line. HEK293T cells were first split into new flasks
in preparation for their transfection as they should ideally be ~50% confluent when
transfected. Cells were transfected the following day using a calcium phosphate
method. For each viral construct, the DNA was prepared for the transfection by
combining 10ug of pBABE-Puro plasmid (mRunx1P1-expressing construct or empty
vector), 7.5ug of psPAX2 (packaging vector, Addgene, #12260), and 4ug of pVSV-
G (envelope protein, Addgene, #138479). This DNA mix was then made up to a
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total volume of 440pl using sterile H,0. 500ul of 2X HEPES Buffered Saline (HBS,
Sigma-Aldrich, #51558-50ML) was added and mixed in thoroughly before adding
60ul of 2M CaCl; (Sigma-Aldrich, #C7902-500G) and mixing again using a pipette.
This transfection mixture was incubated at 37°C for 30 minutes, mixed by
pipetting up and down several times with a P1000, and gently added drop by drop
to the flask containing HEK293T cells, which was gently rotated/swirled to
disperse the DNA mix thoroughly. The cells were incubated for 3 days at 37°C and
5% CO2. Medium was replaced after 24 hours with fresh medium, and the virus-
containing medium was removed from the HEK293T cells on days 2 and 3, filtered
through a 0.45uM filter (Fisher Scientific, #15216869) using a 10ml syringe (Becton
Dickinson, #302995), and the filtrate collected in a Falcon tube. Fresh medium
was added to the HEK293T cells on day 2 to allow for an additional virus harvest
on day 3. Viral titres for days 2 and 3 were combined together at the end. The

virus produced was then used to infect HC11 cells.

2.7.3.2 Retroviral infection (transduction)

The HC11 cells that were being transduced were split into a fresh flask 24 hours
prior to infection so that they were be ~30-40% confluent on the day of infection.
On the day of transfection, the HC11 flasks were brought into CATII, along with
the retroviruses and Hexadimethrine bromide (aka Polybrene, Sigma-Aldrich, #TR-
1003-G). Polybrene was added to each flask of cells to a final concentration of
10ug/ml. Flasks were swirled to mix and incubated for ~15 minutes in a 37°C
incubator. While the cells were incubating with Polybrene, the infection medium
was prepared by mixing ~4-6ml of collected virus to equal parts cell culture
medium, with Polybrene added to a final concentration of 10ug/ml. The HC11
cells were removed from the incubator and the Polybrene-containing medium was
removed from the flasks and replaced with viral medium. Cells were incubated
with viral medium overnight at 37°C and 5% CO, before replacing with culture
medium supplemented with Polybrene to a final concentration of 10ug/ml. After
culturing for a further 24 hours, transduced HC11 cells were selected by culturing
with fresh medium supplemented with an appropriate concentration of the
relevant antibiotic. HC11 cells required 1.5ug/ml of Puromycin (InvivoGen, #ant-
pr-1) for efficient antibiotic selection, as was determined in pilot experiments.

Puromycin treatment of a non-transduced HC11 cell line was used as a control to
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determine at which point the untransduced cells would likely all have been killed
by this antibiotic selection. Cells were continuously grown in antibiotic for up to
2 weeks before performing an EnzChek assay to remove cells from CATII (2.7.3.3).
Cells were then immediately analysed for protein expression (2.9) and various
growth assays performed (2.12 to 2.14).

2.7.3.3 EnzChek Assay to confirm virus clearance

To assess whether cells generated in Containment Level 2 (CL2) could be moved
to Containment Level 1 (CL1), an EnzChek Reverse Transcriptase Assay Kit
(Invitrogen, #E22064) was used to confirm whether there was complete clearance
of virus from the transduced cells. Media was collected from the transduced cell
lines, and from the parental/non-transduced cell line to be used as a negative
control. Both were spun down at 350g for 5 minutes to remove any dead
cells/debris and several mls of supernatant was collected. Samples were then set
up in an EnzChek assay according to the manufacturer’s protocol, using dilution
series of 6 known amounts of reverse transcriptase (15U, 1.5U, 0.5U, 0.15U. 0.1U
and OU) to generate a standard curve for comparison. Sample fluorescence was
measured using a Tecan Safire 2 multi-detection microplate reader, using the
EnzChek assay settings to analyse at the standard fluorescein wavelengths
(excitation ~480 nm, emission ~520 nm) and calculate the normalised levels of
reverse transcriptase activity relative to the standard curve generated from the
reverse transcriptase dilution series. The resulting data was sent to the CRUK
Beatson Institute’s Health & Safety Officer to verify that there was indeed

clearance of the virus from the cells.
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2.8 CRISPR-Cas9-mediated Runx1 and/or Runx2 deletion

2.8.1 pX-459-Puro/lentiCRISPRv2-Neo vector constructs for Runx1 or Runx2

deletion
pX-459-Puro lentiCRISPRv2-Neo
gRNA NeoR/
ueé (mRunx1_B/ KanR
promoter mhRunx2) \
\. / P2A AmpR
AmpR N ~
N
——Cas9
AmpR ___ Caso =" ~ CMV
promoter as enhancer
\ \ ue
\ eF-1a Promoter
PuroR core gRNA
T2A promoter (mRunx1_B)

gRNA sequences
mARunx1_B: forward = CGGTGCGCACTAGCTCGCCA,; reverse = TGGCGAGCTAGTGCGCACCG

mhRunx2. forward = GAGCGACGTGAGCCCGGTGG; reverse = CCACCGGGCTCACGTCGCTC

Figure 2.5 Vector constructs used for the CRISPR-Cas9-mediated deletion of Runx1
and/or Runx2 in HC11 cells.

Schematic representations of the pX-459-Puro and lentiCRISPRv2-Neo vector constructs
used for the depletion of Runx1 and/or Runx2 expression in HC11 mammary cells. pX-459-
Puro construct transfected, while lentivirus made using lentiCRISPRv2-Neo that was used
for the transduction of cells.

2.8.2 Transformation of Stable Competent E.coli  with  pX-459-
Puro/lentiCRISPRv2-Neo vectors

The various pX-459-Puro (empty vector, or with either Runx1- or Runx2-targeting

gRNA) and lentiCRISPRv2-Neo (empty vector, or with Runx1-targeting gRNA)

constructs were replicated using NEB® Stable Competent E. coli cells, and plasmid

DNA extracted using the protocol detailed in 2.7.2.
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2.8.3 Transfection of pX-459-Puro vector constructs into HC11 cells to induce
Runx1 or Runx2 deletion
24 hours prior to transfecting HC11 cells with Runx1- or Runx2-targeting plasmid
constructs (each generated from a modified pX-459-Puro plasmid), HC11 cells
were seeded at an appropriate density in 6-well culture plates (Corning, #353046)
so that they would be ~30-40% confluent at transfection. A Lipofectamine™ 2000
Transfection Reagent (Invitrogen, #11668-019) was used to transfect cells with
these plasmid constructs. For each CRISPR construct being transfected, 36pul of
Transfection Reagent was diluted in 450ul of Opti-MEM medium (Gibco, #31985-
062), or any other serum-free medium available. 14ug of each plasmid construct
was also diluted in 700pl of medium, in a separate Eppendorf tube. For each
CRISPR construct, 450ul of DNA mix was combined with 450ul of Lipofectamine
2000 mix. These were then incubated at room temperature for ~15 minutes. 250pl
of DNA/Lipofectamine mix was then added (drop-by-drop) to each of the wells
containing the HC11 cells to be transfected. Cells were incubated at 37°C for 24
hours before the medium was replaced with fresh culture medium supplemented
with 1.5pg/ml of Puromycin. Successfully transfected cells were selected for using
the antibiotic selection method described in 2.7.3.2 before single-cell cloning was
performed for CRISPR lines (2.8.5) to ensure complete/homogenous gene

knockout.

2.8.4 Deletion of Runx1 using lentiviral infection of lentiCRISPRv2-Neo construct
Lentivirus was made for the lentiCRISPR-Neo-mRunx1_B construct (and its Empty
Vector counterpart as a control) for CRISPR-induced knockout of Runx1. For
lentivirus production and transduction of HC11 cells by infecting with the virus
produced, the methods used for pBABE-Puro retrovirus production and infection
(detailed in 2.7.3) were applied. The same protocol was followed, with the
exception of the antibiotic used for the selection of successfully transduced cells.
HC11 cells required treatment with 800ug/ml of G418 Sulphate/Geneticin™
Selective Antibiotic (an analogue of Neomycin sulphate, ThermoFisher,
#10131035) for 2-3 weeks to ensure efficient antibiotic selection, as was
determined in pilot experiments. An EnzChek assay was used to confirm clearance
of the virus from the HC11 cells, so they could be moved back to CL1 (2.7.3.3).
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Single-cell cloning was performed (2.8.5) in order to ensure that relatively

homogeneous HC11 cell lines, with complete Runx1 knockout, were produced.

2.8.5 Single-cell cloning of Runx1 and/or Runx2 CRISPR cell lines

Transduction and transfection of the HC11 cells was not necessarily 100% efficient.
If the loss of Runx1 and/or Runx2 did not provide a selective advantage to the
cells, the untransduced/untransfected cells within the cell populations may have
eventually outgrown any genetically altered cells. It was therefore necessary for
a single-cell cloning method to be used, whereby the transfected cells were
diluted down to such an extent that single cells were isolated in a well. If one of
these single cells plated was a CRISPR-altered cell, any cell lines that arose from
this original cell would also exhibit CRISPR-mediated gene deletion, and therefore
the transduced/transfected cell could be grown up into a homogenous Runx1-
and/or Runx2-depleted cell line. In order to dilute the cells enough to obtain
single-cell clones, the selected transduced/transfected HC11 cells needed to be
serial-diluted in a 96-well culture plate (Corning, #353072). Cells from each
CRISPR cell line (and their empty vector control) were trypsinised, collected, and
diluted to 2x10* cells/ml. This suspension of cells was serially diluted at a 1:10
dilution each time, initially down the first column and then along each of the
rows. The plates were incubated (37°C 5% CO;) and wells containing single cells
were identified the following day before returning to the incubator. Single cells
were monitored for growth and given fresh medium every 2-3 days. Once the HC11
cells became confluent, they were trypsinised and all cells were transferred into
the well of a 24-well culture plate (Corning, #353047). This was continued, with
cells being trypsinised and transferred into gradually larger plates/flasks (to 6-
well plates (Corning, #353046), then T25 flasks (Corning, #353109), then T75 flasks
(Corning, #353136)) once they become confluent. After cells had grown to
sufficient numbers for analysis and assay set-up, cell pellets were taken for
Western Blot analysis (2.9) and sequencing (2.10) to confirm knockout before
setting up in various experiments (2.12 to 2.14). Runx1 loss was determined by
protein expression (Western Blot) analysis (5.2.1) while loss of Runx2 expression
was confirmed using both Western Blot (5.2.7) and sequencing (Appendix)

methods.



99

2.9 Western blot analysis

2.9.1 Protein extraction

Protein was extracted from cell pellets containing ~1x10° cells each. First, a lysis
and extraction buffer mastermix was made by diluting a 100X Halt™ Protease
Inhibitor Cocktail (Thermo Scientific, #78429) in a RIPA Lysis and Extraction Buffer
(Thermo Scientific, #89900). Each cell pellet was resuspended in 100pl of the lysis
and extraction buffer mastermix. The samples were stored on ice for ~30 mins and
vortexed every few minutes to ensure efficient cell lysis. Lysates were centrifuged
at 19,000g on a bench-top centrifuge for 30 mins at 4°C and the supernatant was
transferred into a fresh 1.5ml Eppendorf tube. The protein was quantified prior

to setting up a Western Blot or freezing.

2.9.2 Protein quantification

Protein samples were quantified using a Pierce™ BCA Protein Assay Kit (Thermo
Scientific, #23225), with Pierce™ Bovine Serum Albumin Standard Ampules
(Thermo Scientific, #23209) used to generate a standard curve for relative
comparisons of protein concentrations. The 2000pg/ml stock was diluted in sterile
water to get BSA standards of 80,100, 200, 400, 1000 pg/ml. The 2000ug/ml stock
was also used neat as a protein standard. 10l of each standard solution, and
sterile water as a blank, were pipetted in triplicate into a 96-well plate. Each
sample was diluted 1:10 using sterile water before being pipetted into the same
96-well plate in triplicate. A BCA protein quantification solution was made up by
diluting Reagent B 1/50 in Reagent A. 200ul of the BCA solution was added into

each well of the plate, which was then incubated at 37°C for 30 minutes.

A SpectraMax ABS Plus Microplate Reader was used to measure the absorbance at
595nm in each sample. The SoftMax Pro Software plotted the standard curve, using
the absorbance measurements from the BSA standards, and then calculated the
concentrations of cell lysates from these standard curves. These protein lysate
concentrations were used to calculate the volume of sample to be loaded for

Western Blot Analysis.
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2.9.3 Western blot protocol
2.9.3.1 Antibodies

Table 2.5 List of antibodies used for Western Blot analyses.

GAPDH GAPDH (14C10) 1:1000 Not required N/A
(loading Rabbit mAb (HRP (Primary antibody
control) Conjugate) Cell is HPR conjugated)
Signaling
Technology #3683
RUNX1 AML1 (D4A6) 1:1000 Anti-rabbit 1gG, 1:10,000
Rabbit mAb HRP-linked
(Mouse Antibody
Preferred) Cell (Cell Signaling
Signaling Technology #7074)
Technology #8529
RUNX2 RUNX2 (D1H7) 1:1000 Anti-rabbit 1gG, 1:10,000
Rabbit mAb Cell HRP-linked
Signaling Antibody
Technology #8486 (Cell Signaling
Technology #7074)

2.9.3.2 Sample Preparation and gel electrophoresis

The volume of lysate to be loaded into each well was calculated using the relative
concentrations of the lysates obtained from the BCA assay. 20ug of protein from
each sample was loaded into the gel for analysis by Western Blot. To prepare each
sample for analysis, a mastermix of lysate, sample reducing agent, sample buffer,
and sterile water was made up to a total volume of 20ul, as this was the maximum
loading volume for the precast gels used. A volume of lysate corresponding to 20ug
of protein was transferred into a clean Eppendorf tube. 2pl of 10X NuPAGE™
Sample Reducing Agent (Invitrogen, #NP0004) was added to obtain a final 1X
concentration. 5ul of 4X NUPAGE™ LDS Sample Buffer (Invitrogen, #NP0007) was
then added to obtain a final 1X concentration. The sample was then made up to
the final 20pl volume using sterile water. Samples were heated on a heat block at
~90°C for 5-10 minutes before they were vortexed to thoroughly mix them and
centrifuged to collect the samples at the bottom of their tubes. Samples were
then loaded into precast NUPAGE™ 4-12% Bis-Tris 1.0mm Mini Protein Gels
(Invitrogen, #NP0321BOX or #NP0322BOX) along with a Full range Amersham™
ECL™ Rainbow™ Marker (Cytiva, #GERPN8OOE) as a molecular weight marker. Gel
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electrophoresis was carried out at 180V at maximum current, in a 20X NUPAGE™
MOPS SDS Running Buffer (Invitrogen, #NP0001) diluted to 1X in sterile water, until
the MW Marker reached the bottom of the gel.

2.9.3.3 Protein Transfer

Once the lysates were each run on the gel and separated into their constituent
proteins based on their molecular weights, the proteins were transferred onto a
Nitrocellulose membrane. A wet transfer was performed within 20X NuPAGE™
Transfer Buffer (Invitrogen, #NP0006-1), diluted 1X in water and methanol (to a
final methanol concentration of 20%). The gel and Nitrocellulose membrane were
sandwiched between stacks of filter papers and sponges (as shown in Figure 2.6),
all of which were equilibrated prior to sandwich assembly by soaking in 1X Transfer
Buffer for 5 minutes. The transfer cassette that this sandwich was assembled in
was inserted into the transfer tank, filled with 1X Transfer Buffer, and

electrophoresed for 1 hour 40 minutes at full current and 30V.

Nitrocellulose
Gel membrane
Filter paper Filter paper

Sponge

Sponge

Transfer buffer

Cathode (-) Anode (+)

Transfer tank

————
Transfer
Direction

Figure 2.6 Western Blot Transfer setup.

Annotated diagram depicting the setup used for the transfer of proteins from a gel to a
Nitrocellulose membrane.
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2.9.3.4 Immunoblotting and imaging

A wash buffer was prepared by diluting a 10X Tris buffered saline (TBS) solution
containing Tween (TBS-T), made up by the CRUK Beatson Institute’s Central
Services, to a 1X working concentration. Following protein transfer, the
Nitrocellulose membrane was blocked in 5% non-fat milk (Marvel)/TBS-T blocking
buffer at room temperature for 1 hour. The primary antibody was diluted to the
desired concentration in 5ml of 5% milk/TBS-T blocking buffer. The membrane
was transferred into a 50ml Falcon tube along with the primary antibody solution
and incubated overnight in a 4°C cold room on a tube roller. Following this, the
membrane was transferred into an incubation box and washed using 3x5 minute
washes of TBS-T to remove any excess or unbound primary antibody. The
appropriate secondary antibody was then made at a 1:10,000 concentration and
the membrane was incubated with this at room temperature for 1 hour on an
orbital shaker. 3 more 5 minute washes were performed in TBS-T. A SuperSignal™
West Femto Maximum Sensitivity Substrate (Thermo Scientific, #34095) was used
for signal development. This substrate kit contains two separate components,
which were mixed together 1:1. The Nitrocellulose membranes were soaked with
the chemiluminescent substrate for 1 minute before being transferred into a clear
plastic sleeve and chemiluminescent and colorimetric images were taken of each

blot using the ChemiDoc Imaging System.

2.9.3.5 Stripping membrane for re-blotting

In order to probe a single blot for multiple similarly sized proteins, the
Nitrocellulose membrane was stripped between each immunoblot. After blotting
with an antibody corresponding to one of the proteins of interest and capturing
images, the membranes were stripped of any bound antibody using a 10X ReBlot
Plus Mild Antibody Stripping Solution (Millipore, #2502). This Stripping Solution as
diluted to a 1X solution in sterile water and the membrane was incubated with
the solution in an incubation box for 15 minutes at room temperature on an orbital
shaker. The membrane was then washed using 3x5 minute TBS-T washes and re-
blocked for 1 hour at room temperature in 5% milk/TBS-T blocking solution. The
membrane could then be probed for different proteins using the same

immunoblotting method as described in 2.9.3.4.
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2.9.4 Western blot analysis

Images taken on the ChemiDoc Imaging System were uploaded to the Bio-Rad
Image Lab software for analysis. For each blot being analysed, the
chemiluminescent and colorimetric images were merged in order that the
molecular weight of the protein bands (in the chemiluminescent image) could be
determined using the protein ladder (in the colorimetric image). Relative
densitometry analysis was also performed using the Image Lab software in order

to compare protein abundance between samples.

2.10 Confirmation of Runx2 knockout

2.10.1 T7 Endonuclease | mismatch assay

Results generated from Western Blot Analysis of Runx2 CRISPR clones did not
provide a definitive answer as to whether there was successful or complete
knockout of Runx2 and its corresponding protein. Farah Hughes, a colleague in the
Strathdee lab at the CRUK Beatson Institute, kindly carried out mismatch assays
and sequencing analysis of genomic DNA isolated from these samples in order to
answer this question. First, gDNA was isolated from both Runx2 CRISPR clones, and
an empty vector-treated clone as a control sequence, using a QlAamp DNA Mini
Kit (Qiagen, #51304). Forward (GACTCTGTCCGGTCTCCAGT) and reverse
(ACAGGAAGTTGGGACTGTCG) primer sequences were designed for the target
region of the gRNA. These primers selectively amplified the region of interest in
PCR reactions for gDNA isolated from test and control HC11 cell lines, resulting in
products of 500-600bp. The PCR products were purified, eluted in nuclease-free
water, and the concentration and purity measured using a NanoDrop 2000. Purified
PCR products from each Runx2 CRISPR gDNA sample were annealed with purified
PCR product from the Empty Vector control gDNA sample. A T7 Endonuclease |
digestion was then performed on these annealed sequences, before the reaction
was stopped and the products purified. The DNA fragments were then eluted in
nuclease-free water and the fragmented PCR products were analysed by running
on an agarose gel. The T7 endonuclease | recognised and cleaved structural
deformities (DNA mismatches) in the generated DNA heteroduplexes of the Runx2
CRISPR (test) and Empty Vector-treated (control) PCR amplicons. By running the
cleavage products on an agarose gel, both the full length and cleavage products

were resolved, indicating gene editing was successful. The intensity of the
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respective bands can also allow for the calculation of the gene editing percentage
that occurred, however this was not necessary for this experimental setup as

sequencing was also performed on the PCR products.

2.10.2 Sequencing of Runx2 CRISPR genomic DNA

The purified, un-annealed PCR products generated in 2.10.1 were also sequenced
in order to determine the size(s), location(s), and therefore the implications of
any CRISPR-mediated gene alterations. A linearised version of the pUC19 cloning
vector (Addgene, #50005) was generated by PCR (using oligos: forward
TCTAGAGGATCCCCGGGTAC; reverse CTGCAGGCATGCAAGCTTGG) and then
purified by running on an agarose gel. An In-Fusion® HD Cloning Plus kit (Takara
Bio, #638911) was used to carry out an In-Fusion cloning reaction (using oligos:
forward CGGGGATCCTCTAGAGACTCTGTCCGGTCTCCAGT; reverse
CTTGCATGCCTGCAGACAGGAAGTTGGGACTGTCG) to clone the purified PCR
product, from the Runx2 CRISPR gDNA, into the linearised pUC19 vector in the
correct orientation, whilst also producing minimal empty vector product. This
Runx2 CRISPR/pUC19 vector construct was then transformed into Stellar
Competent Cells (Takara Bio, #636763), provided in the Cloning Plus kit, which
were plated onto LB (+Amp) plates for selection. Colonies were picked and grown
in 5ml of selective LB broth (+Amp) before cells were spun down and given to the
Molecular Technology Services for Minipreps and sequencing using M13 forward
(GTAAAACGACGGCCAGT) and reverse (GGAAACAGCTATGACCATG) primers. The
sequences that were generated from the Runx2 CRISPR cell lines were compared
with a reference Runx2 sequence using a Basic Local Alignment Search Tool
(BLAST) analysis. This identified any sequence variations in each of the sequenced

Runx2 CRISPR clones, and provided information about their sizes and locations.



105

2.11 Reverse transcription-quantitative polymerase chain reaction (RT-
gPCR)

2.11.1 Primers

2.11.1.1

Bio-Rad Primers

Table 2.6 List of Bio-Rad primer sets used for gqPCR analysis of cDNA samples.

Actb

Aldh1a

Aldh1a
7

Cend1

Dkk 1

Esr1

Esr2

Fzd7

Lyé6a

gMmuCED002750
5

gMmuCID0005196

gMmuCID0005202

gMmuCID0023518

gMmuCID0020261

gMmuCID0018069

gMmuCED004429
5

gMmuCED004843
1

gMmuCEDO000376
1

*continued on next page

TGCTCGAAGTCTAGAGCAACATAGCACAGCTTCTCT
TTGATGTCACGCACGATTTCCCTCTCAGCTGTGGTG
GTGAAGCTGTAGCCACGCTCGGTCAGGATCTTCAT
GAGGTAGTCTGTCAGGTCCCGGCCAGCCAGGT
GGTTAACTGCTATATGATGTTGTCAGCCCAGTGCCC
CTTCGGTGGATTCAAGATGTCTGGAAATGGAAGAG
AACTGGGTGAACATGGTCTTTATGAATACACTGAGC
TCAAGACAGTCGCAATGAAGATATCTCAGAAGAACT
CCTA
ATGCTTTTATGCTGATCTCTACATCCAACAGGTATG
CATGAGCAAAGACTTTCCCAGCATTCATCGATTCCA
TTGTAGCCAGCAGCAGACGATCTCTCTCCATTAAGT
CAGCCAGCTT
CTGGCGCAGGCTTGACTCCAGAAGGGCTTCAATCT
GTTCCTGGCAGGCACGGAGGCAGTCCGGGTCACAC
TTGATGACTCTGGAAAGAAAGTGCGTTGTGCGGTA
G
CTTTGGTGTGATATATTTTTGAAGTCAGTGTGGTTC
TTCTGGGATATCCATCCCCCGCGGCGGCGTTGTGG
TCATTACCAAGGTTTTCAATGATGCTTTCCTCAATTT
CCCCTCGAGGAAAATGGCTGTGGTCAGAGGGCATG
CATATTCCATTTTTGCAGTAGTTCCCGGGGCAG
AGCATCGCCGCCTAGCTCAGCTCCTTCTCATTCTTT
CCCATATCCGGCACATGAGTAACAAAGGCATGGAGC
ATCTCTACAACATGAAATGCAAGAACGTTGTG
TGTACCCTCGAAGCGTGTGAGCATTCAGCATCTCCA
GCAGCAGGTCGTACACCGGGACCACATTTTTGCACT
TCATGCTGAGCAGATGTTCCATGCCCTTGTTACTG
GCCACGAGGCCATCGAGGCCAACTCGCAGTACTTTC
ATCTGGCCGCGTGGGCTGTGCCAGCGGTCAAGACA
ATCACCATTTTGGCCATGGGCCAGGTGGATGGTGA
CCTACTCAGTGGAGTGTGCTACGTGGGCCTGTCTA
GTG

Not provided. Product discontinued.
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Table 2.6 (continued) List of Biorad primer sets used for gPCR analysis of cDNA

samples.

Myc

Nanog

Rnf43

Runx2

Sox9

Trp63

Wif1

Wnt3a

Znrf3

gMmuCID0006528

gMmuCID0005399

gMmuCiD0020292

gMmuCID0005205

gMmuCEDO004468
5

gMmuCID0006015

gMmuCID0010813

gMmuCID0005162

gMmuCID0006616

CCTGAGCCCCTAGTGCTGCATGAGGAGACACCGCC
CACCACCAGCAGCGACTCTGAAGAAGAGCAAGAAGA
TGAGGAAGAAATTGATGTGGTGTCTGTGGAGAAGA
GGCAAACCCCTGC
TCCAGCAGATGCAAGAACTCTCCTCCATTCTGAACC
TGAGCTATAAGCAGGTTAAGACCTGGTTTCAAAACC
AAAGGATGAAGTGCAAGCGGTGGCAGAAAAACCAG
TGGTTGAAGACTAGCAATGGTCTGATTCAGAAGGG
CcT
AGAGGGCAGGAGATGTCCTTACTCACATTGCCAGG
TGCTGCCAGCCCAACCTGGCTCGGAAGAGGAGCTG
GAGGAGCTGTGCGAGCAGGCTGTGTGACGTGAGCT
GGTCAGATGAAGCTTCGATGGCGAGTGTGCTCCAG
ATG
GCGATCAGAGAACAAACTAGGTTTAGAGTCATCAAG
CTTCTGTCTGTGCCTTCTTGGTTCCCGGGGACCGTC
CACTGTCACTTTAATAGCTCTGTGGTAAGTGGCCAC
TTGGGGAGGATTTGTGAAGACTGTTATGGTCAAGG
TGAAA
TGAGCAGCGAGCCAGGCCAGTCCCAGCGAACGCAC
ATCAAGACGGAGCAGCTGAGCCCCAGCCACTACAGC
GAGCAGCAGCAGCACTCCCCGCAACAGATCTCCTAC
AGCCCCTTCAA
CGTCAGAATACACACGGAATCCAGATGACTTCCATC
AAGAAACGGAGATCCCCAGATGATGAGCTGCTGTAC
CTACCAGTGAGAGGTCGTGAGACGTACGAGATGTT
GCTGAAGATCAAAGAGTCACTGGAGCTCATGCAGTA
CCTC
AATGCCAGCCATTCCTGTCAATATCCACTCCATGAA
TTTTACCTGGCAAGCTGCGGGGCAGGCAGAATACT
TCTACGAGTTCCTGTCTCTGCGCTCCCTGGATAAAG
GCATCAT
GCACAGAGAATGGGCTGAGTGCTCAGAGAGGAGTA
CTGGGGTCCCACAGCCAAGGACCACCAGATCGGGT
AGCTGCCCAGAGCCTGCTTCAGGCTGCAGAGCACT
AAGAGGTATCCGAGAGGAGCCATCGCCGGCT
TAGCTCCCCGCTGAACTGCTCTCTTGGCCTTGCCCA
GGACAGTGAGACATGGTTTGGGGTCCAATTCTGGC
TGTTCAAGCTTCACCACTCCTACCCAGCCATATTCAT
ACAAGTCCTCTTCGTCATTGTTATTACATAGGCCTA
GTGGGT
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2.11.1.2 Other Primer Sequences
Table 2.7 List of other primer sequences used for qPCR analysis of cDNA samples.

Axin2 '-GCGACGCACTGACCGACGAT-  5-GCAGGCGGTGGGTTCTCGGA-3’

5
3

Gapdh 5-GAAGGCCGGGGCCCACTTGA- 5'-
3 CTGGGTGGCAGTGATGGCATGG-3’
5

Lgr5 "-GACAATGCTCTCACAGAC-3 5-GGAGTGGATTCTATTATTATGG-
3!

Notum 5-CTGCGTGGTACACTCAAGGA- 5-CCGTCCAATAGCTCCGTATG-3'

2.11.2 RNA extraction

The RNAqueous™-Micro Total RNA Isolation Kit (Invitrogen, #AM1931) was used to
isolate and purify RNA from samples for analysis by RT-qPCR. A NanoDrop 2000
Spectrophotometer was used to quantify and assess the purity of the extracted
RNA prior to this analysis. 40ng/pl was the minimum required concentration of
RNA required for a minimum total input of 500ng for each cDNA synthesis reaction.
The ratio of absorbance at 260nm to 280nm (the 260/280 ratio), calculated by the
NanoDrop, was used to assess the purity of RNA, while the 260/230 ratio was used
as a secondary measure of nucleic acid purity. According to the NanoDrop T042
Technical Bulletin, a 260/280 ratio of ~2.0 is generally accepted as “pure” RNA,
though anything above 1.7 is considered acceptable for analysis by PCR. The
expected 260/230 ratios are expected to fall within a slightly higher range of ~2.0-
2.2, although 1.7 is also considered sufficient for PCR analysis. If either ratios are
significantly lower than these expected values, it may indicate the presence of
contaminants. For some samples, the extracted RNA had initial 260/230 ratios
that were appreciably lower than the expected values. Significant absorbance at
230nm (and therefore low 260/230 ratios) can indicate the presence of guanidine
isothiocyanate (used for RNA isolations), EDTA, carbohydrates, or phenol, which
can interfere with downstream cDNA synthesis. Ethanol precipitation of the RNA

was used in order to purify it further and remove these contaminants (2.11.3).

2.11.3 RNA Purification
Ethanol precipitation of the RNA was used in order to remove the impurities that

were causing low 260/230 ratios in any of the samples. For each RNA sample with
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a 260/230 ratio lower than 1.7, the RNA was first made up to a 100ul total volume
using nuclease-free water (Qiagen, #129115). 10ul of 3M sodium acetate solution
(Sigma-Aldrich, #71196-100ML) was then added. The salt in this solution
neutralises the charge on the RNA, which causes it to become less hydrophilic and
facilitates its efficient precipitation. To further maximise RNA recovery from this
reaction, 1l of a 20mg/ml glycogen solution (Thermo Scientific, #R0551) was also
added. 2.5-3 volumes of ice cold 100% ethanol was then added to each sample,
which were vortexed to mix thoroughly. The precipitation reaction was then
allowed to carry out overnight at -20°C. The RNA was pelleted by centrifuging for
30 mins at 19,000¢g in a benchtop centrifuge, chilled to 4°C, and the supernatant
removed using a micropipette. The pellet was washed twice with 0.5ml ice cold
75% ethanol, spinning at 4°C for 10 mins each time and then removing the
supernatant each time to re-pellet. Samples were spun briefly at top speed to
remove as much of the trace amount of Ethanol as possible before air drying the
pellet for ~3 minutes. The resulting RNA pellet was finally re-suspended in an
appropriate volume of nuclease-free water (tailored to the expected yield), and
quantified using a NanoDrop 2000 Spectrophotometer. This RNA was used to
synthesise cDNA (2.11.4) before analysing by qPCR (2.11.5).

2.11.4 Reverse transcription

cDNA was synthesised from the extracted RNA using a Qiagen QuantiTect Reverse
Transcription Kit (Qiagen, #205311) according to the protocol, specified by the
manufacturer, that was supplied with the kit. Samples were each diluted 1:10 in
nuclease-free water before proceeding to gPCR. At least 500ug of template RNA
was used to synthesise cDNA for each sample, and wherever possible (i.e. where
there was sufficient RNA concentration and total quantity), cDNA was synthesised
from a total of 1ug of RNA by setting up 2 individual reverse transcription reactions
for 500ng of RNA and combining the resulting cDNA at the end. This resulted in all
samples having the same final concentrations of cDNA regardless of the total RNA

input.
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2.11.5gPCR protocol
2.11.5.1 gPCR Plate Setup

For each gPCR experimental setup, each sample being tested for a particular gene
was set up in triplicates, where the final gene expression result for that sample
was representative of the average of the three technical replicates. A nuclease-
free water sample was set up in triplicate as a negative control. In addition, the
inclusion of at least 1 or 2 housekeeping genes was essential in order to ensure
accurate comparisons between samples by normalising quantification data. For
the gPCR experiments presented throughout this thesis, housekeeping genes Actb
and Gapdh were used. For each gene, a primer mastermix was prepared for each
sample as follows: 10ul of SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma-
Aldrich, #54438-500RXN), 1ul of primer mix (primers listed in 2.11.1), and 4yl of
nuclease-free water. This was scaled up depending on the number of samples to
be tested using that primer, for that particular experimental setup. 15l of primer
mastermix was pipetted into the wells of a 96-well PCR plate (Bio-Rad, #HSL9645)
and 5ul of each sample or water control was pipetted (in triplicate) into the
correct corresponding wells with the primer master mix. The plates were sealed
with MicroAmp™ Optical Adhesive Film (Applied Biosystems, #4360954) and the
plate was briefly centrifuged using an Axygen Axyspin Mini Plate Spinner

Centrifuge.

2.11.5.2 gPCR Reaction and Data Analysis

Plates were run on the Bio-Rad CFX96 Touch Real-Time PCR Detection System.
Samples were first denatured at 95°C for 2 minutes before performing 40 cycles
of the following denaturation, annealing, and extension steps: 95°C for 15
seconds; 60°C for 1 minute; and a plate read. Following this, a melt curve was
generated by heating from 65°C and 95°C with 0.5°C increments, 5 seconds dwell
time, and a plate read at each temperature. For each sample being tested, the
Bio-Rad CFX Maestro software calculated the normalised relative expression
values of the given test gene using a AACq method. The normalised expression
value obtained from this calculation represents the relative quantity of the target
gene normalised to the relative quantity of the housekeeping gene(s). In order to

facilitate statistical analyses of the normalised expression data between test
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groups, the data was log-normally distributed prior to performing statistical

analyses, as described in 2.16.

2.12 2D growth assays
2.12.1 Plate setup for 2D growth assays

HC11 cells to be set up in 2D growth assays were trypsinised to detach cells from
the culture flask. This enzymatic reaction was then stopped and cells collected
using RPMI medium (+FBS, +PSG) and the suspension was passed through a 40uM
cell filter into a 50ml falcon tube to disaggregate the cells. Cells were then spun
down at 350g for 5 minutes, resuspended in ~10-15ml of culture medium, and
passed 2-3 times through a 23g Blue 1.25 inch BD Microlance Needle (Becton
Dickinson, #300700) attached to a syringe to obtain a single cell suspension. A
viable cell count was taken using either a CASY cell counter, or a DeNovix
CellDrop™ Automated Cell Counter with Trypan Blue exclusion. The cell
suspensions were then diluted to a final concentration of 5x103 cells/ml, and 1ml
of this suspension was added to each well of standard 24-well culture plates.
Plates were cultured in a 37°C incubator with 5% CO; for 7 days, and supplemented
with fresh medium every 2-3 days. If cells were additionally being treated with
recombinant mouse WNT3A protein (Abcam, # ab81484), this was also added to
the initial culture medium at the point of seeding cells and supplemented every
3-4 days, as described in 2.15.

2.12.2 2D cell counts (Runx1 overexpression/CRISPR cells)

For each Runx1-altered cell line (and their respective Empty Vector counterparts)
set up in 2D growth assays, 3 independent cell counts were taken every 24 hours
by Trypsinising cells from 3 different wells, collecting and processing each into a
single cell suspension, and calculating the total cell count using an average of 2
live cell counts obtained from the CASY Cell Counter. Results were plotted as line
graphs, used to represent the mean average of the 3 total cell counts taken for
each cell line at each timepoint, with error bars used to display population
standard deviations. Statistical analyses were used to compare the average cell
counts for each cell line at each timepoint. Statistical analyses are described in
2.16.
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2.12.3 2D cell counts (Runx1/Runx2 double CRISPR cells)

The HC11 cell lines generated to explore the simultaneous knockout of Runx1 and
Runx2 were analysed for 2D growth using a slightly altered method, as the CASY
Counter was no longer available. For each of these Runx1 and/or Runx2 CRISPR
cell lines (and Empty Vectors control line), 4 independent cell counts were taken
every 24 hours by Trypsinising cells from 4 different wells, collecting and
processing each into a single cell suspension, and calculating the total cell count
using an average of 2 live cell counts obtained from the DeNovix CellDrop™
Automated Cell Counter, with Trypan Blue exclusion. Results were plotted as line
graphs, used to represent the mean average of the 4 total cell counts taken for
each cell line at each timepoint, with error bars used to display population
standard deviations. The average cell counts for each cell line were statistically

compared at each timepoint as described in 2.16.

2.13 Stemness/ 3D growth assays
2.13.1 HC11 mammosphere assays

2.13.1.1 Primary mammosphere setup and counting

Medium for mammosphere culture was composed of RPMI 1640 Medium
supplemented with PSG, mouse EGF to a final concentration of 20ng/ml,
recombinant mouse basic fibroblast growth factor (FGF-2, Sigma-Aldrich,
#SRP4038-50UG) to a final concentration of 20ng/ml, heparin (Sigma-Aldrich,
#H3149-50KU) to a final concentration of 4ug/ml, and 50X B27 Supplement (Gibco,
#17504-044) to a final 1X concentration. HC11 cells to be set up in primary
mammosphere assays were trypsinised to detach cells from the culture flask. This
enzymatic reaction was then stopped and cells collected using RPMI medium
(+FBS, +PSG) and the suspension was passed through a 40uM cell filter into a 50ml
falcon tube to disaggregate the cells. Cells were spun down at 350¢g for 5 minutes,
resuspended in ~10-15ml of mammosphere medium, and passed 2-3 times through
a 23G Blue 1.25 inch BD Microlance Needle attached to a syringe to obtain a single
cell suspension. A viable cell count was taken using either a CASY cell counter, or
a DeNovix CellDrop™ Automated Cell Counter with Trypan Blue exclusion. The cell
suspensions were diluted to a final concentration of 5x103 cells/ml, and 1ml of
this suspension was added to each well of 24-well plates with Ultra-Low
Attachment surfaces (VWR, #734-1584). Plates were cultured in a 37°C, 5% CO;
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incubator for 7 days, and removed every 2-3 days to supplement with mouse EGF
and mouse FGF-2 (made up as a growth factor mastermix by diluting in PBS), which
were added to the mammosphere cultures at final concentrations of 20ng/ml in
order to maintain the mammosphere cultures. If mammospheres were additionally
being treated with recombinant mouse WNT3A protein, this was also added to the
initial mammosphere medium and then supplemented every 3-4 days, as described
in 2.15. Following 7 days of incubation, the plates were removed from the
incubator and analysed using an Olympus CKX41 Inverted Phase Contrast
Microscope at x10 magnification. The squared graticule within the eyepiece of the
microscope was used to determine which of the 3D spherical structures within the
cultures were to be counted as mammospheres. The structures that were at least
the size of one of the small squares within the graticule were counted as a
mammosphere and anything smaller than this was not counted. Mammospheres
were manually counted for each well. Primary mammospheres were imaged
(2.13.1.3). Some were set up in subsequent secondary mammosphere assays
(2.13.1.2), or embedded in agarose plugs (2.13.1.4) for subsequent IHC analysis
(2.2.4), or collected as cell pellets for subsequent RT-gPCR analysis (2.11).

2.13.1.2 Secondary mammosphere setup and counting

For mammospheres being set up in secondary mammosphere assays, the primary
mammospheres were all collected together into a 50ml Falcon tube and spun down
to remove the mammosphere medium. Cells were washed in PBS, transferred to a
15ml Falcon tube, and spun down again to obtain a cell pellet. The mammospheres
contained within the pellet were trypsinised, resuspended in RPMI medium (+FBS,
+PSG), and passed through a 40uM cell filter into a 50ml falcon tube to
disaggregate the cells. Cells were spun down, resuspended in ~5-10ml of
mammosphere medium, and passed 2-3 times through a 23G Blue 1.25 inch BD
Microlance Needle attached to a syringe to obtain a single cell suspension. A viable
cell count was taken using either a CASY cell counter, or a DeNovix CellDrop™
Automated Cell Counter with Trypan Blue exclusion. The cell suspensions were
then diluted to a final concentration of 5x103 cells/ml, and 1ml of this suspension
was added to each well of 24-well plates with Ultra-Low Attachment surfaces.
Plates were cultured in a 37°C incubator for 7 days, and removed every 2-3 days

to supplement with further mouse EGF and mouse FGF-2 (diluted as a growth
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factor mastermix in PBS), which were added to the mammosphere cultures at final
concentrations of 20ng/ml in order to maintain the mammosphere cultures.
Mammospheres were visualised and manually counted using an Olympus CKX41
Inverted Phase Contrast Microscope at x10 magnification, as described in 2.13.1.1
for primary mammospheres. Secondary mammospheres were imaged (2.13.1.3)
and collected as cell pellets for subsequent RT-qPCR analysis (2.11).

2.13.1.3 Mammosphere imaging and size analysis

Images of mammospheres were taken using an Olympus CKX41 Inverted Phase
Contrast Microscope at x10 magnification. An image was also taken of using a Tmm
stage micrometer, using the same settings as were used to capture the
mammosphere images. All of the images were analysed for mammosphere sizes
using ImageJ. Firstly, the image of the stage micrometer was used to calibrate the
scale bar within ImageJ, in order to facilitate a more accurate size analysis. This
was done by using the Straight Line tool within ImageJ to draw a line of known
distance on the stage micrometer image, and then transferring the pixel distance
and the known distance (pM) into the Set Scale function. These settings were used
to calibrate the scale bar in ImageJ for the analysis of all images taken using those
settings. The images taken for mammosphere experiments were then uploaded
and individual mammospheres were sized by manually drawing around each using
the Freehand drawing tool, and then using the Measure function to obtain their
respective areas (UM?). For each experimental setup, the mammosphere sizes
were statistically compared between the experimental groups as described in
2.16.

2.13.1.4 Agarose plugs of mammospheres

To analyse mammospheres using IHC methods, they were first embedded in
agarose before paraffin embedding and IHC staining by the Histology Department.
For each sample, all mammospheres were collected together into a 50ml Falcon
tube and centrifuged at 200g for 5 minutes. The culture medium was aspirated
away and the mammospheres were re-suspended in PBS and transferred into a
1.5ml Eppendorf tube. The tubes were spun down at 200g for 5 minutes and the

PBS supernatant removed. The tubes were again spun down briefly at 200g for ~10
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seconds and residual PBS removed. The mammospheres were re-suspended in
~100-200ul  of 2% agarose depending on the pellet size. The
mammosphere/agarose mixture was pipetted into an Eppendorf lid and allowed
to solidify at room temperature. Agarose plugs were stored in PBS before giving
to the Histology Department for embedding and IHC staining (described in 2.2.4).

The resulting slides were finally imaged and analysed (also described in 2.2.4).

2.13.2 HC11 colony formation assays

Medium for colony formation was composed of RPMI 1640 Medium supplemented
with PSG, mouse EGF to a final concentration of 20ng/ml, and mouse FGF-2 to a
final concentration of 20ng/ml. HC11 cell lines were trypsinised, dissociated, and
processed into a single-cell suspension that was counted, as described in 2.13.1.1.
The cell counts for each cell line were used to calculate the volume of each cell
suspension that was required to obtain 200 cells/well for the number of wells
being set up. These volumes were transferred into the wells of a 96-well cone-
bottom plate (Greiner, #780271) and centrifuged at 300g for 5 minutes to collect
cells at the bottom. The supernatant was removed by quickly inverting the plate,
and cells were resuspended in ice-cold Growth-factor-reduced Matrigel (Corning,
#356231) to obtain a cell concentration of 1x10* cells/ml. 20ul of each suspension
was carefully pipetted into the centre of each well of a 24-well plate (200
cells/well), which was transferred into an incubator for 5 minutes to allow the
Matrigel to solidify. 1ml of the colony formation medium was then pipetted into
each well and cultures were incubated (37°C, 5% CO) for 7 days. Every 3-4 days,
the colony formation medium was removed and replaced with fresh colony
formation medium in order to keep the cells properly supplemented with growth
factors. After 7 days, Matrigel colonies were manually counted and imaged using
an Olympus CKX41 Inverted Phase Contrast Microscope at x10 magnification, as

described in 2.13.1.1 for primary mammospheres.

2.13.3 PyMT mammosphere/tumoursphere assays

Mammosphere/tumoursphere medium, for primary cells extracted from MMTV-
Cre and MMTV-Cre;MMTV-PyMT mice, was composed of Ham’s F12 Medium
supplemented with PSG, Cholera Toxin (Sigma-Aldrich, #C8052-.5MG) to a final
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concentration of 5ng/ml, mouse EGF to a final concentration of 20ng/ml,
recombinant mouse FGF-2 to a final concentration of 20ng/ml, heparin to a final
concentration of 4ug/ml, and 50X B27 Supplement to a final 1X concentration.
PyMT mice were sacrificed and mammary gland samples taken (2.1.5.1), which
were processed into single cell suspensions of isolated MMECs (2.3.1). After
obtaining a viable cell count, as described in 2.3.1, cells were spun down at 350g
for 5 minutes and diluted to a final concentration of 1x10* cells/ml in
mammosphere medium. 1ml of this cell suspension was added to each well of 24-
well plates with Ultra-Low Attachment surfaces. Plates were incubated (37°C, 5%
CO2) for 10 days, and removed every 3 days to supplement with mouse EGF and
mouse FGF-2 (diluted as a growth factor mastermix in PBS), which were added to
the mammosphere cultures to final concentrations of 20ng/ml in order to maintain
the mammosphere cultures. Following 10 days of incubation, the plates were
removed from the incubator and analysed using an Olympus CKX41 Inverted Phase
Contrast Microscope at x10 magnification. The squared graticule within the
eyepiece of the microscope was used to determine which of the 3D spherical
structures within the cultures were to be counted as mammospheres. The
structures that were at least the size of one of the small squares within the
graticule were counted as a mammosphere and anything smaller than this was not

counted. Mammospheres/tumourspheres were manually counted for each well.

2.14 MTS cell viability and metabolic activity assay
2.14.1 Plate Setup for MTS assay

The MTS assay is a sensitive and accurate colorimetric assay, which is used for the
relative quantification of metabolically active cells within given populations, with
a particular focus on cells’ responses to growth factors and drug treatments. The
MTS assay protocol is based on the conversion of the MTS tetrazolium compound
into a coloured soluble formazan dye, whose presence can be quantified by
measuring absorbance at ~490nm. The NAD(P)H-dependent cellular
oxidoreductase enzyme, which is present in metabolically active cells, is
responsible for this reduction of the MTS tetrazolium compound. The ability of
cells to initiate this conversion is therefore used to relatively assess their
metabolic activity, which is often used as a surrogate for cell viability or

proliferative capacity within cell populations. To prepare HC11 cell lines for the
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MTS assay, they were each processed into single cell suspensions and counted
using a CellDrop, as described in 2.13.1. Each of the cell lines was diluted into 4
different single cell suspensions, which had 2 different final concentrations (2
suspensions of 1x10* cells/ml and 2x10* cells/ml), and for each of these
concentrations of cells one suspension was supplemented with sterile water
(vehicle control) while the other was supplemented with 100ng/ml of recombinant
WNT3A protein. 100ul of each of the cell suspensions (and medium as a
blank/control) was plated in triplicate into 6 separate Greiner CELLSTAR® 96-well
plates with flat bottom black polystyrene wells and micro-clear bottoms (Sigma-
Aldrich, #M0562-32EA).

2.14.2 MTS assay and data analysis

Plates were then incubated at 37°C for 3 different timepoints: 24 hours, 48 hours,
and 72 hours. At each of these timepoints, 2 of the 96-well plates were removed
from the incubator and 20pl of MTS Reagent from the CellTiter 96® AQueous One
Solution Cell Proliferation Assay was added to each well containing cells or blank
medium. Absorbance at 490nm was measured using a Tecan Sunrise Microplate
Reader and results exported in the form of Excel sheets for analysis. The media
blank/control results were averaged and removed from each sample result, in
order to remove any background absorbance. For each cell line and timepoint, the
average absorbance value of the vehicle control-treated cells was used to
normalise each of the absorbance values obtained for that cell line. Each of the
normalised values for the vehicle- and Wnt3a-treated replicates was expressed as
a percentage of the average absorbance of the vehicle treated cells. Results were
plotted using Graphpad Prism 9, which was also used to perform the appropriate

statistical analyses described in 2.16 and the appropriate figure legends.

2.15 Wnt3a treatment

Recombinant Mouse WNT3A Protein (Abcam, #ab81484) was added to culture
medium for 2D growth assays (2.12), mammosphere assays (2.13.1), and in MTS
cell viability and metabolic activity assays (2.14). WNT3A was added to the initial
culture medium to a final concentration of 100ng/ml, and cells were

supplemented every 3-4 days with WNT3A to a final concentration of 100ng/ml.
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Cells set up in MTS assays did not require supplementation with further Wnt3a as

these experiments lasted 3 days.

2.16 Statistical analyses
All of the statistical analyses for this thesis were performed using Graphpad Prism
9. The details of the specific statistical analyses used for each individual

experiment are described in the appropriate/corresponding figure legends.
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3 Investigating the molecular mechanisms of early tumour
emergence in Runx1-deficient mice.

3.1 Introduction

The Wnt/B-catenin signalling pathway is one of several important cancer-related
pathways implicated in the development and progression of breast cancer (Song,
Cui et al. 2014). Wnt signalling is dysregulated in a large proportion of breast
tumours, and aberrant expression of B-catenin (a hallmark of canonical Wnt
activation) has been observed in over half of all invasive breast cancers analysed
by IHC in independent studies (Karayiannakis, Nakopoulou et al. 2001, Li, Li et al.
2014). In addition, this aberrant activation of B-catenin was significantly
correlated with poor prognosis for breast cancer patients, irrespective of the

molecular subtype of their disease (Lin, Xia et al. 2000, Li, Li et al. 2014).

The Blyth lab use genetically engineered mouse models (GEMMs) of breast cancer
as in vivo tools to recapitulate the human disease and interrogate specific
biological processes within a physiologically relevant model. Due to the clear
significance of the Wnt/B-catenin pathway in the context of breast cancer, a
GEMM with mammary-specific oncogenic activation of B-catenin is one such model
used for these investigations. This model was used as the basis for the generation
of several conditional knock-out cohorts (described in 2.1.1.1) in order to study
the effects of Runx1 and/or Runx2 deletion on Wnt/B-catenin-driven mammary
tumorigenesis. The Blg-Cre;Catnb"t/!ox(€x3) cohort shall henceforth be referred to
as BCAT, Blg-Cre;Catnb"t/ox(ex3).Runx 17U as BCAT_1, Blg-
Cre;Catnb"t/lox(ex3) . Rynx 2fUfl as BCAT_2, and the Blg-
Cre;Catnb"t/ox(x3):Runx 17V1; Runx2/fl cohort as BCAT_12 (as described in Table
2.1). The analysis of these cohorts, discussed below, was led by Alessandra Riggio
as part of her PhD studies (Riggio 2017, Riggio Unpublished), and showed the

striking impacts of Runx1 loss in this mammary model.

3.1.1 RunxT loss accelerates Wnt-driven mammary tumorigenesis
BCAT, BCAT_1, and BCAT_2 cohort mice were put through 2 rounds of parity in

order to maximise expression of the activated B-catenin oncogene in the
mammary gland (as described in 1.6.2). By monitoring all BCAT, BCAT_1, BCAT_2,
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and BCAT_12 mice for the formation of palpable mammary tumours, and routinely
checking and measuring these until clinical end-point, cohorts could be compared
using 3 distinct parameters (Figure 3.1A): tumour onset (time from birth to tumour
notice); tumour progression (time from tumour notice to end point); and overall
survival (time from birth to end point). The Kaplan-Meier curves shown in Figure
3.1 demonstrate that tumours emerged in BCAT_1 mice at a significantly earlier
timepoint than their wild-type (BCAT) controls and resulted in a reduction in their
overall survival. Onset in BCAT_12 mice occurred at a time dramatically earlier
than other cohorts and as a result, it was not possible for the female mice to go
through parity to maximise Blg-Cre expression. The overall survival of these mice
was also significantly shorter than other cohorts. Surprisingly, tumour initiation
was not significantly changed in the BCAT_2 cohort and they showed survival

patterns similar to that of their wild-type counterparts.
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Figure 3.1 Runx1 deletion accelerated onset of mammary tumours in Wnt-driven
mouse model, and even more dramatically with simultaneous loss of Runx2.

* Data provided by Alessandra Riggio and shown here with permission*

[A] A schematic representation of the parameters used to assess the impact of Runx1
and/or Runx2 loss on Wnt-driven mammary tumorigenesis. BCAT, BCAT_1, and BCAT_2
females underwent multiple parities (MP) and were monitored for tumour initiation by
recording the first instances of palpable tumours. BCAT_12 mice remained nulliparous
(NP) due to the rapid rate of tumour development. Following tumour notice, size
measurements were taken 2-3 times per week using callipers. Mice were sacrificed once
a mammary tumour reached the clinical end-point.

[B] Kaplan-Meier curve comparing time from birth to tumour notice observed in BCAT
(n=13), BCAT_1 (n=17), BCAT_2 (n=18), and BCAT_12 (n=27) mice.

[C] Kaplan-Meier curve comparing time from birth to clinical end point recorded for BCAT
(n=13), BCAT_1 (n=18), BCAT_2 (n=19), and BCAT_12 (n=33) mice.

Statistical analyses performed for each, using the Log-rank (Mantel-Cox) test [* p < 0.05;
***p < 0.001; **** p < 0.0001].
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3.1.2 Runx deletion dramatically increases tumour burden in a Wnt-driven
mouse model of breast cancer
In addition to these changes in tumour initiation and progression observed in

BCAT_1 and BCAT_12 cohorts, the tumours were also significantly different at
endpoint, both qualitatively and quantitatively. Representative images of each
cohort at end-point are shown in Figure 3.2A. The gross pathology of BCAT_2
tumours appear very similar to that of BCAT (wild-type) tumours, with some but
not all mammary glands bearing single lesions. A greater proportion of mammary
glands within the BCAT_1 mice appear to bear tumours, and some bearing more
than a single lesion. The most remarkable phenotypic change was observed in the
BCAT_12 cohort, in which many multifocal and multicentric tumours were present
within all (or almost all) glands at clinical end-stage. Quantification and statistical
comparisons of the number of affected glands in each cohort are summarised in
Figure 3.2B, and demonstrate that the visual differences between the cohorts
were only statistically significant when comparing the BCAT_12 mice with the
BCAT wild-types. Although not significantly altered in BCAT_1 mice, there did
appear to be a trend towards increased numbers of affected glands. Tumour
burdens (cumulative mammary gland weight measured as a percentage of the
total body weight) were plotted for each cohort mouse, although only showed
statistically significant changes within BCAT_12 glands, albeit there was a

potential trend towards increased tumour burdens in BCAT_1 mice too.
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Figure 3.2 Effect of mammary-specific Runx1 and/or Runx2 loss on tumour burden of
mice with oncogenic activation of B-catenin.

*Data provided by Alessandra Riggio and shown here with permission®

[A] Representative images of Blg-Cre;Catnb""'*©3) mice, being dissected at clinical
endpoint, showing the phenotypic changes within Wnt-driven mouse models upon
homozygous loss of Runx1 alone and simultaneous loss of Runx1 and Runx2.

Numbers of affected mammary glands [B] and tumour burdens (expressed as a percentage
of the total body weight) [C] were noted at end-point for each mouse and plotted for
each cohort as above. Each data point represents the number of burdened glands and
tumour burden obtained from a single mouse. One-way ANOVA, with Dunnett’s multiple
comparisons test [*** p < 0.001; **** p < 0.0001].

[B] Runx**'*t (n=9), Runx1™" (n=13), Runx2™" (n=11), and Runx1™""; Runx2"V* (n=19).

[C] Runx*'** (n=10), Runx?" (n=13), Runx2™'"" (n=4), and Runx " Runx2’"" (n=12).
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3.1.3 Immune signalling altered in Runx-deleted mammary glands
This study provided the first in vivo evidence of RUNX1 functioning as a tumour
suppressor within the context of the mammary gland. The earlier emergence of
higher numbers of independently arising tumours also hinted towards a possible
role for Runx1 in the stem-like behaviours of the mammary gland cells and in
cancer stem cells. The next objective for the Blyth lab was therefore to explore
the molecular mechanisms behind the dramatic phenotypes observed in the
mammary gland tissues as a result of Runx1 (and simultaneous Runx2) loss. RNA-
sequencing (RNA-seq) uses high-throughput sequencing methods to provide
relatively unbiased insights into the transcriptomic profiles of analysed cells. It
offers much higher coverage and resolution than more traditional Sanger and
microarray technologies. RNA-seq was therefore used to analyse mammary gland
cell populations that were isolated from cohort mice prior to the formation of
palpable tumours (9wks), in order to determine the molecular events within the
glands at these early stages that facilitate the earlier emergence of independently
arising tumours. Due to the overwhelmingly high numbers of genes that were
found to be differentially expressed between the 4 cohort sample groups, the
MetaCore bioinformatics suite was used to analyse the data and identify the most
relevant pathways, networks, and cellular processes (Figure 3.3). Interestingly,
these analyses identified enhancements of multiple pro-inflammatory/pro-
tumorigenic immune signatures and ECM remodelling signatures in BCAT_12

samples.

Due to the RNA-seq samples originating from preparations of bulk mammary
glands, there were various cell types present within them, in addition to the
mammary epithelial cells. This cellular heterogeneity meant it was not possible
to deduce the cell of origin for the immune and ECM-remodelling signatures. Since
it could not be assumed if or which these changes were originating from the Blg-
Cre-expressing mouse mammary epithelial cells (MMECs) or from their
microenvironment, it was not possible to determine which changes were occurring
as a direct result of Runx1 (and simultaneous Runx2) loss or which were due to
indirect changes, such as immune cell infiltration. Another factor introduced by
this cellular heterogeneity was that, due to the nature of traditional bulk RNA-seq
experiments, gene expression was being averaged across all cell types. This,

combined with the fact that the immune and ECM-remodelling signatures were
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largely dominating the alteration profiles of these samples, was potentially
diluting or drowning out some cell type-specific molecular signatures originating

from within the genetically altered MMECs.
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Top 10 altered network maps in BCAT_12 cohort
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Figure 3.3 Enrichment of immune responses and cytoskeleton rearrangement in
BCAT_12 glands in bulk mammary cell RNA-seq.

*Data provided by Alessandra Riggio and shown here with permission*

RNA-seq data was processed by Robin Shaw and analysed by Alessandra Riggio. Figure
shows select results from these analyses, namely the top 10 MetaCore network maps and
process networks that were significantly altered in BCAT_12 (n=4) mammary glands
compared to wild-type (n=5) counterparts, using significance cutoffs of Fold Change <-1.5
and >1.5, and Adjusted p value of <0.05.
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3.1.4 Experimental Aims

One of the aims for the work presented in this chapter was to carry out a more
focused analysis, specifically identifying the molecular changes within the Runx-
deleted mammary cells. In order to isolate MMECs, with simultaneous constitutive
activation of B-catenin alongside conditional knock-out of Runx1 and/or Runx2,
from the mammary glands of cohort mice, an RFP reporter was introduced into
this model as a surrogate for oncogenic B-catenin expression and Runx-deletion.
FACS of single cell suspensions (described in 2.4.2) obtained from mammary glands
of 9wk old cohort mice (processed according to the method in 2.3.1) facilitated
this isolation of genetically altered MMECs. The RNA-seq analysis of these RFP-

sorted cells forms the basis of this chapter.

3.2 Results

3.2.1 Analysis of pilot RNA-seq data reveals significantly altered Wnt signalling
and elevated stem cell-related signature.
In order to understand the transcriptional changes occurring in the Runx-deleted
mammary cells to facilitate the earlier emergence of palpable tumours, an RFP
reporter allele was introduced into the B-catenin mammary model. RFP expression
served as a surrogate for oncogenic B-catenin expression and Runx-deletion, and
flow-assisted cell sorting (FACS) could be used to isolate these RFP-positive (B-
catenin expressing, Runx-deleted) cells. In order to collect sufficient amounts of
RNA from RFP-sorted MMECs (isolated from 9 week-old BCAT, BCAT_1, BCAT_2,
and BCAT_12 mice) for analysis by RNA-seq, MMECs isolated from multiple mice
were combined together to form each individual sample. Therefore, in an effort
to apply the Three Rs of Humane Animal Experimentation to this experimental
setup (particularly the reduction and refinement principles) a pilot RNA-seq study
was conducted. 3 Blg-Cre;Catnb"t/!ox(Ex3):tdRFP experimental groups were
analysed for the purposes of this pilot investigation: MMECs expressing wild-type
Runx (BCAT); MMECs with mammary-specific loss of Runx1 (BCAT_1); MMECs with
simultaneous mammary-specific depletion of Runx? and Runx2 (BCAT_12). A
BCAT_2 group was not used in this initial investigation due to a lack of availability
of mice/samples, and due to there being a relatively unremarkable phenotype
observed in this group compared to the wild-type controls. 2 samples were

analysed within each of the experimental groups, and RFP-sorted MMECs isolated
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from the mammary gland tissue of 3 separate mice were combined together to
generate each sample. The details of each sample, including RNA integrity
numbers (RIN), are listed in Table 3.1. The samples were processed and analysed

according to the methods described in 2.5 for RNA-seq.

Table 3.1 Samples, generated from pooled RFP-sorted (BCAT, BCAT_1, and BCAT_12)

MMEC s, used for pilot RNA-seq analysis.

Pilot Sample of Pooled RFP+ Total Number of Pooled RFP+ RIN Value
MMECs MMECs
Individual Mice Number of MMECs Collected Per
Mouse
BCAT sample 1 — 3 mice ~145,500 7.7
YDG138.4h 50,664
YDG138.4i 79,869
YDG153.8h ~15,000
BCAT sample 2 — 3 mice ~120,000 8.7

YDG153.4h 101,451
YDG153.6j Not provided
YDG154.5h 16,407

BCAT_1 sample 1 — 3 mice ~109,000 8.4
YDD99.4f 2,335
YDD99.4g 26,146
YDD99.5e 80,393

BCAT_1 sample 2 — 3 mice ~114,500 6.4
YDD106.3g 30,349
YDD110.2i 61,851
YDD110.2j 22,296

BCAT_12 sample 1 — 3 mice ~201,000 6.3
YDE93.3a 109,778
YDE93.3b 89,530
YDE95.2c 1,642

BCAT_12 sample 2 — 3 mice ~228,500 10
YDE95.2b 41,987
YDE96.1a 76,350
YDE96.1e 110,305

Initial analyses of the resulting data involved a principle component analysis (PCA)
of the samples. PCA takes a large multidimensional data set (such as that from an
RNA-seq experiment) and flattens it into 2 or 3 dimensions in order to make the
analysis less complex and more manageable. It tries to find the most meaningful
way to flatten the data by focusing on the factors (or Principal Components) that

are different between the given samples. PC1 is the name given to the principal
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component (and axis in the PCA plot) that spans the most variation, while PC2
spans the second most variation. The PCA plot in Figure 3.4 demonstrates that the
samples clustered relatively well into their respective groups, with the BCAT
samples showing the least amount of variability, and samples within the BCAT_1
and BCAT_12 groups clustering further away from one another. In addition to the
samples clustering into their respective groups, each of the groups seemed to
cluster distinctly from one another. Interestingly, the BCAT_12 samples appeared
to cluster furthest from the wild-type controls, and the BCAT_1 samples were
clustered at an intermediate position between the two groups. These results
appear to reflect observations in the Blg-Cre;Catnb"!/!ox(Ex3) mouse models, where
the phenotypic changes exhibited in mice with simultaneous depletion of Runx1
and Runx2 appeared even more drastic than those observed with loss of Runx1

alone.

ST
Condition
o BCAT

© ® BCAT 1

® BCAT_ 12

PC2 (variance 12%)

0A4

[ T
3
Q
8
5

-10

DA3_YBOCAT

T T T T T I
=20 =10 0 10 20 30

PC1 (variance 75%)

Figure 3.4 RFP-sorted BCAT_1 and BCAT_12 samples cluster distinctly from wild-type
controls, and each other, in pilot experiment.

A PCA was plotted for the RNA-seq data obtained from RFP-sorted MMECs (isolated from
BCAT, BCAT_1, and BCAT_12 cohort mice) set up in a pilot experiment. There were n=2
samples for each experimental group. Each data point represents a pool of RFP-positive
MMECs isolated from 3 individual mice, detailed in Table 3.1.
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Following on from PCA analysis, the gene expression data of the MMECs was also
examined to determine whether Runx1 alteration initiated significant changes in
their gene expression profiles. Initially, the data was interrogated to find and
compare the numbers of altered genes within each of the Runx7-depleted test
groups compared with the wild-type control group. Venn diagrams, shown in
Figure 3.5, summarise the results from this analysis and demonstrate that both
the BCAT_1 and BCAT_12 groups display significant changes in the expression of
substantial numbers of genes compared to the BCAT MMEC samples. Figure 3.5A
shows the total number of significantly altered genes, irrespective of the direction
of change, while Figures 3.5B and 3.5C illustrate the genes shown to be
upregulated and downregulated, respectively. Each Venn diagram displays the
number of genes altered uniquely within the BCAT_1 and BCAT_12 groups (labelled
A and B, respectively) and the significantly altered genes shared between the two
test groups (ANB). Both test groups show significant changes in the expression of
many genes, in both directions. While both groups display unique gene changes,
many of the total changes seen in the BCAT_1 group are shared with those
differentially expressed in the BCAT_12 samples, and the latter possesses
considerably more unique alterations. Looking at the numbers of altered genes in
Figure 3.5A, while 1148 genes were differentially expressed in the BCAT_1 group
compared to the BCAT control cohort, a relatively small proportion of these (305
genes) were unique to the BCAT_1 group and the rest (843 genes) were also altered
in the BCAT_12 samples. In contrast, the majority of the 2898 genes that were
altered in the BCAT_12 group, as compared with their wild-type counterparts,

were unique changes exhibited within these samples (2055 genes).
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Figure 3.5 Venn diagrams of altered genes from RNA-seq analysis of Runx?1 and
Runx1/Runx2 deleted MMECs.

Pilot RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=2), BCAT_1 (n=2),
and BCAT_12 (n=2) mice at 9 weeks of age. Each sample comprised of pooled RFP+ MMECs
isolated from 3 individual mice (detailed in Table 3.1). Data obtained from the pilot RNA-
seq experiment was analysed for significantly altered genes (genes with Fold Change
<-1.5 or 21.5, and Adjusted p value of <0.05) in each of the experimental groups (BCAT_1
and BCAT_12) compared with the wild-type (BCAT) control group, and plotted in Venn
diagrams. A = genes uniquely altered in BCAT_1 samples. B = genes uniquely altered in
BCAT_12 samples. ANB = genes altered in both sample groups.

[A] Analysis of all significantly altered genes (up or down) in the BCAT_1 and BCAT_12
groups, summarised in a Venn diagram.

[B] Venn diagram summarising the analysis of significantly upregulated genes in the
BCAT_1 and BCAT_12 experimental groups.

[C] Venn diagram of significantly downregulated genes in the BCAT_1 and BCAT_12 test
groups.
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While analysing the gene expression data, it was noted that there were changes
in a variety of genes relating to pathways and functions relevant to the Blg-Cre;
Catnb"t/!ox(Ex3); tdRFP mouse cohorts and their phenotypes. Runx1 loss in this model
appeared to be associated with differential expression of a number of genes
associated with the Wnt pathway. These pathway changes were further explored
to determine if they could be related to the more aggressive phenotypes in BCAT_1
and BCAT_12 mice. Previous work from the Sansom lab produced a list of definitive
Wnt target genes that were well-characterised within colorectal cancer models
(Sansom, Meniel et al. 2007). This list of Wnt target genes forms a gene set within
the GSEA database. As there was no analogous list available for breast cancer, an
investigation was conducted into which Wnt targets might be relevant within this
context by validating a selection of targets from the Sansom Wnt target list in
mammary-specific mouse models of Wnt pathway activation. To achieve this,
MMECs, isolated from pregnant Blg-Cre;Catnb*!*t and Blg-Cre;Catnb"t/!ox(Ex3)
mice, were analysed by gPCR for their relative expression of several Wnt pathway-
related genes, which were selected from the
SANSOM_WNT_PATHWAY_REQUIRE_MYC gene set from the GSEA database. The
results of this investigation into relevant Wnt targets in the mammary gland are
summarised in Table 3.2 below, and box plots of gene expression shown in

Appendix 1.

Table 3.2 List of Wnt target genes whose expression was compared in MMECs isolated
from pregnant Blg-Cre;Catnb"""* and Blg-Cre;Catnb""'"**®3 mice, by qPCR.

Gene Significantly altered (Y/N) Direction of alteration (Up/Dn) P-value Significance

Axin2 Y Up 0.0051 *k
Cend1 N N/A 0.3299 N/A
Lgr5 Y Up 0.0076 ok
Notum Y Up 0.0007 Hokk
Sox9 N N/A 0.2365 N/A
Znrf3 N N/A 0.75 N/A
Dkk1 Y Up 0.0393 *
Rnf43 N N/A 0.7582 N/A
Wif1 N N/A 0.1044 N/A
Wnt3a N N/A 0.6777 N/A

The aforementioned list of validated Wnt target genes was investigated in the

RNA-seq pilot data. Normalised counts were plotted for each gene, for each of the
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3 experimental groups, in box plots shown in Figures 3.6A to 3.6J, below.
Expression data of additional Wnt pathway-associated genes selected from GSEA
Wnt pathway-related gene sets (including the Sansom Wnt target gene set), which
were not included in the initial validation experiments, are shown in Figures 3.6K
to 3.60.

Several of the investigated genes are demonstrably upregulated in either one of
both of the BCAT_1 and BCAT_12 groups compared to their Runx wild-type controls
(BCAT). Generally, the expression of these genes was more significantly
upregulated in the BCAT_12 samples compared to BCAT_1 samples. Notably, Lgr5
(whose expression was upregulated in MMECs upon oncogenic activation of B-
catenin, shown in Figure 3.2 and Appendix 1) was found to be significantly
upregulated upon simultaneous loss of Runx1 and Runx2 function (Figure 3.6C).
Lgr5 is known to potentiate the Wnt/B-catenin signalling pathway in various cell
types and thereby promote several tumorigenic properties (tumour formation;
cancer stem cell proliferation and self-renewal; cancer cell mobility; and
epithelial-mesenchymal transition (EMT)) (Xu, Lin et al. 2019). Analyses also
revealed elevated expression levels of a Wnt pathway target gene, Mmp9 (Figure
3.6N), whose expression is induced by Wnt activation (Wu, Crampton et al. 2007,
Ingraham, Park et al. 2011) and is a negative prognostic marker in colorectal
cancer (Lee, Park et al. 2014) and breast cancer (Joseph, Alsaleem et al. 2020,
Jiang and Li 2021). Mmp9 expression was significantly enhanced in BCAT_1 and
BCAT_12 test groups. Gene expression of Mmp12, which promotes B-catenin
expression (Li, Zhou et al. 2021) and correlates with poor prognosis in multiple
tumour types (Ng, Qi et al. 2011, Klupp, Neumann et al. 2016, Ella, Harel et al.
2018), was also upregulated in the BCAT_12 group (Figure 3.60).

Notum and Sox9, genes shown to be upregulated or unchanged in MMECs with
oncogenic Wnt pathway activation in Table 3.2 and Appendix 1, exhibited reduced
expression in BCAT_1 MMECs (Figures 3.6D and 3.6E). Both of these genes have
been shown to repress the Wnt signalling pathway in a negative feedback loop
(Giraldez, Copley et al. 2002, Topol, Chen et al. 2009, Sinha, Fan et al. 2021),
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indicating a dysfunction of the regulatory mechanisms of the canonical Wnt

pathway upon loss of functional Runx7 in the mammary gland.

This data suggests that the oncogenic dysregulation of the canonical Wnt/B-
catenin pathway is exacerbated upon loss of Runx1, and even more so with the
additional dysfunction of Runx2, due to various alterations in the genetic
landscape of the signalling pathway that both enhance its activity and perturb its
regulatory mechanisms. These alterations may be contributing to the more
aggressive phenotype in both of these genetically altered mouse models of

mammary tumorigenesis.
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Figure 3.6 Significant alterations in Wnt signalling genes of B-catenin-activated MMECs
with loss of Runx genes.

RNA-seq analysis of RFP-positive MMECs isolated from BCAT, BCAT_1, and BCAT_12 mice
at 9 weeks of age. Normalised gene counts and adjusted p values were calculated for
each of the genes analysed for the pilot RNA-seq experiment. Various Wnt pathway-
related genes were analysed and plotted in the above box and whisker plots, with each
data point representative of the normalised gene counts from a single sample. n=2
samples per cohort and each sample is a pool of RFP-positive MMECs isolated from 3 mice.
Significance of comparisons with the BCAT group are shown in each plot [* p < 0.05; ** p
<0.01; ** p <0.001; **** p < 0.0001]. Wnt targets that were previously analysed in MMECs
isolated from pregnant Blg-Cre;Catnb""'>®3 mice (Table 3.2 and Appendix 1) are shown
in [A-J], and additional Wnt pathway-associated genes are plotted in [K-O].
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RNA-seq data analysis also revealed significant changes in genes known to be
involved in the regulation of stem cells in both the normal and tumorigenic breast
(Figure 3.7). Similar to gene changes observed in Wnt pathway targets, most of
the investigated stem-associated genes appeared to be more significantly altered
in BCAT_12 MMECs compared to BCAT_1 samples. Expression of Snai2 was found
to be highly elevated in MMECs with the simultaneous depletion of Runx? and
Runx2, as in the BCAT_12 mice (Figure 3.7D). This gene was previously
demonstrated to be involved in normal stem cell function and various cancer stem
cell-like behaviours in the breast (Bhat-Nakshatri, Appaiah et al. 2010, Guo,
Keckesova et al. 2012). Axl was also expressed at significantly higher levels in
BCAT_1 and BCAT_12 MMECs compared to their BCAT wild-type counterparts
(Figure 3.7B). Axl is a promoter of stemness in the normal mammary gland and its
expression is required for the reconstitution of cleared mammary fat pads. This
gene was also indicated to drive stemness and metastasis of breast cancer cells,
and thus reduce overall patient survival (Gjerdrum, Tiron et al. 2010, Engelsen,
Whnuk-Lipinska et al. 2020). Additionally, the Aldh1a1 gene and its rodent-specific
paralogue, Aldh1a7, were highly upregulated in both Runx1-depleted, B-catenin-
activated experimental groups compared to the BCAT wild-type controls (Figure
3.7E and 3.7F). Previous publications revealed that Aldh1a1 expression was
correlated with tumour initiation within populations of breast cancer stem cells
and promoted invasion and metastasis of breast cancer cells both in vitro and in
vivo (Ginestier, Hur et al. 2007, Tomita, Tanaka et al. 2016). High mRNA levels of
Aldh1a1 in breast tumours were also correlated with poorer overall survival in
breast cancer patients (Ginestier, Hur et al. 2007, Tomita, Tanaka et al. 2016). A
further gene alteration of particular note was the significant increase in Bcl11b
expression. This gene is involved in maintenance and self-renewal of mammary
stem cell populations (Cai, Kalisky et al. 2017, Miller, Jin et al. 2018). Bcl11b is a
close paralogue of Bcl11a, a gene that has been implicated in the functions of
stem and progenitor cells within the triple negative subtype of breast cancer and
has been shown to promote various aggressive behaviours in cancer cells (Khaled,
Choon Lee et al. 2015, Seachrist, Hannigan et al. 2020, Wang, Xu et al. 2020).

These findings reinforce the theory that the earlier emergence of independently

arising tumours in Runx1-depleted mice, a phenotype that was intensified with
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the additional loss of Runx2, is reflective of an enriched stem-like sub-population

of MMECs within the mammary gland.
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Figure 3.7 Upregulation of genes associated with normal mammary and breast cancer
stem cells in BCAT_1 and BCAT_12 samples.

RNA-seq analysis of RFP-positive MMECs isolated from BCAT, BCAT_1, and BCAT_12 mice
at 9 weeks of age. Normalised gene counts and adjusted p values were calculated for
each of the genes analysed for the pilot RNA-seq experiment. Various genes, associated
with stemness of the normal breast and breast cancer cells, were analysed and plotted in
the above box and whisker plots [A-F]. Each of the plotted data points represents the
normalised gene count obtained from a single sample. n=2 samples per cohort and each
sample is a pool of RFP-positive MMECs isolated from 3 mice. The significance of each
comparison with the BCAT group is also shown in each plot [** p < 0.01; *** p < 0.001; ****
p < 0.0001].

3.2.2 Increased sample-to-sample variation in extended RNA-seq experiment.

Following on from this promising pilot experiment, MMECs were isolated from
additional experimental mice in order to generate test groups with larger sample
numbers. This was essential to ensure adequate precision of the estimated
changes in gene expression. A larger sample size was also necessary in order to
increase the power of the study and the associated analyses, interpretations, and
conclusions deduced from this experiment. The 3 sample groups analysed in the
pilot were investigated in this extended RNA-seq experiment with sample sizes of

n>4. 2 of these were the samples analysed within the pilot experiment, discussed
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above, and the rest were newly generated samples. An additional BCAT_2 test
group was also introduced, however with a smaller sample size of n=2 due to a
lack of available mice. As with samples used for the pilot experiment, each of the
additional samples collected for the extended experiment was comprised of a
combination of FACS-sorted (RFP+) MMECs isolated from multiple mice. The details
of each sample, including RNA integrity numbers (RIN), are listed in Table 3.3.
The samples were processed and analysed according to the methods described in
2.5 for RNA-seq.
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Table 3.3 Additional samples, generated from pooled RFP-sorted (BCAT, BCAT_1,
BCAT_2, and BCAT_12) MMECs, used for an extended RNA-seq analysis.
Additional Sample of Pooled RFP+ Total Number of Pooled RFP+ RIN Value
MMECs MMECs
Individual Mice Number of MMECs Collected Per
Mouse
BCAT sample 3 — 6 mice ~53,000 2.9
YDG167.2c ~11,000
YDG167.5e ~8,000
YDG167.5h ~8,000
YDG168.5g ~6,000
YDG184.2g ~9,000
YDG184.4f 11,237
BCAT sample 4 — 9 mice ~9000 2.6
YDG167.3g ~750
YDG167.3j ~630
YDG167.4d 672
YDG167.4h 339
YDG168.2d 1,190
YDG168.4f 1,011
YDG170.2h 1,441
YDG170.3h ~1,400
YDG184.1g 1,618
BCAT_1 sample 3 — 3 mice ~54,000 2.9
YDD118.1h ~29,000
YDD119.8d ~14,000
YDD119.8e ~11,000
BCAT_1 sample 4 — 3 mice ~107,000 8.5
YDD116.5a ~7,000
YDD116.7b ~95,000
YDD117.2h ~5,000
BCAT_1 sample 5 — 8 mice ~65,000 2.7
YDD116.7c ~29,000
YDD117.6a ~19,000
YDD119.7i ~8,000
YDD116.1f 4,404
YDD116.2h 1,221
YDD116.6j ~700
YDD118.1e ~1,500
YDD118.4e ~1,000

*continued on next page
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Table 3.3 (continued) Additional samples, generated from pooled RFP-sorted (BCAT,
BCAT_1, BCAT_2, and BCAT_12) MMECs, used for an extended RNA-seq analysis.

Additional Sample of Pooled RFP+ Total Number of Pooled RFP+ RIN Value
MMECs MMECs
Individual Mice Number of MMECs Collected Per
Mouse

BCAT_2 sample 1 — 3 mice ~84,000 7.9
YDG145.6d 35,698
YDG150.2b 29,558
YDG155.4b 18,575

BCAT_2 sample 2 — 5 mice ~37,000 3.1
YDG161.1e 3,433
YDG161.2d 27,111
YDG165.5h 728
YDG166.3e 4,048
YDG182.3d ~1,500

BCAT_12 sample 3 — 5 mice ~85,000 2.8
YDE100.3d ~34,000
YDE101.6e ~17,000
YDE104.2h ~10,000
YDE105.3f ~11,000
YDE108.3a ~13,000

BCAT_12 sample 4 — 3 mice ~79,000 7.2
YDE101.6c ~67,000
YDE105.1h 9,792
YDE105.3¢g ~2,500

BCAT_12 sample 5 — 3 mice ~94,500 5.8
YDE101.4i 5,021
YDE104.3c ~89,000
YDE105.6a ~640

It is important to note that the majority of the additional samples collected for

this extended experiment required a combination of MMECs extracted from a

larger number of mice as compared to the pilot samples (=4 mice per sample).

This was due to a larger degree of variability in the number of sorted RFP+ cells

obtained from the mammary glands of each experimental mouse. There was also

a higher degree of sample-to-sample variability in the RIN values, with several of

these being lower than the ideal RIN value of 7. It is important to keep these

factors in mind while analysing these results, as this variation in the number of

mice, whose MMECs were combined together to create each sample, could result

in increased sample to sample variability, even within the same experimental

group.
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A PCA was initially conducted on sample data from this extended RNA-seq
experiment and plotted in order to observe which samples are likely to be the
most similar or dissimilar (Figure 3.8). Each of the pilot samples (SO1 to S06)
appeared to cluster into their own distinct experimental groups on the PCA plot.
However, some of the additional samples (S07 to S16) did not cluster as closely
together with the pilot samples for the same group. This was particularly true for
the BCAT and BCAT_1 additional samples, which required a combination of MMECs
from significantly more mice than the pilot samples. While there is a certain
degree of clustering within each of the experimental groups, and each group does
appear to cluster away from each other, this increased sample variation within
the test groups could affect the statistical analyses of this data. This is a
possibility, particularly given that the additional samples cluster away from their
paired pilot samples on the PC1 axis (which accounts for most of the variation in
the data) to a greater extent than the BCAT and BCAT_1 samples cluster away
from each other on the PC2 axis. This would therefore indicate that the pilot and
additional samples within one given test group (e.g. BCAT) are likely to be more
different compared to each other than compared to the respective pilot and
additional samples for a different test group (e.g. BCAT_1). Despite this increased
variability in these sample groups, the BCAT_12 samples appeared to cluster
rather closely to one another and distinctly away from samples of other groups.
They were indicated to be most significantly distinct from samples within the BCAT

group, and the BCAT_1 samples were plotted at a position intermediate to this.

These results are mostly in agreement with the PCA plot for the pilot experiment,
and both appear to reflect phenotypic observations made in the B-catenin-
activated mouse models, whereby the loss of Runx1 induced moderate changes

that were significantly amplified with further loss of Runx2.
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Figure 3.8 Clustering of experimental groups within extended analysis of RFP-sorted
MMECs.

PCA plot for extended RNA-seq analysis of RFP-sorted Blg-Cre;Catnb"" (€3 tdRFP sample
groups, isolated from 9 week old mice. n=4 BCAT samples; n=5 BCAT_1 samples; n=2
BCAT_2 samples; N=5 BCAT_12 samples. Each data point represents a pool of RFP-positive
MMECs isolated from =3 individual mice, detailed in Table 3.1 (pilot) and Table 3.2
(extended/additional). Samples SO1 to S06 (filled circles) were the same samples analysed
in the pilot RNA-seq experiment (3.2.1), while S07 to S16 (hollow circles) were additional
samples.
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3.2.3 Significantly more genes uniquely altered in B-catenin-activated MMECs
with simultaneous Runx1/Runx2 loss compared to Runx1 loss alone.
As with the pilot experiment, gene expression data generated from the extended
RNA-seq experiment was studied to compare the numbers of altered genes within
each of the test groups compared to the wild-type control. During this
investigation, it was revealed that the BCAT_2 mammary samples did not show
any significant variation in gene expression compared to the controls for any of
the analysed genes. While surprising, this supports observations relating to the
phenotypes of these mice, which were virtually indistinguishable from that of
their wild-type counterparts. Due to this finding, all subsequent analyses were
conducted on the Runx1-depleted experimental groups and investigating the
genes differentially expressed in each of these 2 groups compared to the wild-
type group. The results of these initial gene expression analyses, comparing
numbers of gene alterations in the BCAT_1 and BCAT_12 samples compared to the
controls, were plotted in Venn diagrams (Figure 3.9). Similar to the results plotted
for the pilot experiment (Figure 3.5), both test groups were shown to harbour
significant gene alterations (both upregulation and downregulation) in a humber
of genes. There were also significantly more genes that were differentially
expressed in the BCAT_12 MMECs, in which 1312 genes were altered, compared to
those in the BCAT_1 group, where 88 genes were differentially expressed.
Additionally, a large proportion of genes altered in the BCAT_1 group were shared
with the BCAT-12 samples, with 75 of the 88 altered genes being shared, leaving
only 13 unique to the BCAT_1 group. In contrast, the majority of gene alterations
exhibited in BCAT_12 samples (1237 out of 1312 total genes) were unique to this
group. These findings make sense within the context of the phenotypes observed
within the mouse models, and indicate that the more extreme phenotype observed
in BCAT_12 mice is reflective of the dramatically altered genomic landscape

within the mammary epithelial cells of these mice.

While these results are in agreement with those shown in Figure 3.5, one notable
difference was that there were significantly less genes found to be altered in this
extended experiment compared to the pilot. Although it is normal for many
comparisons to become less statistically significant with the addition of new

samples, there were some considerations to take into account for this data.
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Notably, the BCAT_1 group appeared to be disproportionately affected by this
increase in sample size and exhibited a ~13 times reduction in the number of
altered genes between experiments, while the difference in BCAT_12 samples was
around ~2.2 times. The BCAT_1 samples showed significantly more sample-to-
sample variation upon the inclusion of these additional samples, while the
BCAT_12 samples remained relatively well-clustered (Figure 3.8), which could be
causing this significant shift in the ratio of uniquely altered genes between these

two groups.
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Figure 3.9 Venn diagrams of gene changes when Runx genes are deleted in B-catenin-
activated MMECs.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). Data obtained
from the extended RNA-seq experiment was analysed for significantly altered genes
(genes with Fold Change <-1.5 or 21.5, and Adjusted p value of <0.05) in each of the
experimental groups (BCAT_1 and BCAT_12) compared with the wild-type (BCAT) control
group, and plotted in Venn diagrams. A = genes uniquely altered in BCAT_1 samples. B =
genes uniquely altered in BCAT_12 samples. ANB = genes altered in both sample groups.

[A] Analysis of all significantly altered genes (up or down) in the BCAT_1 and BCAT_12
groups, summarised in a Venn diagram.

[B] Venn diagram summarising the analysis of significantly upregulated genes in the
BCAT_1 and BCAT_12 experimental groups.

[C] Venn diagram of significantly downregulated genes in BCAT_1 and BCAT_12 test
groups.
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3.2.4 Various gene sets within the Hallmark collection are enriched in Runx1-
depleted MMECs.
Gene Set Enrichment Analysis (GSEA) is a powerful analytical method that can be
used to interpret complex gene expression data by comparing data at the level of
gene sets (groups of genes that share biological functions and other common
features) as opposed to focusing on single genes. This allows for a more
informative, and relatively unbiased, analysis of data compared to analyses
focusing on ranked lists of individual genes, which are often overwhelming in their
size and complexity, or difficult to interpret due to it being more challenging to
identify unifying biological themes in the data. The Molecular Signatures Database
(MSigDB) offers over 32880 gene sets, divided into 9 major collections, for the
analysis and interpretation of gene expression data. One such collection is known
as the Hallmark collection of gene sets, which is an assortment of gene sets that
summarise and represent specific well-defined biological functions. By identifying
genes that overlap and display coordinate expression in other MSigDB gene sets,
definitive gene lists that best represent specific biological functions were

generated and organised into the Hallmark gene set collection.

The RNA-seq data, generated through the analysis of the completed experimental
groups, was analysed using GSEA of the Hallmark collection. The Hallmark gene
set collection (comprised of 50 total gene sets) were analysed for their enrichment
in BCAT_1 and BCAT_12 sample groups, compared to the BCAT wild-type control
group. The results of this investigation are presented in Figure 3.10, which shows
the number of shared and unique enriched gene sets for the Runx1-depleted test
groups. Similar to results for individually altered genes, the BCAT_12 samples
showed enrichment of a greater number of Hallmark gene sets overall (29 altered
in the BCAT_12 group compared to 17 in the BCAT_1 group), with the vast majority
of these being positively enriched/upregulated (27 upregulated versus 2
downregulated). A large proportion of the gene sets that were altered in the
BCAT_1 group were shared with the BCAT_12 group (12 shared and 5 unique),
whereas a small majority of the gene sets showing differential expression in the

BCAT_12 group were unique to this group (17 unique and 12 shared).
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Further analysis of the specific gene sets from the Hallmark collection (Figure
3.11) that showed significant enrichment of various gene sets relating to pathways
whose deregulation are implicated in the initiation and progression of various
cancer types (including E2F, MYC, P53, Hedgehog, and WNT). There was also
enrichment of several gene sets relating to Hanahan and Weinberg’s hallmarks of
cancer and to tumour aggression/progression (EMT, angiogenesis, oxidative
phosphorylation, glycolysis, DNA repair). For the gene sets that were discovered
to be positively enriched in both Runx1-deficient test groups, there were generally

more significant or dramatic changes observed with the additional loss of Runx2.
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Figure 3.10 Venn diagrams summarising significantly altered Hallmark gene sets in
BCAT_1 and BCAT_12 groups, and their overlap.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). RNA-seq data
was analysed for significantly altered Hallmark gene sets (NES <-1.5 or 21.5, FDR <0.05)
in each of the experimental groups (BCAT_1 and BCAT_12) compared with the wild-type
(BCAT) control group, and plotted in Venn diagrams. There are 50 total gene sets in the
Hallmark gene set collection. A = gene sets uniquely altered in BCAT_1 samples. B = gene
sets uniquely altered in BCAT_12 samples. ANB = gene sets altered in both sample groups.

[A] Analysis of all significantly altered Hallmark gene sets (up or down) in the BCAT_1 and
BCAT_12 groups, summarised in a Venn diagram.

[B] Summary of the significantly upregulated genes in the BCAT_1 and BCAT_12
experimental groups.

[C] Venn diagram of significantly downregulated genes in the BCAT_1 and BCAT_12 test
groups.
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Figure 3.11 Most significantly altered Hallmark gene sets in BCAT_1 and BCAT_12
mammary glands.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). BCAT_1 and
BCAT_12 test groups were analysed for significantly altered Hallmark gene sets compared
to their BCAT counterparts (NES <-1.5 or >1.5, FDR <0.05) and presented in the above bar
charts. Gene sets significantly enriched in the B-catenin-activated samples with Runx1-
depletion, with positive NES values, are displayed in blue. Those enriched in the BCAT
wild-type control group (i.e. those negatively enriched in the test group), with negative
NES values, are shown in red. All gene sets significantly altered in the BCAT_1 group are
summarised in [A]. All significantly altered groups from the BCAT_12 samples are
summarised in [B]. Any gene sets alterations that are shared between the BCAT_1 and
BCAT_12 groups are highlighted in bold text and marked with a “*” symbol.



151

3.2.5 Loss of functional Runx1 in B-catenin-activated glands associated with
enrichment of a large number of Curated gene sets.
In addition to analysing the RNA-seq data at the level of the Hallmark collection
of gene sets, it was also analysed using the MSigDB Curated collection of data sets.
This collection is comprised of canonical pathways and experimental signatures
curated from a multitude of different sources (including online pathway
databases, the biomedical literature, and contributions from individual domain
experts). Initial examinations of this data focused on the numbers of Curated gene
sets found to be enriched in each of the BCAT_1 and BCAT_12 sample groups. The
results of this analysis, including the numbers of gene sets either uniquely or
commonly enriched within the BCAT_1 and BCAT_12 samples, are summarised in
the Venn diagrams in Figure 3.12. In agreement with previous investigations into
the differential expression of individual genes (Figure 3.9) and Hallmark gene sets
(Figure 3.10), a much higher number of Curated gene sets was found to be
enriched within the BCAT_12 sample group (1805 total gene sets altered) than was
seen in the BCAT_1 group (685 total gene sets altered), with respect to their BCAT
wild-type controls. The majority of alterations seen in the BCAT_1 group were
shared with the BCAT_12 samples (with 593 of 685 gene sets shared and only 92
unique to the BCAT_1 group), while the majority of gene alterations exhibited in

BCAT_12 samples (1212 out of 1805 total genes) were unique to this group.
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Figure 3.12 Venn diagrams summarising significantly altered Curated gene sets in
BCAT_1 and BCAT_12 groups, and their overlap.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). Significantly
altered Curated gene sets (NES <-1.5 or >1.5, FDR <0.05) from each of the RNA-seq test
groups (BCAT_1 and BCAT_12) compared to the wild-type (BCAT) control, were plotted in
Venn diagrams. There are 6366 total gene sets in the Curated gene set collection. A =
gene sets uniquely altered in BCAT_1 samples. B = gene sets uniquely altered in BCAT_12
samples. ANB = gene sets altered in both sample groups.

[A] Venn diagram summarising all significantly altered Curated gene sets (up or down) in
the BCAT_1 and BCAT_12 groups.

[B] Summary of the significantly upregulated genes in the BCAT_1 and BCAT_12
experimental groups.

[C] Venn diagram of significantly downregulated genes in BCAT_1 and BCAT_12 test
groups.



153

3.2.6 Enrichment of gene sets, associated with tumour cell aggression, in
Runx 1/t and Runx 11l Runx2//ft MMECs with activated B-catenin.
The Curated collection is comprised of many gene sets sourced from various
publications, in which the genetic landscape of these defined biological processes
or signatures were investigated within a range of specific contexts. It is an
immense collection of 6366 gene sets, some of which may share some common
features or signatures. There was a substantial number of Curated gene sets that
were enriched in MMECs with loss of functional Runx1, which were organised into
groups using the aforementioned processes or signatures that are shared between
gene sets. By doing this, it was possible to explore key biological features of the
Runx1-depleted glands that were potentially contributing to the earlier

emergence of more aggressive, stem-like tumours.

Firstly, the GSEA of Curated data sets was used to explore several key factors of
breast cancer tumorigenesis that are required for breast cancer progression and
are often associated a more aggressive phenotype (Feng, Spezia et al. 2018).
Analyses of these distinct groups of biological features were summarised in NES
and GSEA plots for each, presented in Figures 3.13 to 3.16. This data shows that
there is enhancement of a basal-like molecular signature with loss of Runx1
(Figure 3.13), a subtype which generally behaves more aggressively than others
do, and a negative enrichment for gene sets relating to luminal cancers for which
there are often more favourable prognoses. There was also enhanced EMT (Figure
3.14) that is essential for the migration and therefore invasion and metastasis
(Figure 3.15) of tumour cells as well as being involved in therapeutic resistance
(Figure 3.16). All of these aforementioned features of breast cancer progression
and tumour aggression were shown to be positively enriched in MMECs upon
depletion of Runx1 and some even more drastically with the added loss of Runx2.
Taken together, this data indicates that, even at an early point in their
development, the mammary epithelial cells of mice with oncogenic Wnt activation
and loss of Runx1 function have a significantly higher propensity towards the
development of tumours with more aggressive phenotype than their wild-type
counterparts. This may facilitate both the earlier emergence and significantly

faster progression of these tumours towards clinical end-point.
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Figure 3.13 Significantly altered Curated gene sets relating to subtype in BCAT_1 and
BCAT_12 samples reveal a less luminal and more basal-like gene signature.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). RNA-seq data
of Runx1-depleted test groups were analysed for significantly altered Curated gene sets
relating to breast cancer subtypes and normal breast cell types (NES <-1.5 or >1.5, FDR
<0.05) and presented in the above bar charts [A]. Gene sets significantly enriched in the
Runx1-depleted samples, with positive NES values, are displayed in blue. Those enriched
in the wild-type control group (i.e. those negatively enriched in the test group), with
negative NES values, are shown in red. A selection of significantly enriched subtype-
related gene sets from [A] were presented in enrichment plots [B] and [C].



155

A BCAT vs BCAT_1 BCAT vs BCAT_12
Gene Set Enrichment Gene Set Enrichment

SARRIO_EPITHELIAL_MESENCHYMAL_TRANSITION_UP SARRIO_EPITHELIAL_MESENCHYMAL_TRANSITION_UP

GOTZMANN_EPITHELIAL_TO_MESENCHYMAL_TRANSITION_UP - FOROUTAN_PRODRANK_TGFB_EMT_UP
WP_TGFBETA_SIGNALING_IN_THYROID_CELLS_FOR_ - GOTZMANN_EPITHELIAL_TO_MESENCHYMAL_TRANSITION_UP
EPITHELIALMESENCHYMAL_TRANSITION
JECHLINGER_EPITHELIAL_TO_MESENCHYMAL_TRANSITION_DN FOROUTAN_TGFB_EMT_UP
FOR! AN_INTEGRATI TGF MT_UP
FOROUTAN_PRODRANK_TGFB_EMT_DN OROUTAN_INTEGRATED_TGFB_EMT_{
WP_TGFBETA_SIGNALING_IN_THYROID_CELLS_FOR_

FOROUTAN_TGFB_EMT_DN - EPITHELIALMESENCHYMAL_TRANSITION

FOROUTAN_TGFB_EMT_DN
FOROUTAN_INTEGRATED_TGFB_EMT_DN

HOLLERN_EMT_BREAST_TUMOR_DN

HOLLERN_EMT_BREAST_TUMOR_DN

FOROUTAN_INTEGRATED_TGFB_EMT_DN -
-2 0
P—

— — 2
Enriched NES Enriched
BCA BCAT_1 Enriched Enriched
scatr  NES BCAT_12
B BCAT vs BCAT_1 BCAT vs BCAT_12
Enrichment plot: Enrichment plot:
SARRIO_EPITHELIAL_MESENCHYMAL_TRANSITION SARRIO_EPITHELIAL_MESENCHYMAL_TRANSITION
_up _up
706 500
Sos 05!
v v
S04 504
E 0.3 E L
5 0.2 |=J 0.2
o £l
S So1
Eoo E 0o 4

ilﬂlﬂwjlll NI

55 at 8139

1R

5 at 7106

oMo omN
A b o w

ot ! (nagately correlated) "ot (nagatively correlated

°

2000 4000 6000 8000 10000 12000 14000 16000 18,000
Rank in Ordered Dataset

2000 4000 6000 8000 10000 12000 14,000 16000 18,000
Rank in Ordered Dataset

°
Ranked list metric (Signal2Noise)

Ranked list metric (Signal2Noise)

[ Enrichment profile — Hits Ranking metric scores [ Enrichment profile — Hits Ranking metric scores|
C BCAT vs BCAT_1 BCAT vs BCAT_12
Enrichment plot: Enrichment plot:
GOTZMANN_EPITHELIAL_TO_MESENCHYMAL_TRA GOTZMANN_EPITHELIAL_TO_MESENCHYMAL_TRA
NSITION_UP NSITION_UP

o oo
Now o
——

ML L 100 L

Vot (postive ated)

Enrichment score (ES)
6 600

M=o -

Enrichment score (ES)
60090 0 o
- o N ow B

ML u_u_um

b oMo owoN
A b o wm

it Wt (negatively corriated) Wt (negatrvely correlated)
2000 4000 6000 8000 10000 12000 14,000 16000 18,000

Rank in Ordered Dataset

°

2000 4000 6000 8000 10000 12000 14,000 16000 18,000
Rank in Ordered Dataset

°

Ranked list metric (Signal2Noise)
Ranked list metric (Signal2Noise)

[ Enrichment profile — Hits Ranking metric scores [~ Enrichment profile — Hits Ranking metric scores|

Figure 3.14 Enhancement of EMT-related Curated gene sets in B-catenin-activated
mammary glands with Runx1 loss.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). RNA-seq data
of Runx1-depleted test groups were analysed for significantly altered Curated gene sets
relating to EMT (NES <-1.5 or >1.5, FDR <0.05) and presented in the above bar charts [A].
Gene sets significantly enriched in the Runx1-depleted samples, with positive NES values,
are displayed in blue. Those enriched in the wild-type control group (i.e. those negatively
enriched in the test group), with negative NES values, are shown in red. A selection of
significantly enriched EMT-related gene sets from [A] were presented in enrichment plots
[B] and [C].
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Figure 3.15 Enhancement of various Curated gene sets relating to tumour
metastasis/invasiveness in BCAT_1 and BCAT_12 mammary glands.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). RNA-seq data
of Runx1-depleted test groups were analysed for significantly altered Curated gene sets
relating to the metastasis/invasiveness of various tumour types (NES <-1.5 or >1.5, FDR
<0.05) and presented in the above bar charts [A]. Gene sets significantly enriched in the
Runx1-depleted samples, with positive NES values, are displayed in blue. Those enriched
in the wild-type control group (i.e. those negatively enriched in the test group), with
negative NES values, are shown in red. A selection of significantly enriched gene sets,
associated with the metastasis/invasiveness of various tumour types, shown in [A] were
presented in enrichment plots [B] and [C].
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Figure 3.16 Enhancement of Curated gene sets associated with resistance to current
breast cancer therapies in RFP+ MMECs isolated from BCAT_1 and BCAT_12 mice.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). RNA-seq data
of Runx1-depleted test groups were analysed for significantly altered Curated gene sets
relating to resistance to therapies (NES <-1.5 or 1.5, FDR <0.05) and presented in the
above bar charts [A]. All significantly altered gene sets were enriched in the Runx1-
depleted samples, with positive NES values. A selection of significantly enriched gene sets
associated with resistance to current therapies, displayed in [A], were also presented as
enrichment plots in [B] and [C].
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3.2.7 Indications of Wnt pathway enhancement in Runx1-depleted MMECs.

Results from the pilot RNA-seq experiment indicated there was remodelling of the
Wnt pathway following the loss of functional Runx? in the mammary epithelium,
in which there was constitutive activation of B-catenin. These changes would
likely lead to further dysregulation of the canonical Wnt pathway, as they involved
enhancement of various pathway enhancers or targets and perturbation of some
regulatory elements of the pathway (Figure 3.6). To investigate Wnt pathway
modulation within the context of the expanded RNA-seq experiment, the data was
first examined at the level of Wnt pathway-related gene sets within the MSigDB
Curated collection. Results from this analysis are displayed in Figure 3.17, which
shows NES plots for significantly altered Wnt pathway-related Curated data sets,
for each of the Runx1-depleted sample groups (Figure 3.17A). Select GSEA plots
for significantly enhanced gene sets are also shown (Figure 3.17B and 3.17C). All
of the significantly enriched data sets concerning activation of the Wnt pathway
were enhanced within each of the Runx7-deficient test groups in relation to the
wild-type control group. There were more gene sets shown to be enhanced within
the BCAT_12 samples and their NES values were generally greater, indicating that
a larger number of genes were found to be enriched within the various gene sets

analysed.

To investigate this enrichment of the Wnt pathway in more detail, individual genes
involved in and targeted by the Wnt pathway were analysed and plotted for
statistical comparisons of their normalised counts (Figure 3.18). Of note, the
selection of MMEC-validated and GSEA Wnt pathway-related genes that were
analysed in the pilot RNA-seq experiment (Figure 3.6) were also analysed in the
extended RNA-seq samples. While several of the analysed genes were significantly
altered, some of the genes that exhibited significantly altered levels of expression
upon loss of Runx1 within the pilot experiment were no longer affected to the
same extent within the extended RNA-seq experiment. This reduced statistical
significance can sometimes occur following the introduction of larger sample
groups, for which there are generally more reliable statistics, however it is also
possible that the data could have been artificially skewed by the large sample-to-
sample variation, particularly in the additional control and BCAT_1 samples.

Despite this, several genes (Sox9, Wnt7a, Mmp9, Mmp12) did seem to show the
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same alteration trends, particularly within the BCAT_12 samples. Similar to
indications from both the pilot experiment (Figure 3.6) and the GSEA analysis
(Figure 3.17) that the Wnt pathway was generally more enhanced within the
BCAT_12 mammary gland samples, a greater number of Wnt-related genes were
found to be more significantly altered within these samples compared to BCAT_1
mammary samples. Notably, Lgr4 and Lgré, genes that have both been implicated
in activating the Wnt/B-catenin signalling pathway in normal and cancer processes
((Kong, Ou et al. 2020, Feng, Li et al. 2021, Ordaz-Ramos, Rosales-Gallegos et al.
2021), were specifically enhanced upon simultaneous loss of Runx1 and Runx2, but

not Runx1 loss alone.

The GSEA and individual gene analysis together indicate an enhancement of the
canonical Wnt pathway upon loss of Runx1, which is further enriched with
simultaneous loss of Runx2. This progressive dysregulation of the Wnt/B-catenin
signalling pathway from the BCAT group through to the BCAT_12 samples may also
partially explain their increasingly aggressive phenotypes within the mouse

models.
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Figure 3.17 Enhancement of various Wnt pathway-related Curated gene sets in
BCAT_1 and BCAT_12 mammary glands.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). RNA-seq data
of Runx1-depleted test groups were analysed for significantly altered Curated gene sets
relating to the Wnt pathway (NES <-1.5 or >1.5, FDR <0.05) and presented in the above
bar charts [A]. All significantly altered gene sets were enriched in the Runx1-depleted
samples, with positive NES values. A selection of significantly enriched Wnt pathway-
related gene sets from [A] were presented in enrichment plots [B] and [C].
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Figure 3.18 RNA-seq analysis indicates an altered Wnt signalling upon loss of Runx1,
particularly in Lgr4 and Lgr5.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Normalised gene counts and adjusted
p values were calculated for each of the genes analysed for the extended RNA-seq
experiment. Various Wnt pathway-related genes were analysed and plotted in the above
box and whisker plots, with each data point representative of the normalised gene counts
from a single sample. Filled shapes represent the pilot samples and hollow shapes
represent the additional samples. Each sample comprised of pooled RFP+ MMECs isolated
from multiple mice (detailed in Table 3.1 and Table 3.3). Significance of comparisons
with the BCAT group are also shown in each plot [* p < 0.05; ** p < 0.01; *** p < 0.0001].
Wnt targets that were previously analysed in MMECs isolated from pregnant Blg-
Cre; Catnb™"'>®3) mice (Table 3.2 and Appendix 1) are shown in [A-J], and additional Wnt
pathway-associated genes are plotted in [K-Q].
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3.2.8 Analyses of gene sets and individual genes reveal enhanced stem-like
phenotype in Runx1-deficient MMECs.
Analysis of the pilot data importantly revealed enhanced stemness to be a
potential molecular mechanism for the earlier emergence of independently arising
mammary tumours in the Runx1-depleted mouse models with B-catenin activation
(Figure 3.7). Data generated from the extended RNA-seq experiment were
interrogated at the level of stem-/progenitor-related gene sets within the MSigDB
Curated collection. NES plots (Figure 3.19A) and select GSEA plots (Figure 3.19B
and 3.19C) for significantly altered stem cell-related Curated data sets are
presented, which show positive enrichment for gene sets upregulated in stem cells
and negative enrichment for those either downregulated in stem/progenitor cells
or enhanced in mature cells. More stem cell-related gene sets were significantly
enriched in the BCAT_12 sample group, indicating enrichment of a higher number

of individual genes.

Alterations of individual genes were investigated by plotting and statistically
comparing their normalised counts for each experimental group (Figure 3.20).
While the significance of some comparisons was however lost for the Aldh1a
genes, particularly within the BCAT_1 group, many of the genes whose expression
was enhanced in Runx1-deleted MMECs within the pilot data were also significantly
upregulated within the extended RNA-seq analysis. Among these was excitingly
the stem cell maintenance gene Bcl11b (Cai, Kalisky et al. 2017, Miller, Jin et al.
2018), a close paralogue to Bcl11a, which has links to stem cell function and
increased tumour cell aggression within triple negative tumours (Khaled, Choon
Lee et al. 2015, Seachrist, Hannigan et al. 2020, Wang, Xu et al. 2020). Notably,
the significant elevation observed in Snai2, in both the BCAT_1 and BCAT_12
samples, was also maintained following the inclusion of additional samples. This
is an EMT-associated transcription factor whose expression was found to be
significantly upregulated in endocrine-resistant cells and in clinical samples its
expression in metastases was associated with poorer progression-free survival for
patients on endocrine treatment (Alves, Elias et al. 2018). Overall, this data
reveals enhanced expression of various well-characterised stem cell-related
genes. Similar to the pilot investigations, a larger number of the significantly

altered stem cell-related genes were either uniquely or more highly significantly
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upregulated in BCAT_12 MMECs compared to BCAT_1 mammary samples. An
additional example of this identified from the extended RNA-seq data is Fas, a
gene involved in the induction and maintenance of cancer stem cell activity
through its activation of STAT1 (Qadir, Ceppi et al. 2017), that was found to be
significantly upregulated only in the samples with simultaneous loss of Runx1 and

Runx2 function.

The results of this analysis support those generated in the pilot experiment and
strengthen the proposed theory that the stem-like phenotype observed in tumours
arising within Runx7-depleted mice, which was further exaggerated upon
simultaneous depletion of Runx2, could be due to a step-wise enrichment of a

population of MMECs with stem-like features.
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Figure 3.19 Enhancement of various stem/progenitor-related Curated gene sets in
BCAT_1 and BCAT_12 mammary glands.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Each sample comprised of pooled RFP+
MMECs isolated from multiple mice (detailed in Table 3.1 and Table 3.3). RNA-seq data
generated from Runx1-depleted test groups were analysed for significantly altered
Curated gene sets associated with several types of normal and cancer associated
stem/progenitor cells (NES <-1.5 or >1.5, FDR <0.05). Gene sets significantly enriched in
the Runx1-depleted samples, with positive NES values, are displayed in blue. Those
enriched in the wild-type control group (i.e. those negatively enriched in the test group),
with negative NES values, are shown in red. A selection of significantly enriched gene
sets, associated with the stemness of normal and cancer cells, from [A] were also
presented as enrichment plots in [B] and [C].
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Figure 3.20 Genes, associated with normal and cancer stem cells upregulated in
BCAT_1 and BCAT_12 mammary glands in an extended RNA-seq analysis.

Extended RNA-seq analysis of RFP-positive MMECs isolated from BCAT (n=4), BCAT_1
(n=5), and BCAT_12 (n=5) mice at 9 weeks of age. Normalised gene counts and adjusted
p values were calculated for each of the genes analysed for the extended RNA-seq
experiment. Various genes, associated with stemness of the normal breast and breast
cancer cells, were analysed and plotted in the above box and whisker plots [A-J]. Each of
the plotted data points represents the normalised gene count obtained from a single
sample. Filled shapes represent the pilot samples and hollow shapes represent the
additional samples. Each sample comprised of pooled RFP+ MMECs isolated from multiple
mice (detailed in Table 3.1 and Table 3.3). The significance of each comparison with the
BCAT wild-type control group is also shown in each plot [* p < 0.05; ** p < 0.01; *** p <
0.0001].
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3.3 Discussion

The main purpose of the RNA-seq investigations, presented in this Chapter, was
to investigate changes happening within the Runx7- and/or Runx2- depleted B-
catenin-activated mammary gland at the molecular level in order to discern the
potential mechanisms for the phenotypic differences observed in the Blg-
Cre;Catnb*V'°x(&3) mouse model, specifically at an early timepoint prior to frank

tumorigenesis.

A previous RNA-seq experiment conducted in the Blyth lab was used to compare
unsorted (bulk prep) mammary gland cell populations isolated from 9 week old
experimental mice. While analyses of this data offered valuable insights into the
changes happening within the total mammary gland tissue, it was not possible to
discern from which cell type(s) each of the differential gene signatures was
originating. This was particularly challenging while investigating the strongly
enhanced pro-inflammatory/pro-tumorigenic immune signatures and ECM
remodelling signatures, induced upon Runx1 loss. There was uncertainty over
which (if any) of these molecular changes was originating from the Blg-Cre-
expressing MMECs (and therefore whether they were a direct result of Runx1 loss)
and which could be attributed to indirect changes happening in their
microenvironment (i.e. immune cell infiltration). In addition, these strongly
enhanced signatures, which likely originated from a combination of both MMECs
and their microenvironment, appeared to be dominating much of the differential
expression landscape of these samples. There was a strong possibility that any
alterations happening specifically in the MMECs were effectively being drowned
out by these more dominant molecular signatures. This consideration was
particularly relevant when considering any stem cell-related gene expression
data. Although the earlier emergence of multifocal and multicentric B-catenin-
driven tumours in BCAT_1 and BCAT_12 mice implied an acquisition of more stem-
like behaviours in these mammary epithelial tumour cells, there did not appear to
be a prominent enhancement of stem-associated signatures upon analysis of data.
It is possible that, even if there was a strong upregulation of various stem cell-
related genes within the MMECs, this signature could be significantly dampened

by a lack of signature in the microenvironment.
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To explore the molecular changes that were happening specifically within Blg-
Cre;Catnb"t/ox(Ex3) MMECs, upon loss of Runx1 and/or Runx2 expression, mammary
gland cell populations were FACS sorted using an RFP reporter system. RFP-sorted
MMECs from >3 mice of the same genotype were combined to form each individual
sample in order to obtain adequate RNA concentrations. Due to this requirement
for increased numbers of mice for this experimental setup, a pilot RNA-seq
experiment was conducted as a proof of concept. Analysis of the individual gene
alterations exhibited in these cells revealed alterations in the expression of
hundreds of genes in BCAT_1 MMECs compared to their wild-type controls, and
differential expression of thousands more with the additional loss of Runx2
function as seen in the BCAT_12 samples. It was noted during the analysis of this
data that there was altered expression of many well-established Wnt pathway-
associated genes. Closer inspections revealed that there was significant re-
modelling of the Wnt pathway to promote its activation and limit its regulation
upon loss of Runx1, and even more dramatically with simultaneous deletion of
Runx2. Interestingly, various genes known to be involved in the stem-like
behaviours of both normal and cancer cells in the mammary gland were
significantly enhanced in a step-wise manner from BCAT to BCAT_1 to BCAT_12

samples.

Due to the informative results obtained in the pilot experiment, additional
samples were collected for each experimental group and the pilot samples were
run alongside these in a extended RNA-seq experiment. While analysing the PCA
plot generated from this data (Figure 3.8), it was noted that there was
significantly more sample-to-sample variation introduced with these additional
samples, particularly in the BCAT and BCAT_12 groups, which was likely due to
the larger number of mice that had been required to generate each sample. This
was an important consideration during later investigations into the differential
expression of individual genes, as it potentially contributed to the drastic
reduction in the number of significantly altered genes, with a particular bias
towards a reduction in the BCAT_1 mammary samples. It does, however, lend
additional credence to the genes that were significantly altered despite this
increased sample variation. Despite this, analysis of the numbers of genes with

significantly altered expression levels showed that no genes were affected in the
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BCAT_2 group compared to the control, almost 100 genes were altered in the
BCAT_1 mammary samples, and over 1000 additional genes were uniquely up in
the BCAT_12 MMECs. Each of these molecular profiles for these Runx-depleted
samples is logical within the context of the phenotype observed for their
respective mouse models. The larger the molecular distinction between the
experimental cells and the wild-type control cells, the more significantly distinct

the phenotype was between the two models.

In order to interpret the large volumes of data produced from this extended RNA-
seq experiment, a GSEA approach was taken. Analysing the data at the level of
gene sets, sourced from the MSigDB gene set collections, allowed for the
identification of shared biological functions/features within the differentially
expressed genes identified within each of the Runx7-depleted test groups. Similar
to the trends seen with individual gene analysis, there were greater numbers of
enriched gene sets within the BCAT_12 samples compared to BCAT_1 mammary
samples. GSEA indicated a significant enrichment of gene sets with shared
biological functions relating to the hallmarks of cancer and tumour
progression/aggression. Notably, upon loss of Runx1 there were significant
enhancements of gene sets that are known to be involved in angiogenesis, DNA
repair, EMT, metastasis and invasion, therapeutic resistance, Wnt pathway
activation, and cancer stemness. Many of these alterations were even more
significant with the additional loss of Runx2. These molecular changes exhibited
with Runx1 loss support already established knowledge relating to the function of
the RUNXT1 gene in the human breast and in breast cancer, particularly those
relating to its function in metastasis and EMT. For example, a study comparing
gene expression profiles of various primary adenocarcinoma types with unmatched
metastatic lesions revealed RUNX1 downregulation to be part of a 17-gene
expression signature that was associated with metastasis and poorer clinical
outcome (Ramaswamy, Ross et al. 2003). Further to this, a previous publication
from the Stein group demonstrated that loss of RUNX1 was required for TGFB-
induced EMT, a precondition essential for cancer metastasis (Hong, Messier et al.
2017).
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A more in-depth analysis of the specific genes that were contributing to the
enhanced Wnt signature revealed significantly (or trending towards significantly)
enhanced expression of various Wnt pathway activators/enhancers and reduced
expression of regulators. While some of the specific gene alterations seen in the
pilot experiment lost their significance, the results shown throughout this chapter
nonetheless support the theory that the Wnt pathway is undergoing remodelling
or modulation upon loss of functional Runx genes. Analysis of individual genes
relating to the stem cell-related signature within the Runx7-deficient samples
identified several genes (Aldh1al, Snai2, Axl) that have been identified as
important predictors of disease progression and poorer overall survival for breast

cancer patients.

While informative, the limitations of this specific analysis must also be considered
and (if possible) addressed during any future investigations of this type. Following
analysis of bulk mammary cell populations, the rationale for analysing RFP-sorted
cells was so that the direct (MMEC-specific) molecular consequences of Runx1
deletion could be investigated. As previously discussed, in order to obtain
sufficient concentrations of RNA for this RNA-seq analysis, RFP-expressing MMECs
isolated from several mice were combined together to form each individual
sample. As exemplified in the PCA plots, increasing the numbers of mice per
sample can often introduce more variability into each sample whilst also not
increasing the overall power of the statistical analyses. One way of addressing this
issue could be to use low input RNA sequencing technologies offered by companies
such as Illumina and New England Biolabs (NEB). Alternatively, a single-cell RNA
sequencing approach could be used for the bulk mammary gland cell populations.
The advantage of this is that, rather than gene expression being averaged across
all cell types and potentially diluting down some cell type-specific molecular
signatures, gene expression is analysed at the level of individual cells and thus
allows for a higher resolution analysis. Although this method also requires cell
sorting, it generally requires less cells to be analysed per sample, compared to
traditional bulk RNA-seq experiments. It would also facilitate an analysis of the
effects of Runx alteration on various individual cell populations within the
mammary gland tissue, therefore allowing for a more detailed examination of the

immune pathways altered in the original bulk RNA-seq study.
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An additional future consideration for this study is that, while the RNA extracted
from these samples was adequate for RNA-seq analysis, the concentration and
amount was not sufficient to perform confirmatory RT-qPCR analyses of
differentially expressed genes. Additional samples (and therefore mice) would
therefore be required to be able to perform this analysis which, in order to look
at MMEC-specific gene changes, may also necessitate combining MMECs from
several mice. Therefore, in order to take the 3Rs (Replacement, Reduction and
Refinement) into account, it would be considered more appropriate to validate
these gene alterations (in response to Runx1 deletion) using in vitro investigations.
This formed part of the rationale for the investigations conducted on HC11 mouse
mammary epithelial cells, discussed in Chapters 4 and 5. In particular, one of the
key messages from this chapter was the gene profile highlighting changes to stem
cells. This necessitated further in vitro analysis to explore this aspect of RUNX1
in mediating stem like behaviour using a well-established HC11 murine mammary
epithelial cell line (Danielson, Oborn et al. 1984, Ball, Friis et al. 1988). These
results presented in Chapters 4 and 5 substantiate these findings and provide
evidence that RUNXT1 is functioning, at least in some aspects, to control mammary

stemness and its loss may therefore facilitate earlier tumour onset.

Despite these discussed limitations, the RNA-seq experiments presented
throughout this chapter provide a solid rationale for the distinct phenotypes seen
in Blg-Cre; Catnb"V'*(Ex3) cohort mice. While the BCAT_2 mice, which are
phenotypically indistinct from their wild-type counterparts, showed no significant
change in their molecular landscape, both Runx7-depleted cohorts exhibit
significant gene expression changes that corresponded with the apparent intensity
of their respective phenotypes. The various (related and distinct) molecular
signatures and biological features, which were differentially regulated upon loss
of Runx1, are likely all contributing towards the overall faster progressing and
aggressive phenotypes identified in the mouse models. The wide range of
biological functions, which were implicated in the dramatic phenotypes of the
BCAT_1 and BCAT_12 mouse models, indicates that the tumour-suppressive
functions of Runx1 (and Runx2, together) are complex and multi-faceted, and thus

the consequences of losing these functions are likely far-reaching and prominent.
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4 Investigating the role of RUNX1 in the stem-like potential
of the mammary gland through its overexpression

4.1 Introduction

4.1.1 The role of RUNX1 in stem cells

The heightened stem-like phenotype of Blg-Cre;Catnb"*Ex3) tumours with
additional loss of Runx1 function (or additional simultaneous loss of Runx?1 and
Runx2), as indicated by the earlier and increased emergence of multifocal tumours
and the RNA-Seq analyses presented in Chapter 3, prompted further exploration
of the role of RUNX1 in stem cell regulation in the normal mammary epithelium,
and the associated protection from oncogenic insult. The purpose of this was to
determine what could be happening mechanistically in the pre-tumour mammary
epithelium of Runx7-depleted glands to promote this earlier emergence of

independently arising tumours by the oncogenic activation of B-catenin.

Runx1 has previously been linked to stem cell regulation in various tissues in the
body (Hoi, Lee et al. 2010, Osorio, Lilja et al. 2011, Scheitz, Lee et al. 2012, Kim,
Barron et al. 2014, Matsuo, Kimura et al. 2017). Mouse models have been key in
determining a role for Runx1 in definitive haematopoiesis and have shown that
Runx1 is arguably the most critical regulator in the formation of definitive
haematopoietic stem cells (HSCs) (Okuda, van Deursen et al. 1996, Wang, Stacy et
al. 1996, North, Gu et al. 1999, Nottingham, Jarratt et al. 2007). In one study,
conditional knockout of Runx7? resulted in increased populations of immature
haematopoietic cells in a quiescent state, while Runx?1 overexpression in
transplanted haematopoietic cells prevented the reconstitution of lethally
irradiated bone marrow (Ichikawa, Goyama et al. 2008). The results from this
study demonstrate that Runx? negatively regulates quiescent HSCs during
haematopoiesis and the authors propose that expansion of HSCs, following loss of
functional Runx1, may contribute to the development of haematological
malignancies associated with disrupted Runx? function. A more recent study
linked dysregulation of post-translational modifications (PTMs) of RUNX1,
specifically defective methylation, with expansion of HSC populations that had
lost their quiescence and possessed antiapoptotic properties (Matsumura,

Nakamura-Ishizu et al. 2020). This increase in activated HSCs was seen to confer
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survival advantage due to their resistance to apoptosis (induced by various stress
conditions), indicated by the cells’ increased capacity to reconstitute lethally
irradiated bone marrow. As apoptosis acts as a mechanism to protect from cancer
development initiated by damaged/abnormal cells, resistance to this programmed
cell death is a hallmark of a preleukaemic clone. It was therefore postulated that,
in the clinical context, this expansion of HSCs in populations with defective RUNX1

methylation might predispose affected individuals to leukaemia.

In a study relating to stem cells within the mammary gland, the Gupta lab devised
a method, which they named perturbation-expression analysis of cell states
(PEACS), that identified RUNX1 as a regulator of mammary stem cell
differentiation (Sokol, Sanduja et al. 2015). RUNX1 silencing in MCF10A cells, using
shRNAs, resulted in cells that were unable to produce mature lobules, and which
had reduced capability to form ducts and ductal-lobular rudiments in 3D cultures.
On the rare occasions that the collagen cultures produced spheres with ducts, they
were significantly shorter and less branched than those produced by control cells.
This phenotype was reversible upon rescue of RUNX1 expression. RUNX1 has also
been studied within the context of breast cancer stem cells, and has been shown
to suppress breast tumour growth, migration, and invasion by repressing the breast

cancer stem cell phenotype (Hong, Fritz et al. 2018, Fritz, Hong et al. 2020).

4.1.2 Experimental Aims

While the aforementioned studies have been informative and have provided a
substantial foundation on which to build, it would be useful to probe further into
the possible mechanisms of mammary stem cell regulation by RUNX1. Work by the
Stein lab provides an insight into the consequences of RUNX1 loss in already
established tumours, initiated by other oncogenic influences. Their work focuses
mainly on the relationship between RUNX1 and breast cancer stem cells, and
cannot necessarily be used to inform that between RUNX1 and stem cells within

the normal breast, particularly from a molecular or mechanistic perspective.
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In addition to this, modelling loss of functional RUNX1 in already established
cancers does not take into account the consequences of RUNX1 loss within the
context of the normal mammary epithelium. The tumour suppressive functions of
RUNX1 may not necessarily be fully addressed in terms of tumour initiation, and
it does not consider that RUNX1 mutations are driver mutations in their own right.
Given the level of control that RUNX1 appears to be able to exert over the
canonical Wnt pathway (as indicated in Chapter 2), it could be argued that RUNX1
mutations could be an essential factor for the initiation of tumorigenesis in a

significant number of mammary tumours.

It was therefore postulated that it would be useful to explore RUNX1 alteration in
a non-tumorigenic mammary epithelial cell environment, particularly within a
non-transformed cell line capable of displaying stem cell properties, to determine
by what mechanisms loss of RUNX1 function might drive tumour initiation in the
mammary gland. This was explored by overexpressing RUNX1 in the HC11 mouse

mammary epithelial cell line.

4.2 Results
4.2.1 RUNX1 Expression in HC11 Mouse Mammary Epithelial Cells

The HC11 cell line, an immortalised cell line originating from the normal mammary
gland of a pregnant Balb/c mouse, is predominantly composed of luminal stem- or
progenitor-like epithelial cells (Danielson, Oborn et al. 1984, Ball, Friis et al.
1988). This feature makes it a valuable model for exploring the stem-like
properties of the mammary gland. The HC11 cell line was previously used by the
Blyth lab during previous investigations that revealed a role for RUNX2 in

mammary stem cell regulation (Ferrari, Riggio et al. 2015).

Initial Western Blot Analysis (Figure 4.1) showed that HC11 cells express
intermediate levels of RUNX1, relative to several other cell types known to express
the protein. Whilst the HC11 cells appear to express higher levels of RUNX1
compared to primary mouse mammary epithelial cells (WMECs), whose protein

band was only visible following oversaturation of the other sample bands, there is



175

visibly less RUNX1 protein in these cells relative to levels expressed in a lymphoma

cell line and primary mouse thymocytes

HC11
T6i
MMECs
TCs

— gy
. RUNX1

38kDa e w=w | GAPDH

Figure 4.1 RUNX1 protein expression in various cell types.

Western Blot showing RUNX1 expression in HC11 cells compared with various cell types
known to express relatively high levels of the protein. T6i = cell line derived from a mouse
T-cell lymphoma. MMECs = mouse mammary epithelial cells. TCs = primary mouse
thymocytes. GAPDH as a loading control. Amersham Full Range Rainbow Marker as a
protein ladder, with positions and molecular weights of key markers shown.

4.2.2 RUNX1 overexpression reduces mammosphere- and colony-forming
potential of HC11 cells without affecting 2D growth

Based on the RUNX1 expression data, it was reasoned that it should, in theory, be
possible to induce either overexpression or knockout of Runx7 and its associated
protein. HC11 cells were transduced with retrovirus, produced from a pBABE-Puro
vector that was modified to contain the mRunx1P1 construct (described in
Materials and Methods), to induce overexpression of Runx1 under the control of
the P1 promoter. Retrovirus derived from an empty pBABE-Puro vector was also
used to transduce HC11 cells, to create a control cell line. Following Puromycin
selection, protein lysates extracted from transduced cells were analysed by
Western Blot (Figure 4.2A) to determine whether this successfully induced
overexpression of RUNX1 protein. Densitometry analysis using the Image Lab
software revealed that transduction of HC11 cells with the pBABE-Puro-mRunx1P1
construct induced an almost ~2-fold increase in the relative density of RUNX1

protein compared to levels exhibited in the control (Empty Vector) line.

The RUNX1 overexpressing HC11 cells were initially compared with their control

counterparts using 2D growth assays. For each cell line, cell counts were taken at
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24 hour intervals and analysed on a CASY cell counter. As shown in Figure 4.2B
there was no statistically significant difference in the growth of HC11 cells when

RUNX1 was overexpressed under 2D conditions.

Although no differences in 2D growth were observed, follow-up experiments were
conducted using mammosphere assays as a tool to quantify and compare stem
cell/progenitor activity in HC11 Empty Vector and Runx1P1 cell lines. Stem cells
are able to clonally proliferate to form spherical clusters in the relatively low-
density, free-floating, and growth-limiting conditions of a mammosphere assay,
where more differentiated cells would not survive (Shaw, Harrison et al. 2012). In
contrast to 2D culture, the overexpression of RUNX1 in a mammosphere assay
resulted in significantly fewer spheres, as shown in Figure 4.2C. A similar stem
cell quantification assay, known as a 3D mammary colony-forming cell assay, was
carried out to provide another independent method of analysis to support the
results obtained from the mammosphere assays. 3D colony assays likewise involve
seeding single cells at a low density in growth-limiting conditions, though
conversely in a normal 24-well culture plate and suspended in a semi-solid Matrigel
matrix. Each discrete 3D colony that is counted at the end of the assay originates
from a single stem- or progenitor-like cell, thus allowing the stem-like behaviours
of different cell lines to be relatively quantified and compared (Tornillo and
Cabodi 2014). Statistical analyses showed significantly reduced colony-forming
capabilities for the RUNX1 overexpressing HC11 cells (as shown in Figure 4.2D),

thus demonstrating reduced stem cell activity in these cells.
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Figure 4.2 RUNX1 overexpression reduces “stemness” of HC11 mouse mammary
epithelial cells, while having no effect on 2D growth.

[A] Western Blot of HC11 mouse mammary epithelial cells transduced with pBABE-Puro-
Runx1P1 or pBABE-Puro Empty Vector as a control. Results from Image Lab software
densitometry analysis reveals an almost 2-fold increase RUNX1 protein levels. GAPDH as
a loading control and Amersham Full Range Rainbow Marker as a protein ladder, with key
marker positions and molecular weights shown.

[B] 2D growth curve of Empty Vector and Runx1P1 cell lines. n=3 counts per cell line per
day, plotted as averages (and population standard deviations). Results shown represent 1
of 4 experimental repeats.

[C] Primary mammosphere counts for Empty Vector and Runx1P1 cell lines, summarised
in a scatter plot. Each data point represents the number of spheres counted in a single
well. n=12 wells counted per cell line. Results shown represent 1 of 3 experimental
repeats.

[D] Scatter plot summarising results from colony-forming assays comparing Empty Vector
and Runx1P1 cells. Each data point represents the number of colonies counted in a single
well. n=12 wells were counted per cell line at experimental endpoint. Results shown
represent 1 of 2 experimental repeats.

Unpaired t-tests with Welch’s correction performed for each [* p < 0.05; **** p < 0.0001].
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4.2.3 Significantly larger mammospheres, with increased proliferation and
reduced cell death, produced upon overexpressing RUNX1

Following manual counting, phase contrast images were taken of mammospheres
using an Olympus CKX41 Inverted Microscope. It is apparent from the
representative images shown (Figure 4.3A) that, although there are fewer spheres,
the mammospheres derived from RUNX1-overexpressing HC11 cells are generally
larger than those derived from control cells. In the ImageJ software, an image of
a Stage Micrometer with a 1mm scale (subdivided into 100 divisions of 0.01mm)
that was taken at x10 magnification was used to calibrate the scale bar, which
allowed for the accurate quantification of the areas (uM?) of the mammospheres
captured. Results from this analysis confirmed that the Runx1P1 cells did indeed
produce statistically larger mammospheres than their Empty Vector counterparts
(Figure 4.3A).

To explore this change in mammosphere size resulting from increased RUNX1
expression, proliferation and apoptosis of cells within these structures was
investigated. Sections taken from paraffin-embedded agarose plugs of Empty
Vector and Runx1P1 cells were stained for Ki67 (Figure 4.3B), a widely used
proliferation marker, and Caspase 3 (Figure 4.3C), a crucial mediator of
programmed cell death, using IHC methods. Images were taken and analysed using
a trained HALO software. Results from this analysis, shown in Figure 4.3B and
Figure 4.3C indicate that the Runx1P1-derived mammospheres expressed
significantly higher levels of Ki67 and reduced levels of Caspase 3 compared to
those formed by Empty Vector cells. This indicates that there is a much higher
proportion of cells within the Runx1P1-derived structures that are actively
proliferating and a significantly lower percentage of cells undergoing apoptosis,
which were likely contributing factors in their increased size. This rationale seems
especially plausible with the knowledge of the essential role that RUNX1 plays in

mammary stem/progenitor cell differentiation (Sokol, Sanduja et al. 2015).
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Figure 4.3 RUNX1 overexpression results in larger mammospheres, with increased
proliferation and reduced cell death.

[A] Phase contrast images of mammospheres (left), derived from Empty Vector and
Runx1P1 HC11 cells. Scale bar=100puM. Images are representative of 10 images taken for
each cell line in this particular experimental setup. Mammosphere sizes (UM?) were
quantified using ImageJ software. A 1Tmm stage micrometer was used to calibrate the
scale bar. Scatter plots comparing mammosphere sizes (uM?) of Empty Vector and
Runx1P1 cell lines (right). Each data point represents the size (UM?) measured for a single
mammosphere. Result shown represents 1 of 3 experimental repeats, each with n>8
images taken per condition.

Representative images (left) and quantification (right) of Ki67 [B] and Caspase 3 [C]
staining in sections taken from agarose plugs of HC11 mammospheres, analysed using
HALO software. Representative images shown with 500uM scale bar. Scatter plots
summarise results of the quantitative analysis, where each data point represents the
percentage of total cells in a single mammosphere that stained positive. Results shown
represent 1 of 2 experimental repeats.

Unpaired t-tests with Welch’s correction conducted for each [* p < 0.05; **** p < 0.0001].
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4.2.4 Stem cell promoting functions of recombinant WNT3A protein are
diminished under RUNX1-overxpressing conditions

Whilst the previously described 3D growth assays demonstrate that RUNX1 may
indeed play a role in mammary stem cell regulation within a normal population of
mammary epithelial cells, and therefore potentially within the normal breast, it
is not clear as to whether this function is maintained within the context of a
mammary epithelium under oncogenic insult. It would be useful to determine
whether RUNX1 overexpression is able to limit the stem cell enriching functions
of WNT3A, a key activator of the canonical Wnt/B-catenin pathway (He, Lu et al.
2015), which is often aberrantly activated in breast cancer (Zhan, Rindtorff et al.
2017). Through these means, it would therefore be possible to deduce whether
the tumour suppressive role of Runx1 in the breast is at least partially mediated
through its control over the stemness of the mammary epithelium, at least within

the context of oncogenic Wnt signalling.

Mammospheres were chosen to model and compare stem cell activity in the Empty
Vector and Runx1P1 HC11 cell populations, with and without the addition of
recombinant WNT3A. These results support previous observations that RUNX1
overexpression limits mammosphere formation. The data also indicates that
higher levels of RUNX1 expression can limit the stemness-promoting capabilities
of recombinant WNT3A protein, as the significant enhancement of mammosphere
formation in HC11 cells was dampened with RUNX1 overexpression (Figure 4.4).
While there was a significant increase in mammospheres produced with WNT3A
treatment of both cell lines, it was increased to a slightly lesser extent in the
Runx1P1 cell line. Although this effect may not be immediately obvious when
looking at the adjusted p values of vehicle versus WNT3A treatment for each cell
line alone, both of which were p < 0.0001, it is useful to note that the fold increase
in mammosphere counts with WNT3A treatment was reduced from 1.83 (Empty
Vector) to 1.51 (Runx1P1). Based on this data, it is reasonable to conclude that
RUNX1 may protect the mammary gland from oncogenic insult, at least in the
context of abnormal Wnt/B-catenin pathway activation and, at least in part,

through its regulation of mammary epithelial stem/progenitor cell populations.
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Figure 4.4 Overexpression of RUNX1 quenches the stemness-promoting capabilities of
recombinant WNT3A protein.

Scatter plot summarising the quantification of mammospheres derived from Empty Vector
and Runx1P1 HC11 cell lines, treated with 100ng/ml WNT3A or vehicle (distilled water).
Each data point represents the number of spheres counted in a single well following 7
days of culture. Vehicle-treated HC11 cells in black and WNT3A treated cells in red. n=12
wells counted per condition. Results shown represent 1 of 3 experimental repeats. One-
way ANOVA, with Tukey’s Post-Hoc Test to correct for multiple comparisons, with the
most pertinent comparisons shown [**** p < 0.0001].

4.2.5 Characterisation of RUNX1 overexpressing mammary epithelial cells using
stem cell and Wnt-target gene panels

In order to evaluate which molecular markers were related to the stem cell-
regulating functions of RUNX1 in mammary epithelial cells, quantitative PCR
(gqPCR) was used to analyse curated panels of stem cell and Wnt-target genes
(detailed in 2.11.1). An appropriate stem cell panel was determined based on
established stem cell players, some of which were differentially expressed upon
Runx1 depletion in the B-catenin mouse model as demonstrated by RNA-Seq
analysis in Chapter 3. The Wnt-target gene panel for this investigation was
predominantly decided based on a definitive list of Wnt target genes relevant to
colorectal cancer models (Sansom, Meniel et al. 2007), used to generate a gene
set in the GSEA database (SANSOM_WNT_PATHWAY_REQUIRE_MYC). A selection of
these genes were validated using gPCR analysis, by comparing their expression in
MMECs isolated from pregnant Blg-Cre;Catnb*"*tand Blg-Cre;Catnb"t/oX(Ex3) mice.

The results of this investigation are summarised in Chapter 3, Table 3.2, and box
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plots of gene expression shown in Appendix 1. Due to the involvement of several
Wnt pathway members in the control and maintenance of various types of stem
cells, many of the genes in the Wnt panel may also be studied within the context
of stemness. Analyses of 3 representative stem cell panel genes (Aldh1al,
Aldh1a7, and Nanog) and 2 Wnt target panel gene (Lgr5 and Wif1) are shown in
the below figures (Figures 4.5 to 4.9).

Aldh1a1 and its rodent-specific paralogue, Aldh1a7, are highly validated stem cell
markers in both normal and malignant breast cells. ALDH1A1 expression has
previously been associated with tumour initiation, invasion and metastasis in
breast cancer cells, in addition to poorer overall survival in breast cancer patients
(Ginestier, Hur et al. 2007, Tomita, Tanaka et al. 2016). Aldh1a1 and Aldh1a7
were both upregulated in RFP+ mammary epithelial cells, isolated from Blg-
Cre;Catnb"t/ox(ex3) mammary glands with Runx1 deletion compared with their Runx

wild-type counterparts (Chapter 3).

Nanog, which is expressed at high levels in many breast cancers, has been
associated with various stem-like properties in breast cancer cells, including their
ability to: form spheres and 3D colonies; promote tumour growth and metastasis;
and mediate drug resistance (Lu, Mazur et al. 2014, Jeter, Yang et al. 2015).
Interestingly, one study found that the ability of Nanog to induce mammary
tumorigenesis and promote metastasis was highly dependent on its co-expression
with Wnt1 (Lu, Mazur et al. 2014), indicating it may be involved in the Wnt

signalling pathway (as a target or promoter).

Wif1 and Lgr5 were initially chosen as Wnt target panel members based on their
inclusion in the Sansom GSEA Wnt target gene set. Lgr5 was validated as a relevant
target of the Wnt/B-catenin pathway in the context of the mouse mammary
epithelium (Chapter 3, Table 3.2), while Wif1 was not significantly altered in the
Wnt activated mammary gland. Wif1 is a negative regulator of the Wnt signalling
pathway whose expression is positively correlated with Wnt pathway activation in

the normal context. Its inactivation by epigenetic silencing is a common
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occurrence in breast cancer, which allows for the oncogenic activation of the
Wnt/B-catenin signalling pathway (Ai, Tao et al. 2006). In addition to its role as a
potentiator of the Wnt/B-catenin signalling pathway, the Lgr5 gene is a well-
established molecular marker of stem cells in various organs and tissues (Nusse
and Clevers 2017), including in the breast (Plaks, Brenot et al. 2013, Trejo, Luna
et al. 2017). LGR5 was shown to be activated through the Wnt/B-catenin signalling
pathway in order to promote various aggressive behaviours in breast cancer cells
that are associated with stem cells (including spheroid formation, cell mobility,
invasion and metastasis). It was found to be overexpressed in primary breast
cancer tissues, where its expression was additionally correlated with adverse
clinical variables and poorer patient outcomes (Yang, Tang et al. 2015). In
addition, the pilot RNA-Seq analysis in Chapter 3 identified Lgr5 as differentially
expressed in B-catenin-activated mammary epithelial cells upon loss of functional
Runx1 and Runx2 that, in addition to enhanced oncogenic activation of the Wnt
pathway, displayed a more stem-like phenotype than their Runx wild-type
counterparts. For the purpose of this study, this gene can therefore be considered
both within the context of its role as a stem-cell regulator and Wnt pathway

potentiator.

Analyses of the normalised relative expression values for each gene indicate that
RUNX1 overexpression results in a reduction in the expression levels of a variety
of stem cell and/or Wnt pathway genes (Figure 4.5 to 4.9). Part [A] of each figure
gives an overview of the expression levels of each of the test genes within each
of the experimental conditions. Parts [B] to [E] explore these test groups further
by comparing the cell lines within each of the experimental conditions. RUNX1
overexpression in the HC11 cells resulted in notably reduced levels of all 5 genes,
particularly in Vehicle [D] and WNT3A [E] treated mammospheres derived from
this cell line compared to their Empty Vector counterparts. Although the change
in Lgr5 expression in the WNT3A treated mammospheres was not statistically
significant, there is a clear trend towards reduced Lgr5 levels upon RUNXT1
overexpression in this condition. Gene expression changes within the 2D growth
conditions, [B] and [C] were slightly variable from gene to gene. Aldh1a1 (Figure
4.5) and Wif1 (Figure 4.9) genes exhibited significantly decreased expression

levels within the Runx1P1 cell line grown in both 2D conditions. Changes in
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Aldh1a7 (Figure 4.6) and Nanog (Figure 4.7) expression only reached significance
in 2D cultured Runx1P1 cells upon treatment with WNT3A, although there were
clear trends towards reduced expression in the vehicle treated 2D Runx1P1
cultures compared with their Empty Vector counterparts. Lgr5 was not
significantly altered in the 2D context, nor was there a distinct bias towards either

increased or reduced expression with RUNX1 overexpression.

Additional stem cell or Wnt pathway associated genes that were tested including
Trp63 (Appendix 2), Lyéa (Appendix 3), Esr1 (Appendix 4), and Notum (Appendix
5) displayed varying degrees of depletion in the Runx1P1 cell line compared with
the Empty Vector control cells. Lyéa was significantly reduced in RUNX1
overexpressing cells grown in all culture conditions. Trp63 was significantly
depleted in Runx1P1 cells cultured in all except the 2D vehicle treated condition,
although there was still a clear trend towards its reduction in this context. Esr1
expression was only significantly altered in mammospheres derived from Runx1P1
cells compared with their Empty Vector counterparts, and those grown in the 2D
conditions did not display a bias towards either increased or decreased Esri
expression. It was only within the WNT3A treated conditions in which Notum
expression exhibited clear tendency towards reduction upon RUNX1
overexpression, although this reduction only reached statistical significance
within the mammospheres. Wnt pathway associated genes Myc (Appendix 6), Sox9
(Appendix 7), and Wnt3a (Appendix 8), which also function as markers or
mediators of stem cell activity in the normal and tumorigenic mammary gland
(Zeng and Nusse 2010, Guo, Keckesova et al. 2012, Moumen, Chiche et al. 2012,
Moumen, Chiche et al. 2013, Domenici, Aurrekoetxea-Rodriguez et al. 2019), did
not appear to be altered in any way upon overexpression of RUNX1 within the
HC11 cells.

Interestingly, not all of the analysed stem or Wnt pathway related genes were
increased in mammospheres, which are enriched for cells with stem-like
properties, compared with 2D cultured cells. Likewise, not all genes were
responsive to recombinant WNT3A treatment, which would act as a mediator of

stemness through its enhancement of the canonical Wnt/B-catenin pathway.
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Representative genes Aldh1a7 (Figure 4.6), Lgr5 (Figure 4.8), and Wif1 (Figure
4.9) display slightly increased levels of expression in Empty Vector HC11 cells
grown within the 3D context compared with their 2D-cultured counterparts. These
genes were not altered between the 2D and 3D growth conditions in the Runx1P1
cell line, however, due to the significantly dampened levels of expression for each
gene within this cell line. For Wif1, this difference between the 2D and 3D cultures
was only present when comparing those treated with WNT3A. Additionally, it was
only within the 3D growth conditions that WNT3A treatment elevated Wif1
expression levels above those seen with vehicle treatment. WNT3A treatment did
not appear to have an effect on any of the other representative genes shown, and
growing HC11 cells in 3D conditions as opposed to 2D appeared to have no effect
on Aldh1a1 and Nanog expression levels. Of the additional genes whose expression
was tested but not shown in the figures below, Notum, which is a Wnt/B-catenin
target gene that in turn regulates Wnt signalling in a negative feedback loop
(Giraldez, Copley et al. 2002, Flowers, Topczewska et al. 2012, Kakugawa,
Langton et al. 2015), was increased when grown in 3D conditions compared to 2D
cultures, in addition to being significantly increased upon treatment with WNT3A.
Notably, the Wnt and stem cell related gene Sox9 was significantly upregulated in
3D cultured HC11 cells compared with their 2D grown counterparts, although was
not impacted by WNT3A.

Gene expression of Runx2 was also evaluated and compared in each sample group,
and the results summarised in Figure 4.10. The purpose of this was to rule out the
possibility that the gene alterations contributing to a reduced mammosphere
forming potential in Runx1P1 cells were caused by alterations in Runx2 expression
as opposed to RUNX1 upregulation. In a previous publication from the Blyth
laboratory, it was revealed through in vitro and in vivo analyses that Runx2 is
involved in the stem/progenitor potential of the mammary epithelium and was
identified as a mediator of Wnt signalling in mammary cultures enriched for stem
cells (Ferrari, Riggio et al. 2015). There would therefore need to be a significant
reduction in Runx2 expression levels in each test condition in order to explain the
reduced mammosphere forming potential, and depletion of stem cell and Wnt
pathway related genes, in the Runx1P1 cell line. It can be clearly seen in Figure

4.10 that this is not the case, and in the 2D cultures there was even an increase
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in Runx2 expression levels that was statistically significant with vehicle treatment.
This suggests that the overexpressed RUNX1 was perhaps outcompeting RUNX2
within this context in order to negatively regulate the stem-like potential of the

cells and limit Wnt pathway activation.

These observations support results obtained from mammosphere experiments,
which showed an overall reduction in stem cell activity and repression of Wnt-
mediated stemness. Additionally, they give some indication as to which stem cell
promoting and Wnt pathway mediating genes could potentially be regulated by
Runx1, in order to prevent tumorigenesis in the context of the normal mammary
epithelium. Differential expression of several stem and Wnt target genes in
response to RUNX1 overexpression, particularly within stem cell enriched cultures
(Figures 4.5-4.9, and Appendices 2-8), indicates that Runx1 could be functioning
upstream of these genes to regulate their expression, and therefore their
function. This relationship suggests that the tumour suppressive role of Runx1
could be at least partially mediated by exerting control over the proliferative
capacity of stem cells within the mammary epithelial cells, thereby protecting
these cells from oncogenic insult, at least within the context of a constitutively

activated Wnt/B-catenin pathway.
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Figure 4.5 qPCR analysis reveals significantly reduced levels of stem cell marker gene,
Aldh1a1, upon overexpression of RUNX1 in both the 2D and 3D contexts.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D (days of growth DO and D7) or
3D (mammosphere) growth conditions with additional WNT3A or vehicle (distilled water)
treatment. Gapdh and Actb genes used as internal references to normalise the expression
data for the test gene (Aldh7at). Each data point represents the normalised relative
expression (fold change) of the given test gene (calculated from an average of 3 technical
repeats, and using a AACq method) obtained from an individual cell pellet (each of which
was obtained from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [* p < 0.05;
**p <0.01; *** p < 0.0001].
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Figure 4.6 Expression of mouse-specific stem cell marker gene, Aldh1a7z, is
significantly reduced in Runx1P1-derived cultures.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Aldh1a7). Each data point represents the normalised relative expression (fold
change) of the given test gene (calculated from an average of 3 technical repeats, and
using a AACq method) obtained from an individual cell pellet (each of which was obtained
from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [* p <
0.05; *** p < 0.001].
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Figure 4.7 Expression of Nanog, a stem-related gene whose tumorigenic potential is
dependent on Wnt1 expression, is reduced in RUNX1-overexpressing cell cultures.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Nanog). Each data point represents the normalised relative expression (fold
change) of the given test gene (calculated from an average of 3 technical repeats, and
using a AACq method) obtained from an individual cell pellet (each of which was obtained
from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [* p < 0.05;
***p < 0.001].
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Figure 4.8 Lgr5, a potentiator of the Wnt/B-Catenin pathway and a mammary stem
cell marker, appears diminished with RUNX1 overexpression under 3D culture
conditions.

Box and whisker plots summarising results from gPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Lgr5). Each data point represents the normalised relative expression (fold change)
of the given test gene (calculated from an average of 3 technical repeats, and using a
AACq method) obtained from an individual cell pellet (each of which was obtained from
1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [*** p <
0.001].
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Figure 4.9 Reduced expression of Wif1, a negative regulator of the Wnt pathway, in
RUNX1 overexpressing mammary epithelial cell cultures.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Wif1). Each data point represents the normalised relative expression (fold change)
of the given test gene (calculated from an average of 3 technical repeats, and using a
AACq method) obtained from an individual cell pellet (each of which was obtained from
1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [*** p <
0.001].
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Figure 4.10 Runx2 expression increased in 2D vehicle treated Runx1P1 cells, though
is otherwise relatively unchanged.

Box and whisker plots summarising results from gqPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Runx2). Each data point represents the normalised relative expression (fold
change) of the given test gene (calculated from an average of 3 technical repeats, and
using a AACq method) obtained from an individual cell pellet (each of which was obtained
from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [** p <
0.01].
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4.3 Discussion

Throughout this investigation, the HC11 mouse mammary epithelial cell line was
used as an in vitro model to study the role of the Runx1 gene in non-tumorigenic
mammary epithelial cell populations, particularly the stem/progenitor cell
compartment. Due to the stem-/progenitor-like potential of the HC11 cells, and
their ability to differentiate when grown at confluence in medium containing a
combination of lactogenic hormones (dexamethasone, insulin, and prolactin), this
cell line has been key for several investigations into mammary stem cell
proliferation and differentiation (Slosberg, Klein et al. 1999, Pietersen, Evers et
al. 2008, Williams, Helguero et al. 2009, Liu, Pawliwec et al. 2015, Sornapudi,
Nayak et al. 2018, Niit, Geletu et al. 2019). Initial investigations using Western
Blot analysis of various cell types revealed that the HC11 cell line expresses
intermediate levels of RUNX1 relative to the other selected cell types that are
known to express at least moderate levels of the protein. Based upon this
expression analysis, it was reasonably assumed that the HC11 mammary epithelial
cells could potentially be amenable to either overexpression or depletion of
RUNXT1. It was decided that initial attempts to alter RUNX1 expression would be
in the form of RUNX1 overexpression, using a pBABE-Puro retroviral vector, as this
vector was successfully used to overexpress RUNX2 in a previous Blyth lab

publication (Ferrari, Riggio et al. 2015).

Mammosphere and 3D mammary colony-forming cell assays were then chosen as
tools to aid with this investigation. These methods have been used in several other
studies to examine the potentiation and self-renewal ability of mammary cell
populations (Dontu, Abdallah et al. 2003, Stingl, Emerman et al. 2005, Cicalese,
Bonizzi et al. 2009, Shaw, Harrison et al. 2012, Lombardo, de Giorgio et al.
2015).The mammosphere assay in particular has been shown to select for
mammary stem/progenitor cells with a high capacity for self-renewal, as one
study demonstrated that the percentage of cells with a bilineage differentiation
potential increased significantly with each subsequent mammosphere generation,
until almost all colonies (~98%) were derived from bipotent mammary
stem/progenitor cells (Dontu, Abdallah et al. 2003). In another study, limiting
dilutions of cell suspension from secondary mammospheres were injected into

cleared fat pads of mice and successfully induced mammary outgrowth, which was
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seen to a much lesser extent (primarily with lower cell dilutions) upon injecting
primary mammary cells (Cicalese, Bonizzi et al. 2009). This indicates that the
mammosphere assay can be used to enrich for populations of mammary

stem/progenitor cells.

Mammosphere assays have also been used to study the stem-like properties and
lactogenic differentiation of the HC11 cell line (Morrison and Cutler 2009,
Thrasyvoulou, Vartholomatos et al. 2020). More relevantly, former Blyth lab PhD
students used the HC11 mammary epithelial cell line as a tool to investigate the
function of RUNX2 in the stem/progenitor cell compartment of the mammary
epithelium (Ferrari, Riggio et al. 2015). Mammospheres that were derived from
HC11 cells were shown to exhibit increased expression levels of the Runx2 gene
and its associated protein. Interestingly, while there were no differences observed
in 2D growth upon overexpression of RUNX2, there was a significant increase in
the mammosphere forming potential of HC11 cells. Results presented in this
chapter show a strikingly similar context-specific change in cell behaviour in
response to successful overexpression of RUNX1 in the HC11 cell line. Whilst
RUNX1 overexpression was found to be inconsequential to the 2D growth of these
cells, the mammosphere and colony forming potential was significantly altered,
although it was reduced rather than enhanced. Phenotypic characterisation of
mammospheres produced by Empty Vector and Runx1P1 HC11 cells revealed a
significant increase in the size of mammospheres formed by cells that expressed
heightened levels of RUNX1. Upon further inspection, these larger structures
contained higher proportions of actively proliferating cells and lower percentages
of cells undergoing programmed death. Collectively, the data presented here
indicate that RUNX1 may function as a stem cell regulator in these non-
tumorigenic mammary epithelial cells by initiating differentiation, leading to the
reduced formation of mammospheres and colonies. The rate of differentiation
within these Runx1P1-derived mammospheres were elevated, while the levels of
cell death were reduced, which likely contributed to their larger sizes. Further
experiments, looking into the differentiation status of the individual cells within

each mammosphere, would need to be conducted to confirm this mechanism.
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The regulation of the mammary stem cell population by Runx? was further
explored within the context of the stemness-enhancing, cancer-associated Wnt
signalling pathway. Treatment of HC11 cells with recombinant WNT3A protein, a
key proponent of the canonical Wnt/B-catenin pathway whose associated gene
expression is frequently upregulated in breast cancer cell lines compared to
normal mammary epithelial cells (Benhaj, Akcali et al. 2006, He, Lu et al. 2015),
resulted in an enrichment of the stem cell compartment of these cells. However,
there was a slight reduction in the enhancement of stem cell activity in these cells
with RUNX1 overexpression, indicating that this protein is capable of limiting the
stem-like phenotype of mammary epithelial cell populations both in the context
of the normal mammary gland function and following oncogenic insult.
Quantitative PCR analyses were conducted to explore the molecular mechanisms
behind RUNX1-mediated stem cell regulation, with and without exogenous
WNT3A. RUNX1 overexpression was seen to reduce the activity of various
stem/progenitor cell-(Aldh1a1, Aldh1a7, Nanog, Ly6a, Trp63) and Wnt pathway-
related (Lgr5 and Wif1) genes, particularly in mammary stem cell-enriched
cultures of HC11 cells. These results taken together indicate that the function of
Runx1, within normal mammary gland homeostasis and as a tumour suppressor,
are at least partially facilitated via its influence over the stem cell populations
within the mammary epithelium. From these results, it could be inferred that
RUNX1 is interacting with genes related to the stemness of the mammary
epithelium, as well as directly/indirectly regulating several Wnt pathway targets,
to maintain a controlled population of stem cells within the mammary gland. Loss
of functional Runx1 in mammary epithelial cells, as is often observed in ER-
positive cancers, may lead to uncontrolled expansion of a stem-like population of
mammary epithelial cells within the normal mammary gland, thus making it more

susceptible to oncogenic insult.

The investigation presented in this chapter does have some additional factors that
should be considered while interpreting the data. Firstly, it is possible that the
tumour suppressive role of Runx1 could be context specific, and that it may only
work to suppress tumorigenesis in the setting of constitutively activated Wnt/B-
catenin, particularly when considering its role in limiting stemness to prevent

tumour initiation. Investigations conducted by former PhD student, Alessandra
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Riggio, helped to address concerns relating to the overall tumour suppressive
capabilities of Runx1 within the context of other independent models of mammary
tumorigenesis. The MMTV-PyMT transgenic model was one such mouse line used
during these studies, and was additionally considered within the context of
stemness as described in Chapter 7. Another reflection from this work is that it
cannot be said with absolute certainty that the differentially regulated stem cell
markers, identified by qPCR, are functionally significant for the stemness of the
mammary epithelium, or are simply markers whose expression coincides with the
stem-like potential of the cells. To investigate this in future, it may be possible
to rescue the expression of the specific stem/Wnt gene or its associated protein,
using either a retroviral vector or recombinant protein respectively, in the RUNX1
overexpressing line and observe whether there is at least a partial rescue of the

stem-like phenotype using mammosphere assays.

There are also limitations relating to the methodologies that should be discussed.
For example, whilst in vitro studies offer many advantages over in vivo work
(tighter control over the cell’s environment, lower costs, shorter experiments,
and higher throughput), they do have some drawbacks that should be considered.
In order to facilitate the long-term culture of various cell lines, the primary cells
used to make that cell line are genetically manipulated by the introduction of
SV40 or HPV sequences, allowing the cells to evade normal cellular senescence.
This genetic manipulation may alter their phenotype and behaviours, and serial
passage could induce further significant variations and genetic drift over time,
meaning that experiments using earlier passages could potentially yield rather
different results compared to later passages. Within the context of the HC11 cells
used, whilst the primary cells from which this cell line originated were considered
normal and non-tumorigenic, the immortalised line may not accurately represent
the mammary epithelial cells of a normal mammary gland. To circumvent this
limitation during future investigations, it may be possible to extract normal

primary MMECs from mice and alter RUNX1 expression in vitro.

There are also concerns relating specifically to the mammosphere in vitro assay.

One caveat is that it is unclear as to whether the results from this assay truly
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reflect the number of stem and progenitor cells present. In particular, it is not
known whether the assay can identify quiescent stem cells in the mammary gland,
or whether it measures cells that are simply most capable of adapting to the
artificial/harsh conditions of the assay or which can act as proliferating mammary
stem cells (Rota, Lazzarino et al. 2012). To support the findings from this
experiment, it would therefore be useful if these results could be recapitulated
in an in vivo context using a mammary reconstitution assay (Illa-Bochaca,
Fernandez-Gonzalez et al. 2010, Rota, Lazzarino et al. 2012). This assay can be
used to measure the stem cell frequency within an epithelial cell population by
looking for the presence of epithelial outgrowths, over a period, in host mice that
had serial dilutions of single-cell suspensions transplanted into their cleared fat
pads. This assay was also used for the characterisation of a RUNX1-depleted HC11
cell line, discussed in Chapter 5. Finally, primary mammosphere formation was
used as an indication of stem cell activity within the HC11 cells, however this does
not give an indication of the capacity for ongoing self-renewal, which is a key
feature of stem cells. Disaggregation of primary mammospheres and further
passage of the cells as secondary, or even tertiary, mammospheres would allow
for a more complete investigation into the stem-like properties of HC11 cells with

altered expression of RUNX1, as addressed in Chapter 5.

Despite the limitations and considerations that should be taken into account in
further similar studies, the data presented in this chapter align with previously
published data indicating that RUNX1 is required for the differentiation of
mammary stem cells in 3D culture (Sokol, Sanduja et al. 2015) and, in the context
of breast cancer, suppresses the breast cancer stem cell phenotype and reduces
tumour growth, migration, and invasion (Hong, Fritz et al. 2018, Fritz, Hong et al.
2020). It is also in agreement with findings that some of the developmental and
regulatory functions of RUNX1 are enabled through interactions with several
components of the Wnt pathway (Osorio, Lilja et al. 2011, Wu, Seay et al. 2012,
Naillat, Yan et al. 2015, Luo, Zhang et al. 2019). One study of particular interest
showed that RUNX1 could act as a mammary tumour suppressor against ER-positive
breast cancer through its suppression of oestrogen-mediated inhibition of AXIN1,
thus stabilising B-catenin and preventing its deregulation (Chimge, Little et al.

2016). This chapter, along with Chapters 5 and 6, builds upon those
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aforementioned studies as well as recent work from the Blyth lab (publication in
progress) using in vivo models to study the tumour suppressor function of RUNX1
in breast cancer. The work presented in this thesis looks further into the potential
molecular mechanisms by which loss of functional RUNX1 in the normal mammary
gland may lead to oncogenesis, as opposed to focusing on the effects of RUNX1
depletion in an already established tumour. This will become clearer in the next
chapter of this thesis, which aims to explore the effects of Runx? depletion in
HC11 mouse mammary epithelial cells.
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5 Deletion of RUNX1 enhances the progenitor-like potential
of HC11 cells

5.1 Introduction

RUNX1 is mutated in ~6-9% of breast cancer cases studied in various targeted
sequencing studies of primary breast tumours explored through cBioPortal
(Cerami, Gao et al. 2012, Gao, Aksoy et al. 2013). These mutations in the Runx1
gene predominantly consist of loss of function mutations, particularly within the
context of ER-positive breast cancers (as was discussed in Introduction) (Cerami,
Gao et al. 2012, Gao, Aksoy et al. 2013). It is important that the models, used for
investigating the function of Runx1 in the normal mammary epithelium and its role
in tumour suppression, recapitulate those findings in order for it to have clinical
relevance. The previously described Blg-Cre;Catnb"!/x(Ex3) mouse model proved
to be very informative during investigations into the role of Runx7 as a tumour
suppressor. Targeted loss of functional Runx1 in the mammary epithelium resulted
in earlier emergence and increased numbers of independently arising multifocal
and multicentric tumours (Chapter 3). This stem-related phenotype, which was
accompanied by enhanced expression of established stem cell markers, was even
more dramatic with the additional loss of functional Runx2 (Chapter 3). This
potential role of RUNX1 in the stemness of the mammary epithelium was further

investigated using an in vitro model that could be easily manipulated and studied.

5.1.1 Experimental Aims

Overexpressing RUNX1 in the HC11 cell line (Chapter 4) gave valuable insights into
some of the functions of this protein, though they are restricted in what can be
inferred about the implications of RUNX1 loss, as it cannot necessarily be assumed
that the consequences of RUNX1 depletion will precisely mirror the effects seen
by overexpressing the protein. This is partly because Runx1 is involved in complex
interactions with several intricate pathways, including the previously discussed
canonical Wnt/B-catenin pathway, and so there may be other compensatory
mechanisms that are triggered in response to RUNX1 deletion to protect mammary
epithelial cells from oncogenic transformation. For this reason, it was essential to

consider knockout of the RUNX1 protein in HC11 cells.
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Given that tumour emergence was remarkably accelerated with the additional loss
of functional Runx2 in the Blg-Cre;Catnb"!>x(Ex3) mouse model, another aim of
this investigation was to explore the impact of simultaneous loss of RUNX1 and
RUNX2 on mammary epithelial cells. The dramatic changes observed in Blg-
Cre;Catnb"t/oxEx3). Runx 17V, Runx2/f_ mice were rather surprising, given that
Runx2 loss alone resulted in a phenotype that was not discernible from wildtype
controls (Chapter 3). In another in vivo study, embryonic mammary buds,
dissected from MMTV-PyMT embryos (either Runx2*'* or Runx2-'-), showed delays
in tumour initiation and progression in the absence of Runx2 following
transplantation into Rag7’- hosts (Owens, Rogers et al. 2014). In addition, a
previous publication from the Blyth lab showed that elevated expression of RUNX2,
rather than deletion, left the mammary gland more vulnerable to oncogenesis in
a transgenic model (McDonald, Ferrari et al. 2014). Runx2 has also shown strong
associations with mammary cell compartments containing high proportions of
stem/progenitor cells (Kendrick, Regan et al. 2008, Molyneux, Geyer et al. 2010,
McDonald, Ferrari et al. 2014), including the terminal end buds (Kouros-Mehr and
Werb 2006). Studies performed in the Blyth lab showed that RUNX2 is functionally
important in mammary stem/progenitor cells (supporting data from Owens et al,
demonstrating that Runx2 overexpression perturbs HC11 differentiation (Owens,
Rogers et al. 2014)) and potentially mediates Wnt signalling in mammary stem
cells (Ferrari, Riggio et al. 2015). Considering this information, it could be
hypothesised that loss of RUNX2 would cancel out the phenotype associated with
RUNX1 depletion, rather than enhancing it. Regardless, the HC11 cell line offers

a suitable model to investigate this fascinating observation in more depth.

5.2 Results

5.2.1 Stem-like potential of HC11 cell line significantly enhanced in three
independent Runx1 CRISPR clones

It was previously reasoned, based on the relatively intermediate RUNX1 protein

expression levels shown in Chapter 4.2.1, that the HC11 cell line may be amenable

to either RUNX1 overexpression or depletion. Results from a RUNX1 overexpressing

cell line (Chapter 4) were informative in exploring some potential mechanisms

behind the tumour suppressive function of RUNX1 in the mammary epithelium,

particularly within the context of oncogenic Wnt/B-catenin signalling and in the
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stemness of the mammary epithelium. Here, CRISPR-induced knockout of RUNX1
expression was carried out in order to confirm the role of this protein in the stem-

like potential of HC11 mammary epithelial cells.

An SpCas9-bearing pX-459-Puro plasmid was modified to produce 3 individual
constructs, each of which contained one of three Runx7-targeting guide RNA
sequences to introduce loss-of-function deletions. HC11 cells were subsequently
transfected using each of these three constructs, or using an empty vector as a
control. The transfected cell lines were then subjected to antibiotic selection and
single cell cloning in order to produce multiple cell lines, which were analysed by
Western Blot. Protein expression was used as an indication of whether CRISPR-
based targeting of Runx1 expression was successful. In Figure 5.1A, below, it can
be seen that, from the 8 total HC11 cell lines that were created, those generated
from mhRunx1 and mRunx1_A guide RNA (gRNA) sequences show incomplete
depletion, as indicated by the still clearly detectable levels of protein that are
comparable to those seen in the Empty control clones. However, in 3 independent
clones, all of which were generated using the mRunx7_B gRNA sequence,
successful sequence targeting and deletion is assumed based on the loss of
detectable protein expression. These 3 clones will henceforth be referred to as
Rx1_KO_A, Rx1_KO_B, and Rx1_KO_C.

2D growth assays were used initially to compare each Runx1 knockout cell line
with the Empty 1a control line. Cell counts were taken at 24 hour intervals for
each cell line, set up in 2D growth conditions, using a CASY Cell Counter. The
results of the 2D growth measurements, summarised in Figure 5.1B, demonstrate
that depleting RUNX1 expression levels has no statistically significant effect on
the growth of HC11 cells under 2D conditions. This data is in agreement with that
of Chapter 4, in which RUNX1 overexpression did not significantly change the 2D
growth of HC11 cells.

Due to the significant differences found in the colony and mammosphere forming

potential of HC11 cells upon overexpressing RUNX1 (Chapter 4), a similar approach
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was adopted for the Runx1 CRISPR cell lines. 3D colony formation assays were used
to compare the stem-like potential of each of the RUNX1-depleted cell lines with
their Empty vector control. In contrast with the findings that Runx1 alteration
does not significantly affect 2D mammary epithelial cell growth, loss of functional
Runx1 resulted in significantly higher 3D colony-forming potentials for each of the
Runx1 CRISPR clones, relative to the Empty 1a control clone, as shown in Figure
5.1C.

3D colony assays were supported with mammosphere forming assays to confirm
whether loss of RUNX1 affects the stem-like potential of these cells. Significantly
increased primary mammosphere formation was observed in each of the RUNX1-
depleted clones, shown in Figure 5.1D. Further to evaluating primary formation
efficiency, the effects of RUNX1 ablation on short-term self-renewal capacity of
these mammospheres was investigated by further passaging these mammospheres
in secondary mammosphere assays (Shaw, Harrison et al. 2012). This was also
discovered to be significantly enhanced with loss of RUNX1 expression, as
significantly more secondary mammosphere structures were counted for each of
the Runx1 CRISPR clones compared to their control (Figure 5.1E). Together, these
results demonstrate that loss of RUNX1 expression in mammary epithelial cells
leads to their increased stem-cell potential, as demonstrated by their increased
ability to form and self-renew structures that have been previously linked to a

stem-like capacity.
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Figure 5.1 Increased stem cell-like potential in three independent Runx1 CRISPR cell
lines.

[A] Western Blot of single cell clones obtained from HC11 cells, transfected with pX-459-
Puro vector that was either Empty or contained one of three Runx1-targeting sequences.
2 Empty clones (1a and 2a), 4 mhRunx1 clones (3a-d), 2 mRunx1_1 clones (1a and 2a),
and 3 mRunx1_B clones (2a-c) were analysed. GAPDH as a loading control and Amersham
Full Range Rainbow Marker as a protein ladder, with key marker positions and molecular
weights shown.

[B] 2D growth curve of Empty 1a clone and 3 independent Rx1_KO clones. n=3 counts per
cell line per day, plotted as averages (and population standard deviations). Results shown
represent 1 of 3 experimental repeats.

[C] Scatter plot summarising results from colony-forming assays comparing HC11 Rx1_KO
clones with Empty 1a control. Each data point represents the number of colonies counted
in a single well. n=12 wells were counted per cell line at experimental endpoint of 7 days.
Results are representative of 1 of 2 experimental repeats.

Primary [D] and secondary [E] mammosphere counts of Rx1_KO clones summarised in a
scatter plot. Each data point represents the number of spheres counted in a single well.
n=12 wells counted per cell line after 7 days of growth. Results shown represent 1 of 7
[D] and 4 [E] total experimental repeats, respectively.

One-way ANOVA performed for each, with Dunnett’s multiple comparisons test [**** p <
0.0001].
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5.2.2 Smaller and less proliferative mammospheres derived from HC11 Runx1
CRISPR clones.

Representative images of HC11 mammospheres, generated from Empty 1a and
Runx1 CRISPR HC11 clones, are shown in Figure 5.2A. The mammospheres that
originated from the CRISPR clones appeared to be smaller than those from the
control cell line. ImageJ was used to quantify the area (uM?) of each individual
mammosphere in captured images. It is clear from the plotted results (Figure 5.2A)
that the individual Runx1 CRISPR clones exhibit reduced mammosphere sizes, to

varying degrees of significance, in comparison to their associated control line.

Sections from paraffin embedded agarose plugs of control and Runx1 CRISPR clone
derived mammospheres were stained for Ki67 (Figure 5.2B) and Caspase 3 (Figure
5.2C) expression by IHC. Scans of the slides were analysed using HALO software,
which was trained to detect the percentage of cells within each mammosphere
that were stained positive. Mammospheres that were formed from HC11 cells with
loss of RUNX1 expression were found to contain lower percentages of cells that
were actively proliferating, as summarised in Figure 5.2B. There appeared to be
a trend towards reduced apoptosis in all 3 clones, although only results for clone
C reached statistical significance (Figure 5.2C). Despite the reduced levels of
apoptosis in mammospheres originating from this clone, the more highly
significant reduction in proliferation within these structures resulted in smaller
mammospheres. This would also be true for mammospheres formed from clones A
and B, in which mammosphere cell death was not significantly altered, whilst

proliferation was significantly reduced, thereby contributing to their reduced size.
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Figure 5.2 Runx1 CRISPR clones produce smaller mammospheres composed of cells
that are less proliferative.

[A] Phase contrast images (left) of mammospheres derived from Runx1 CRISPR clones and
the Empty 1a control. Scale bar=100uM. Images are representative of 6 images taken of
each cell line for this particular experimental setup. Mammosphere sizes (UM?) were
quantified with ImageJ software. A 1Tmm stage micrometer was used to calibrate the scale
bar. Scatter plots comparing mammosphere sizes (uM?) of Empty 1a and Runx1 CRISPR
cell lines (right). Each data point represents the size of an individual mammosphere.
Results shown representative of 1 of 3 experimental repeats each with n>6 images taken
per condition.

Representative images (left) and quantification (right) of Ki67 [B] and Caspase 3 [C]
staining in sections taken from agarose plugs of HC11 mammospheres, analysed using
HALO software. Scale bar=500uM. Scatter plots summarise results of the quantitative
analysis, where each data point represents the percentage of total cells in a single
mammosphere that stained positive. Results shown represent 1 of 2 experimental
repeats.

One-way ANOVA used for each analysis, with Dunnett’s Post-Hoc Test to correct for
multiple comparisons [* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001].
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5.2.3 Enhanced expression of stem-like markers in RUNX1-deficient
mammospheres.

Results thus far have pointed to a role for RUNX1 in the modulation of stemness
in mammary epithelial cells. To investigate possible molecular mechanisms behind
RUNX1-mediated control of the stem-like potential of the mammary gland, gPCR
analysis was used to evaluate the relative expression of a panel of candidate stem
cell-related genes in Runx1 CRISPR clones. The aim of this analysis was to identify
the stem cell-related genes that are differentially regulated in the Rx1_KO clones
to identify which genes may be facilitating the expansion of a more stem-like
subpopulation of mammary epithelial cells in response to the loss of functional
RUNX1.

Relative gene expression analyses by gPCR revealed varying degrees of
enhancement of a stem cell-related Aldh1al gene and its rodent-specific
paralogue, Aldh1a7, in each of the Runx1 CRISPR clones (Figures 5.3 and 5.4).
These alterations were generally more or only significant within the stem cell
enriched populations of mammospheres that were analysed in parts [D] and [E] of
each figure. In instances where statistical analyses did not reveal a particularly
significant change in gene expression in every clone, for example within the 2D
growth conditions, there was a trend towards increased expression that could be
seen. Both of these genes were also shown to be significantly upregulated in Blg-
Cre;Catnb*t/ox(ex3) mice with the additional mammary-specific loss of functional
Runx1 (Chapter 3) that, in addition to them being highly validated markers of stem
cells in both normal tissues and cancer cells (Ginestier, Hur et al. 2007, Khoury,
Ademuyiwa et al. 2012, Tomita, Tanaka et al. 2016). Notably, these genes were
both expressed at significantly higher levels in the stem cell enriched populations
obtained from growth in the 3D conditions as compared with the HC11 cells grown

in 2D conditions.

Additional mammary stem cell-related genes — including Esr1, Sox9, Lgr5, and
Runx2 (Figure 5.5A-D) — were also analysed for their expression by qPCR. Esr1
expression was found to be overexpressed in 2 out of 3 Rx1_KO clones grown as

primary and secondary mammospheres, while 1 clone was only altered in the



208

primary mammosphere condition. The Sox9 gene, which is another key regulator
of mammary stem cell activity and maintenance (Guo, Keckesova et al. 2012,
Domenici, Aurrekoetxea-Rodriguez et al. 2019), was overexpressed in the same 2
clones specifically within the secondary mammosphere context. This was also true
for Lgr5 expression in secondary mammospheres, with 2 clones showing significant
upregulation and, although it did not reach statistical significance clone Rx1_KO_A
displayed a trend towards increased expression. Primary mammospheres derived
from the Rx1_KO_C also demonstrated increased expression levels of this gene.
Lgr5 is an established marker of stem cells in the breast, and is also a known
Wnt/B-catenin pathway potentiator and target (Plaks, Brenot et al. 2013, Trejo,
Luna et al. 2017). The expression of Runx2 was also explored, and was found to
be upregulated in the Rx1_KO_C clone, specifically within the secondary
mammospheres derived from this clone. However, given that these results are
inconsistent across the various experimental conditions and 3 individual clones,
with only 1 out of 3 clones displaying significantly altered expression levels, it is
unclear as to the true significance of this. It cannot necessarily be assumed that
the differentially expressed genes that are unique to clone C are actually
reflective of the molecular mechanisms of RUNX1, as it may be a clonal artefact

or incidental alteration arising in this single clone as a result of genetic drift.

RT-gPCR analyses demonstrated that various stem cell marker genes were
significantly, or generally trending towards, increased expression levels in RUNX1-
depleted mammary epithelial cells, particularly in populations enriched for cells
with a progenitor-like potential. This mirrors the qPCR results in Chapter 4 and
supports observations from RNA-Seq experiments (Chapter 3) that revealed
differential expression of established stem cell markers (including Aldh71a1 and
Aldh1a7) in mice which lacked functional Runx1, and in mice with simultaneous

loss of Runx1 and RunxZ2 function.
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Figure 5.3 Increased expression of stem cell marker Aldh1a1 in mammospheres
derived from Runx1 CRISPR clones.

Box and whisker plots summarising results from gPCR analysis of cell pellets gPCR analysis
of 2D (days of growth DO and D7) and 3D (primary/1° and secondary/2° mammospheres)
HC11 cells, with and without Runx1 deletion. Gapdh and Actb genes used as internal
references to normalise the expression data for the test gene (Aldh7af). Each data point
represents the normalised relative expression (fold change) of the given test gene
(calculated from an average of 3 technical repeats, and using a AACq method) obtained
from an individual cell pellet (each of which was obtained from 1 of 3 individual

experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

One-way ANOVA, with Dunnett’s multiple comparisons test, for statistical comparisons [*
p < 0.05; ** p < 0.01; ** p < 0.001].
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Figure 5.4 Rodent-specific Aldh1a1 paralogue (Aldh1a7) expression is enhanced with
RUNX1 depletion.

Box and whisker plots summarising results from gPCR analysis of cell pellets gPCR analysis
of 2D (days of growth DO and D7) and 3D (primary/1° and secondary/2° mammospheres)
HC11 cells, with and without Runx1 deletion. Gapdh and Actb genes used as internal
references to normalise the expression data for the test gene (Aldh1a7). Each data point
represents the normalised relative expression (fold change) of the given test gene
(calculated from an average of 3 technical repeats, and using a AACq method) obtained
from an individual cell pellet (each of which was obtained from 1 of 3 individual

experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

One-way ANOVA, with Dunnett’s multiple comparisons test, for statistical comparisons [*
p < 0.05; * p < 0.01; *** p < 0.001; **** p < 0.0001].
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Figure 5.5 Expression of stem cell panel genes in mammospheres derived from
Runx1-CRISPR clones.

Box and whisker plots summarising results from gPCR analysis of cell pellets gPCR analysis
of 3D-cultured (primary/1° and secondary/2° mammospheres) HC11 cells, with and
without Runx1 deletion. Gapdh and Actb genes used as internal references to normalise
the expression data for each test gene. Normalised relative expression shown for Esr1 [A],
Sox9 [B], Lgr5 [C], and Runx2 [D]. Each data point represents the normalised relative
expression (fold change) of the given test gene (calculated from an average of 3 technical
repeats, and using a AACq method) obtained from an individual cell pellet (each of which
was obtained from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

One-way ANOVA, with Dunnett’s multiple comparisons test, for statistical comparisons [*
p < 0.05; * p <0.01; *** p <0.001; **** p < 0.0001].
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5.2.4 RUNX1 limits the stemness promoting capability of WNT3A protein.

A strong stem-like phenotype was observed in Runx1-deficient mice within the
context of oncogenic B-catenin signalling (as described in Chapter 3). To model
the combined effects of Runx1 loss with aberrant Wnt signalling on the stemness
of the mammary epithelium, vehicle- and WNT3A-treated HC11 Runx1_KO cell
lines were analysed for their mammosphere-forming potential, relative to the
control line. In support of observations made for Figure 5.1C and D, loss of RUNX1
expression increased mammosphere formation in the HC11 cell line both with and
without WNT3A treatment (Figure 5.7). Comparisons between Vehicle and WNT3A
treatment responses for each cell line revealed that all cell lines exhibited greatly
enhanced potential to form these stem cell-related 3D structures with WNT3A
treatment, compared with Vehicle control (stats not displayed in figure, p <
0.0001 in all cases). Further to this, fold changes reveal further enhancement of
WNT3A-mediated promoted stemness within the context of loss of functional
RUNX1. WNT3A induced a fold increase of 1.77 in Empty 1a cells, whilst fold
increases of 1.97, 1.99, and 1.95 were observed in each of the respective Runx1
CRISPR clones. This data supports previous findings in Chapter 4, where
overexpression of RUNX1 attenuated WNT3A-induced stemness. Taken together,
these observations solidify the theory that, at least within the context of aberrant
activation of the Wnt/B-catenin pathway, the tumour suppressive capabilities of
Runx1 in the mammary epithelium could be partially mediated through its
regulation of stem cell populations. Loss of functional Runx1 could potentially
leave the mammary epithelium more vulnerable to oncogenic insult through the

unregulated expansion of a stem-like population.
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Figure 5.6 Possible additive or synergistic effect of RUNX1 deletion and WNT3A
treatment on the progenitor-like potential of HC11 cell line.

Scatter plot summarising the quantification of mammospheres derived from Empty 1a
cells and each Runx1 CRISPR cell line, treated with 100ng/ml WNT3A or vehicle (distilled
water). Each data point represents the number of spheres counted in a single well
following 7 days of culture. Vehicle-treated HC11 cells in black and WNT3A treated cells
in red. n=12 wells counted per condition. Results shown represent 1 of 3 experimental
repeats. One-way ANOVA, with Tukey’s Post-Hoc Test to correct for multiple
comparisons, with the most pertinent comparisons shown [**** p < 0.0001].

5.2.5 A potential role for RUNX1 in initiating stem cell quiescence in response
to abnormal Wnt/B-catenin pathway activation.

An MTS assay was used to investigate the effects of WNT3A treatment on HC11
cell lines, and explore further potential mechanisms for the increased production
of mammospheres upon RUNX1 depletion. This is a sensitive and accurate
colorimetric assay, which is used for the relative quantification of metabolically
active cells within given populations, with a particular focus on cells’ responses
to growth factors and drug treatments. The MTS assay protocol is based on the
conversion of the MTS tetrazolium compound into a coloured soluble formazan
dye, whose presence can be quantified by measuring absorbance at ~490nm. The
NAD(P)H-dependent cellular oxidoreductase enzyme, which is present in
metabolically active cells, is responsible for this reduction of the MTS tetrazolium

compound. The ability of cells to initiate this conversion is therefore used to
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relatively assess their metabolic activity, which is often used as a surrogate for

cell viability or proliferative capacity within cell populations.

Results from MTS assays, comparing metabolic activity of each Runx1 CRISPR clone
(and their Empty 1a control) in response to either Vehicle or WNT3A treatment,
are summarised in Figure 5.7. Surprisingly, addition of recombinant WNT3A
protein appeared to reduce the metabolic activity of HC11 cells relative to Vehicle
controls. This decrease in the relative percentage of metabolically viable cells
was more pronounced in the Empty 1a control clone, and appeared to be initiated

earlier, compared with all 3 Runx1 CRISPR cell lines.

This marked reduction in metabolic activity triggered by WNT3A, particularly
within HC11 cells expressing normal levels of RUNX1, may be indicative of a
protective mechanism of RUNX1. It could be possible that, in response to WNT3A
treatment, RUNX1 may trigger cellular quiescence in an attempt to protect the
HC11 mammary epithelial cells from transformation. If this theoretical RUNX1-
dependent response to WNT3A was being triggered in cells with stem-like
potential, this may provide further insight into the mechanisms behind RUNX1-
mediated control of stem cell populations in the mammary epithelium in response
to aberrant Wnt/B-catenin signalling. This theory makes sense within the context
of the WNT3A-treated mammosphere assays, in which higher RUNX1 expression
levels were associated with dampened responses to the recombinant protein
(Chapter 4 and Figure 5.7). As discussed previously, a limitation of this assay is its
inability to detect quiescent stem cells. Therefore, if RUNX1 was initiating stem
cell quiescence in response to abnormal Wnt/B-catenin signalling, this would
translate into limited formation of mammospheres, which was indeed observed,
in both Chapter 4 and Figure 5.7, in the cells expressing higher levels of RUNX1

than their counterparts.
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Figure 5.7 Loss of RUNX1 appears to protect HC11 cells from WNT3A-mediated
attenuation of metabolic activity.

Box and whisker plots summarising results from MTS assays, exploring the effects of
100ng/ml WNT3A versus vehicle (distilled water) treatment on each HC11 cell line at
24hr, 48hr, and 72hr timepoints. Results shown for the Empty 1a clone [A] and each of
the 3 Runx1 CRISPR clones in [B] to [D]. For each cell line and timepoint, absorbance
values were each normalised to the average absorbance value (from 3 technical repeats)
of the vehicle control group (100%). Each data point represents the relative % metabolic
viability in each technical repeat. Vehicle-treated HC11 cells in black and WNT3A treated
cells in red. Paired t-tests were used to compare WNT3A treatment data with
complementary Vehicle-treated control data at each timepoint within each cell line [* p
< 0.05; * p <0.01; *** p < 0.001].

5.2.6 Expression of putative Wnt targets elevated upon loss of functional
RUNX1.

Results in Figures 5.6 and 5.7 indicate that loss of Runx7? in the HC11 cell line
results in an enhancement of Wnt-mediated enrichment of stemness, and possibly
a reduction in stem cell quiescence in response to aberrant Wnt signaling. RNA-
Seq analysis of mammary epithelial cells isolated from Blg-Cre;Catnb"!/oX(Ex3) mice
revealed that, in addition to increased expression of several stem cell-related
genes, various elements of the Wnt pathway were differentially expressed with
the loss of normal Runx1 expression. It is possible that Runx1 may either directly
or indirectly regulate various stemness-promoting elements of the canonical Wnt
pathway, in addition to several non-Wnt stem-related gene targets, to protect the

mammary gland from abnormal cell growth.
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Analysing the expression of various canonical Wnt pathway target genes by qPCR
revealed that the Lgr5 gene, a Wnt pathway mediator and stem cell marker, was
enhanced in mammospheres derived from of the Rx1_KO_C clone relative to the
Empty 1a control (Figure 5.8). Axin2 is also considered a classical Wnt target gene,
which is expressed in Wnt-responsive stem cells of various organs, including within
the mammary gland (Nusse and Clevers 2017). This gene was also validated as a
relevant Wnt target in the breast, where its expression was significantly enhanced
within MMECs extracted from pregnant Blg-Cre;Catnb"!/!oX(Ex3) mice compared to
Blg-Cre;Catnb*"*t mice. Axin2 is considered a reliable reporter of canonical Wnt
pathway activation, as is clearly demonstrated in Figure 5.9 where its expression
is greatly enhanced with the addition of WNT3A. It’s role in the Wnt signalling
pathway as a negative regulator, which engages in a negative feedback loop to
moderate the duration and intensity of Wnt signalling, is also well established
(Lustig, Jerchow et al. 2002, Bernkopf, Hadjihannas et al. 2015). The highly
elevated expression of Axin2 in response to WNT3A treatment may therefore
explain why several other Wnt pathway potentiators (including Lgr5, Figure 5.8)
did not display such heightened levels of expression with the addition of
recombinant WNT3A. Significantly upregulated expression of Axin2 was observed
in at least 1 of the 3 Runx1 CRISPR clones (Rx1_KO_C), grown in the 3D context,
and a second clone (Rx1_KO_A) showed trends towards increased expression in
the 3D WNT3A growth conditions (Figure 5.9).

Expression analyses of several other genes in the Wnt target panel— including
representative genes Rnf43, Znrf3, and Wif1 (Figure 5.10A-C) — revealed
significant enhancements (to varying degrees) of several putative Wnt pathway
targets in mammospheres derived from CRISPR clone C. However, this differential
expression of Wnt pathway targets was inconsistent across experimental
conditions and did not reach significance in either of the other Runx1-deficient
clones (Figure 5.10). It is not feasible to determine the true significance of
alterations that were exhibited in a minority of clones, as assumptions cannot
necessarily be made as to whether these changes directly reflect the impact of
RUNXT1 alteration, or whether they might be coincidental mutations that occurred
during the expansion of that single clone. The expression of Wnt/B-catenin target

genes Sox9 and Myc did not appear to be significantly altered in any of the cell
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lines or conditions, although 3D-cultured Rx1_KO_C HC11 cells did appear to be

at show at least slight elevations in expression levels of both genes.

Gene expression analyses of various putative Wnt targets demonstrated that some
Wnt pathway genes were significantly, or generally trending towards, increased
levels in Rx1_KO_C clone-derived mammospheres, and in some conditions
displayed slightly (though not significant) increased levels in the other two clones.
While the Rx1_KO_C clone presented significantly increased levels of several Wnt
pathway targets, including Lgr5 and Axin2, any trends towards alterations
observed in the other two clones did not reach significance. While these results
on their own cannot be used to conclusively determine a link between Runx1
expression and Wnt pathway activation, due to the clone to clone variability,
these results can be considered in combination with those from Runx1P1-
overexpression analyses in Chapter 4. Together, these indicate that Runx7 may
directly or indirectly be involved in regulating the canonical Wnt pathway,
including through the stemness-promoting components (such as Lgr5), to protect
the mammary epithelium from hyperplasia that can be triggered by abnormal Wnt

signalling.
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Figure 5.8 Lgr5 gene expression is upregulated in HC11 Rx1_KO_C growth in 3D
conditions.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty vector and Runx1-deleted HC11 cells grown in either 2D or 3D (mammosphere)
growth conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment.
Gapdh and Actb genes used as internal references to normalise the expression data for
the test gene (Lgr5). Each data point represents the normalised relative expression (fold
change) of the given test gene (calculated from an average of 3 technical repeats, and
using a AACq method) obtained from an individual cell pellet (each of which was obtained
from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

One-way ANOVA, with Dunnett’s multiple comparisons test, for statistical comparisons [*
p < 0.05].
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Figure 5.9 Canonical Wnt pathway target, Axin2, is altered in vehicle-treated
mammospheres generated by the Rx1_KO_C clone.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty vector and Runx1-deleted HC11 cells grown in either 2D or 3D (mammosphere)
growth conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment.
Gapdh and Actb genes used as internal references to normalise the expression data for
the test gene (Axin2). Each data point represents the normalised relative expression (fold
change) of the given test gene (calculated from an average of 3 technical repeats, and
using a AACq method) obtained from an individual cell pellet (each of which was obtained
from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

One-way ANOVA, with Dunnett’s multiple comparisons test, for statistical comparisons [**
p < 0.01].
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Figure 5.10 Expression levels of several Wnt pathway targets and mediators in Runx1
CRISPR clone derived mammospheres.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty vector and Runx1-deleted HC11 cells grown in either 2D or 3D (mammosphere)
growth conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment.
Gapdh and Actb genes used as internal references to normalise the expression data for
each test gene: [A] Rnf43; [B] Znrf3; [C] Wif1. Each data point represents the normalised
relative expression (fold change) of the given test gene (calculated from an average of 3
technical repeats, and using a AACq method) obtained from an individual cell pellet (each
of which was obtained from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

One-way ANOVA, with Dunnett’s multiple comparisons test, for statistical comparisons
[*p <0.05; * p <0.01; *** p <0.001].
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5.2.7 Opposing roles for RUNX1 and RUNX2 in the regulation of mammary
epithelial stem cells.

In vivo models of B-catenin-mediated, mammary-specific oncogenesis exhibited
significantly accelerated tumour onset with loss of Runx? in the mammary
epithelium, in addition to increased incidences of independently arising multifocal
and milticentric tumours, compared to wildtype controls (Chapter 3). This
phenotype was dramatically enhanced with the additional loss of Runx2, despite
Blg-Cre;Catnb"t/1xEx3).Runx2fUfl. mice having a phenotype that was
indistinguishable from their wildtype counterparts. This was accompanied with
more pronounced elevations in various stem cell-related and Wnt target genes in
Blg-Cre;Catnb"t/!ox(Ex3); Runx 17/, Runx2//! mammary glands, compared to those
with loss of Runx1 alone (Chapter 3). To explore this fascinating, and apparently
contradictory within the context of the role of Runx2, phenotype further the HC11
cell line was employed as a manipulatable system in which simultaneous loss of
Runx1 and Runx2 in the mammary epithelium, and the consequences thereof,

could be modelled and explored.

Deletion of each gene was achieved by sequential CRISPR Cas9-mediated gene
alterations, with the Runx2 gene being targeted first using the pX-459-Puro
plasmid that was modified to contain a Runx2-targeting gRNA sequence. HC11
parental cells were transfected using the resulting construct, or an empty vector
to produce a control line. Following antibiotic selection and single cell cloning,
successful RUNX2 knockout was confirmed in 2 clones by Western Blot analysis and
subsequent DNA sequencing (Appendices 11 and 12). DNA sequencing of these
clones was necessary due to the presence of a second protein band, which was
retained in the 2 successful CRISPR clones. The deletion of 30 and 39 bases in each
of the respective clones, near the beginning of the RUNX2 coding region, would
produce a truncated and likely non-functional RUNX2 variant, which would not be
detectable by the RUNX2 antibody even if it were able to escape degradation.
Given this information, and that the second band detected is of a lower molecular
weight than predicted (55-62kDa), it can be safely assumed that this is a non-
specific band that does not reflect RUNX2 expression. Both RUNX2-depleted
clones, and an empty vector clone, were then transduced with lentiviruses,

produced from lentiCRISPR-Neo vectors that were either empty (as a control) or
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modified to hold the Runx1 targeting gRNA sequence (which induced efficient
depletion of RUNX1 in Figure 5.1). Consecutive CRISPR Cas9-mediated alterations
in the Runx1 and Runx2 genes resulted in: 1 control clone (Empty Vectors); 1
RUNX1 single knockout clone (Rx1_KO), 2 RUNX2 single knockout clones (Rx2_KO_1
and Rx2_KO_2); and 2 RUNX1/RUNX2 double knockout clones (Rx1/Rx2_KO_1 and
Rx1/Rx2_KO_2). Western Blot analyses of RUNX1 and RUNX2 protein expression,

summarised in Figure 5.11A, demonstrates successful knockout in each clone.

RUNX1- and/or RUNX2-deficient HC11 cell lines were set up in 2D growth
experiments, during which cell counts were taken every 24 hours using a CASY Cell
Counter. The results of these daily cell counts were summarised in growth curves
(Figure 5.11B), which do not reveal any statistically significant changes in 2D
growth with loss of functional RUNX1 and/or RUNX2, compared to control cells.
This supports data from 2D growth experiments examining HC11 cell growth in
response to RUNX1 overexpression (Chapter 4, Figure 4.2B) or deletion (Figure

5.1B), or in response to RUNX2 overexpression (Ferrari, Riggio et al. 2015).

The impacts of these genetic alterations on the mammosphere forming efficiency,
and thereby the stem-like behaviours, of HC11 mammary epithelial cells were
evaluated. There was a statistically significant increase in the number of
mammospheres produced by the RUNX1-deficient HC11 clone compared with the
control line (Figure 5.11C). This is in agreement with findings from all 3
independent single CRISPR clones in Figure 5.1D and indicates a role for RUNX1 in
the regulation of the progenitor-like activity of these cells. Contrastingly, loss of
RUNX2 resulted in a reduced capacity to form these 3D structures in both
independent single CRISPR clones, which supports evidence from a previous Blyth
lab publication revealing a role for RUNX2 in mammary stem/progenitor cell
function (Ferrari, Riggio et al. 2015). Interestingly, these opposing roles for RUNX1
and RUNX2 did not cancel each other out when observing the effects of
simultaneous loss of these proteins on mammosphere forming potential as there
was a significant increase in the number of mammospheres produced by both
Runx1/Runx2 double CRISPR clones. However, they were not able to fully

overcome or compensate for the diminished progenitor-like activity caused by loss
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of RUNX2 as they each still produced significantly less mammospheres than
Rx1_KO cells (statistics not displayed on graph: p < 0.001 and P < 0.0001,
respectively). This skew towards increased stemness, even with loss of RUNX2,
indicates that RUNX1 could be playing a more significant role in the regulation of
mammary stemness than RUNX2. It appears that the stem cell limiting functions
of RUNX1 cannot be as effectively replaced, while progenitor-like cells can at least
partially overcome their apparent reliance on RUNX2 expression. This indicates
that compensatory mechanisms may be triggered to replace some of the functions
of RUNX2, but only within the context of simultaneous loss of the RUNX1 and
RUNX2 proteins.
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Figure 5.11 Runx1 and Runx2 have opposing functions in the stem-like potential of
HC11 cells.

[A] Western Blot of single cell clones obtained from HC11 cells, first transfected with pX-
459-Puro vector (Empty or containing Runx2-targeting sequence) and then transduced
with lentivirus from lentiCRISPRv2-Neo vector (Empty or containing Runx7-targeting
sequence). Successfully generated 1 control clone (Empty Vectors), 1 Runx1 CRISPR clone
(Rx1_KO), 2 Runx2 CRISPR clones (Rx2_KO_1 and Rx2_KO_2), and 2 Runx1/Runx2 double
CRISPR clones (Rx1/Rx2_KO_1 and Rx1/Rx2_KO_2). GAPDH as a loading control and
Amersham Full Range Rainbow Marker as a protein ladder, with key marker positions and
molecular weights shown.

[B] 2D growth curve of HC11 Empty Vectors clone and clones with depletion of Runx1
and/or Runx2 expression. n=4 counts per cell line per day, plotted as averages (and
population standard deviations). One-way ANOVA, with Dunnett’s multiple comparisons
test, performed for each timepoint. Results shown represent 1 of 2 experimental repeats.

[C] Primary mammosphere counts for HC11 Runx1 and/or Runx2 clones, summarised in a
scatter plot. n=12 wells were counted per cell line after 7 days of growth. Each data point
represents the number of spheres counted in a single well. Results shown represent 1 of
3 experimental repeats. One-way ANOVA, with Tukey’s multiple comparisons test [**** p
< 0.0001].
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5.2.8 Loss of RUNX1 influences mammosphere size more significantly than
RUNX2 depletion.

Shown in Figure 5.12A are representative images of mammospheres generated

from each of the single and double RUNX1/RUNX2 CRISPR clones. Similar to

Rx1_KO clones in Figure 5.2A;, RUNX1 depletion in the HC11 cell line lead to the

production of smaller mammospheres, as did the simultaneous disruption of

RUNX1 and RUNX2 function. However, loss of RUNX2 alone did not appear to have

as significant an impact on mammosphere size.

ImageJ was used to quantify individual mammosphere areas (pM?) from the
captured images, with results summarised in Figure 5.12B. Quantitative analysis
confirmed this apparent reduction in cell size with the loss of RUNX1, both within
the context of its singular knockout and with the additional loss of RUNX2.
Mammospheres obtained from Rx2_KO cell lines, on the other hand, did not show
consistent results between clones. Clone 1-derived mammospheres were
statistically significantly smaller than those generated from control cells, however
their size was not reduced to the same extent as those from Rx1_KO cells.
Comparisons between clone 2 and Empty Vectors, however, did not show any
statistically significant changes in size. Due to this inconsistency between clones,
it cannot be determined which result is more representative of the true
consequences of RUNX2 loss on mammosphere size, although it is clear that the
loss of RUNX2 at least does not have as much of an impact as the loss of RUNX1.
To probe further into this mammosphere size data, it was divided into quartiles
to look at the spread of the values. Regardless of the cell line, the vast majority
of mammospheres fell within the lowest quartile due to the large data range,
however a larger and more visible percentage of mammospheres originating from
the control line fell within quartiles 2, 3 and 4. While Runx1 CRISPR cells produced
mammospheres almost exclusively within the lowest quartile, RUNX2-deficient
cells contrastingly produced spreads of data more similar to the control, with a
significant percentage of mammospheres falling within quartile 2. Runx1/Runx2
double CRISPR clones both produced mammospheres whose sizes were
intermediately spread in relation to those originating from clones with single
protein deletions of RUNX1 and RUNX2.
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Figure 5.12 Loss of Runx1 appears to have the most significant impact on
mammosphere size.

[A] Phase contrast images of control and CRISPR clone-derived mammospheres. Images
are representative of >18 images taken for each cell line in this particular experimental
setup. Scale bar=100pM. 1Tmm stage micrometer used to calibrate the scale bar.

[B] Scatter plots comparing mammosphere sizes (UM?) of each cell line, quantified using
ImageJ software. Each data point represents the size (uM?) measured for a single
mammosphere. One-way ANOVA, with Tukey’s Post-Hoc Test to correct for multiple
comparisons [** p < 0.01; **** p < 0.0001].

[C] Mammosphere sizes obtained in part [B] were divided into quartiles, and the
proportions of mammospheres (%) within each of the size quartiles were plotted as bar
charts for each cell line.

All results shown are representative of 1 of 2 experimental repeats, each with n>18
images taken per cell line.
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5.2.9 Simultaneous loss of functional RUNX1 and RUNX2 dramatically enhances
Wnt-dependent stemness.

While the loss of RUNX1 and RUNX2 together did still result in an increase in
stemness compared to control cells (Figure 5.11C), these results did not
completely recapitulate the very dramatic stem-like phenotype observed in vivo.
While loss of Runx? alone in this model resulted in earlier emergence and
increased incidence of independently arising tumours, accompanied by elevated
expression of various stem cell-related genes in the mammary epithelium, this
was significantly remarkably enhanced with the additional loss of Runx2 (Chapter
3). Contrastingly, in HC11 cells mammosphere formation of double CRISPR clones
was still restricted compared to Rx1_KO cells (Figure 5.11C), suggesting that the
dampened stemness in response to RUNX2 loss could not be fully overcome. It is
possible that the highly elevated stem-related phenotype in response to

simultaneous loss of these genes in the mouse model was Wnt-dependent.

To model this combination of oncogenic Wnt activation with loss of both Runx1
and Runx2, mammosphere formation was used to evaluate the stem-like potential
of all CRISPR cell lines in the presence and absence of recombinant WNT3A
protein. Results of these mammosphere assays are summarised in Figure 5.13,
with data from vehicle-treated CRISPR cell lines supporting those in Figure 5.11C,
which shows that although there is an enhancement of stem-like potential of HC11
cells with loss of both RUNX1 and RUNX2 together, it is significantly reduced when
compared with RUNX1-depletion alone. Interestingly, however, it appears that
this is not the case for WNT3A-treated cells, as the additional loss of RUNX2 in this
context appears to enhance the stemness even further than RUNX1 loss alone. This
is confirmed by looking at fold changes in mammosphere counts, within each cell
line, in response to exogenous WNT3A expression. Addition of recombinant WNT3A
induced a fold increase of 1.25 in Empty Vectors cells, which was increased to
1.31 in Rx1_KO cells, and further enhanced to 1.42 and 1.39 with the added loss

of RUNX2 in each respective clone.

This data further supports the theory that the tumour-suppressive functions of

Runx1 may be partially mediated through regulating the stemness of the mammary



230

epithelium, particularly within the context of stemness-enhancing oncogenes such
as B-catenin. It also offers some insight into the results obtained from mice with
loss of functional Runx1 and Runx2. Rx1/Rx2_KO cells could not fully overcome
the restricted stem-like capacity, triggered by loss of RUNX2, in the absence of
any oncogenic signal. Contrastingly, it appears that, within the context of
aberrant activation of the Wnt signalling pathway, the stemness-promoting
functions of RUNX2 can be compensated for, or in this case overcompensated,
when RUNXT1 is also lost. Interactions between RUNX2 and the Wnt pathway are
well documented in various cell types, with B-catenin and RUNX2 capable of
regulating one another and collaborating in the regulation of common downstream
targets. In the absence of regulation by RUNX1, the aberrantly activated Wnt
pathway may be able to compensate for RUNX2 loss by subverting the pathway
towards alternative downstream targets, which may be able to replace or even

enhance some of the activities performed by RUNX2 in the stem cell compartment.
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Figure 5.13 Enhancement of stem-like potential in WNT3A-treated HC11 cells with
loss of Runx1 and Runx2.

Scatter plot summarising the quantification of mammospheres derived from HC11 CRISPR
and Empty clones, treated with 100ng/ml WNT3A or vehicle (distilled water). Each data
point represents the number of spheres counted in a single well following 7 days of
culture. Vehicle-treated HC11 cells in black and WNT3A treated cells in red. n=12 wells
counted per condition. Results shown represent 1 of 2 experimental repeats. One-way
ANOVA, with Tukey’s Post-Hoc Test to correct for multiple comparisons [**** p < 0.0001].
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5.2.10 Metabolic response to WNT3A treatment appears to be RUNX1-dependent.
The effects of exogenous WNT3A expression on each HC11 clonal cell line was
explored further using an MTS assay. MTS data from 3 independent Rx1_KO clones
hinted that one possible protective mechanism of RUNX1 against oncogenic insult
(from an aberrantly activated Wnt pathway for example) could be through the
initiation of stem cell quiescence, as there was a RUNX1-dependent reduction in
metabolic activity in response to WNT3A addition (Figure 5.7). Given that the
enhancement of progenitor-like activity in response to WNT3A is more pronounced
in clones with the simultaneous loss of RUNX1 and RUNX2, it was important to also

investigate potential changes in metabolic activity within this context.

Summarised in Figure 5.14 are MTS results comparing metabolic activity of each
CRISPR clone in response to either Vehicle or WNT3A treatment. Results from
Empty Vectors control cells and Rx1_KO cells support those from Figure 5.7, as
the significant reduction in metabolic activity in the control line (in response to
recombinant WNT3A) is not apparent in cells whose RUNX1 function is lost. This
change in metabolic response with loss of RUNX1 was also observed with the
additional loss of RUNX2. In one Rx1/Rx2_KO clone, there was even an
enhancement of metabolic activity following 48hrs of WNT3A treatment, though
this was not observed in other timepoints or in the other Rx1/Rx2_KO line. With
loss of RUNX2 alone, however, the suppression of metabolic activity remains,

indicating the reduction in metabolic rate is RUNX1-dependent.
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Figure 5.14 RUNX1, and not RUNX2, appears to be involved in the attenuation of
metabolic activity in response to WNT3A addition.

Box and whisker plots summarising results from MTS assays, relatively comparing the
overall metabolic viability in HC11 cells in the presence of 100ng/ml WNT3A compared to
vehicle (distilled water) at 24hr, 48hr, and 72hr timepoints. Results shown for the Empty
Vectors clone [A], the Runx1 CRISPR clone, both Runx2 CRISPR clones [C] and [D], and
both Runx1/Runx2 CRISPR clones [E] and [F]. For each cell line and timepoint, absorbance
values were each normalised to the average absorbance value (from 3 technical repeats)
of the vehicle control group (100%). Each data point represents the relative % metabolic
viability in each technical repeat. Vehicle-treated HC11 cells in black and WNT3A treated
cells in red. Paired t-tests were used to compare WNT3A treatment data with
complementary Vehicle-treated control data at each timepoint within each cell line [* p
< 0.05; * p < 0.01].
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5.3 Discussion

To more faithfully model the types Runx1 alterations that are most commonly
found in clinical samples of breast cancers (loss of function mutations, which have
been functionally implicated as drivers of mammary tumorigenesis), it was
important to explore the consequences of losing normal RUNX1 function in the
mammary epithelium. Mammary-specific loss of Runx1 function in a Wnt-driven
model of mammary tumorigenesis resulted in a phenotype with potential links to
stemness. The HC11 mouse mammary epithelial cell line was employed as a model
to investigate this potential regulatory role for RUNX1 in mammary stemness, due
to their stem-like potential and because they are demonstrably amenable to
genetic manipulation. To explore any changes in the stem-like potential of HC11
cells in response to loss of functional RUNX1, mammosphere assays were used as
an in vitro tool. The HC11 cell line has been used in several other investigations
involving mammosphere assays in order to explore the cells’ stem-like properties
and capacity to differentiate (Morrison and Cutler 2009, Thrasyvoulou,
Vartholomatos et al. 2020). Most notably, it used by the Blyth lab to explore the
role of RUNX2 in the stem/progenitor potential of the mammary epithelium

(Ferrari, Riggio et al. 2015).

Analyses of 3 independent single cell clones, in which successful knockout of
RUNX1 was achieved using a CRISPR Cas9 gene editing tool, revealed significant
enhancement of 3D colony and mammosphere forming potentials compared to
control cells, whilst not significantly impacting their 2D growth. Additionally, self-
renewal of mammospheres was demonstrated to be significantly enhanced with
RUNX1 depletion, as indicated by the increased frequency of secondary spheres
after passaging the primary 3D structures. Mammospheres formed by RUNX1-
deficient cell lines were significantly smaller than those originating from the
Empty Vector (Empty 1a) clone, which may be linked to the decrease in average
percentage of actively proliferating cells. This further supports the theory from
Chapter 4 that RUNX1 may be initiating differentiation in these cells in order to
regulate their stem-like activity. Molecular characterisation of these clones by
gPCR revealed relative enhancements of several validated stem cell related
genes, particularly Aldh1al and Aldh1a7 that were notably also elevated in

BCAT_1 and BCAT_12 mice. Not all tested genes showed consistent alterations in
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each of the tested conditions or each of the 3 clones, with clone C often showing
exaggerated enhancements of various stem markers. For genes whose alterations
only reached significance in this single clone, it was not possible to assume that
the observed alterations were meaningful or representative within the context of
RUNX1 depletion. Nevertheless, this data infers that RUNX1 could be acting as a
regulator of the stem-like potential of mammary epithelial cells through
direct/indirect control of various stem/progenitor cell-related genes. Losing
RUNX1 expression may release these stemness-promoting genes from tight
regulation and result in uncontrolled expansion of the stem cell compartment,
potentially leaving the mammary gland more vulnerable to oncogenic

transformation.

The consequences of losing functional RUNX1 was also explored in the context of
oncogenic Wnt pathway activation, as this is a stemness-promoting pathway whose
aberrant activation is frequently associated with breast cancers (Xu, Zhang et al.
2020). It was also within the context of oncogenic Wnt/B-catenin that the tumour
suppressive function of RUNX1 was explored in vivo (Chapter 3), and so it was
important to also model this in vivo to allow for analysis into the potential
molecular mechanisms behind the striking phenotypes observed. The stemness-
promoting functions of recombinant WNT3A were enhanced with loss of functional
RUNX1, indicating that the tumour suppressive functions of this protein may be at
least partially mediated through its control of the stem cell compartment of the
mammary epithelium. One possible way in which RUNX1 may be controlling the
stem cell compartment, to protect the mammary epithelium from Wnt-induced
transformation, was revealed in MTS assays. There was a significant reduction in
the metabolic activity of control HC11 cells treated with WNT3A, compared to
those treated with Vehicle, however the metabolic rate was maintained in cells
lacking functional RUNX1. This finding hints that, in order to protect the mammary
gland from oncogenic insult (in this case aberrant activation of the canonical Wnt
pathway), RUNX1 could potentially trigger cellular quiescence in mammary
epithelial populations, such as the stem cell compartments. This may also partly
explain the reduction in mammosphere forming potential as this assay cannot be
used quantify quiescent stem cells. Expression of a panel of established Wnt

targets was analysed by qPCR to explore potential molecular mechanisms for the
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significantly enhanced WNT3A-dependent increase in stemness. As with stem cell
markers, the results from clone C were often the most pronounced or exaggerated
out of all 3 clones. Some Wnt targets, including the stem-related Lgr5, were shown
to be significantly upregulated (or at least displaying trends towards upregulation)
in RUNX1-depleted HC11 cells compared to their control. This indicates that
RUNX1 could directly or indirectly be involved in the regulation of several
components of the Wnt/B-catenin pathway, and supports previous findings that
RUNX1 is involved in the stabilisation of B-catenin (Chimge, Little et al. 2016).
Loss of RUNX1 in the mammary epithelium may lead to Wnt-dependent and -
independent expansion of a subset of progenitor-like cells, which could leave the

gland more vulnerable to abnormal growth and the development of tumours.

Depleting RUNX1 expression in the HC11 mammary epithelial cell line offered
useful insights into the potential functions of this protein in the normal function
of the mammary gland, as well as presenting some possible mechanisms behind
its role as a tumour suppressor (particularly within the context of protecting the
gland from Wnt-driven tumorigenesis). It was also important to investigate the
intense stem-related phenotype observed in mice with mammary-specific loss of
both Runx1 and Runx2. This phenotype was unanticipated, especially given results
from Runx2 depletion alone (both in the Wnt-driven GEMM model in Chapter 3 and
in a PyMT-driven transplantation model in a publication from Owens et al (Owens,
Rogers et al. 2014)) in addition to the current knowledge of Runx2’s role in stem
cell function and Wnt pathway mediation in the mammary epithelium. Successful
depletion of RUNX1 and/or RUNX2 in the HC11 cell line was achieved by

consecutive knockout experiments using CRISPR Cas9-based gene editing.

2D growth did not appear to be notably affected by either individual or
simultaneous alteration of these proteins, however primary mammosphere
formation was significantly impacted in each CRISPR clone. Results from the
Rx1_KO clone are in agreement with those obtained from the 3 independent clones
generated for single RUNX1 knockout experiments, the consequences of which
were increased formation of mammospheres and a reduction in the average size

of these 3D structures. RUNX2 loss of function, on the other hand, gave rise to a
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reduced mammary forming potential in the HC11 cell line and there was a reduced
(or negligible, depending upon the specific clone) impact on the average sphere
size. Interestingly, while depletion of both proteins still lead to a statistically
significant increase in the number of spheres, the magnitude of this change was
not as large as with RUNX1 loss alone as both clones produced significantly less

mammospheres than Rx1_KO cells.

Although the requirement for RUNX2 in the stemness of the mammary epithelium
is at least partially overcome with the loss of RUNX1, the fact that the dramatic
stem-associated phenotype seen in Blg-Cre;Catnb"t/!oX(Ex3);Runx 17U/l Runx 2/t
mice was not fully recapitulated in the non-tumorigenic context indicates it may
have been partly Wnt-dependent. To explore this theory, mammosphere forming
potential was compared with and without recombinant WNT3A treatment for each
CRISPR clone. The results presented from this assay more closely resemble those
obtained in vivo, with WNT3A significantly enhancing the stem-like potential of
Rx1/Rx2_KO cells to levels greater than that induced in Rx1_KO cells. This
indicates that, in the absence of Wnt regulation by RUNX1, the stem cell
promoting functions of RUNX2 can be replaced (potentially enhanced even)
through the activation of alternative Wnt pathway mediators. An MTS assay was
used to compare metabolic responses to WNT3A in each of the HC11 clones, and
indicated that the reduction in metabolic activity (and the potential triggering of
cellular quiescence that this result infers) in response to aberrant Wnt signalling
is RUNX1-dependent. The control metabolic response to WNT3A was abrogated
with the loss of RUNX1, in either single or double knockout clones, while it was
maintained with RUNX2 loss alone. This indicates that RUNX1, and not RUNX2, is
responsible for initiating this possibly protective mechanism in response to

abnormal Wnt signalling.

Several methodological caveats, which were introduced in Chapter 4 Discussion,
were addressed during investigations into the independent Rx1_KO clones. The
generation of multiple clones for each genetic alteration to be tested proved to
be valuable, as different clones sometimes produced results that were

inconsistent with or unsupportive of one another. Had these observations been
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made based on a single clone, certain results could have been under-
representative or highly exaggerated, depending upon the specific clone selected.
The availability of multiple independent clones provided an internal validation for
the results, to allow them to be interpreted in a way that is more representative
of the actual impacts of RUNX1 alteration. It was also noted that primary
mammospheres alone are not sufficient to assess the self-renewal capacity of a
population of cells, which is a key feature used to assess the stem-cell potential
of a given cell population. For this reason, established cultures of primary spheres
were passaged as single cell suspensions in secondary mammosphere assays in

order to compare the short-term renewal capacity of each HC11 clone.

Although steps were taken to minimise the limitations of the studies conducted,
it was not possible to eliminate all potential caveats within this chapter. For
example, in Chapter 4 it was discussed that uncertainty as to whether the
mammosphere assay captures the true relative stemness of mammary epithelial
populations could be addressed using limiting dilution transplantation assays into
cleared mammary fat pads. This method is thought to be the gold standard for the
accurate determination of mammary stem cell frequency within a given
population (Eirew, Stingl et al. 2008, Visvader 2009, Illa-Bochaca, Fernandez-
Gonzalez et al. 2010). Mammary epithelial stem cells have been demonstrated to
possess the ability to reconstitute fully functional mammary ductal branches due
to their multi-lineage potential. It is therefore possible to evaluate the
stem/progenitor cell activity within a given population of cells by transplanting
increasingly diluted single-cell preparations into a de-epithelialized pubertal
gland and evaluating their mammary repopulating efficiency (Eirew, Stingl et al.
2008, Visvader 2009, Illa-Bochaca, Fernandez-Gonzalez et al. 2010). Attempts
were made to conduct such assays by transplanting limiting dilutions of HC11
(control and Rx1_KO) cells into the cleared fat pads of BALB/c mice.
Unfortunately, none of the transplanted cell populations was capable of
reconstituting the mammary gland, and remained as compacted balls of cells
rather than growing out into branches. It is possible that the transplanted
progenitor-like cells are failing to differentiate into ductal structures due to a lack
of hormones required for their differentiation, causing them to stay in a de-

differentiated state that is incapable of forming such complex and specialised
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structures. For future implantation studies involving the HC11 cell line, recipient
mice may need to either be administered the hormones necessary for these cells
to undergo lactogenic differentiation (dexamethasone, insulin, prolactin (Merlo,
Graus-Porta et al. 1996)), or perhaps a more appropriate method could be for the
mice to undergo at least 2 rounds of parity to naturally stimulate lactogenic

hormone production.

Regardless of limitations, the results presented in this chapter indicate a
significant role for RUNX1 in regulating the stem-like potential of the mammary
epithelium, both in a non-tumorigenic and tumorigenic context. While RUNX2
deletion has previously been shown to delay tumour initiation/progression in vivo
(Owens, Rogers et al. 2014) and is important for mammary stem cell function
(Owens, Rogers et al. 2014, Ferrari, Riggio et al. 2015), the loss of functional
RUNX1 appears to be more essential in, or contribute more towards, promoting
the stem-like functions of both the normal and tumorigenic mammary gland. The
consequences of losing RUNX1, and particularly the mechanisms by which the loss
of its function could lead to tumorigenesis within the normal mammary gland, are
key concepts covered in this chapter. The data shown supports previous
publications that indicate RUNX1 is involved in the suppression of the breast
cancer stem cell phenotype, and thereby limits tumour growth, migration, and
invasion (Hong, Fritz et al. 2018, Fritz, Hong et al. 2020), and prevents the
deregulation of B-catenin in ER-positive breast cancers (Chimge, Little et al.
2016). Additionally, this work offers further insights into some potential
mechanisms behind the stem cell and Wnt pathway regulating functions of RUNX1
(which appear to overlap rather than being mutually exclusive) and by extension
its tumour suppressive functions. Interestingly, RUNX1 was indicated to potentially
to trigger quiescence of the stem cell compartment in response to aberrant Wnt
activation — a potential tumour suppressive mechanism that has not previously
been considered for this protein, especially within the context of the mammary
gland. Flow cytometry can be employed as a method for cell cycle analysis in
order to compare the percentages of cells within the different phases of the cell
cycle in order to confirm whether RUNX1 is stimulating growth arrest in response
to WNT3A.
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6 Exploring possible mechanisms by which Runx1 loss
facilitates accelerated MMTV-PyMT-mediated tumour
emergence

6.1 Introduction

The Blg-Cre;Catnb"t/!ox(Ex3) mouse model offered valuable insights into the tumour
suppressive role of Runx1 and some of its possible mechanisms, within the context
of B-catenin-driven tumorigenesis. While over 50% of breast cancer patients
present with a disease in which the Wnt pathway components are amplified and
overexpressed (Zhan, Rindtorff et al. 2017), it is important to remember that
breast cancer is a very complex disease with a multitude of possible pathways to
disease. The role of RUNX1 within the context of other breast tumour-initiating
factors should therefore also be explored in order to answer the question of
whether RUNX1 might act as a generic tumour suppressor in the mammary gland,

or if it is specific within the context of constitutively activated B-catenin.

The role of Runx1 was therefore interrogated using one of the most commonly
used transgenic models in the cancer research field — the mammary specific
polyomavirus middle T antigen overexpression mouse model (MMTV-PyMT) (Lin,
Jones et al. 2003, Attalla, Taifour et al. 2021). It is a well-established, reliable
model within the field of breast cancer research and has frequently been used to
explore a variety of breast cancer characteristics including: tumour initiation;
cancer progression (both histologically and molecularly); and metastasis. This is
primarily due to its relatively high penetrance and early onset of multifocal
mammary tumours that are capable of metastasising to the lung, one of the most
common metastatic sites in the human disease (Lin, Jones et al. 2003, Attalla,
Taifour et al. 2021). Another essential feature of the MMTV-PyMT model is that it
can more accurately recapitulate the progression of the human disease due to its
advancement through various molecularly distinct stages of development. In
addition, this model was chosen for this particular study as molecular and
histological analyses of MMTV-PyMT tumours reveal that they most closely
resemble the human luminal subtype of breast cancer (Lin, Jones et al. 2003,
Attalla, Taifour et al. 2021). Because RUNXT loss-of-function mutations were

documented predominantly in ER-positive tumours, this makes the MMTV-PyMT-
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driven model appropriate for studying the tumour suppressive role of RUNX1 in

the mammary gland.

MMTV-PyMT mice, with mammary-specific conditional deletion of Runx1, were
generated as described in 2.1.1.2. Given that Cre-dependent recombination of the
Runx1Uftallele and PyMT-driven oncogenesis were introduced via two
independent transgenes and are therefore not mutually dependent events, efforts
were made to trace MMTV-Cre expression through the introduction of the red
fluorescent protein Gt(ROSA)26Sort™™if (tdRFP) transgenic reporter line (Luche,
Weber et al. 2007).

Previous work in the Blyth laboratory (Riggio 2017) determined the age at which
palpable lesions were first detected in the mammary glands of MMTV-Cre; MMTV-
PyMT;tdRFP mice. Subsequently, lesions were routinely checked and measured
until the tumour reached the clinical endpoint, which is the maximum size allowed
on the project licence (15mm in this case). Through this close monitoring of mice,
it was therefore possible to compare the individual mouse cohorts using 3 distinct
parameters (Figure 6.1A): tumour onset (time from birth to tumour notice);
tumour progression (time from tumour notice to end point); and overall survival
(time from birth to end point). The work presented in Alessandra Riggio’s PhD
thesis (shown in Figure 6.1) demonstrated that, similar to the Blg-
Cre;Catnb"t/ox(ex3) mouse model, tumour onset happened significantly earlier in
mice with both heterozygous and homozygous loss of Runx1 function, as compared
with their wild-type counterparts (Figure 6.1B). However, one unique
characteristic of the Runx1-deficient mice was the slower progression of their
disease from initiation to clinical endpoint (Figure 6.1C). For these first two
parameters, the changes were more significant or pronounced in mice with
deletion of both copies of Runx1 (Runx1//fly compared to those with deletion of a
single copy (Runx1¥tfl), Due to this delayed tumour growth, which balanced out
the accelerated tumour emergence, there were no significant changes observed
for the overall survival (time from birth to clinical endpoint) in either of the

Runx1-depleted cohorts compared to the wild-type controls (Figure 6.1D).
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Figure 6.1 Deletion of Runx1 accelerates PyMT-driven mammary tumorigenesis
without affecting overall survival.

*Data provided by Alessandra Riggio and shown here with permission*

[A] A schematic representation of the three parameters that were used to assess the
impact of partial/full loss of Runx1 function on PyMT-driven tumorigenesis. Female
MMTV-Cre; MMTV-PyMT; tdRFP mice, with and without the additional
heterogeneous/homogeneous loss of Runx1, were monitored for tumour initiation by
recording the first instances of any palpable tumours. Following tumour notice, size
measurements were taken 2-3 times per week using callipers. Mice were sacrificed once
a mammary tumour reached clinical end-point.

[B] Kaplan-Meier curve of time from birth to tumour notice observed in Runx1*/** (n=20),
Runx1*“"(n=7), and Runx1"""' (n=18) mice.

[C] Kaplan-Meier curve of time from tumour notice to clinical end point for Runx1"**
(n=20), Runx1**f (n=6), and Runx 1™/ (n=18) mice.

[D] Kaplan-Meier curve of time from birth to clinical end point recorded for Runx1"*/*t
(n=20), Runx1**™(n=6), and Runx 1" (n=18) mice.

Statistical analyses performed for each, using the Log-rank (Mantel-Cox) test [** p < 0.01;
***p < 0.001; **** p < 0.0001].



242

6.1.1 Experimental Aims

These results provide compelling evidence for a tumour suppressive role for RUNX1
within a model of luminal breast cancer. This argument was even more convincing
when presented along with data from the B-catenin-driven model (described in
Chapter 3), in which there was also a persuasive argument made for a tumour-
suppressive function for RUNX1. The MMTV-PyMT model additionally indicates
that, while loss of Runx1 facilitates the earlier arrival of tumours, it also delays
the progression of established tumours past this initiation phase. These results
imply that there could be a stage-dependent role for Runx1 in the early vs late
stages of tumorigenesis, at least within this model. It is also important to note
that there appeared to be an almost concentration-dependent effect to the
phenotype observed with Runx1 alteration, as loss of both copies significantly
enhanced the early-emergence and delayed progression phenotypes of this model
above those presented by mice with loss of a single copy. The results presented
in the coming chapter follow on from this crucial work by probing further into the
possible mechanisms of this apparent stage-dependent role of Runx1. Given the
prominent phenotype observed with the simultaneous loss of Runx1 and Runx2,
even compared with loss of Runx1 alone, within the context of Wnt-driven
tumorigenesis (Chapters 3 and 5), it was also of great interest to determine

whether this effect was also applicable to the PyMT-driven model.

6.2 Results

6.2.1 Examination of MMTV-Cre expression and its associated recombination of
the Runx 1’/ allele through RFP expression analysis.
In order to monitor MMTV-Cre expression and its associated recombination activity
in the MMTV-Cre;MMTV-PyMT;tdRFP mice, a former PhD student in the lab
(Alessandra Riggio) imaged end point mice for RFP expression using the IVIS
Spectrum imaging system. The main purpose for this was to investigate a potential
caveat within this model that, although PyMT-driven oncogenesis and Cre-
mediated deletion of Runx1 function are both under the control of the MMTV
promoter, these events are not necessarily mutually dependent (and may even be
occurring asynchronously or independently) due to them being introduced into the
mouse genome via two independent transgenes. While almost all mice in the
MMTV-Cre;MMTV-PyMT;tdRFP cohort exhibited intense levels of RFP fluorescence
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(8/9 mice) in the majority of mammary glands — suggesting a relatively high
degree of synchronicity between MMTV-Cre activation and PyMT-driven
tumorigenesis — the MMTV-Cre;MMTV-PyMT;tdRFP;Runx 1"/l mice presented with
a much higher degree of variability in the detected RFP signal, with 5/14 mice
appearing almost completely RFP-negative. It was hypothesised that this lack of
RFP activity in the MMTV-Cre;MMTV-PyMT;tdRFP;Runx1/Vfl cohort could be as a
result of the MMTV-Cre recombinase being active in only a small percentage of
mammary epithelial cells, or due to depletion of Runx 1/l (RFP-expressing) cells

during the progression of PyMT-driven tumours.

To explore both of these theories, RFP reporter fluorescence was used as a
surrogate for both MMTV-Cre expression and associated recombination of the
Runx1Vit allele, through the key stages of tumorigenesis. MMTV-Cre;MMTV-
PyMT;tdRFP mice (henceforth referred to as MCMP) and MMTV-Cre;MMTV-
PyMT;tdRFP;Runx 1/t mice (henceforth referred to as MCMP_1), were euthanised
at the date of notice (DON) or end point (EP) stages of tumour development and
all glands (both tumour-bearing and non-tumour-bearing) were harvested. MMTV-
Cre;tdRPF mice (henceforth referred to as MC) and MMTV-Cre;tdRFP;Runx 1711
mice (henceforth referred to as MC_1) were also analysed for RFP expression, as
tumour-free controls. However, due to the absence of MMTV-PyMT-driven
tumorigenesis in these mice, equivalent timepoints were required. The DON
timepoint equivalent was chosen as 60 days old (60D) due to the average DON
timepoint (for the MCMP and MCMP_1 cohorts combined) being 56.4 days. An EP
equivalent of 90 days old (90D) was selected due to a combined average EP
timepoint (for MCMP and MCMP_1 cohorts) of 90 days.

Results from the FACS analysis of RFP expression, summarised in Figure 6.2,
demonstrate that RFP (MMTV-Cre) expression was not significantly altered with
loss of functional Runx1, nor was it lost over time or with tumour progression. In
non-tumour-bearing mice, which did not carry the MMTV-PyMT oncogene, excision
of Runx1 did not alter the proportion of RFP-expressing cells and neither was there
a difference between 60 and 90 days of age in either the MC or MC_1 test groups

(Figure 6.2A). There looked to be increased percentages of RFP-positive cells in
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MMTV-PyMT-expressing animals compared with their MMTV-PyMT-naive
counterparts. There also appeared to be a reduction in the percentage of RFP-
expressing cells in MCMP_1 animals at EP compared to MCMP_1 mice at DON, and
compared to their MCMP wild-type controls, although none of these comparisons

were statistically significant (Figure 6.2B).
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Figure 6.2 Initial analyses of mammary epithelial cells show that Runx1 loss does not
appear to have a statistically significant effect on RFP expression.

Box plots summarising FACS analysis of RFP expression in MMECs, isolated from MMTV-
Cre;MMTV-PyMT;tdRFP cohorts (MCMP and MCMP_1) at date of notice (DON) and end-
point (EP) [B] and from PyMT-naive MMTV-Cre;tdRFP controls (MC and MC_1) at
comparative 60 day (60D) and 90 day (90D) timepoints [A]. Each data point represents
the percentage of live cells expressing RFP within a single sample. Each sample consists
of the MMECs that were extracted from all mammary glands from a single mouse.

[A] 60D MC (n=6); 60D MC_1 (n=8); 90D MC (n=7); 90D MC_1 (n=8).
[B] DON MCMP (n=8); DON MCMP_1 (n=6); EP MCMP (n=8); EP MCMP_1 (n=5).

One-way ANOVA, with Tukey’s Post-Hoc Test to correct for multiple comparisons, used
for statistical comparisons.

6.2.2 Detailed MMTV-Cre expression analysis reveals Runx1/fl cells possess a
selective advantage in early PyMT tumour development that is
subsequently lost.

Following these initial analyses of RFP expression during the progression of the

MMTV-Cre;MMTV-PyMT;tdRFP model of mammary tumorigenesis, it was

considered that combining all of the glands from each mouse into a single sample

might mask any subtle effects in individual glands. This could be particularly true

for the DON timepoint for which there is a high proportion of non-tumour-bearing
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glands compared to tumour-bearing glands. It was also thought that it could be
valuable to examine RFP expression at an even earlier pre-neoplastic timepoint.
In the initial analyses, Runx1 depletion did not appear to significantly affect RFP
expression at the DON timepoint, and there appeared to be a slight (though
insignificant) decrease during the progression of MCMP_1 mice from DON to EP.
Neither of these observations offers much explanation as to how loss of Runx1
function results in earlier tumour emergence in this model. The fact that this
significantly earlier tumour emergence is not coupled with an increase in the
number of MMTV-Cre- and MMTV-PyMT-expressing cells at the DON timepoint
indicates that the expansion of the tumour-initiating and RFP-expressing
mammary epithelial cells in MCMP_1 mice may be happening at an even earlier

timepoint in order to facilitate this earlier tumour incidence.

These theories, that RFP-expressing/Runxi-deleted cells may already be
depleting in numbers by day of notice (DON), or their numbers may be drowned
out at the DON stage by the high percentage of non-tumorigenic glands and
untransformed mammary epithelial cells, are potential experimental caveats. This
was addressed by adding an additional experimental timepoint at the pre-
neoplastic (PN) stage. A 40 day equivalent timepoint was chosen for the PyMT-
negative controls as this was the earliest possible post-pubertal timepoint
occurring prior to the formation of any palpable lesions. Additionally, each of the
glands was treated as an individual sample, as described in 2.1.5.2, which was

analysed for RFP expression by FACS.

From the analysis in Figure 6.3A, it is clear that there are significantly higher
levels of RFP expression in MC_1 mice at each of the 3 timepoints compared to
those observed in MC mice. At the PN and DON timepoints, RFP expression levels
are heightened to an even more significant extent within the context of MMTV-
PyMT-driven oncogenesis in the individual mammary glands lacking Runxt
expression, compared to their wild-type counterparts (Figure 6.3B). This indicates
that there is possibly an expansion in the number of cells co-expressing the MMTV-
Cre and MMTV-PyMT transgenes, and therefore an increase in the number of cells

capable of initiating tumorigenesis. Looking at the RFP expression values for each
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gland within a single mouse there is a visible amount of variation in RFP
fluorescence from gland to gland. This indicates that the reason no significant
differences were found in the analysis of combined glands was due to gland-to-
gland variability and, in MMTV-PyMT-expressing mice, the tumorigenic glands with
significant numbers of RFP-expressing cells being outnumbered by non-
tumorigenic glands with relatively low levels of expression. While there is a
significant enhancement of RFP fluorescence during the early stages of
tumorigenesis in mice lacking Runx1 expression, it is important to note that this
is lost with progression of MCMP_1 tumours to endpoint, whereupon levels are
relatively comparable to those expressed in the MCMP Runx wild-type control
mouse glands (Figure 6.3B). Given that MCMP_1 mice display multifocal tumours
across all glands and exhibit similar tumour burdens to MCMP mice, this reduction
in RFP is unlikely to be due to a depletion of MMTV-PyMT-expressing cells, rather
the Runx1-depleted cells are likely to be selected against for the progression of
this model from DON to EP.

These results make sense within the context of the survival curves (Figure 6.1C)
where loss of Runx1 function resulted in an earlier emergence of tumours, but
the progression of this model from DON to EP was delayed in comparison to their
wild-type counterparts. It is possible that, while Runx1 depletion can leave the
mammary gland more susceptible to PyMT-driven tumorigenesis (potentially via
the expansion of the tumour initiating population), a certain amount of Runx1
expression could be required for the PyMT-driven tumours to progress past this
initiation step. Runx1-proficient cells may therefore offer a selective advantage
over those lacking Runx1 within the developing tumour, resulting in the

depletion of their associated RFP expression.
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Figure 6.3 Runx1 loss provides a selective advantage to tumour initiating cells within
the mammary epithelium, but becomes disadvantageous in later tumour
progression.

Box plots summarising FACS analysis of RFP expression in MMECs, isolated from MMTV-
Cre;MMTV-PyMT;tdRFP cohorts (MCMP and MCMP_1) at pre-neoplastic (PN), date of notice
(DON), and end-point (EP) [B] and from PyMT-naive MMTV-Cre;tdRFP controls (MC and
MC_1) at comparative 40 day (40D), 60 day (60D), and 90 day (90D) timepoints [A]. Each
data point represents the percentage of live cells expressing RFP within a single sample.
Each sample consists of the MMECs that were extracted from a single mammary gland.
Each sample was given a colour to indicate the samples that originate from the same
mouse within that cohort

[A] 40D MC (n=7); 40D MC_1 (n=7); 60D MC (n=7); 60D MC_1 (n=6); 90D MC (n=6); 90D MC_1
(n=6).

[B] PN MCMP (n=6); PN MCMP_1 (n=7); DON MCMP (n=6); DON MCMP_1 (n=6); EP MCMP
(n=6); EP MCMP_1 (n=6).

One-way ANOVA, with Tukey’s Post-Hoc Test to correct for multiple comparisons [* p <
0.05; *** p < 0.001; **** p < 0.0001].

6.2.3 Runx1 loss results in expansion of cell populations with increased stem-
like properties in emerging PyMT-driven tumours.

As stated above, the increase in RFP expression associated with the co-occurrence
of MMTV-Cre-mediated Runx1///t allele recombination and MMTV-PyMT-driven
tumorigenesis followed by its significant depletion makes sense within the context
of the progression/phenotype of this model. The results at PN and DON timepoints
indicate that loss of Runx? could possibly result in the expansion of a sub-
population of stem-like mammary epithelial cells capable of initiating tumour

development, thereby resulting in earlier tumour incidence. Continuing with this
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thinking, it is possible that the subsequent reduction in RFP expression therefore
reflects either the exhaustion of or selection against these Runx7-depleted
tumour-initiating cells with enhanced stem-like properties. Coupled with the fact
that the progression of Runx1-deficient tumours is significantly delayed compared
to their wild-type counterparts, it is possible that a certain level of Runx1
expression is required for the efficient progression of MMTV-PyMT tumours from
DON to EP, meaning Runxi-proficient tumour cells have a selective growth
advantage. It is likely that MCMP_1 glands possess a lower percentage of tumour
cells expressing functional Runx7 when the initial tumour forms compared to the
initial MCMP tumours. This may cause a reduction in the tumour growth rate, at
least until the rarer Runx1-proficient cell population is able to acquire dominance

within the tumour cell population.

To investigate the theory that an early-expanded stem-like population is
exhausted or selected against during progression of the MCMP_1 mice,
mammosphere/tumoursphere assays were employed as a tool to compare the
stem-like capacities of the mammary epithelia of MCMP and MCMP_1 mice at DON
and EP. MC and MC_1 control mice were also analysed at equivalent 60D and 90D
timepoints to explore the effect of Runx1 loss on the stem-like behaviour of the
mammary epithelium in the absence of the MMTV-PyMT transgene. The results of
these mammosphere/tumoursphere assays are summarised in Figure 6.4. It can be
seen in Figure 6.4A that there is a significant increase in the mammosphere
forming potential within the MC_1 mammary epithelium compared to MC controls
at 60D, which is maintained at the 90D timepoint. Figure 6.4B shows an even
greater enhancement in the mammosphere/tumoursphere forming potential of
the MCMP_1 mammary epithelium, compared to that of the MCMP Runx wild-type
controls, at tumour emergence. As the tumour progresses to the EP stages,
however, it is apparent that this elevated capacity to form these stem cell-
associated structures is diminished back to levels similar to their wild-type
counterparts. Interestingly, the tumoursphere forming potential of both MCMP and
MCMP_1 mammary epithelial cells at EP are both reduced as compared to MCMP-
derived cell populations at DON.
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The fact that this earlier emergence of tumours in the mammary epithelium of
MCMP_1 mice coincides with this expansion of a stem-like population of cells,
capable of forming 3D mammosphere/tumoursphere structures, supports the
theory that loss of Runx1 may result in the mammary epithelium becoming more
vulnerable to oncogenic insult through the uncontrolled expansion of a stem-like
population. This in turn implies that at least some of the tumour-suppressive
functions of Runx1 could be facilitated through its control over the stemness of
the mammary epithelium. Following their early emergence, the delayed
progression of these tumours is a surprising feature of this model, and appears to
correspond with a statistically significant decrease in the tumoursphere forming
potential within their cell populations. Coupled with the data in Figure 6.3, it is
likely that (following tumour formation) there could be a certain requirement for
Runx1 expression to facilitate PyMT-driven tumour progression and, in order to
meet this requirement, there is a selective pressure that favours the growth of
(non-red and less stem-like) Runx1-proficient cells over the (red, tumour-
initiating) Runx1-deleted cells. As there is likely to be lower proportions of Runx1-
expressing cells in MCMP_1 DON tumours compared to their wild-type
counterparts, these tumour cells will likely be delayed in their ability to progress
tumour growth towards EP, which could explain the delayed progression of the
MCMP_1 mouse model.
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Figure 6.4 Enhanced mammosphere/tumoursphere forming potential of Runx1-
deficient mammary epithelium at date of notice is lost upon progression to clinical
end point.

Scatter plot summarising results from mammosphere/tumoursphere assays comparing
MMTV-Cre; MMTV-PyMT;tdRFP cohorts (MCMP and MCMP_1) at date of tumour notice
(DON) and endpoint (EP) [B] and comparing MMTV-Cre;tdRFP control cohorts (MP and
MP_1) at equivalent 60 days (60D) and 90 days (90D) [A]. Each data point represents the
average number of mammospheres/tumourspheres calculated (from an average of n=12
total counts per sample) for a single sample following 10 days of culture. Each sample
constituted MMECs extracted from the combined glands of a single mouse. Results shown
represent 1 of 2 experimental repeats.

[A] 60D MC (n=6); 60D MC_1 (n=5); 90D MC (n=5); 90D MC_1 (n=5).
[B] DON MCMP (n=5); DON MCMP_1 (n=4); EP MCMP (n=4); EP MCMP_1 (n=4).

One-way ANOVA, with Tukey’s Post-Hoc Test to correct for multiple comparisons [* p <
0.05; ** p < 0.01; **** p < 0.0001].

6.2.4 Exploring potential molecular players in the stem-like potential of early
MMTV-Cre; MMTV-PyMT;tdRFP;Runx 17U tumours.

Similar to results observed in the Blg-Cre;Catnb*/!ox(Ex3) and HC11 models, results
in this chapter so far also appear to indicate a role for RUNX1 in the modulation
of stemness within the context of MMTV-PyMT-driven tumorigenesis. The next
step of this investigation was therefore to examine the possible molecular
mechanisms by which RUNX1 is able to exert its control over the stem-like
potential of the mammary epithelium in this context. qPCR analysis was selected
as a method to evaluate the effects of Runx1 loss on the expression of several
established stem cell markers at the tumour initiation and clinical end stages of
MMTV-PyMT-driven tumours.
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The mammary epithelial cells that were collected from MMTV-Cre;MMTV-
PyMT;tdRFP mice (with and without the additional loss of Runx1) and set up in the
previously described mammosphere/tumoursphere assays were also sampled to
analyse the relative expression levels of several stem-related genes by gPCR. The
genes that were chosen for these analyses were those found to be the most
significantly altered in Runx7-depleted HC11 cells — Aldh1a1, Aldh1a7, Esr1, and
Esr2. There does not appear to be significant changes of expression in most of
these genes, either with loss of functional Runx? or with tumour progression
(Figure 6.5A-D). There did, however appear to be a slight (though not statistically
significant) trend towards increased Esr1 expression in MCMP_1 glands at tumour
notice compared with their MCMP counterparts. Upon progression to end-point,
there was a statistically significant reduction in the levels of Esr1 in MCMP_1
glands (Figure 6.5C). This observation may offer some explanation as to why the
MMTV-PyMT-driven tumours appeared to be more reliant on the expression of
Runx1 for their efficient progression past the initiation stage. Some aspects of the
PyMT mouse model are thought to more accurately recapitulate the human breast
cancer disease than some other models, such as their distinctive loss of ER and PR
expression with disease progression (Lin, Jones et al. 2003, Attalla, Taifour et al.
2021). RUNX1 expression has previously been associated with poor patient
prognosis in those diagnosed with ER-negative subtypes (Ferrari, Mohammed et al.
2014). Given that ESR1T mRNA expression levels have been shown to closely
correlate with ER protein expression (detected by IHC) in human breast cancer
samples (Gong, Yan et al. 2007, Badve, Baehner et al. 2008), it would be
reasonable to assume the same for the PyMT model. Taking all of this information
together, this would indicate that Runx1 loss may initially render the mammary
gland more permissible to the earlier emergence of more ER-positive tumours (due
to this increased ER expression in abnormal cells perhaps contributing to the faster
expansion to form the initial tumour). Following tumour emergence, ER expression
levels are significantly diminished during their progression, which may create an
environment that is more admissible for the quick progression of Runx1-rich

tumours than Runx1-diminished tumours.
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While the diminishing expression of Esr1 with PyMT-driven tumour progression
provides some interesting insights into the possible reasons behind the stage-
dependent role of Runx1 within this model, the analyses of these select stem cell-
related genes unfortunately do not appear to offer any potential candidate
molecular markers or drivers for this stem-associated phenotype within the Runx1-

depleted context.
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Figure 6.5 Stem cell gene expression is not significantly altered when Runx1 is deleted
in MMTV-PyMT-expressing glands.

Box and whisker plots summarising results from qPCR analysis of MMECs, extracted from
MMTV-Cre; MMTV-PyMT;tdRFP cohort mice, with (MCMP_1) and without (MCMP) the
additional deletion of Runx1, at tumour notice (DON) and clinical end-point (EP). Gapdh
and Actb genes used as internal references to normalise the expression data for each test
gene. Each data point represents the normalised relative expression (fold change) of the
given test gene (calculated from an average of 3 technical repeats, and using a AACq
method) obtained from an individual sample, where each sample consisted of MMECs
extracted from the combined glands of a single mouse. DON MCMP (n=5); DON MCMP_1
(n=4); EP MCMP (n=4); EP MCMP_1 (n=4).

One-way ANOVA, with Tukey’s Post-Hoc Test to correct for multiple comparisons [* p <
0.05].
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6.2.5 Determining the impact of conditional Runx2 loss on the survival of the
MMTV-Cre;MMTV-PyMT;tdRFP model.

In the B-catenin-driven model of oncogenesis, the accelerated tumour onset and
stem-linked phenotype observed with mammary-specific loss of Runx1 was
dramatically enhanced with the additional knockout of Runx2 (Chapter 3). It was
wondered whether simultaneous loss of Runx1 and Runx2 might result in a similarly
augmented phenotype within the context of PyMT-driven tumorigenesis. The
Runx2fVft allele (Ferrari, Riggio et al. 2015) was therefore introduced into the
MMTV-Cre;MMTV-PyMT;tdRFP colony to produce the MMTV-Cre;MMTV-
PyMT;tdRFP;Runx2/Vft_ and ~ MMTV-Cre;MMTV-PyMT;tdRFP;Runx 17/fl; Runx2//ft
cohorts. Similar to previous survival investigations (Chapter 3, Figure 6.1), this
cohort of female animals were monitored for clinical onset of palpable tumours
(tumour onset) which were then measured until clinical endpoint (tumour

progression), as shown in the schematic in Figure 6.6A

In agreement with previous MMTV-Cre;MMTV-PyMT;tdRFP;Runx1//fl cohort data,
deletion of both copies of Runx1 resulted in the accelerated formation of palpable
mammary gland lesions (median tumour-free survival of 41 days) compared to
their wild-type counterparts (56 days median tumour-free survival). There was,
however, no statistically significant difference in tumour onset between Runx
wild-type and Runx1/Runx2 double knockout mice (median tumour-free survival
of 50 days), as shown in Figure 6.6B. Although tumour progression data (Figure
6.6C) did not show a statistically significant change in the tumour progression of
Runx1-depleted mice (45 days median survival) compared to wild-type controls
(42 days median survival), there did appear to be a slight trend towards a growth
delay in the Kaplan-Meier curve. It is possible that this inconsistency with the
results seen in Figure 6.1 could be due to some genetic drift in the MMTV-
Cre;MMTV-PyMT;tdRFP;Runx1*t/"t and MMTV-Cre;MMTV-PyMT;tdRFP;Runx17Ufl
cohorts, which may have been caused by the multiple generations of back-crossing
that were necessary for the generation of each cohort. Looking at the significantly
earlier tumour initiation timepoints in both of these cohorts after the
incorporation of the Runx2//fl mouse line (Figure 6.6B, median tumour-free
survival of 56 and 41 days respectively) as compared with data collected from

earlier analyses (Figure 6.1B, median tumour-free survival of 65 and 53 days
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respectively), this certainly seems possible. There was a very significant delay in
the progression of MMTV-Cre;MMTV-PyMT;tdRFP;Runx1Vf;Runx2/Vf tumours (56
days median survival). The difference in tumour initiation with loss of Runx1
function was not reflected in the overall survival of these mice (87 days median
overall survival), however there was a significant increase in the overall survival
period with the additional loss of Runx2 (104 days median overall survival)
compared to wild-type mice (median overall survival of 88 days). Taking into
account the knockout of Runx2 alone, there was no significant impact on tumour
emergence (Figure 6.6B, median tumour-free survival of 58 days) or the
progression to end point (Figure 6.6C, although there was a slight trend towards
delayed progression, with 47 days median survival). Despite this, the overall
survival of these mice was significantly extended (Figure 6.6D, 105.5 days median

overall survival) in comparison to the Runx wild-type cohort.

When looking at this survival data in isolation, it would likely be assumed that the
loss of Runx1 results in earlier emergence of tumours, while not significantly
affecting tumour progression (although there was a slight, non-significant delay)
and overall survival of the mice. It also appears that the additional loss of Runx2
may at least partially compensate for this Runx1-depletion at the DON timepoint
to overcome the stem-associated early-emergence phenotype. This implies that
Runx2 expression is essential to facilitate the expansion of this stem-like
population, which is at least partially responsible for this accelerated initiation.
Additionally, the loss of Runx2 function seems to cause a significant delay in
tumour growth to clinical end point. These findings are consistent with previous
results, in which Runx2 was shown to be functionally important in the mammary
stem/progenitor cell population (Ferrari, Riggio et al. 2015). However, this does
not entirely agree with other published works (Fritz, Hong et al. 2020) or data in
Chapters 3 and 5 that indicate Runx1 plays a more essential role than Runx2 in the

stemness and EMT of the normal and early tumorigenic mammary epithelium.

While it is possible that this inconsistency is due to the different contexts of the
experiments, it is important to consider a potential caveat that was identified in

the Runx2/f! model, which may provide some explanation for why this data does
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not fully support that presented in previous chapters. Even in the absence of a
Cre recombinase, the Runx2/f'mice exhibited a hypomorphic phenotype whereby
their body weight was significantly lower than wild-type littermates (Figure 6.7A)
throughout their development, bone development (particularly in the ribcage) was
abnormal and lead to some breathing difficulties, and mammary gland
development was delayed. The Runx2 floxed allele was found to have retained
the neomycin-resistance selection cassette (Neo cassette), which may have
reduced gene expression and therefore resulted in this hypomorphic phenotype
(Ferrari 2013).

Similar to observations made in previous investigations using this model, tumour
burden and lung burden measurements (i.e. either the total mammary gland
weight or lung weight, measured as a percentage of the body weight) at EP were
unaffected by any combination of Runx1 and/or Runx2 deletion (Figure 6.7). While
this may seem counterintuitive, particularly within the MMTV-Cre;MMTV-
PyMT;tdRFP;Runx 1/ tumours given their significantly earlier emergence, this
may be at least partially explained by the slower progression of these tumours to
clinical end point. In addition, PyMT mice at clinical end point often bear
multifocal tumours within the majority of the total mammary tissue, even without
the context of Runx1 loss. This could mean that it may not be possible for Runx1
deletion to significantly increase the tumour burden at these end stages, as the

maximal tumour burden is already reached with wild-type Runx.
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Figure 6.6 Simultaneous loss of Runx1 and Runx2 in an MMTV-PyMT-driven model of
mammary tumorigenesis appears to extend overall survival due to delayed tumour
progression.

[A] A schematic representation of the three parameters that were used to assess the
impact of loss of Runx1 and/or Runx2 function on PyMT-driven tumorigenesis. Female
MMTV-Cre; MMTV-PyMT;tdRFP mice, with and without the additional loss of Runx1 and/or
Runx2, were monitored for tumour initiation by recording the first instances of any
palpable tumours. Following tumour notice, size measurements were taken 2-3 times per
week using callipers. Mice were sacrificed once a mammary tumour reached clinical end-
point.

[B] Kaplan-Meier curve of time from birth to tumour notice observed in Runx"*'** (n=15),
Runx1(n=9), Runx2™"" (n=8), and Runx1";Runx2’"" (n=15) mice.

[C] Kaplan-Meier curve of time from tumour notice to clinical end point for Runx"/*
(n=15), Runx1™"(n=9), Runx2'"" (n=8), and Runx1"""; Runx2’'"" (n=15) mice.

[D] Kaplan-Meier curve of time from birth to clinical end point recorded for Runx"**t
(n=15), Runx1™"(n=9), Runx2'"" (n=8), and Runx1"""; Runx2’'"" (n=15) mice.

Statistical analyses performed for each, using the Log-rank (Mantel-Cox) test [** p < 0.01;
***p < 0.001].
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Figure 6.7 Body weight measurements and tumour/lung burdens calculated for MMTV-
Cre;MMTV-PyMT ;tdRFP cohort mice.

Box and whisker plots summarising body weights [A], tumour burdens (total mammary
gland weight expressed as a percentage of body weight) [B], and lung burdens (lung
weight expressed as a percentage of body weight) [C] for MMTV-Cre;MMTV-PyMT;tdRFP
cohorts at clinical end-point — Runx1"** (n=10), Runx?" (n=8), Runx2'" (n=7),
Runx1"; Runx2’'" (n=14). Each data point represents a measurement or calculation taken
for an individual cohort mouse. One-way ANOVA performed for each, with Dunnett’s
multiple comparisons test [** p < 0.01].
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6.3 Discussion

Previous work in the Blyth laboratory, which explored the role of Runx1 in MMTV-
PyMT-driven tumorigenesis, demonstrated that the regulation of the stem-like
behaviours of emerging tumour cell populations was not specific to the Blg-
Cre;Catnb"txEx3) model. Both heterogeneous and homogeneous loss of Runx1
resulted in earlier tumour emergence, however one unique observation from this
model was their delayed progression to endpoint following tumour notice. MMTV-
Cre activity could be examined through fluorescence imaging following
incorporation of an RFP reporter. Within the MMTV-Cre;MMTV-
PyMT;tdRFP;Runx1¥t*t cohort, intense levels of RFP expression were exhibited
more consistently across mice within the majority of their mammary tissue,
suggesting that MMTV-Cre expression coincided with MMTV-PyMT-mediated
tumorigenesis. This was in stark contrast to the MMTV-Cre;MMTV-
PyMT;tdRFP;Runx1//flcohort, for which there were significantly reduced and more
variable RFP expression patterns, both between mice and within the various glands
of each mouse. Considering the tumour burdens of these mice were comparable
to their wild-type counterparts, the cause of this variability was postulated to be
due to either low MMTV-Cre activity in Runx1/fl glands or depletion of Runx1//fl

mammary epithelial cells during tumour progression.

RFP expression was therefore analysed by FACS at key stages in tumour
development to determine whether the reduced RFP expression at EP is due to
MMTV-Cre activity being low throughout, or if the Runx1™/flcells are diminishing
with disease progression. Initial combined mammary gland analyses at DON and
EP stages of tumour development did not uncover any significant changes in RFP
expression, by either Runx1 depletion or disease progression, likely due to gland-
to-gland variability. By analysing glands as individual samples, this allowed for the
visualisation of this variability within the glands of each mouse, in addition to
revealing a significantly expanded RFP-expressing population within Runx1/Uft
glands at the DON stage, and an additional PN stage, that was subsequently

depleted upon progression of the model to EP.
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By isolating mammary epithelial cells from DON and EP glands, this significant
increase in the percentage of RFP-expressing cells in the MMTV-Cre;MMTV-
PyMT;tdRFP;Runx17Ufl group was shown to coincide with the expansion of a stem-
like cell population. Likewise, the reduced RFP expression upon progression to EP
was coupled with a depletion in these cells with stem-like characteristics. It was
therefore theorised that, while Runx1 depletion enabled the earlier emergence of
mammary tumours through the expansion of a stem-like population of tumour-
initiating cells, there may be some requirement for Runx1 in order to efficiently
advance past this initiation stage. This is reminiscent of the requirement for a
certain level of RUNX1 activity for the growth of acute leukaemia (Goyama,
Schibler et al. 2013, Choi, Illendula et al. 2017). This reliance on Runx1 at later
stages may cause a selective pressure against the RFP-expressing, tumour-

initiating Runx1//flcell population and resulting in their depletion.

While investigating possible molecular mechanisms behind these enhanced, and
subsequently depleted, stem-like behaviours there was shown to be a significant
reduction in the levels of Esr1 from tumour notice to endpoint. This may at least
partly explain the rather unique stage-dependent function of Runx? indicated
within the MMTV-PyMT-driven model, as it was indicated this could be related to
its subtype-specific functions. However, there were no significant changes found
in the chosen panel of stem-associated genes upon Runx1? loss. The small gene
panel (consisting of Aldh1al, Aldh1a7, Esr1, and Esr2) was chosen due to these
genes being among the most significantly upregulated stem-associated genes
following loss of Runx? function, in both the Blg-Cre;Catnb*!/x(Ex3) and HC11
models. It is important to consider the reasons why there might be a significant
enhancement in mammosphere/tumoursphere formation in early tumours arising
from Runx1/flcells, but not an enhancement in the selected stem cell-associated
genes. One of the possible reasons for this is that there could be alternative genes,
outwith those within the chosen panel, which are being regulated by RUNX1 within
the context of the PyMT mouse model. Another possibility is that, although the
expression of Aldh1al, Aldh1a7, Ers1, or Ers2 is not significantly altered in the
total mammary gland tissue with Runx1 depletion, this does not definitively prove
that there is no difference in expression of these, or other stem cell-associated,

genes within these conditions. Because there is an almost binary element to the
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formation of mammospheres (i.e. if a cell possesses stem-like abilities, it will form
a sphere and if it does not, no sphere is formed), the final readout that is used to
infer the stemness of a given cell population is not necessarily affected by the
presence of non-stem-like cells. However, within the context of the gqPCR assay,
it is possible that the overall expression of each stem-associated gene could be
drowned out by the amount of either non-transformed or non-stem-like cells in
the analysed samples, particularly as these are likely to be the more dominant
cell population within the total mammary gland tissues of a mouse at DON. It is
therefore possible that cDNA isolated specifically from tumour tissue, or from
purified populations of PyMT-transformed or stem-like cells (isolated by FACS
sorting for RFP-expressing cells or collecting primary/secondary tumourspheres)
at the DON timepoint would allow for a more accurate analysis of stem-associated

genes.

The analyses of the MMTV-Cre;MMTV-PyMT;tdRFP;Runx1/Vil cohort, presented
throughout this chapter, gave useful insights into the functions of Runx1 within a
mouse model with some aspects that are thought to more accurately recapitulates
the human disease. It is, however, also important to remember that the most
pronounced phenotype observed in the Blg-Cre;Catnb*!/!oX(Ex3) model occurred as
a result of simultaneous loss of Runx1 and Runx2 expression (Chapter 3). The
MMTV-Cre; MMTV-PyMT;tdRFP;Runx 1V, Runx2®/!'  genotype was therefore
introduced as a new cohort for this model in order to explore the simultaneous
loss of Runx1 and Runx2 within the context of MMTV-PyMT-driven oncogenesis.
The data generated from observations made in the MMTV-Cre;MMTV-
PyMT;tdRFP;Runx1®/f cohort were in agreement with results previously presented
by Alessandra Riggio. However, due to a crucial experimental caveat in this model
relating to the hypomorphic phenotype observed in Runx2/fl mice (caused by
retention of the Neo cassette), it was not possible to confidently determine the
impact of Runx2 loss (either on its own or in addition to Runx1 loss) on the MMTV-
PyMT-driven model. While this hypomorphic phenotype was also present within
the Blg-Cre;Catnb*!*x(Ex3) model, these mice are required to undergo multiple
parities to induce sufficient levels of Blg-Cre (and therefore B-catenin) expression,
with the exception of the Cre;Catnb*t/!ox€x3);Runx 17UTl; Runx2f/1t cohort due to its

significant acceleration. It is overall a slower model of mammary tumorigenesis
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than the PyMT-driven model, for which penetrance is significantly higher in virgin
females and at a much younger age. It is therefore possible that, because tumour
initiation occurs in Blg-Cre;Catnb"t!ox(Ex3) mice at a stage significantly later than
puberty, tumour initiation will likely not be hindered by the delayed development
of the Runx2V/ mammary gland tissue in the way that it might in the PyMT-
dependent model. This significantly later onset may allow enough time for
Runx2Vf'mammary glands to overcome this developmental delay and catch-up to
their wild-type counterparts at a significantly earlier stage than B-catenin-

initiated tumorigenesis.

While the discussed experimental caveat meant it was not possible to make any
definite conclusions about the implications of Runx2 loss (with and without the
additional depletion of Runx1) within the context of the MMTV-PyMT mouse
model, it may be possible to address these issues in future experiments. From this
PyMT-driven model of oncogenesis, endpoint tumours were extracted from each
of the Runx genotypes, with an absence of the MMTV-Cre, and mammary epithelial
cells were cultured for 5+ passages to generate stable cell lines. Using adenovirus-
mediated Cre deletion of the floxed sequences within these primary cells, it may
be possible to investigate the functions of Runx1 and Runx2 in established MMTV-
PyMT tumours using various in vitro methods. It may even be possible to conduct
in vivo investigations via syngeneic transplantation experiments into pure FVB
mice to determine whether loss of Runx1 and/or Runx2 affects tumour growth (Lv,
Dobrolecki et al. 2020). Furthermore, the limitations of the Runx2//f' model could
be addressed using the more recent Runx2/V/ cohort, generated by the Strathdee
lab, in which the retained Neo cassette was removed from the targeted loci via
CRISPR-Cas9-mediated deletion. This would allow for more reliable investigations
into the impact of Runx2 deletion at various stages of MMTV-PyMT-mediated

tumorigenesis.

Despite it not being possible to reliably study the role of Runx2 (either
independently or within the context of Runx7) within this model during the
timeframe of this project, the cell lines generated provide valuable resources to

facilitate future investigations using a variety of experimental approaches.
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Additionally, the work throughout this chapter not only indicates a stemness-
related tumour-suppressive role for Runx1 in a second independent (and well-
established) mouse model for mammary tumorigenesis, but also provides evidence
to support data from studies into the human disease that this tumour-suppressive
function could be conditional based upon the expression of ER. This means that
not only could the tumour-suppressive role of RUNX1 be dependent on the tumour

subtype, but also on the stage of tumour progression.
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7 Conclusions and Future Directions

The work presented throughout this thesis follows directly on from the exciting
work conducted by former PhD students of the Blyth lab (Ferrari 2013, Riggio 2017,
Riggio Unpublished), which provided the first in vivo confirmation (using
genetically engineered and transgenic mouse models) of the putative tumour

suppressor role for RUNX1 in the context of breast tumorigenesis.

In two separate genetic models of breast cancer (MMTV-Cre;MMTV-PyMT and Blg-
Cre;Catnb*t/1ox(Ex3))  mammary specific deletion of Runx1 was shown to drive the
earlier emergence of tumours in the mammary gland. Notably, within the B-
catenin-driven model, there appeared to be changes in the gross phenotypes
presented in the resulting mammary tumours, with a larger number of
independently arising tumours appearing in a larger proportion of mammary glands
at the clinical end stage. This was supported with quantitative analysis, whereby
the numbers of burdened glands and overall tumour burden (%) appeared to be
slightly increased upon Runx1 depletion. Another remarkable observation from
this mouse model was made in mice with the simultaneous loss of Runx?1 and
Runx2. While there was a lack of noteworthy phenotypic observations from the
Blg-Cre;Catnb"t/ox(Ex3);Runx2f/!_mice, as compared to their Runx wild-type
counterparts (Blg-Cre;Catnb"/!ox€x3)) - 3 particularly dramatic phenotypic change
was observed in the Blg-Cre;Catnb"t/xEx3); Runx 17UT; Runx2fV mouse cohort. Not
only did these mice develop mammary tumours at significantly earlier timepoints
as compared with the Blg-Cre;Catnb"t/!oX(Ex3) wild-type control mice, tumours also
(rather surprisingly) arose earlier than in their single Runx7-depleted (Blg-
Cre;Catnb"tox(Ex3).Runx 1711y counterparts. Strikingly, tumours emerged at a stage
so significantly early in Blg-Cre;Catnb"!/*®x3);Runx 17Uf; Runx2fUl mice as to
negate the requirement (and ability) for these mice to undergo parity in order to
potentiate the expression of Blg-Cre (Selbert, Bentley et al. 1998), and therefore
B-catenin, as demonstrated in characterisation experiments using the RFP
reporter (1.6.2). The gross phenotype of tumours observed in these mice was even
more dramatic than that seen in their Cre;Catnb"t/!ox(Ex3);Runx 17/fl counterparts,
with the vast majority of (or all) mammary glands presenting with many multifocal
and multicentric tumours at clinical end stage. This was also strongly supported

with the quantification of tumour-burdened glands and overall tumour burden (%),
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which were statistically significantly higher in Blg-
Cre;Catnb"t!/oxEx3); Runx 1V1;Runx2V! mice when compared with their Blg-
Cre;Catnb"t/ox(Ex3) controls. These results further substantiate previous studies
(discussed in 1.5.3.1) indicating that RUNX1 can play a tumour-suppressive role in
the breast, and offer some insights into the dynamic between RUNX1 and RUNX2
in the breast. Intriguingly, the earlier emergence of higher numbers of
independently arising tumours also indicated a possible role for RUNX1 in the
regulation of stem-like behaviours of the mammary gland cells and in cancer stem
cells. This is in agreement with previous publications, discussed in 1.5.4, that
demonstrate RUNX1 suppresses stem-like behaviours in breast cancer cells
(Chimge, Little et al. 2016, Hong, Fritz et al. 2018, Kulkarni, Tan et al. 2018,
Fritz, Hong et al. 2020).

Although there is a large body of evidence, corroborated by this convincing in vivo
work, that strongly supports an argument for the involvement of RUNX1 in tumour
suppression in the breast, there is relatively little known about the specific
molecular mechanisms for this. For this reason, RNA-Seq was performed on
mammary gland cell populations that were isolated from 9 week-old B-catenin
cohort mice. This post-pubertal timepoint, prior to the formation of palpable
lesions, was chosen in order to investigate the molecular events that were
happening at these early stages to facilitate the earlier emergence of
independently arising tumours in the Runx1-deficient gland. The analyses of bulk
mammary tissues isolated from these pre-tumour glands proved to be fruitful, and
there were, rather interestingly and unexpectedly, enrichments in various pro-
inflammatory/pro-tumorigenic immune signatures and ECM remodelling signatures
in the Blg-Cre;Catnb"/!ox(Ex3);Runx 17UT;Runx2// sample group. As each sample
was formed from preparations of bulk mammary gland cells with various cell
types, there was some uncertainty over whether some of the identified
differentially expressed signatures were originating from the Blg-Cre-expressing
(and therefore B-catenin-expressing and Runx1/Runx2-depleted) MMECs or from

their microenvironment.



265

An RFP reporter was therefore introduced into each of the Blg-Cre;Catnb"t/!ox(Ex3)
cohorts to address this. This knock-in Cre-reporter enabled FACS-mediated sorting
of mouse mammary epithelial cells (MMECs) for those expressing the Blg-Cre
transgene, and thereby facilitated the isolation of mammary epithelial cells with
simultaneous constitutive activation of B-catenin alongside conditional knock-out
of Runx1 and/or Runx2. These isolated MMECs could then also be analysed using
RNA-Seq technology in order to identify the molecular changes happening
specifically during the early transformation of MMECs lacking functional Runx1
and/or Runx2. The analysis of RFP-sorted MMECs was split into 2 experiments: a
pilot experiment; and an extended experiment with additional samples. The pilot
experiment served as a necessary proof-of-concept to determine whether the
analysis would be technically feasible. Part of the reasoning behind this was due
to there being a relatively small number of Blg-Cre-expressing cells within the
combined mammary gland tissues of each mouse at this early developmental
stage. This also meant that RFP-sorted MMECs needed to be combined together
from several different mice to form each sample. While there were some
differences and discrepancies between the pilot and extended analyses in terms
of the sample quality, levels of sample-to-sample variability, and the resulting
statistical interpretations (whereby significantly altered genes from the pilot
experiment were rendered insignificant upon inclusion of additional samples for
the expanded experiment), overall the results demonstrated that loss of
functional Runx1 leads to an enhancement of the canonical Wnt/B-catenin
pathway and various stem cell-related genes, which may be contributing to the
observed stem-like phenotype. Given these enrichments were even more
significant in the Runx1/Runx2-depleted MMECs, this could at least partially
explain why the stem-related phenotype was much more pronounced within the
Blg-Cre;Catnb"t/ox(Ex3); Runx 17V, Runx 2/ 11 mouse cohort than the

Cre;Catnb"t/oxEx3):Rynx 171 mice.

One molecular alteration of particular note, identified in RNA-Seq data from
isolated MMECs, was found in the Bcl11b gene, which was shown to be significantly
upregulated in MMECs isolated from both Cre;Catnb"t/!ox(Ex3);Runx1//fl and Blg-
Cre;Catnbwt/1ox(Ex3); Runx 17U, Runx2fUIt cohort mice. This gene is involved in the

maintenance of mammary stem cell populations in the mammary gland and drives
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their self-renewal through inhibition of differentiation, and specifically
commitment to a basal lineage, thus preserving their multipotency (Cai, Kalisky
et al. 2017, Miller, Jin et al. 2018). Bcl11b is a close paralog of the Bcl11a gene,
which has also been implicated in stem and progenitor functionality in TNBC. It is
overexpressed in a large percentage of TNBC tumours, which was shown to
promote tumour formation and drive cancer cell invasion and metastatic growth
(Khaled, Choon Lee et al. 2015, Seachrist, Hannigan et al. 2020, Wang, Xu et al.
2020). Its knockdown or deletion reduced tumour formation in xenograft and
genetic mouse models, and its inactivation in established tumours resulted in their
regression (Khaled, Choon Lee et al. 2015). Bcl11a deletion in a genetically
engineered mouse model resulted in depletion of the mammary stem cell fraction
of the mammary gland, as demonstrated in flow cytometry analysis and confirmed
with mammary colony formation assays and transplantation of limiting cell
dilutions into cleared fat pads, thus demonstrating its role in stem cell

maintenance (Khaled, Choon Lee et al. 2015).

Interestingly, the Aldh1a1 gene and its rodent-specific paralogue, Aldh1a7, were
also  upregulated in  the  Cre;Catnb"/oxE3);Rynx1//ft " and  Blg-
Cre;Catnbwt/ox(Ex3); Runx 17U1; Runx2fU 1 experimental groups compared to the wild-
type controls. Previous publications revealed that ALDH1A1 expression promotes
stem/progenitor properties in normal and malignant breast cells (Ginestier, Hur
et al. 2007, Tomita, Tanaka et al. 2016). It was correlated with tumour initiation
within populations of breast cancer stem cells and promoted invasion and
metastasis of breast cancer cells both in vitro and in vivo (Ginestier, Hur et al.
2007, Tomita, Tanaka et al. 2016). High mRNA levels of ALDH1A1 in breast tumours
were also correlated with poorer overall survival in breast cancer patients
(Ginestier, Hur et al. 2007, Tomita, Tanaka et al. 2016).

Of the various Wnt pathway targets shown to be dysregulated in the Runx1/Runx2-
depleted RFP-expressing MMECs, Lgr5 was of particular interest due to its
establishment as a bona fide molecular marker of stem cells in a number of
actively self-renewing organs and tissues (Nusse and Clevers 2017) including the
breast (Plaks, Brenot et al. 2013, Trejo, Luna et al. 2017). LGR5, a prototypic
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member of the LGR-subfamily, is a potentiator of the Wnt/B-catenin signalling
pathway and was also confirmed to be a relevant canonical Wnt pathway target
within the context of the BIg-Cre;Catnb"/*Ex3) mouse model. LGR5 was
previously shown to be overexpressed in primary breast cancer tissues compared
to paired adjacent non-tumour tissues (Yang, Tang et al. 2015). Its expression in
breast cancer tissues was also correlated with various clinical variables including:
tumour size; TNM stage; recurrence and metastasis; and aggressive subtypes
(Yang, Tang et al. 2015, Hou, Chen et al. 2018, Lee, Myung et al. 2021).
Additionally, LGR5 expression was associated with poorer overall and disease-free
survival (Yang, Tang et al. 2015, Hou, Chen et al. 2018). Through the use of in
vitro and in vivo techniques, it was shown that LGR5 was able to promote breast
tumour cell migration, invasion, metastasis, and EMT, which are behaviours
generally associated with stemness and aggression of cancers (Yang, Tang et al.
2015). Additionally, LGR5 was found to be upregulated in spheroid cells
(generated from 2 independent breast cancer cell lines) compared to both
surrounding single cells, which failed to form spheroids, and compared to their 2D
cultured counterparts (Yang, Tang et al. 2015). Silencing LGR5 expression resulted
in a reduced capacity to form spheroids, while overexpression caused the
formation of increased numbers of larger spheroids (Yang, Tang et al. 2015). These
aggressive and stem-like behaviours were promoted by LGR5 through its activation
of the Wnt/B-catenin signalling pathway (Yang, Tang et al. 2015). The Lgr5 data
generated from the RNA-Seq experiment, coupled with this information from the
literature, indicate a role for this gene in potentiating the stem-like behaviours of
the early-transforming mammary epithelium, potentially through further Wnt

pathway enhancement, in the absence of functional Runx71 and Runx2.

While it was not possible to validate these RNA-Seq findings by RT-qPCR analysis
of the RFP-sorted MMECs (due to insufficient cDNA quantities), the immortalised
HC11 mouse mammary epithelial cell line offered a valuable and easily
manipulatable in vitro tool for investigating the differentially regulated genes and
for elucidating the role of RUNX1 in the stem-like behaviours of mammary
epithelial cells. This cell line proved to be particularly useful in previous
investigations conducted in the Blyth lab that focused on RUNX2 and its function

in the mammary stem/progenitor populations (Ferrari, Riggio et al. 2015).
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CRISPR/Cas9-mediated deletion of RUNX1 in this cell line mediated the discovery
that loss of RUNX1 drives mammary cell stemness in mammosphere assays and
colony forming assays. Loss of RUNX1 function also appeared to enhance the
stemness-promoting effects of WNT3A-treatment in the 3D context. Conversely,
ectopic expression of RUNX1 in these cells decreased mammosphere and colony
formation capabilities, and dampened the stemness-promoting abilities of WNT3A.
Interestingly, there was no effect on 2D growth with either RUNX1 loss or
upregulation. Size quantification and IHC analyses of mammospheres formed from
Runx1-overexpressing and -depleted HC11 cell lines indicated there was also a
positive correlation between RUNX1 expression and both mammosphere area
(measured in pM?) and relative proliferation levels (as determined by % Ki67
staining), while there was an inverse correlation with cell death (using % Caspase-

3 staining).

RT-qPCR analyses were used to evaluate relative expression levels of panels of
Wnt target genes and candidate stem cell-related genes in RNA extracted from
Runx1-altered HC11 cell lines grown in 2D and 3D conditions, with and without
WNT3A treatment. This enabled investigations into the possible molecular
mechanisms behind RUNX1-mediated control of the canonical Wnt/B-catenin
pathway and the stem-like potential of the mammary gland. The results from
these analyses supported observations from the mammosphere assays in addition
to the data obtained from RNA-Seq analysis of RFP-sorted MMEC samples, isolated
from Blg-Cre;Catnb"t/'o<®3) cohort mice. Expression of several stem cell marker
genes, including the Aldh1al and Aldh1a7 genes that were significantly
upregulated in RFP-sorted MMECs isolated from Cre;Catnb"t/!ox(Ex3);Rynx 17U/l and
Blg-Cre;Catnb"t/xEx3):Runx 17V1; Runx2/! mouse mammary glands, was increased
in Runx1-depleted HC11 cells and downregulated upon Runx1 overexpression. The
canonical Wnt pathway target and stem cell marker, Lgr5, showed similar
expression changes with Runx1 alteration, as did other genes within the panel of
Wnt target genes. This data, together with the mammosphere results, indicate
that Runx1 limits the stem-like behaviours and the expression of various stem cell-
related genes in the HC11 cell line. It was not clear, however, which (if any) of
these stemness-related genes were directly contributing to the stem-like

behaviours of the HC11 cells within this context, or if they were acting as markers
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for cells with an increased stem-like potential. Functional studies would need to
be conducted for these genes to determine this (either with CRISPR-mediated
deletion or pharmacological suppression, and subsequent rescue). The RT-gPCR
data also indicates that Runx? functions as a regulator of the Wnt/B-catenin
pathway, and is supportive of observations from HC11 cell line-derived, WNT3A-
treated mammospheres, and a previous key study supporting a tumour suppressor
role for RUNX1 in ER-positive breast cancer (Chimge, Little et al. 2016).

To delve further into the fascinating phenotype observed in the Blg-
Cre;Catnb"t/ox(Ex3): Rynx 17U1; Runx2/f_ mouse cohort, a series of HC11 cell lines
was generated with singular knockout of the Runx1 or Runx2 genes, or with
simultaneous Runx1/Runx2 knockout. Results from this analysis again revealed no
change in 2D growth with Runx? and/or Runx2 manipulation. Mammosphere
assays, however, supported results from single Runx1 knockout experiments, and
previous results from the Blyth lab showing that Runx2 potentiates the
mammosphere-forming potential of the HC11 cell line (Ferrari, Riggio et al. 2015).
Runx1/Runx2 knockout HC11 cells exhibited a significant increase in their
mammosphere forming potential compared to control cells, albeit a relatively
modest increase when compared with the Runx1 deletion alone, indicating they
were able to compensate for Runx2 loss through simultaneous Runx1 depletion.
This data demonstrates opposing functions for Runx1 and Runx2 in the stem-like
behaviours of the mammary gland and indicates that there is a greater reliance
on Runx1 expression for the regulation of stem-like behaviours of these mammary
cells than there is on Runx2 to potentiate their stemness. In addition to this, the
additive enhancement of the stem-like potential in HC11 cells, in response to
Runx1 loss and WNT3A treatment, was further enriched with additional loss of
functional Runx2. While loss of Runx2 was previously shown to impair the
activation of several Wnt target genes following recombinant WNT3A treatment
(Ferrari, Riggio et al. 2015), the results from these WNT3A-treated mammospheres
indicate the stemness-promoting functions of RUNX2 can be compensated for, or
in this case overcompensated through alternate activation routes, when RUNX1

expression is also diminished.
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The MTS assay was used to assess the impact of WNT3A treatment on HC11 cell
behaviour (whereby the relative proportion of metabolically active cells was used
as a surrogate for cell viability) relative to their vehicle-treated controls, and
thereby explore further potential mechanisms for the increased production of
mammospheres upon RUNX1 and/or RUNX2 depletion. Surprisingly, the proportion
of metabolically active Empty Vector control HC11 cells was reduced, relative to
Vehicle controls, with the addition of recombinant WNT3A protein. This reduction
in metabolic activity (and by extension, reduction in cell viability) appeared to be
RUNX1-dependent, as this WNT3A-triggered reduction was not observed in cells
whose RUNX1 function is lost, either with or without the additional loss of RUNX2.
In cells with RUNX2 loss alone, however, the suppression of metabolic activity in
response to exogenous WNT3A treatment was maintained. Given the previously
established role for RUNX1 as a Wnt/B-catenin pathway suppressor in the context
of ER-positive breast cancer (Chimge, Little et al. 2016), supported by
mammosphere and RT-qPCR results from this work, it was theorised that this
metabolic suppression may be protective mechanism initiated by RUNX1 in
response to excess levels of WNT3A. Taking this rationale slightly further, this
gradual reduction in metabolic activity over the course of the 72 hour-long assay
could indicate that RUNX1 is perhaps triggering cellular quiescence in an attempt
to protect the HC11 mammary epithelial cells from oncogenic transformation. It
would be beneficial to confirm whether cellular quiescence is indeed being
initiated, and this could be facilitated through [IHC analysis of
bromodeoxyuridine(BrdU)-stained cell plugs from WNT3A treated HC11 cell lines
(control and Rx1_KO).

Transplantation of limiting dilutions of HC11 (control and Rx1_KO) cells into
cleared mammary fat pads of BALB/c mice were also attempted in order to
address the limitations of the 3D in vitro methods used to evaluate their relative
stem/progenitor-like capabilities. Attempts at limiting dilution transplantation
assays into cleared mammary fat pads proved unsuccessful, however, as none of
the transplanted cell populations was capable of reconstituting the mammary
gland, and remained as compacted balls of cells rather than growing out into
branches. Due to the fact that transplantation assays are generally considered the

gold standard for determining the relative stem/progenitor-like potential of given
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populations of mammary epithelial cells, it would be a potentially fruitful avenue
for future investigation. As discussed in 5.3, it was likely that, in the absence of
the necessary hormones, these HC11 cells failed to differentiate into the diverse
cell lineages required to form the specialised structures of the mammary ductal
branches, and instead remained in a de-differentiated state. To further this work,
the most appropriate method for stimulating the natural production of lactogenic
hormones, necessary for these cells to undergo differentiation, within the
mammary glands would likely be for the mice to undergo at least 2 rounds of

parity.

The previously described promising results, showing a role for RUNX1 in the
regulation of stem cells in the normal mammary gland and within the context of
oncogenic Wnt/B-catenin-mediated tumorigenesis, also prompted similar
investigations within the context of the MMTV-PyMT-driven model of mammary
tumorigenesis. This avenue of exploration was further rationalised following
indications, using flow cytometry analysis, of an expanded population of RFP-
positive (MMTV-Cre- and MMTV-PyMT-expressing) cells, capable of tumour
initiation, within Runx1-deficient mammary glands during early transformation of
the tissue, which was depleted upon progression to the clinical end point. It was
believed that the expansion of a stem-like population of cells with tumour-
initiating capacity, in the absence of functional Runx1, could be at least partially
facilitating the earlier emergence of tumours in the mammary glands of MMTV-
Cre; MMTV-PyMT;Runx 1Vl mice. Their exhaustion or depletion at later stages in
tumour development, perhaps as these Runx7-lacking cells may not offer a
selective advantage with the gradually reducing expression of Esr1, may explain
why these tumours are much slower to progress than their Runx1-proficient

counterparts.

Tumoursphere assays of mammary epithelial cells isolated from mice at tumour
notice (DON) and clinical endpoint (EP) stages appeared to confirm these
suspicions, as 3D cultures derived from MMTV-Cre;MMTV-PyMT;Runx1//ft glands
showed an enhancement in their tumoursphere-forming potential compared to
their MMTV-Cre;MMTV-PyMT counterparts at the DON timepoint, which was not
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evident at EP. Following these analyses up with RT-gPCR investigations did not
reveal significant changes in Aldh1a1 and Aldh1a7, the stem markers that were
shown to be significantly upregulated with loss of Runx1? function in the context
of the Blg-Cre;Catnb"V/'x(Ex3) model. While it is possible that these genes are
indeed unaffected within this specific model, it is also conceivable that the overall
expression of each gene, associated with rarer stem-like cell populations, could
be drowned out by gene signatures/expression levels from the dominant non-
transformed or non-stem-like cell populations in the analysed samples. To rule
this out in future investigations, it would be necessary to isolate pure populations
of PyMT-transformed or stem-like cells, by FACS sorting for RFP-expressing cells
or collecting primary/secondary tumourspheres, at the DON timepoint to facilitate
a more accurate RT-gPCR analysis of stem-associated genes. Analysis of a larger
panel of stem-associated genes using these means could yield results that may be
key to understanding this earlier emergence and slower-growing phenotype of
Runx1-depleted glands undergoing oncogenic transformation by the MMTV-PyMT

transgene.

To determine whether the addition of conditional Runx2 knockout in this MMTV-
Cre;MMTV-PyMT mouse model recapitulated the remarkable phenotype observed
in the Blg-Cre;Catnb*''o<®3) model, the Runx2/// line was crossed onto each
MMTV-Cre;MMTV-PyMT cohort. Unfortunately, the hypomorphic phenotype
observed in Runx2//f'mice (caused by retention of the Neo cassette), coupled with
the speed of this model, resulted in this study yielding inconclusive results. It
would be extremely beneficial to explore the implications of Runx2 loss (with and
without the additional depletion of Runx1) within the context of the MMTV-PyMT
mouse model. This would help to determine if the dramatic acceleration of tumour
emergence and progression was dependent on Wnt/B-catenin-mediated
tumorigenesis, or whether this role may also be evident in other independent
models of mammary oncogenesis. To address the limitations of the Runx2fUft
model, the Strathdee lab at the CRUK Beatson Institute generated a Runx2//A
mouse line in which the retained Neo cassette was removed from the targeted loci
via CRISPR-Cas9-mediated deletion, which would be a valuable research for future
in vivo investigations. For example, crossing this Runx2/U/l line and the Runx1/U/A

line (Growney, Shigematsu et al. 2005) in various combinations with the MMTV-
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Cre;MMTV-PyMT mouse model (or another independent model) could allow for a
more thorough analysis of the consequences of losing functional Runx1 and/or
Runx2 within a faster-progressing (and metastatic) model of mammary
tumorigenesis, under the control of an independent oncogene. This would enable
an investigation into whether the dramatic stem-like phenotype and associated
molecular signatures, seen in Runx1-depleted mice within the B-catenin-driven
model, were unique to this context and therefore solely based on the regulatory
roles that Runx1 and Runx2 play in Wnt-driven oncogenesis and stemness, or
whether these phenotypic and molecular observations were representative of
their generic roles in breast cancer and breast cancer stem cell populations. It
may also be beneficial to consider additional strategies that are less breeding-
intensive. For example, primary cell lines were derived from MMECs, extracted
from endpoint tumours of mice from each MMTV-PyMT cohort (although without
MMTV-Cre expression), as described in 6.3. Adenovirus-mediated Cre deletion of
the floxed sequences within these primary cells may facilitate future in vitro (2D
growth, tumourspheres, mammary colony formation, and RT-qPCR) and in vivo
(orthotopic transplantation into cleared fat pads of syngeneic, pure FVB, mice)
investigations into the functions of Runx1 and Runx2 in established MMTV-PyMT

tumours.

The body of work presented in this thesis offers the first GEMM- or transgenic
mouse model-based evidence of Runx1 restricting tumour development at least
partially due to its control over the stem-like properties of the breast. The data
shown also aligns with previous publications investigating associations between
RUNX1 and the stem-like behaviours of several cell types (Kim, Barron et al. 2014,
Yzaguirre, de Bruijn et al. 2017), including those contained within the normal and
tumorigenic breast tissues. With respect to its role in the normal mammary stem
cell populations, a 2015 publication indicated that RUNX1 expression is essential
for the differentiation of mammary stem cells and subsequent mammary
morphogenesis in 3D culture models (Sokol, Sanduja et al. 2015). Work from the
Stein group also demonstrate that RUNX1 plays a role in the suppression of the
breast cancer stem cell phenotype, tumour growth, migration, and invasion using
human cell lines (Hong, Fritz et al. 2018, Fritz, Hong et al. 2020). The work

presented here not only supports, but also builds on these analyses by exploring
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the stem-related role of RUNX1 in a wider variety of stages and contexts of
mammary tumorigenesis, within normal mammary epithelial cells, and delves
further into the potential molecular mechanisms behind this regulatory role using
various combinations of molecular and analytical techniques. Together, the work
relating to the role of RUNX1 in mammary stemness indicates that it is an essential
factor for the regulation of the stem-like compartment of epithelial cells
contained within the mammary gland. It also demonstrates that if RUNX1 function
is lost (due to loss-of-function mutations in the gene) this may lead to an expansion
of this stem-like sup-population of mammary cells within the gland, which
represents the population of cells that are more susceptible to oncogenic
transformation and represent the mammary cell population with tumour-initiating
capabilities. This expansion of stem cell populations may be facilitated through a
reduced capacity to negatively regulate various stem cell markers (including
ALDHT1) that have previously been implicated in prognostic outcomes for breast
cancer patients (Ginestier, Hur et al. 2007, Tomita, Tanaka et al. 2016). In the
context of aberrant Wnt pathway activation, this increased stemness may also be
facilitated through the loss of control over the activation of various Wnt pathway
mediators and targets that not only promote oncogenic Wnt pathway activation
but also possess stem cell-promoting functions. Excitingly, a novel role for RUNX1
in the metabolic suppression of mammary epithelial cells, and possibly in initiating
cellular quiescence, in response to oncogenic insult was potentially identified as
a result of the work carried out during this project. The research presented
throughout this thesis adds to the exciting and ever-growing body of research
focusing on this pathway as a promising therapeutic target, though there is still
more work required to extend our understanding of the complex and
context/stage-dependent functions of RUNX1 before this can be translated into a

clinical context.
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Appendix 1 gPCR validation of Wnt targets in Blg-Cre;Catnb""'**®x3) mice,

Box and whisker plots summarising results from gPCR analysis of MMECs, isolated from
pregnant Blg-Cre;Catnb”"'** and Blg-Cre;Catnb**/"™®3) mice. Actb used as internal
reference to normalise the expression data for each test gene shown. Each data point
represents the normalised relative expression (fold change) of the given test gene
(calculated from an average of 3 technical repeats, and using a AACq method) obtained
from an individual sample, where each sample consisted of MMECs extracted from the
combined glands of a single mouse. Unpaired t-tests with Welch’s correction performed

for statistical comparisons [* p < 0.05; ** p < 0.01; ** p < 0.001].
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Appendix 2 qPCR analysis comparing Trp63 in RUNX1 overexpressing and control HC11
cells.

Box and whisker plots summarising results from gqPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Trp63). Each data point represents the normalised relative expression (fold
change) of the given test gene (calculated from an average of 3 technical repeats, and
using a AACq method) obtained from an individual cell pellet (each of which was obtained
from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [* p < 0.05;
**p <0.01].
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Appendix 3 Analysing the effects of RUNX1 overexpression on Lyéa expression by
qPCR.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Lyé6a). Each data point represents the normalised relative expression (fold change)
of the given test gene (calculated from an average of 3 technical repeats, and using a
AACq method) obtained from an individual cell pellet (each of which was obtained from
1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [* p < 0.05;
**p <0.01; *** p <0.001].
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Appendix 4 qPCR analysis of Esr1 expression in control versus Runx1P1 cells.

Box and whisker plots summarising results from gqPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Esr1). Each data point represents the normalised relative expression (fold change)
of the given test gene (calculated from an average of 3 technical repeats, and using a
AACq method) obtained from an individual cell pellet (each of which was obtained from
1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [*** p <
0.001].
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Appendix 5 qPCR analysis to assess the impact of RUNX1 overexpression on Notum
levels.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Notum). Each data point represents the normalised relative expression (fold
change) of the given test gene (calculated from an average of 3 technical repeats, and
using a AACq method) obtained from an individual cell pellet (each of which was obtained
from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons [** p <
0.01].
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Appendix 6 qPCR analysis of Myc expression in Runx1P1 and Empty Vector control
cells.

Box and whisker plots summarising results from gqPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Myc). Each data point represents the normalised relative expression (fold change)
of the given test gene (calculated from an average of 3 technical repeats, and using a
AACq method) obtained from an individual cell pellet (each of which was obtained from
1 of 3 individual experimental setups).The results for all experimental conditions are
plotted together in [A], while the results of each growth condition are individually plotted
in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons.
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Appendix 7 Analysis of Sox9 expression in Runx1P1 and Empty Vector control cells by
qPCR.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Sox9). Each data point represents the normalised relative expression (fold change)
of the given test gene (calculated from an average of 3 technical repeats, and using a
AACq method) obtained from an individual cell pellet (each of which was obtained from
1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons.
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Appendix 8 Evaluating the effects of RUNX1 overexpression on Wnt3a levels in HC11
cells.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty Vector and Runx1P1 cells grown in either 2D or 3D (mammosphere) growth
conditions for 7 days with additional WNT3A or vehicle (distilled water) treatment. Gapdh
and Actb genes used as internal references to normalise the expression data for the test
gene (Wnt3a). Each data point represents the normalised relative expression (fold
change) of the given test gene (calculated from an average of 3 technical repeats, and
using a AACq method) obtained from an individual cell pellet (each of which was obtained
from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

Unpaired t-tests with Welch’s correction performed for statistical comparisons.
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Appendix 9 RT-qPCR analysis to determine the effects of Runx1 depletion on Sox9
expression levels.

Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained
from Empty vector and Runxi1-deleted HC11 cells grown in either 2D or 3D
(mammosphere) growth conditions for 7 days with additional WNT3A or vehicle (distilled
water) treatment. Gapdh and Actb genes used as internal references to normalise the
expression data for the test gene (Sox9). Each data point represents the normalised
relative expression (fold change) of the given test gene (calculated from an average of 3
technical repeats, and using a AACq method) obtained from an individual cell pellet (each
of which was obtained from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

One-way ANOVA, with Dunnett’s multiple comparisons test, for statistical comparisons.



Vehicle Treated
WNT3A Treated

A Myc
4-
g 37 v
f =
(1]
=
(8]
=]
©°
L
L L
2D
B 2D Vehicle
3_
(3]
2 29 T
£
(8]
Sl 1 1
o 1+ _L _I_
w 4
0 ] ] ] ]
NP ¥ b4 ¢
6‘66 '\ip ,59 \ip
¢ < & &
D 3D Vehicle
5_
4
[«}]
D
& 31
=
[&]
2_
: T l
w o[c
" -
.
0 ] ] ] ]
NS o’
4@“ R ©F
Q/ qj' 7 Qj"\/ q_+ 7

Appendix 10 Myc expression analysis in Runx1-deleted HC11 cell lines by qPCR.
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Box and whisker plots summarising results from qPCR analysis of cell pellets, obtained

from Empty vector and Runx7-deleted HC11

cells grown in either 2D or 3D

(mammosphere) growth conditions for 7 days with additional WNT3A or vehicle (distilled
water) treatment. Gapdh and Actb genes used as internal references to normalise the
expression data for the test gene (Myc). Each data point represents the normalised
relative expression (fold change) of the given test gene (calculated from an average of 3
technical repeats, and using a AACq method) obtained from an individual cell pellet (each
of which was obtained from 1 of 3 individual experimental setups).

The results for all experimental conditions are plotted together in [A], while the results
of each growth condition are individually plotted in [B] to [E].

One-way ANOVA, with Dunnett’s multiple comparisons test, for statistical comparisons.
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Rx2_KO_1

Query: None Query ID: lcl|Query_7599 Length: 955

>Mus musculus strain C57BL/63 chromosome 17, GRCm39
Sequence ID: NC_000083.7 Length: 95294699
Range 1: 45046176 to 45046731

Score:822 bits(445), Expect:0.0,
Identities:524/556(94%), Gaps:30/556(5%), Strand: Plus/Minus

Query 19 GACTCTGTCCGGTCTCCAGTCGCCGGCCCCCAGCAGACTCCGCCCGGCACACGGCTTCCT 78

CELELECEVERERE e R e e e e e e e e e e e e e e e e e e
Sbjct 45046731 GACTCTGTCCGGTCTCCAGTCGCCGGCCCCCAGCAGACTCCGCCCGGCACACGGCTTCCT 45046672

Query 79 CGAACTTGATTTCTCACCTCCTCTGTCCCGTCAcctccatectctttecgeccccgtecte 138

CECECEEEEEEEE R R e e e e e e e e e e e e e e e e e e e e e e e e ey
Sbjct 45046671 CGAACTTGATTTCTCACCTCCTCTGTCCCGTCACCTCCATCCTCTTTCCGCCCCCGTCTC 45046612

Query 139 gcctccaccccctegatttectectectegecccccattteccaccctecteccceccteccce 198
IIIlIII|II|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIlIIIIIIll

Sbjct 45046611 45046552

Query 199 CGGCCACTTCGCTAACTTGTGGCTGTTGTGATGCGTATTCCTGTAGATCCGAGCACCAGC 258

LEEEEELEVERERE R e e e e e ee e e e e e e e e e e e e e e e e
Sbjct 45046551 CGGCCACTTCGCTAACTTGTGGCTGTTGTGATGCGTATTCCTGTAGATCCGAGCACCAGC 45046492

Query 259 CGGCGCTTCAGcccccccTCcagecagectgecageccggcaagatgagegacgtgageccg 318

CEEPEEVEVERERE R e e e e e e e e e e e e e e e e e e e ey
Sbjct 45046491 CGGCGCTTCAGCCCCCCCTCCAGCAGCCTGCAGCCCGGCAAGATGAGCGACGTGAGCCCG 45046432

Query 319 G- mmmmmmmmmmmmmmm oo cagcagcagcagcaacagcagcagcaacaa 349

| AR
Sbjct 45046431 GTGGTGGCTGCGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAACAA 45046372

Query 350 cagcaacagcaacaacagcagcagcagcagcagcagcaggaggeggecgeageageageg 469

LEEEEECEREREE R e e e e e e e e e e e e e e e e e e e e e e e e e
Sbjct 45046371 CAGCAACAGCAACAACAGCAGCAGCAGCAGCAGCAGCAGGAGGCGGCCGCAGCAGCAGCG 45046312

Query 410 cggcggecgcagTGCCCCGATTGAGGCCGCCGCAC 469
IIIIIIIIIIIIIIIIIIIIIIIIII]IIIIIIIIIlIIIIIIIIIIIlllIIIIIlIll

Sbjct 45046311 GCGGCGGCGGCCGCAGTGCCCCGATTGAGGCCGCCGCAC 45046252

Query 470 GACAACCGCACCATGGTGGAGGTCATCGCGGACCACCCGGCCGAACTGGTCGGCACCGAC 529

CEEEEECERER R e teeer e e e e e e er ee e e e ey Feererr
Sbjct 45046251 GACAACCGCACCATGGTGGAGATCATCGCGGACCACCCGGCCGAACTGGTCCGCACCGAC 45046192

Query 530 AGTCC-AACTTCCTGT 544

LEEEE TEEEETTT
Sbjct 45046191 AGTCCCAACTTCCTGT 45046176

Appendix 11 Runx2 gene successfully targeted by CRISPR-Cas9-mediated deletion in
HC11 cell clone 1.

DNA extracted from Runx2 CRISPR clone 1 (Rx2_KO_1) was sequenced to determine
whether there was successful targeting of the Runx2 gene in these cells. The Basic Local
Alignment Search Tool (BLAST) was used to align the obtained sequence with a reference
sequence for the mouse Runx2 gene. Highlighted in yellow is the largest area that was
targeted in this CRISPR-Cas9-mediated gene deletion. Total number of gaps found to
amount to 30.
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Rx2_KO_2

Query: None Query ID: lcl|Query_204587 Length: 1063

>Mus musculus strain C57BL/6J chromosome 17, GRCm39
Sequence ID: NC_000083.7 Length: 95294699
Range 1: 45046176 to 45046731

Score:771 bits(417), Expect:0.0,
Identities:523/566(92%), Gaps:39/566(6%), Strand: Plus/Minus

Query 20 GACTCTGTCCGGTCTCCAGTCGCCGGCCCCCAGCAGACTCCGCCCGGCACACGGCTTCCT 79

LELRLELEREREEE R e e e e e e e e e e e e e e e e e ee e e e e eyl
Sbjct 45046731 GACTCTGTCCGGTCTCCAGTCGCCGGCCCCCAGCAGACTCCGCCCGGCACACGGCTTCCT 45046672

Query 80 CGAACTTGATTTCTCACCTCCTCTGTCCCGTCAcctccatcctcttteccgeccccgtcte 139

CLELEVEEECE R R R e e e e e e e e e e e e e ee e e e e e i
Sbjct 45046671 CGAACTTGATTTCTCACCTCCTCTGTCCCGTCACCTCCATCCTCTTTCCGCCCCCGTCTC 45046612

Query 140 gatttc gccccccatttecaccctec ctcccc 199
IIIIIIIIIIIIIIlIlIIIIIIlIlIlIlIIIIIIIIIIIIIIIIIIIIIIIIIlIIII

Sbjct 45046611 45046552

Query 200 CGGCCACTTCGCTAACTTGTGGCTGTTGTGATGCGTATTCCTGTAGATCCGAGCACCAGC 259

LELERECETEE R R PR e e e e e e e e e e e e e e e e e e e e ey
Sbjct 45646551 CGGCCACTTCGCTAACTTGTGGCTGTTGTGATGCGTATTCCTGTAGATCCGAGCACCAGC 45046492

Query 260 CGGCGCTTCAGcccccccTCcagecagectgeageccggcaagatgagegacgtgageccg 319

COEVEPECEEE R R e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
Sbjct 45046491 CGGCGCTTCAGCCCCCCCTCCAGCAGCCTGCAGCCCGGCAAGATGAGCGACGTGAGCCCG 45046432

Query 320 e e cagcagcagcagcaacagcagcagcaacaa 350

I LECEEELERERE R e e e
Sbjct 45046431 GTGGTGGCTGCGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAACAA 45046372

Query 351 cagcaacagcaacaacagcagcagcagcagcagcagcaggaggeggecgeageageageg 410
FECEEEEEEEEEr e e e e e e e e e e e e e e e e e e e e e e e
Sbjct 45046371 CAGCAACAGCAACAACAGCAGCAGCAGCAGCAGCAGCAGGAGGCGGCCGCAGCAGCAGCG 45046312

Query 411 gcggragegggeggcggragcageggcgggcggccgcagTGCCCCGATTGAGGCCGCCGC 470

CELECECEEE T FEEREEe e e e Ceer e e e e e e e e ey
Sbjct 45046311 GCGGCAGCGGCGG-CGGCAGCAGCGGCGG-CGGCCGCAGTGCCCCGATTGAGGCCGCCGC 45046254

Query 471 CACGACAACCCGCCCCATGGGGGGAGATCATCGCGGACCACCCCGGGCCGAACTGGGTCC 530

CEECEEEEE T Peeeer  eeere e e e e e e e e e e v eeer ek
Sbjct 45046253 -ACGACAACC-GCACCATGGT-GGAGATCATCGCGGACCACCC-GG-CCGAACTGG-TCC 45046200

Query 531 CGCACCGGACAGTCCCAACTTCCGGT 556

FLEEE TEEEEEEEETEEEern 1l
Sbjct 45046199 -GCACC-GACAGTCCCAACTTCCTGT 45046176

Appendix 12 A second HC11 clone with successful CRISPR-Cas9-mediated targeting of
Runx2 gene expression.

DNA extracted from Runx2 CRISPR clone 2 (Rx2_KO_2) was sequenced to determine
whether there was successful targeting of the Runx2 gene in these cells. The Basic Local
Alignment Search Tool (BLAST) was used to align the obtained sequence with a reference
sequence for the mouse Runx2 gene. Highlighted in yellow is the largest area that was
targeted in this CRISPR-Cas9-mediated gene deletion. Total number of gaps found to
amount to 39.
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