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Abstract

Ductal carcinoma in situ (DCIS) is a non-obligate precursor of invasive breast cancer. Despite evidence
suggesting that up to half of DCIS cases would remain stable and non-threatening, virtually all women

with DCIS are treated, highlighting overtreatment as a pressing issue in DCIS management.

To understand the role of the tumour-associated myoepithelium, we present a 3D in vitro model that
incorporates both luminal and myoepithelial cells in physiomimetic conditions. We demonstrate that
integrin B6-expressing DCIS-associated myoepithelial cells promote striking myoepithelial-led invasion
of luminal cells via upregulation of the collagenase MMP13, through a non-canonical TGFB/EP300
pathway. In vivo, MMP13 expression is associated with stromal invasion in a murine model of DCIS

progression and is elevated in myoepithelial cells of clinical high-grade DCIS cases.

In addition to the upregulation of tumour-promoting MMP13, we also demonstrate the repressive
function of myoepithelial ADAMTS3, with increased invasion observed upon ADAMTS3 siRNA-
mediated loss. Degradomic analysis, using a terminal amine isotopic labelling of substrates approach,
combined with functional assays, implicate fibronectin as a direct ADAMTS3 substrate. We further
show that loss of ADAMTS3 enhances fibronectin levels in the microenvironment and promotes
invasion through canonical integrin a5B1 activation. Our data identify a key role for myoepithelial-
derived MMP13 and ADAMTS3 loss in facilitating DCIS progression, pointing the way towards robust

markers for risk stratification in DCIS patients.
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Chapter 1: Introduction

1.1. Breast Cancer

1.1.1. Epidemiology and risk factors

Breast cancer remains the most diagnosed cancer in women, with a yearly incidence of over 1.3
million, accounting for 23% of all malignancies in the Western world (1, 2). In the UK alone,
approximately 55,000 women are diagnosed per year, equating to a 1 in 7 chance of a woman being
diagnosed during their lifetime (1, 3). Breast cancer can also arise in men, with approximately 350
cases of male breast cancer diagnosed annually in the UK (3). Breast cancer remains the fourth most
common cause of cancer death, with approximately 11,500 women who die from their disease each
year. As with most cancers, breast cancer presents a multifactorial aetiology. As such, there are a
variety of risk factors including age, weight, diet, alcohol consumption, family history and breast

density (4).

Despite its high incidence, breast cancer has the second highest age-standardised ten-year net survival
of the ten most common cancers in females (3, 5). It is predicted that around 3 in 4 women diagnosed
with breast cancer survive their disease for ten years or more, with breast cancer survival doubling
over the last 40 years in the UK (3, 5). This can be attributed to improvements in treatment and care,
as well as earlier detection through the introduction of screening programmes. When diagnosed at its
earliest stage, almost all women (98%) with breast cancer will survive their disease for five years or

more, compared to only 25% of women whose disease is diagnosed at more advanced stages (3, 5).
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1.1.2. Cellular architecture of the breast

The healthy breast consists of a branched epithelial ductal network that functions to drain milk to the
nipple. Each breast contains 15-20 lobes that surround the nipple in a radial manner. These lobes
consist of smaller sections, termed lobules, which contain secretory units called acini. The lobules,
along with their associated ducts, form terminal ductal lobular units (TDLU), which make up the

functional basic secretory unit of the breast (Fig 1.1) (6).

The breast duct consists of two differentiated cell types that are organised into a bilayer: an inner
monolayer of luminal cells and a surrounding outer layer of myoepithelial cells. While luminal cells
secrete milk proteins, myoepithelial cells deposit the basement membrane (BM), induce luminal cell
polarity, and contract the ducts to eject milk during lactation. The BM, rich in laminin-I and collagen-
IV, encircles the myoepithelial cells and separates the ducts from the adjacent stroma. The ductal
network is surrounded by adipose tissue and other cell types in the breast, including adipocytes, blood

vessels, immune cells, and fibroblasts (Fig 1.1) (6, 7).
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Figure 1.1 Anatomy of the human breast.

(A) Breast tissue contains epithelial ducts which connect secretory milk units, called lobules, to the nipple. (B)
Ducts consist of inner luminal and outer myoepithelial cell layers, and are encircled by basement membrane
(BM). The ductal network is surrounded by adipose tissue and other cell types, including immune cells, blood
vessels and fibroblasts. Created with BioRender.
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1.1.3. Breast cancer development and progression

Breast cancer progression follows a stepwise transition through pathologically defined stages (8-10).
The classical model suggests that breast cancer first initiates as a benign epithelial lesion, which
transitions into an overgrowth of luminal cells lining the ducts (ductal hyperplasia) or lobules (lobular
hyperplasia) (Fig 1.2). At this stage, the hyperplasia is described as ‘usual,’” with cells maintaining
original histological features. Further abnormal proliferation promotes progression to atypical
hyperplasia, where cells become morphologically distinct from their healthy counterparts. From this
stage, cells proliferate further to form carcinoma in situ, characterised by the luminal filling of
neoplastic cells contained within a myoepithelial-BM barrier (Fig 1.2). Depending on the cells of origin,
the in situ stage can be divided into either ductal carcinoma in situ (DCIS) or lobular carcinoma in situ
(LCIS), accounting for 88% and 9% of in situ carcinomas, respectively (3, 11). While the in situ stage is
not life threatening, non-obligatory progression of the disease can drive transition to invasive ductal
carcinoma (IDC), which describes a group of malignant breast cancers. At this stage, the myoepithelial-

BM barrier is lost, and cancer cells have invaded into the surrounding breast tissue (Fig 1.2) (8-10).
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Figure 1.2 Classical model of breast cancer progression.

Neoplastic evolution initiates hyperplasia in the luminal epithelium. This progresses to atypical hyperplasia and
can evolve to ductal (DCIS) or lobular (LCIS) carcinoma in situ. At this stage, neoplastic cells are still confined to
the ductal space by an intact myoepithelial-basement membrane barrier. From carcinoma in situ, the disease
can advance to invasive carcinoma, which is characterised by a breach in the basement membrane and invasion
of cancer cells into the surrounding stroma. Created with BioRender.
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1.1.4. Classification of breast cancer

As a highly heterogeneous disease, the classification of breast cancer into clinically relevant subtypes
isimportant to inform treatment strategies. For example, lesions can be categorised into grades based
on the extent of abnormality and differentiation when compared to their healthy tissue counterparts.
While low-grade lesions comprise of undifferentiated cells with small nuclei, high-grade lesions are
characterised by highly atypical and differentiated cells (12, 13). A staging system, from 0 to 4, is also
utilised to classify breast cancer based on the extent of invasion into the surrounding breast tissue
(13). Stage 0 is used for DCIS, while stages 1 and 2, or 3 and 4, are indicative of invasion into the
surrounding breast tissue, with or without metastasis. In addition to staging and grades, the subtyping
of breast cancer has also shifted to include the characterisation of molecular profiles (14, 15).
Expression of specific biomarkers, such as the hormone receptors oestrogen receptor (ER) and
progesterone receptor (PR), and the human epidermal growth factor receptor 2 (HER2), are routinely
evaluated for histological examination in core biopsies by immunohistochemistry and/or fluorescence
in situ hybridisation. Based on the presence or absence of these markers, breast cancer can be broadly
classed into five intrinsic subtypes; luminal A, luminal B, HER2-enriched, triple negative (TNBC) and

basal (Table 1.1) (14, 15).

While the luminal subtypes share expression of ER and/or PR, they are further divided into subtype A
and B depending on their extent of proliferation, determined by levels of the proliferation marker
Ki67. While luminal A, which accounts for approximately 40% of breast cancers, is associated with a
more favourable prognosis, luminal B corresponds to approximately 20% of cases, and tends to have
a higher proliferation rate, correlating with a slightly worse prognosis (16, 17). The HER2-enriched
subtype, accounting for 23-30% of cases, exhibits overexpression of HER2 and lacks expression of the

hormone receptors. Finally, 15% of cases exhibit no expression of ER, PR or HER2 and can be grouped
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into TNBC or basal subtypes. Despite similarities, TNBC and basal subtypes are not identical and are
further categorised based on the expression of cytokeratins (CK) 5 and 6. Compared to the luminal
subtypes, HER2-enriched, TNBC and basal subtypes correlate with disease that is more aggressive with

a higher tendency to relapse (Table 1.1) (17, 18) .
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Table 1.1 Intrinsic classification of breast cancer subtypes

Subtype Expression profile Histological grade Prognosis

Luminal A ER*/ PR*/ HER2 / Ki67 1/2 Good

Luminal B ER*/PR* / HER2-/ Ki67* 2/3 Intermediate
ER*/PR* / HER2*/ Ki67* Poor

HER2-enriched ER-/ PR/ HER2* 2/3 Poor

Triple negative ER"/ PR/ HER2 / CK5/6 3 Poor

Basal ER-/ PR/ HER2-/ CK5/6* 3 Poor

Table adapted from Dai et al. (18).
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1.2. DCIS

1.2.1. Screening and current treatment guidelines

The aim of screening programmes is to prevent disease-specific mortality through detection and
treatment of the disease at its earliest stage — making DCIS an ideal target in the prevention of
subsequent IDC. In the UK, the NHS breast-screening programme invites women between the ages of
50 and 70 to mammographic screening every three years. The implementation of population-based
screening has caused a 200% increase in the observed incidence of DCIS since the 1990s, with
approximately 8,000 cases currently being diagnosed annually in the UK (Fig 1.3) (19). Upon detection
through screening, the DCIS lesion is classified by a pathologist into low, intermediate, or high
histological grades, based on the degree of cell differentiation and proliferation. Regardless of grade,
current guidelines dictate surgical resection as the standard treatment for all women with a DCIS
diagnosis. For limited DCIS, breast-conserving surgery is most common, and consists of a lumpectomy
with adjuvant radiotherapy. With radiotherapy reducing risk of recurrence by up to 50% (20, 21), this
treatment strategy has a recurrence risk of 12% (22, 23). For more extensive DCIS, women may

undergo mastectomy, which has a 1-2% risk of recurrence (22, 23).
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Figure 1.3 Breast carcinoma in situ trends over time.

(A) Carcinoma in situ incidence rate per 100,000 in the UK from 1995 until 2018. (B) Age-specific incidence of
carcinoma in situ cases in the UK, 2018. Data taken from CRUK statistics (19).
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Despite being a precursor lesion, epidemiological and observational studies estimate that between 30
to 50% of diagnosed DCIS will not progress to invasive disease within a woman’s lifetime (24-30). For
example, a study which followed 28 women with low-grade DCIS, who underwent biopsy only, showed
that 11 (39%) cases developed invasive disease. While seven (25%) were diagnosed with IDC within
10 years, one (4%) was diagnosed within 12 years and the remaining three (11%) were diagnosed
within 23 and 42 years (28). In a comparable study, consisting of 89 DCIS patients who forwent surgical
resection or for whom surgery was delayed for a least 12 months, 29 (33%) women developed IDC
after a median interval of 45 months (29). Grading of DCIS lesions within this cohort indicated that 3
of 17 (18%) low-grade cases developed to IDC at a median interval of 51 months, while 14 of 29 (48%)
high-grade cases developed to IDC at 38 months (29). This was supported by the subsequent Forget-
Me-Not 2 study of 311 eligible women, where 60 (19%) developed IDC, with the 10-year risk of invasive
disease progression being 9%, 39% and 36% for low, intermediate and high-grade DCIS lesions,

respectively (30).

While these studies suggest that high-grade DCIS lesions display quicker progression to invasive
disease, they also highlight that all cases have the potential to progress, irrespective of grade. Thus,
the DCIS grading system cannot be used to reliably differentiate between those that will progress to

the invasive stage.

1.2.2. Overdiagnosis and overtreatment

Despite a good prognosis and normal life-expectancy, a DCIS diagnosis labels women as those who
are at risk of developing invasive cancer. As such, those diagnosed may overestimate the implications

of their diagnosis and experience substantial levels of stress and anxiety. This raises critical questions
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regarding how the communication of a DCIS diagnosis can be improved to mitigate labelling effects

associated with subsequent psychological distress (31).

Concerns regarding the overtreatment of these women have also been raised as, if left untreated,
most DCIS patients will not exhibit symptoms or die of their disease (23). As the incidence of early-
stage breast cancer mortality has not changed since the introduction of screening, this further implies
that the management of DCIS does not in fact reduce breast cancer mortality. Taken together, these
issues highlight the critical need to identify robust markers, which predict the likelihood of invasive

and recurrent disease following a DCIS diagnosis.

The clinical importance of tackling DCIS overtreatment was raised at the NIH State-of-Science
conference on DCIS, which highlighted the need to improve our understanding of the molecular
mechanisms underlying the transition of DCIS to IDC, to aid the development of prognostic markers
for patient stratification (32). Supporting this, a £15 million Cancer Grand Challenge was awarded to
PRECISION (PREvent ductal Carcinoma In Situ Invasive Overtreatment Now) in 2015, an international

initiative that aims to establish markers to reduce the burden of unnecessary DCIS treatment (33).

1.2.3. Tools for predicting risk of recurrence

To address the issues of overdiagnosis and overtreatment, prediction tools have been developed in
an attempt to stratify patients and guide clinical decisions. While an increased tendency for high-grade
DCIS to progress to IDC has been implied (34), others have demonstrated that grade is not significantly
associated with increased risk of invasive disease (26, 35). In 1995, The Van Nuys Prognostic Index was

developed for DCIS in attempt to predict recurrence. This classification system is based on the age of
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the patient at diagnosis and includes the tumour features: size, margins, nuclear grade, and the
presence of necrosis. Each of the features is assigned a score from 1 to 3, where 1 is the most clinically
favourable and 3 constitutes the most unfavourable. A patient’s DCIS lesion is then scored between 4
and 12, with a score of 12 indicative of most likely to recur (36). While low scoring DCIS lesions are
typically present in older patients with small, low-grade lesions, high scoring DCIS lesions are more
often present in younger patients with large, high-grade lesions (36). While the method can be helpful
with patient assessment, it has been deemed as non-optimal, due to its inability to predict recurrence

as either DCIS or invasive cancer (37, 38).

Another prediction tool is the Oncotype DCIS score, a multi-gene expression assay adapted from the
original Oncotype test, which is used to predict chemotherapy benefit in ER+ IDC patients. The aim of
the modified Oncotype DCIS score is to identify low-risk patients who could forego radiotherapy
following surgery (39, 40). Based on the expression of seven cancer related (Ki67, CCNB1, MYBL2,
AURKA, BIRC5, PR and GSTM1) and five reference genes, patients are grouped into three risk
categories: high-risk (score 2 55), intermediate-risk (score = 39-54) and low-risk (<39). Initial validation
of the method in a cohort of 327 patients who underwent surgical excision without radiation,
displayed a recurrence risk of 26%, 27% and 11%, for high, medium and low-risk patients, respectively
(40). The method has since been validated in a larger cohort of 718 cases, where its score was also
associated with recurrence. Like the initial validation study, a respective 10-year risk of 28%, 33% and
13% were reported, for high, medium and low-risk patients (41). While these studies indicate a
predictive value for the Oncotype DCIS score, whether it can guide the need for radiotherapy, for
which the test was initially intended, remains largely unexplored. Another limitation of this test is that
selection of genes for the algorithm relied on studies of IDC, rather than DCIS. Currently, the NHS does

not offer the test routinely.
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In another study, a tumour-intrinsic biomarker panel, used to predict recurrence risk, was identified
using a cohort of 324 patients who later developed ipsilateral recurrent disease (42). Those with DCIS
lesions detected by palpation that were also p16, COX-2 and Ki67 triple positive, had a significantly
higher 8-year risk of developing recurrent invasive cancer. This was attributed to p16 being indicative
of a more aggressive phenotype, COX-2 expression associating with invasive potential, and Ki67
reflecting higher rates of proliferation (42). These findings have since been utilised in developing the
DCISionRT test, another tool aimed at guiding radiotherapy decision making. However, while it seems
promising, additional evaluation is required in clinical trials to investigate its robustness in guiding the

use of radiotherapy post lumpectomy (24).

1.2.4. Active surveillance trials for DCIS

The long-term benefit of treating asymptomatic DCIS that may or may not progress to IDC is difficult
to evaluate. Thus, to study the natural course of DCIS progression, long-term monitoring of patients
who forgo surgery and/or radiotherapy is the only way to determine the requirement for treatment
interventions following a DCIS diagnosis. However, with current strategies presenting as an effectively
curative treatment, this makes recruiting women onto surveillance trials challenging. Despite this,
there are four ongoing surveillance trials for DCIS: COMET (Comparison of Operation to Monitoring,
with or without Endocrine Therapy, NCT02926911), LORD (LOw Risk DCIS, NCT02492607), LORETTA
(Single-arm confirmatory trial of endocrine therapy alone for ER positive, low-Risk DCIS, JCOG1505)
and LORIS (Surgery Versus Active Monitoring for LOw RISk DCIS, NCT02766881). These trials aim to
compare conventional treatment with active surveillance, where the primary end point is the
development of ipsilateral invasive cancer. While the results of these trials will enable the natural

history of breast cancer to be followed, the study outcomes remain to be reported (43-46).
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Table 1.2 Summary of active surveillance trials

Study Participant Participant Design Endocrine therapy Screening
target age (years)
COMET 1200 > 40 Randomised Permitted MMG
LORD 2500 >45 Patient - MMG
preference
LORETTA 340 40-75 Single arm Permitted MMG, US, MRI
LORIS 932 >48 Randomised - MMG

MMG; mammography, US; ultrasound, MRI; magnetic resonance imaging. Table adapted from Casasent et al.,

and Angarita et al. (24, 46).
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1.2.5. Comparative genomics of DCIS and IDC

Previous efforts to identify predictive markers have focused primarily on comparing the tumour cells
in DCIS with those of IDC (47-49). These studies have yielded limited information, reporting negligible
differences in the signature of cancer cells throughout disease progression. While DCIS and IDC are
heterogeneous within their own right, comparative genomic studies show that both disease stages
share surprisingly similar molecular profiles (24). For example, copy number alterations show almost
no difference between DCIS and IDC (24, 50), with the most common driver mutations in TP53 and
PIK3CA, already detected in DCIS (51, 52). Epigenetic alterations, such as methylation patterns, are
also consistent between the two disease states (24, 50). For example, SOX-family transcription factors,
whose genes are hyper-methylated in DCIS, are also downregulated in IDC (15, 24). In situ gene
expression profiles of the malignant epithelial compartment also reveal extensive similarities in the
transcriptomic signature between pre-invasive and invasive stages, demonstrating that cells from DCIS
present similar profiles to their invasive counterparts (48). Taken together, these studies highlight
that, although a precursor lesion, cancer cells from DCIS are genetically indistinguishable from their

IDC counterparts.

Interestingly, while gene expression profiles across DCIS and IDC cluster together according to
molecular subtype (53), a unique subset of DCIS and IDC lesions has been shown to cluster based on
expression of microenvironment-related genes, such as matrix metalloproteinases (MMPs) and
extracellular matrix (ECM) proteins (53, 54). This, combined with a lack of distinct genetic changes
between DCIS and IDC, raises the question of whether the most critical changes for DCIS progression
lie in the surrounding microenvironment. Studies that report the requirement of a tumour-permissive

stroma to facilitate local invasion have since supported this hypothesis (53, 55-58).
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1.3. The tumour microenvironment in DCIS progression

1.3.1. Overview

The following sections will focus on discussing the contributions of each cell type within the DCIS
microenvironment, with an emphasis on identifying prognostic markers associated with disease

progression.

1.3.2. Myoepithelial cells

In the healthy breast duct, myoepithelial cells are positioned between the luminal cells and the
stroma, acting as a physical barrier against luminal invasion. While myoepithelial cells support the
ejection of milk during lactation by contracting, myoepithelial cells also contribute to BM deposition
through the secretion of laminin and collagen-IV proteins, to regulate the polarity of luminal epithelial
cells (59-64). Their tumour-suppressive nature can be emphasised by ex vivo DCIS studies where
myoepithelial cells myoepithelial cells actively restrain and restrict the escape of neoplastic luminal
cells into the surrounding stroma (65). Myoepithelial cells can also induce cancer cell cycle arrest and
halt invasion in vitro, potentially through expression of endogenous protease inhibitors (66). As loss
of the myoepithelium is a key determinant in distinguishing between DCIS and IDC (Fig 1.2) (67), there
is extensive interest in the understanding the fate of myoepithelial cells as well as dissecting their role

in modulating disease progression (59, 68).

Surprisingly, transcriptomic analysis of breast tissue cell types with cell-specific markers, reveals that

gene expression changes in the microenvironment are already present at the DCIS stage. Strikingly,
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DCIS-associated myoepithelial cells show the most significant transcriptomic change when compared
to their healthy counterparts (69). Supporting this, spatial analysis of matched primary DCIS tissue
from women who later showed recurrent DCIS with invasive disease, revealed integrity of the
myoepithelium to be key in predicting disease recurrence. Counterintuitively, this study reported that
discontinuous myoepithelium was more likely in the lesions of non-progressive cases, whilst lesions
with more continuous myoepithelium were at higher risk of developing invasive recurrence (58). An
interpretation of this finding is that DCIS-associated myoepithelial cells may become altered to lose

their tumour-suppressive phenotype, implying their role as drivers of disease progression.

In vitro assays support an altered role for the DCIS myoepithelium, where reduced secretion of BM
proteins, such as laminin-I, alters their ability to correctly polarise luminal cells (70). Tumour-
promoting effects of the DCIS myoepithelium have also been displayed, where myoepithelial cells
enhance cancer cell proliferation and migration through increased expression of the C-X-C motif
chemokines ligands CXCL12 and CXCL14 (69). Increased secretion of myoepithelial transforming
growth factor beta (TGFB) can also drive upregulation of epithelial-mesenchymal transition (EMT)-
related genes, such as FOXC2, SNAI1, ZEB1/2 and VIM1 in the MCF10DCIS.com cell line model (71).
Finally, co-injection of tumour-associated myoepithelial cells, together with cancer cells, can
potentiate tumour growth in the xenograft models, further supporting their tumour promoting role

(71, 72).

1.3.3. Adipocytes

The contribution of the adipose microenvironment has received little attention until recently, where

evidence now highlights their additional roles as cancer-associated adipocytes (CAAs). Tumour cell-
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adipocyte crosstalk are reciprocal, with DCIS cells able to block adipogenic differentiation to induce
expression of cancer-associated fibroblast (CAF) markers (73). CAAs then facilitate the survival of
cancer cells, and enhance tumour growth in xenograft models (73). This is dependent on adipokine
secretion of leptin, chemokine (C-C motif) ligand 5 (CCL5) and hepatocyte growth factor (HGF), as well
as proteases, including MMP11, which support the cancer cell invasion and dissemination into the
stroma (74, 75). Adipocytes also promote neoplastic cells to adopt a stem cell phenotype (76, 77),

where adipokines drive disease progression through SRC/SOX2 activation (76).

Adipocytes can also disrupt the tumour-suppressive myoepithelium by altering expression of the BM
and integrins (75). In mouse models of obesity, an inverse correlation is observed between body mass
index and number of myoepithelial cells in mammary fat pads (78). Elevated levels of leptin stimulate
secretion of pro-inflammatory cytokines (TNFa, IL-1B, COX-2), which mediate chronic inflammation
(79). Crown-like macrophage structures as a result of chronic inflammation are also present in the
breast, and can be characterised by encircling TNFa-producing pro-inflammatory macrophages
around necrotic adipocytes by (80). Interestingly, exposure of MCF10A cells to macrophage
conditioned medium drives IKKe/TBK1 dependent acquisition of malignant properties, and can be
abrogated by inhibition of this pathway, resulting in delayed tumour formation in mouse models of
obesity-associated breast cancer (81). While crown-like structures in healthy breast can be associated
with increased breast cancer risk (80), their prognostic significance in DCIS is unclear (82, 83).
Pathologic assessment of DCIS tissue with matched long-term follow up revealed that adipocyte
features could be used to predict recurrent invasive disease (84). Specifically, adipocyte size
associated significantly with recurrent ipsilateral IDC, with a significant odds ratio of 2.75 (84). When
adipocyte size was combined with high COX-2 expression in DCIS cells, an additional marker identified

(85), risk of subsequent ipsilateral IDC was significantly higher (84).
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1.3.4. Immune cells

In invasive breast cancer, enhanced levels of tumour infiltrating lymphocytes (TILs) are associated with
a more favourable prognosis and better treatment response. This is supported by TNBC trials, which
demonstrate a synergistic effect between TIL density and chemotherapy response (86, 87). However,
the significance of TILs in the context of DCIS is less clear, with contradictory results displayed (88-91).
Interestingly, when TILs in contact with, or within one lymphocyte cell thickness away from the BM,
are quantified, their density is indicative of a shorter time to DCIS recurrence (89). Thus, whilst TILs
may be associated with enhanced immune-mediated tumour cell killing in the context of IDC,
increased infiltration in DCIS could indicate early inflammation and remodelling of the surrounding
stroma to facilitate invasion. Characterisation of infiltrating immune cell subpopulations identify
higher infiltration of FOXP3+ T regulatory cells in DCIS associated with invasion, compared to pure
DCIS (92), with shorter recurrence-free survival (88). Additionally, higher stromal expression of
programmed cell death ligand (PDL-1), as well as low human leukocyte antigen D-related receptor
(HLA-DR) are both implicated as prognostic markers of recurrence. Taken together, this highlights that
even during the early stages of breast cancer progression, an enhanced immunosuppressive milieu

can be established to drive invasion (88).

In addition to lymphocytes, several myeloid cell types are also associated with DCIS progression (93,
94). For example, HER2/NF-kB mediated cancer cell signalling can promote CCL2 dependent
recruitment of CD206" macrophages, which results in increased Wnt-1 secretion and subsequent loss
of cancer cell E-cadherin (95). The prognostic relevance of macrophages can be highlighted by their
increased abundance in DCIS, in high- versus low- grade cases (96). Interestingly, DCIS with high
macrophage density is associated with a poorer prognosis, with the presence of peri-vascular

macrophages indicative of both DCIS and ipsilateral invasive recurrence (94).
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1.3.5. Vasculature

To facilitate tumour growth, increased blood vessel formation is required to supply oxygen and
nutrition to fast-proliferating cancer cells. In breast cancer, vascular endothelial growth factor (VEGF)
expression and microvessel density are indicators of poor prognosis (97, 98). In DCIS, two distinct
patterns of blood vessel formation have been identified. The first pattern is a diffuse stromal pattern,
where there is an increase in blood vessels in the surrounding tissue. The second pattern is a periductal
pattern, where blood vessels surround the ducts affected by DCIS (97, 99, 100). The presence of the
periductal pattern has been associated with DCIS that has an invasive component, suggesting that the
formation of blood vessels around the ducts may facilitate local invasion of cancer cells (101).
However, conflicting results have been observed upon transcriptomic analysis of angiogenic markers,
displaying increased expression of pro-angiogenic/lymphangiogenic factors (VEGF-C, FLT-4 and
VEGFR2) in pure DCIS, versus DCIS with coexisting invasion (102). This could be due to distinct
differences in the vascular phenotype with distinct pre-existing angiogenic patterns at the DCIS stage,
before it evolves to the invasive stage (102). The idea that DCIS and invasive disease can have different
angiogenic phenotypes is supported by the correlation between stromal vascularity and the
perivascular expression of a pro-angiogenic regulator, thymidine phosphorylase (103), in DCIS patients

and not patients with IDC.

Studies using a series of benign myoepithelial tumour cell lines (HMS-1-6) highlight that these cells
can inhibit tumour-induced angiogenesis in xenograft models. This may be attributed to their low
levels of pro-angiogenic factors and high expression of angiogenic inhibitors (104). However,
conflicting results were reported when analysing gene expression and DNA methylation in different
breast cell populations. Specifically, myoepithelial cells from DCIS exhibit a down-regulation of anti-

angiogenic thrombospondin-1 (TSP-1) and up-regulation of pro-angiogenic CXCL12, compared to their
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normal counterparts (69, 105). Additionally, an up-regulation of the pro-angiogenic urokinase system
has been described in myoepithelial cells associated with DCIS (106). These findings suggest that
myoepithelial cells may have the ability to switch from an anti-angiogenic state to a pro-angiogenic
state, potentially influencing the angiogenic microenvironment. The phenotype is possibly dependent
on the stage of progression, with angiogenic markers holding promise as a potential means to identify

patients at higher risk of DCIS progression.

1.3.6. Fibroblasts

CAFs make up a critical component of the tumour microenvironment, where they mediate matrix
deposition and remodelling, cancer cell growth, and immune cell recruitment (107, 108). In breast
cancer, increased CAF density is associated with an aggressive phenotype, partly due to their ability
to induce stemness and chemoresistance via activation of PI3K/AKT and Wnt pathways in tumour cells
(109). CAFs can also facilitate a milieu associated with immunosuppression by promoting
differentiation of FOXP3+ T regulatory lymphocytes (110). While the roles of IDC-associated CAFs are
better defined, it remains unclear whether they possess the same functions in the early stages of
breast cancer. Interestingly, comparison of tissue from DCIS and IDC cohorts reveals that, aside from

myoepithelial loss, an increase in proliferative CAFs is also a distinctive feature (58).

While heterotypic co-culture of luminal, myoepithelial and fibroblast populations, isolated from the
healthy breast, lead to luminal-myoepithelial co-unit formation, co-culture with tumour-associated
fibroblasts prevents this phenotype, indicative of a disruption to luminal-myoepithelial crosstalk
(111). In vitro studies demonstrate that fibroblasts promote DCIS invasion through activation of NF-

kB and COX-2, and up-regulation of MMPs 9 and 14 (112). Additionally, fibroblast-secreted IL-6 can
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support tumour cell invasion through the ECM via paracrine-mediated mechanisms (113). Moreover,
murine CAFs isolated from invasive carcinoma express higher levels of Cxcll compared to those
isolated from slow-growing non-invasive lesions. This enhanced Cxcl1 expression promotes tumour
cell invasion through activation of Cxcr2-dependent signalling pathways involving of Nf-kb, Akt, Stat3
and Mapk (114). In vivo studies have supported the tumour-promoting role of fibroblasts, where co-
injection of tumour cells combined with fibroblasts leads to increased invasiveness, compared to
injection of tumour cells alone (112, 115). Patient follow-up studies have shown that upregulation of
the fibroblast marker platelet derived growth factor receptor B (PDGFRB), regulated by the Notch
pathway, is associated with increased risk of DCIS recurrence (116). The loss of stromal caveolin-1, a

characteristic feature of breast cancer CAFs, is also associated with DCIS progression to IDC (117).

1.3.7. Matrix

The ECM is a complex network of macromolecules that modulates cell behaviour through its
biochemical and biomechanical properties. While the transition of DCIS to IDC can be partly defined
by BM loss, little is known about how cancer cells may alter BM assembly in DCIS. In the
MCF10DCIS.com cell line model, increased expression of the filipodia-inducing protein, myosin-10
(MYO10), correlates with prominent BM deposition and an anti-invasive phenotype (118).
Interestingly, depletion of MYO10 in DCIS xenograft models leads to defective BM assembly and
cancer cell dispersal, suggesting that inadequate BM assembly, rather than BM degradation, may
facilitate DCIS progression (118). However, it is unclear whether the increased cancer cell
dissemination in MYO10-deficient tumours is directly due to a compromised BM or a gain in invasive
capacity (118). Further dysregulation of the ECM, demonstrated by increased collagen deposition in
the peritumoural regions, is also crucial in shaping both tumour growth and metastatic dissemination

(119, 120). The mammary gland becomes progressively stiffer and collagen-rich in breast cancer, with
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enhanced changes to matrix remodelling attributed predominantly to CAFs. Indeed, tissue stiffness
correlates with cancer grade, and the presence of thick aligned collagen fibres at the invasive front of
tumours is associated with worse patient outcome (121). The orientation of collagen fibres is also
altered during disease, progressing from being adjacent to the tumour margin in DCIS to a
perpendicular orientation in IDC (121-124). These changes enable the formation of tracks to facilitate
cancer cell migration into the surrounding stroma (122). While perpendicular collagen fibres are more
frequently present in DCIS displaying poor prognostic markers, such as comedo necrosis and HER2
positivity, changes to these orientation patterns are cannot predict likelihood of recurrence (125).
Temporal profiling of the breast cancer matrisome, which consists of ECM and ECM-associated genes,
identifies CAF-secreted collagen-XIl as a fundamental component in collagen-I organisation, with
increased secretion associated with poor outcome (126). Although collagen-XIl can create a more pro-
invasive microenvironment, further investigation is needed to determine its potential as a marker for

DCIS stratification (126).

Other matrix proteins, such as fibronectin, are also implicated in promoting early-stage breast cancer
progression. Deposition of periductal fibronectin is increased in DCIS compared to healthy ducts and
is thought to support a pro-invasive niche (127). In addition to CAFs (128), fibronectin can also be
deposited by other cell types. While cancer cells deposit fibronectin in a SEMA7A-mediated manner
(129), DCIS-associated myoepithelial cells increase its expression upon mechanical stretching (127). In
addition to the mechanical influence of the matrix on cancer cells, the collagen-dense
microenvironment can provide anchorage to infiltrating immune cells, such as tumour-associated
neutrophils, which may further facilitate disease progression (130). Mechanosensors, such as
integrins, enable cancer cells to respond to changes in the mechanical properties and facilitate
transition to an invasive phenotype (131). Indeed, increased integrin B1 activation and FAKY3%7

phosphorylation have been associated with invasion in study with MCF10A mammary spheroids (132).
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While a progressive increase in the levels and co-localisation of integrin B1 and pho-FAKY3%” was
observed across normal, DCIS and IDC clinical samples (132), protein scoring is required to confirm

their association with disease recurrence.

1.3.8. Potential tumour-extrinsic markers of DCIS progression

As the role of the tumour microenvironment becomes increasingly recognised, it is likely that tumour-
extrinsic markers will be necessary (Fig. 1.4, Table 1.3, Table 1.4), along with conventional
histopathological factors, to guide treatment plans for DCIS. To effectively translate potential
prognostic markers into clinical practice, further understanding of the microenvironmental drivers

that underpin DCIS progression will be key.
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Figure 1.4 Role of the DCIS microenvironment in facilitating DCIS progression.

The schematic illustrates cell type-specific molecular mechanisms, that could serve as potential stratification
markers associated with indolent DCIS (Unlikely) or DCIS progression (Likely). Mechanical stretching of the
myoepithelium in DCIS leads to the upregulation of integrin 36, activation of TGFp signalling and changes in
expression of basement membrane (BM) proteins, proteases and chemokines. Cancer cells can inhibit adipocytic
differentiation to increase adipokine secretion and their expression of cancer associated fibroblast (CAF)
markers. This interaction may promote stem-like characteristics in cancer cells through SRC/SOX-2 pathway
activation. Adipocytes also influence myoepithelial cell fate, altering BM protein expression. Inflammatory
crosstalk in the breast adipose tissue stimulates TNFa secretion by inflammatory macrophages, which may
promote malignant properties of DCIS cells through IKKg/TBK1 pathways. Establishment of an
immunosuppressive stroma, characterised by increased presence of FOXP3* tumour infiltrating lymphocytes
(TILs), and respective high and low expression of PDL-1 and HLADR, may contribute to DCIS progression. Cancer
cell-derived CCL2 increases macrophage recruitment to drive increased Wnt-1 secretion and loss of E-cadherin
in cancer cells. Fibroblast-cancer cell mediated crosstalk triggers activation of NF-kB and COX-2, and up-
regulation of MMPs 9 and 14. Increased secretion of CXCL1 and IL-6 by fibroblasts can drive activation of
AKT/MAPK pathways in DCIS cells. Alterations to collagen-I deposition, fibre orientation and matrix stiffness can
occur due to fibroblast activation. Increased deposition of fibronectin by DCIS cells, dependent on SEMA7A
signalling, and by myoepithelial cells through mechanotransduction, may also occur. The altered matrix drives
changes in downstream mechanosignalling, particularly through integrin and FAK activation in DCIS cells.
Different vascular patterns can be observed in DCIS, with a periductal pattern can be observed in DCIS with an
invasive component. Interestingly, pure DCIS shows an upregulation of VEGF related proteins, suggesting a pre-
existing angiogenic state before invasive progression. Myoepithelial cells in DCIS display reduced expression of
anti-angiogenic factor TSP-1, and increased expression of pro-angiogenic factors, as well as upregulation of the
urokinase system. The features of the tumour microenvironment highlighted in the associated boxes may
indicate the likelihood of DCIS progression and invasive recurrence. Figure designed by S. Gibson and R.
Roozitalab and constructed by R. Roozitalab using lllustrator Software.
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Table 1.3 Microenvironmental markers based on recurrence data

Introduction

Marker Microenvironmental Prognostic relevance References
compartment
Established from patient cohorts with recurrence data
Myoepithelial Myoepithelial Discontinuous myoepithelium may be presentin  (58)
integrity the DCIS lesions of non-progressing patients,
whilst more continuous myoepithelium may be
at higher risk of invasive recurrence
Integrin B6 Myoepithelial Increased myoepithelial integrin B6 expressionis  (72)
expression associated with high-risk DCIS
Adipocyte size  Adipocyte Large breast adipocyte size associated with (84)
ipsilateral invasive recurrence
Density of Immune cells Increased density of touching TILs is predictive of (89)
‘touching’ TILs a shorter recurrence-free interval in DCIS
CD163* Macrophages Presence of CD163* peri-vascular macrophages (94)
macrophage associated with increased likelihood of DCIS and
density ipsilateral invasive recurrence
PDGFRB Fibroblasts Increased expression of PDGFRp associated with ~ (116)
expression increased risk of recurrence
Caveolin-1 Fibroblasts Loss of stromal caveolin-1 may be associated (117)

with progression to IDC
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Table 1.4 Microenvironmental markers based on comparing disease states

Marker Microenvironmental Prognostic relevance References
compartment

Established from comparison between pure DCIS and DCIS with coexisting invasion or IDC

Periductal Vasculature Periductal pattern may be associated with DCIS (101)

vasculature with coexisting invasion

Stiffness and Matrix Increased collagen-I deposition and (121-125)

Collagen perpendicular fibre orientation may be

alignment associated with invasion
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1.4. Metzincins

1.4.1. Overview

In mammals, proteases are categorised into five distinct classes: cysteine, serine, metallo, aspartic and
threonine. The metzincins belong to the metalloproteinase class and are named due to their
conserved methionine residue within their active site. They are further divided into subfamilies

consisting of MMPs, adamalysins, astacins, pappalysins and serralysins (133).

Metzincins play fundamental roles in modulating various biological processes due to their ability to
degrade the ECM and facilitate invasion and metastasis (133, 134). However, recent studies have
shown that these proteases cleave a range of additional substrates besides the matrix, to support the
early stages of cancer progression (135, 136). Additionally, metzincins can possess both cancer-
progressive and suppressive functions depending on context, ECM composition, and presence of other
proteases within the tumour microenvironment (137-139). It is increasingly clear that metzincins are
not simply degraders of the matrix, but possess more nuanced functions, acting as master
orchestrators of cell signalling through the proteolytic processing of bio-active molecules at site-

specific cleavage sites (139).
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1.4.2. Classification and structure of metzincins

MMP

The MMPs comprise a family of 23 zinc-dependent endopeptidases, which can cleave virtually any
component of the ECM. Initially, MMPs were categorised into subtypes based on their substrate
specificity into collagenases, gelatinases, stromelysins and matrilysins. However, as the list has grown,
along with an improved understanding of each MMP, they are now grouped into eight structural

classes: five secreted and three membrane bound-MMPs (MT-MMPs) (Fig 1.5) (136, 137).

The standard structure of MMPs consists of a signal peptide (SP), a zymogenic pro-peptide (Pro), a
catalytic domain, a linker and a hemopexin domain. However, while all MMPs possess a catalytic
domain, individual MMPs display variation within their C-termini. For example, whereas minimal
domain MMPs lack the linker and hemopexin domains completely, type Il transmembrane MMPs
possess a cysteine array (CA), and an immunoglobulin-like (lg-like) domain instead. To enable
anchorage to the membrane, other MT-MMPs contain either glycosylphosphatidylinositol (GPI)
linkers or transmembrane (TM) and cytosolic domains. Some MMPs contain fibronectin type-Il-related
domains (Fn), that are required for collagen binding, whereas others contain a vitronectin-like domain
(Vn). Further differences include the presence of a furin-recognition site (Fu) between pro and
catalytic domains in furin-activated MMPs, which enable binding by intracellular serine proteinases

(Fig 1.5) (136, 137).
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ADAM

The a disintegrin and metalloproteinases (ADAMs) are a family of 21 membrane-bound proteases,
known for facilitating the shedding of cytokines and growth factors to mediate cellular signalling (140,
141). Like the MMPs, ADAMs contain a signal peptide (SP), a zymogenic pro-peptide (Pro), and a
catalytic domain. They also contain a unique disintegrin domain, required for integrin binding.
Additional domains include a cysteine-rich domain, an epidermal growth factor (EGF)-like domain, as
well as a transmembrane and cytoplasmic domain to enable membrane binding (Fig 1.6) (140-142).
While all ADAMs possess the metalloproteinase domain, 8 out of 21 ADAMs lack site residues required

for catalysis, rendering them catalytically inactive (Fig 1.6) (143).

ADAMTS

In contrast to the ADAMs, the a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS) subfamily are secreted enzymes, comprising 19 extracellular proteases. They are
categorised into six groups based on their structure and functions, namely the aggrecanases or
proteoglycans, the pro-collagen N-propeptidases, the cartilage oligomeric matrix protein-cleaving
enzymes, the von-Willebrand Factor proteinase and the orphan enzymes. Their N-terminal structures
are like those of ADAMs, although they lack transmembrane and cytoplasmic domains and can thus
be distinguished structurally. They comprise a signal peptide (SP), a zymogenic pro-peptide (Pro), a
catalytic domain, a disintegrin-like domain, a thrombospondin repeat (TS) and a cysteine-rich domain
(Cys) followed by a spacer region (Spa). The C-terminus downstream of the thrombospondin sequence
repeat displays the most variation between ADAMTS enzymes (Fig 1.6), enabling individual ADAMTS
enzymes to carry out distinct functions (Fig 1.6). For example, ADAMTS2, 3 and 14 contain procollagen

pro-peptidase domains (NPC), which gives rise to their roles in collagen processing (140).
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Secreted MMPs

Minimal- Matrilysin (MMP7)
domain Matrilysin 2 (MMP26) SH
| Zn*
( sp X Pro K Catalytic
Simple Collagenase 1 (MMP1)
hemopexin- Collagenase 2 (MMPS8)
domain Collagenase 3 (MMP13) SH

RASI-1 (MMP19)
Enamelysin (MMP20)

n ? | Hemopexin
containing Stromelysin 1 (MMP3) In¥*
Stromelysin 2 (MMP10) ( sp X Pro K Catalytic (X)(X)
Metalloelastase (MMP12) | é
S -

MMP27
Gelatin- Gelatinase A (MMP2) SH .
binding Gelatinase B (MMP9) | a = Hemopexin
o
( sp X Pro Catalytic g mm
§ —5
Furin- Stromelysin 3 (MMP11) SH .
activated Epilysin (MMP28) | - Hemopexin
n
ez G (00
| |
§—5S
Vitronectin MMP21

SH Hemopexin

like (zn)

COCOREC @m0
-
S _

Membrane-bound MMPs (MT-MMPs)

Transmembrane | MMP14 (MT1-MMP) .
MMP15 (MT2-MMP) Hemopexin

SH
|
MMP16 (MT3-MMP) - 0
MMP24 (MT5-MMP) ( sP X Pro LA e g (X)O@@
\ \

s—5

GPl-anchored MMP17 (MT4-MMP) _

MMP25 (MT6-MMP) 5|H Hemopexin
Zn2+
GO e TR S 1)

| |
[y—

Type ll MMP23

transmembrane

ez

Figure 1.5 Classification and structure of MMPs.

Based on their structure, the MMPs can be grouped into eight groups. Minimal domain MMPs contain a signal
peptide (SP), a pro-peptide (Pro) with a zinc interacting thiol (SH) group that maintains protease inactivity and a
catalytic domain with a zinc binding site (Zn). In addition to these domains, simple hemopexin containing MMPs
have also have a hemopexin-like domain, connected by a variable linker region, which enables interactions with
substrates, cell surface molecules and tissue inhibitors of metalloproteinases. The two gelatin-binding MMPs
contain inserts that resemble collagen-binding type Il repeats of fibronectin (Fn) within their catalytic domain
and furin-activated MMPs have a furin-like serine protease (Fu) motif between their propeptide and catalytic
domain that allows intracellular activation by these proteinases. In addition to a Fu motif, MMP21 also has a
vitronectin-like insert (Vn). Membrane-type MMPs can either be anchored to the membrane with a
glycosylphosphatidylinositol (GPI) linker, or by transmembrane (TM) domains. MMP23 has a signal anchor (SA),
a cysteine array (CA) domain and an immunoglobulin-like (Ig-like) domain. Adapted from Egeblad et al. (136).
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Figure 1.6 Classification and structure of ADAM and ADAMTS proteases.

(A) The typical ADAMs structure contains a signal peptide (SP), a pro-peptide (Pro), a catalytic domain, a
disintegrin-like domain (Dis) and a cysteine rich domain (Cys). Due to their membrane-bound nature, ADAMs
also have an epidermal growth factor-like domain (EGF), with the exception of ADAM10 and 17, a
transmembrane (TM) and a cytoplasmic tail (Cyto). (B) Based on their structure and function, the ADAMTSs can
be grouped into six groups. All ADAMTSs comprise a signal peptide (SP), a pro-peptide (Pro) with a zinc
interacting thiol (SH) group that, a catalytic domain with a zinc binding site (Zn), a disintegrin-like domain (Dis),
a central thrombospondin repeat (TS), a cysteine rich domain (Cys), a spacer region (Spa) and a variable number
of thrombospondin repeats (TS). ADAMTSs display variation in their C termini. For example, ADAMTS2, 3 and 14
contain a pro-collagen propeptidase domain (NPC), whereas ADAMTS13 contains a CUB domain, consisting of
10 conserved cysteine residues. ADAMTS7 and 12 contain a protease and lacunin (PLAC) domain, that contains
6 conserved cysteine residues. Adapted from Zhong et al., Kelwick et al. (144, 145).
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1.4.3. Regulation and activation of metzincins

To avoid unwanted enzymatic activity, the metzincins are meticulously controlled by multiple layers
of regulation (137, 146). In addition to tightly regulated transcription, metzincins are synthesised as
inactive zymogens, where a thiol (SH) in the pro-peptide domain shields the zinc ion in the active site
to prevent substrate access. As such, their activation requires disruption and/or removal of the pro-
domain, which occurs upon direct proteolytic cleavage or conformational changes during interactions
with ECM or cell surface molecules. For most MMPs, extracellular activation occurs upon cleavage by
already activated MMPs, or by serine proteases that cleave the bonds within the pro-peptide domain.
There are exceptions to this, such as MMP2, which requires a multistep activation process utilising
both MT-MMPs and tissue inhibitors of metalloproteinases (TIMP) 2 (146, 147). Some MMPs, such as
11, 28 and MT-MMPs can also be activated prior to their secretion by intracellular furin-like serine

proteinases (146, 148).

Upon activation, the proteolytic activity of metzincins can be further controlled by the endogenous
inhibitors, TIMPs and a2-macroglobulin, to negatively regulate metzincin activity (146). The TIMP
family of endogenous metalloproteinase inhibitors consist of four TIMPs, accordingly named TIMP1
through to 4. While the N-terminal domain of TIMPs is responsible for their inhibiting function via
binding to the metzincin active site, the C-terminal domain varies between TIMPs, giving rise to their
distinct individual properties. For example, while the C-terminal domain supports binding to cell
surfaces for TIMP2, it instead supports ECM binding for TIMP3 (149, 150). a2-macroglobulin, secreted
mainly by hepatocytes, is another inhibitor of metzincins, present predominantly in the plasma. It
exerts an inhibitory effect via its cleavable bait region, which when proteolytically cleaved, drives a

conformational change to enable physical trapping of the protease (151).
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1.4.4. Role of metzincins in cancer

MMP

MMPs are often upregulated in cancer, where their expression is associated with poor prognosis. They
are key mediators in creating a tumour-permissive microenvironment, due to their ability to degrade
and remodel the tumour-adjacent stroma. They also possess a large repertoire of substrates in
addition to structural components of the ECM, such as growth factors and cell surface proteins.
Whereas some MMPs may be expressed exclusively by cancer cells, other MMPs are often secreted

by cells of the tumour microenvironment (136).

An example of a role beyond ECM proteolysis is activation of TGF by MMP9, where docking of MMP9
to the cell surface receptor, CD44, mediates MMP9-induced TGFB activation (136). Another example
includes cleavage of E-cadherin by MMP3, which results in loss of cell-cell adhesions and subsequent
nuclear translocation of B-catenin to promote EMT (152). MMPs have also been implicated in inducing
chemoresistance through the cleavage of ligands and receptors that transduce pro-apoptotic signals.
This has been shown to be mediated by MMP7, which can cleave Fas ligand from the surface of cancer
cells treated with doxorubicin, resulting in the abrogation of apoptosis and reduced chemosensitivity
(153). MMP7 has since shown potential to serve as a biomarker for chemotherapy resistance in non-

small cell lung cancer and colorectal cancer (154, 155).

In addition to exerting effects through proteolysis, an increasing number of studies have
demonstrated that MMPs also possess non-proteolytic functions (156, 157). This typically relies on
localisation of MMPs to the cell surface, which in the case of MT-MMPs, is mediated through the

presence of a transmembrane domain or GPI linker. For secreted MMPs lacking these structures,
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localisation is instead mediated through their binding to cell surface receptors, including integrins and
receptor tyrosine kinases (RTKs). MMP-induced signalling through receptors can occur upon
interaction with the MMP hemopexin domain, to drive activation of downstream signalling pathways
associated proliferation, migration and mediating angiogenesis (157). Examples include MMPs 2 and
9, which have been shown to enhance angiogenesis and activation of MAPK, through integrin aV(3

and ERBB receptors, respectively (158, 159).

While MMPs are typically known for their tumour-promoting roles, several MMPs have also been
implicated as tumour suppressors in the context of breast cancer (160-162). For example,
downregulation of MMPS8 in breast cancer cells has been shown to increase metastatic potential (161),
with MMPS8 loss observed in DCIS cases with an invasive component compared to pure DCIS (160).
Interestingly, overexpression of MMP8 in DCIS-associated myoepithelial cells induces tumour-
suppressive effects by promoting cellular adhesion, which reduces their ability to migrate. This is
thought to be mediated via its ability to alter MMP9 activity and reduce MMP9-mediated cleavage of
integrin a6B4 structures in hemidesmosomes. MMP12 has also been implicated as a suppressive
mediator of tumour growth and angiogenesis (162), due to its ability to cleave plasminogen and

generate angiostatin, which blocks endothelial cell proliferation and migration (163).
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ADAM

ADAMs are known for their ability to process and shed the ectodomains of cytokines, membrane-
anchored growth factors and growth factor receptors, to modulate cellular functions such as cell-cell
adhesion and cellular signalling (164). In cancer, ADAMs 9, 10, 12, 15 and 17 are implicated as
promoters of malignant progression. Indeed, pharmacological inhibition of ADAM17 decreases breast
cancer cell growth in vitro (165), while genetic knockdown of ADAMSs 9 and 15 reduces tumour growth
in vivo (140). Out of the ADAM-activated growth factors, ERBB receptor ligands are amongst the best
studied. ADAMs 10 and 17 are able to cleave ligands such as TGFa, EGF, HB-EGF, and heregulins to
activate MAPK, PI3K/AKT and JAK/STAT pathways (165-167), while ADAM15 mediates E-cadherin

shedding to increase cell migration (168).

While protease activity is the best-defined function of ADAMs, their second defining feature is their
ability to bind integrin receptors. Under certain conditions, ADAMs are able to promote cell migration
and invasion through integrin activation or integrin-mediated localisation of ADAMs to the cell surface
(169). This has been demonstrated in the context of ADAM9, where its binding to 021, a6B1 or a6p4

induces an invasive phenotype (169, 170).

ADAMTS

Despite improvements in our understanding of ADAMs, the secreted ADAMTS subfamily have yet to
be studied in the same detail. However, many of the ADAMTS family members are proposed to be
tumour-suppressive, reflected by their epigenetic silencing or mutational inactivation in cancer (171).
For example changes to methylation of the ADAMTS1 gene have been shown to support gastric cancer
progression (171), while its knockdown stimulates migration and invasion of breast cancer cells (172).

Expression of ADAMTS proteases can also deactivate key proliferation and survival pathways, such as
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inhibition of AKT signalling by ADAMTS9 (173), as well as ERK signalling by ADAMTSS8 (174), 12 (175)
and 15 (176). ADAMTS members have also been implicated as anti-angiogenic modulators (135, 177,
178), where ADAMTS1 can cleave thrombospondins 1 and 2 to generate anti-angiogenic fragments
(178), as well as degrade angiogenic factors VEGF and FGF (179). In breast cancer, ADAMTS 1, 3, 4, 8§,
9, 10 and 18 are reportedly downregulated, whereas only ADAMTS4, 5, 14 and 20 are upregulated
(180). However, their relevance in either suppressing or promoting breast cancer progression remains

to be elucidated.
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1.5. Integrins

1.5.1. Overview

Integrins are bidirectional signalling receptors that facilitate signals between intracellular and
extracellular environments to mediate cell-cell and cell-matrix interactions (181-184). Importantly,
they function as mechanotransducers, using mechanical forces to stimulate biochemical signals.
Integrins are heterodimeric transmembrane proteins that consist of an a and B subunit. In humans,
there are 18 a and 8 [ subunits, which can associate to form 24 different variations of integrin
receptors, each with different binding specificity and distribution. Based on their ligands, integrins can
be grouped into collagen, RGD (Arg-Gly-Asp) and laminin receptors, or according to their expression

on leukocytes, where they are referred to as leukocyte-specific receptors (Fig 1.7A).

Integrins are comprised of three domains: extracellular, transmembrane, and cytoplasmic (Fig 1.7B).
The extracellular domain is largely responsible for ligand binding and is comprised of several
subdomains. For the a subunit, the N-terminal head consists of a B propeller, a thigh domain and two
calf domains. Instead, the B subunit is made up of a hybrid domain that connects the I-like domain
(B1) to a plexin-semaphorin-integrin domain, four epidermal growth factor domains, and a membrane
proximal B tail domain (BTD). The transmembrane domains of both subunits span the membrane
once, and form glycine-glycine interactions to enable their close association. The cytoplasmic domain
recruits scaffold proteins, which associate with the adaptor and actin cytoskeleton proteins for

intracellular signal transduction (Fig 1.7B) (181-184).

70



Chapter 1: Introduction

A RGD B a subunit B subunit

receptors

B-propeller
Collagen Laminin i
receptors receptors Extracellular Thigh domain
domain Genu
Calf 1
Calf 2
domain L 1666060015 0666066066604
@ @ » Cytoplasmic
Leucocyte-specific domain
@ receptors L
(@) ¢
inside-out Outside-in
signalling signalling -3
¢ y - f j } 31 ECm
- Ty
Inactive @ Kindlin
% actin
Ligand
| . Inactive
~ l integrin
\'. :62‘ Acti
Activation of \ J ‘2\ inct M:in
signalling pathways Actin & [ \ €8

assembly

Figure 1.7 Overview of integrin signalling.

(A) 18 a and 8 B subunits can associate to form 24 combinations of integrin receptors. Based on their ligands,
integrins are classified into collagen (blue), RGD (red), laminin (green) or leucocyte-specific receptors (yellow).
(B) Integrins contain three domains; extracellular, transmembrane and cytoplasmic. The a subunit consists of a
B-propeller head, a thigh domain, and two calf domains. The B subunit is made up of a I-like domain (B1), a
hybrid domain, a plexin-semaphorin integrin domain, four epidermal growth factor domains and a proximal
tail domain (BTM). Both subunits also contain transmembrane and cytoplasmic domains. (C) When inactive,
integrins exhibit a bent confirmation. In their activated state, integrins adopt an extended confirmation and can
signal ‘inside-out’ and ‘outside-in.” During inside-out signalling, talin and kindlin bind to the cytoplasmic domain
of the integrins, disrupting association of the transmembrane domains. During outside-in signalling, ligand
binding promotes recruitment of adhesome to activate downstream signalling pathways and assembly of the
cytoskeleton. Partly created with BioRender.
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1.5.2. Integrin signalling in cancer

Integrins communicate in both directions, relaying signals between the extracellular (termed outside-
in signalling) and intracellular environments (termed inside-out signalling) (185). In their inactive form,
integrins are unbound to a ligand and exhibit a bent confirmation through tight association between
the transmembrane and cytoplasmic domains of each subunit. During inside-out signalling, binding of
proteins, talin and kindlin, to the cytoplasmic domain of the integrin, drives separation of the
transmembrane and cytoplasmic domains. Disruption of this association causes integrins to adopt an
active confirmation via extension of their extracellular domains and exposure of binding pockets

toward the extracellular space (Fig 1.7C) (182, 186).

During outside-in signalling, binding of integrins to their respective ligands promotes recruitment of
the adhesome: a complex association of signalling, scaffolding and cytoskeletal proteins that regulate
aspects of cell fate. Engagement of the adhesome drives activation of FAK and SRC family kinases,
which drives cooperation with RTKs to promote signalling through cascades including RAS-ERK and
PI3K/AKT (185, 187). The GTPases; Cdc42, Rac and Rho, are also activated to coordinate actin filament
polymerisation, to regulate formation of filopodia, lamellipodia and focal adhesions (Fig 1.7C) (182,
186). Integrins also bind directly to growth factors, with the best example being integrin avp6, which

plays a crucial role in TGFp activation (182).

Integrin signalling has been implicated in nearly every step of cancer progression, where its altered
expression can facilitate initiation and proliferation, migration and invasion, metastatic colonisation,
and therapeutic resistance (184, 186, 188, 189). In breast malignancies, histological grade correlates

with overexpression of FAK (190), while SRC activation promotes cancer stemness and increases
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metastatic potential (191). With most solid tumours derived from epithelial origin, integrins expressed
by epithelial cells, such as avp5, a2p1, a3B1, a6B1 and a6pB4, are often altered (183). These integrins
are typically involved in adhesion to the BM but may also contribute to the migration, invasion, and
survival of tumour cells. Integrins usually detected at low or undetectable levels in adult epithelium,
most notably avB3, avB6 and a5B1 can also be upregulated to support cancer progression (183).
Interestingly, tumour-suppressive integrins, such as integrin a2p1 can also be lost during malignant

progression, as observed in breast cancer (192).

Activation of pro-tumorigenic integrins can drive upregulation of MMPs to facilitate initial proteolysis
of the BM (182, 193). For example, integrin avp6 promotes expression of MMPs 2, 3 and 9 across
several cancers (194-196), while integrin avf3 upregulates MMP2 in invasive breast cancer cells upon
RGD binding (197). In addition to increasing MMP expression, integrins are also able to localise
secreted MMPs to the cell surface to enhance pericellular proteolysis. This has been demonstrated
for several MMPs, including binding of MMP2 to integrin avp3 (198), and MMP9 to integrins avp6 or
a3B1 (199, 200). In breast cancer, activated integrin avB3 can cooperate with MMP9, through its

hemopexin domain to promote ECM degradation and cell migration (201).

While these studies focus on altered integrin expression within cancer cells, such changes also occur
in the tumour microenvironment. Indeed, CAFs can utilise integrin-mediated contractile forces to
remodel and stiffen the surrounding ECM (107, 128, 184, 202). For example, integrin-dependent
activation of TGFB can induce CAFs to upregulate lysyl oxidase enzymes (184, 203, 204) and matrix

proteins, such as collagen and fibronectin (184).
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1.5.3. Integrin avf36

Integrin avB6 is an epithelial integrin expressed at minimal levels in healthy adult tissue. Its expression
is upregulated during embryogenic development, wound healing and in cancer, where it can regulate
cellular functions such as proliferation, migration, and matrix remodelling (205). Upregulation of
integrin avp6 is observed in up to one third of solid malignancies, where its expression is associated
with increased invasiveness and poor prognosis (72, 206-209). Its ligands consist of proteins containing

the RGD motif, such as fibronectin, TGFB, and latency associated peptide (LAP) (205).

Expression of myoepithelial integrin avB6 has been reported as a nascent way to stratify high-risk DCIS
patients (72, 206). Immunohistochemical tissue analysis of archival samples (n = 532), showed that
myoepithelial expression of integrin avB6 was significantly higher in DCIS with associated invasion
compared to pure DCIS. Subsequent analysis of myoepithelial integrin avf6 as a predictor of
recurrence was confirmed in a DCIS cohort from the UK/ANZ study (210), where integrin avp6-positive
cases displayed a median recurrence time of 2.3 years compared to integrin avB6-negative cases,
which showed a median of 11.4 years (72, 206). Interestingly, conditioned media from myoepithelial
cells overexpressing integrin 6, was shown to mediate invasion of breast cancer cell lines through
integrin B6/TGFB-dependent MMP9 secretion (72). Initial upregulation of integrin avB6 may be due
to mechanical alterations exerted through myoepithelial stretching during DCIS progression (127),
where increased DCIS duct size triggers myoepithelial cells to alter integrin-dependent expression of

BM degrading MMPs (72, 127, 160).
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1.6. TGFp signalling

1.6.1. TGFp signalling overview

The TGFB family are multifunctional cytokines, comprising three isoforms — TGFB1, TGFB2 and TGFf33,
which act as important modulators of various cellular processes. The three TGFB isoforms are
synthesised as homodimeric pro-proteins, interacting with LAP prior to secretion. LAP shields the
receptor-interacting epitopes, maintaining TGFB in its latent form, and can together be referred to as
the small latent complex (SLC). TGFB-bound LAP can also interact with latent TGFB binding protein
(LTBP), to form the large latent complex (LLC). Following secretion, LTBP of the LLC facilitates the
localisation of TGFB to the ECM, through interactions with various proteins such as fibronectin and
fibrillin (211, 212). TGFB becomes activated through its dissociation from LAP, via integrin-dependent
or -independent mechanisms. In integrin-dependent contexts, interaction with integrins avp6 or
avB8, are required to induce a tension-driven conformational change, via simultaneous binding to LAP
and to the cytoskeleton, via the B subunit. For integrin-independent activation of TGFB, mechanisms
include cleavage of LAP by MMPs 2,9, 13 and 14 (213), and TSP-1 binding, which disrupts interactions

between LAP and TGFp (Fig 1.8A) (211, 213).

Upon TGFp activation, canonical signalling is initiated via binding to type Il TGFB receptor (TGFBRII), a
dimeric transmembrane protein with a constitutively active serine/threonine kinase domain. TGFpB-
bound TGFBRII can then recruit type | TGFBR receptor (TGFBRI), a dimeric transmembrane protein
containing an inactive kinase domain (211, 214, 215). The formation of this heterotetrameric receptor
complex initiates activation of TGFBRI via phosphorylation of its kinase domain, disrupting its
interaction with FKBP12, an endogenous TGFp signalling inhibitor. The functional TGFBR complex then

recruits and phosphorylates receptor regulated proteins, SMAD2 and SMAD3, which form subsequent
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heteromeric complexes with SMAD4 for nuclear localisation. In the nucleus, they can associate with
other DNA-binding transcription factors to regulate transcription of target genes containing SMAD-
binding elements. TGFp is also able to regulate pathways independently of SMADs, through activation

of p38, JNK, RAS-ERK, NF-kB and Rho GTPase cascades (Fig 1.8B) (211, 214, 215).
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Figure 1.8 Overview of TGFp activation and signalling.

(A) TGFB is secreted in a latent form composed of a TGFB dimer associated with latency association peptide
(LAP) to form the small latent complex (SLC). The SLC can be secreted as such or can form a covalent bond with
the latent TGFB binding protein (LTBP), which mediates its association with the extracellular matrix (ECM). For
TGFB to become activated, it must be liberated from LAP. This can be mediated through integrin-dependent or
—independent mechanisms. Integrin independent mechanisms include degradation of LAP by proteases. (B)
Binding of TGFB to TGFBRII drives activation of TGFBRI. Formation of this heterotetrameric receptor complex
leads to phosphorylation of SMAD2 and SMAD3. Phosphorylated SMAD2 and SMAD3 form a complex with co-
Smad, SMAD4, which leads to nuclear translocation and transcription of target genes which possess smad-
binding elements. Non-canonical TGFp signalling can also occur, independently of SMADs, through JNK, Ras-ERK,
NF-kB, PI3K-Akt and Rho GTPase pathways. Created with BioRender.
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1.6.2. Relevance of TGFp signalling in cancer

Depending on the context, the TGFp signalling pathway possesses a dual function, and can act as both
a tumour-suppressive and tumour-promoting pathway (211). For example, during the early stages of
cancer development, TGFB can suppress proliferation and promote apoptosis, while in the later
stages, it can adopt a tumour-promoting function to regulate proliferation, invasion, and metastasis

(211).

The role of TGFB as a tumour suppressor can be demonstrated by disruption to its signalling pathway
in several cancers. For example, inactivating mutations and loss of heterozygosity in TGFBRII and
SMAD4 are commonly observed in colon cancer (216), coupled with decreased SMAD4 expression
reported in others such as pancreatic, and head and neck cancer (211). In some contexts, TGFB
stimulation can inhibit cell proliferation through repressed MYC expression (211, 217), or via
upregulation of cyclin-dependent kinase inhibitors, p21 and p15 (211, 218). The suppressive effects
of TGFPB during breast cancer initiation can be observed following TGFpB inhibition, which increases
proliferation of the cancer stem cell compartment. Supporting this, stimulation with TGFB reduces

mammosphere formation, and results in the loss of stem cell-like properties (211, 219).

Interestingly, while inactivating mutations in the TGFB signalling cascade may evade tumour-
suppressive effects, these mutations are absent from most cancers that retain functional signalling
components. Indicative of its pleiotropic role, increased TGF signalling has been shown to correlate
with cancer progression (220). In breast cancer, elevated levels of plasma TGFB correlate with poor
outcome (220, 221), with higher levels of TGFB present in lymph node metastases compared to the

primary tumour (220, 222). At the molecular level, TGFB can support breast cancer progression
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throughout the metastatic cascade, from facilitating local invasion to supporting metastatic growth.
For example, TGFB induces EMT in mammary epithelial cells, by which they lose their epithelial
characteristics and adopt mesenchymal properties to enable local invasion. This process disrupts the
formation of epithelial cell-cell junctions and reorganises the cytoskeleton to promote cellular motility
(211, 223, 224). TGFB has also been implicated in supporting the pro-angiogenic niche, where its high
levels are associated with increased microvessel density. High levels of TGFB induce the expression of
key angiogenic factors such as VEGF and connective tissue growth factor (CTGF) in both cancer cells
and surrounding fibroblasts (211, 225). TGFp in the surrounding tumour microenvironment can also
drive the transition of fibroblasts to CAFs, causing them to remodel the matrix through increased
deposition, contraction, and protease secretion (107). CAFs can then upregulate and secrete
additional TGF, creating a positive feedback loop. As an immunosuppressive cytokine, high levels of
TGFB can also dampen immune-mediated tumour cell killing (226). For example, TGF signalling can
drive expression of FOXP3 through SMAD-regulated pathways, to promote Treg cell expansion (227).
Differentiation and proliferation of CD4+ and CD8+ T cells also becomes blocked, due to TGFj-

mediated repression of IL-2, IFNy and granzyme B (227-229).
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1.7. Fibronectin

1.7.1. Overview and structure

The ECM is a multifaceted network of proteins essential for regulating cellular behaviour through
exerting biochemical and biomechanical cues. Profound perturbations in the ECM architecture are
observed in cancer. Thus, there is a growing interest in understanding how the matrix may give rise to

dysregulated activation of signalling pathways associated with tumour progression (120, 230, 231).

Fibronectin is a glycoprotein present in the ECM and has diverse roles in inducing cellular behaviours
such as proliferation, differentiation, adhesion and migration. It typically exists as a dimer, with two
nearly identical 250 kDa monomers, covalently linked by disulfide bonds at the C-terminal end (Fig
1.9A). Each monomer is made up of three types of repeating units including, 12 type |, 2 type Il, and
15 type lll repeats. Through alternative splicing at three regions of the pre-mRNA, 20 different
isoforms of fibronectin can be generated. As such, the diversity in the functional domains of
fibronectin allows for multiple binding partners (232). The first and second splicing regions consist of
inclusion or exclusion of type Ill repeats between positions 11 and 12 (extradomain A;EDA) and/or
position 7 and 8 extradomain B;EDB), while the third region consists of one type Ill repeat known as

the variable (V) region (Fig 1.9A).
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Figure 1.9 Structure of fibronectin and overview of fibronectin fibrillogenesis.

(A) The fibronectin monomer is composed of a series of type |, type Il and type Il sequences, which give rise to
a variety of binding sites for other matrix proteins, growth factors and cell receptors. Fibronectin can undergo
splicing in three regions, where type Il repeats are included or excluded at extradomain A (EDA), extradomain
B (EDB), and/or variable (V) region. (B) 1) Fibronectin is secreted as a dimer, with two fibronectin monomers
linked by disulfide bonds. 2) Fibronectin matrix assembly is initiated upon binding to integrins, such as integrin
a5B1, which activates intracellular signalling pathways to induce polymerisation of the actin cytoskeleton.
Increased tension upon cell-mediated contraction induces fibronectin to adopt a linearised confirmation. 3)
Exposure of fibronectin self-associating domains enables the formation of fibronectin fibrils. Simplified from
Spada et al. (231). Created with BioRender.
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1.7.2. Function of fibronectin and relevance in cancer

Fibronectin fibrillogenesis is a dynamic, cell type-dependent process by which a fibrillar matrix is
assembled (Fig 1.9B). In summary, binding of compact fibronectin dimers to the classical fibronectin
receptor, integrin a5B1, triggers its activation and the recruitment of cytoplasmic partners to drive
Rho-mediated fibre formation. Increased cellular contractility applies strain on the fibronectin
molecule, inducing its conformation to a stretched state (Fig 1.9B). Creation of this polymerised
network enables the incorporation of other matrix proteins, where it can control the stability of
collagen, gelatin, tenascin and fibrillin. The scaffold also acts as a growth factor reserve, regulating the

bioavailability of growth factors such as TGFB, PDGF, FGF and VEGF (233, 234).

While stromal fibronectin is absent from the healthy adult breast, its deposition is upregulated in
cancer and associated with an invasive and metastatic phenotype (235, 236). Remodelling of the
matrix is a key hallmark of CAFs in facilitating invasion (107, 237). Indeed, integrin a5Bf1-mediated
fibronectin alignment has been shown to promote directional cancer cell migration (202), while
integrin a5B1 expression is associated with tumour metastasis (238). Supporting this, culture of
tumour cells on fibroblast-derived matrices can also promote invasion via integrin avf6 binding and
subsequent TGFB activation (239). In addition to its roles as a physical scaffold, fibronectin can also
mediate intracellular signalling through integrin-mediated outside-in signalling. For example,
stimulation with soluble fibronectin can activate signalling through the FAK/SRC/PI3K axis to promote

secretion of MMPs and TGFpB (240, 241).
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1.8. Hypothesis and project aims

While mammographic screening successfully detects breast cancer at an earlier, more treatable stage,
issues in the overtreatment of women with DCIS, whose disease may have remained indolent, have
emerged. With a lack of tools to differentiate between low and high-risk patients, an improved
understanding of the mechanisms that drive disease progression are required to identify prognostic
markers. However, with a lack of distinct changes in cancer cells across DCIS and IDC, it is suggested

that the most critical changes that underpin progression, lie in the surrounding microenvironment.

With the loss of the myoepithelium presenting as a key step in the transition of DCIS to IDC, there is
extensive interest in understanding its role in modulating disease progression. As DCIS-associated
myoepithelial cells become altered compared to their naturally tumour suppressive counterparts, we
hypothesise that they may become tumour-promoting in DCIS to drive the invasive progression of
neoplastic luminal cells. However, with a lack of myoepithelial-containing DCIS models, dissecting the
myoepithelial contributions presents as a challenge. Thus, an aim of this study is to develop a
physiologically relevant model of DCIS progression, with the incorporation of myoepithelial cell and
matrix compartments. By using a model whereby expression of integrin 6 can be induced, this will
enable further investigation into myoepithelial-associated tumour-promoting mechanisms, with a
focus on matrix remodelling processes. Determining critical changes in the protease expression
profile, together with identifying key proteolytic products, will allow for biological mechanisms to be
explored. To confirm the translational relevance of mechanistic insights, key findings will also be
validated in clinical cohorts with the aim of identifying candidate markers that could aid patient

stratification in DCIS.
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Thus, the objectives of this study are to:

(1) Develop a genetically tractable physiomimetic in vitro model of DCIS progression. By establishing
a model whereby luminal and myoepithelial cell compartments are combined in a physiologically
relevant matrix, myoepithelial-matrix interactions can be dissected and validated in a robust and high-

throughput manner.

(2) Identify protease-substrate pairs that may mediate myoepithelial-led invasion. This will allow for
key myoepithelial mechanisms that promote matrix remodelling and the rewiring of subsequent

signalling pathways, through proteolytic processing, to be elucidated.

(3) Assess the translatable relevance of key discoveries by validating findings in relevant in vivo mouse

models, such as the intraductal xenograft model, and in tissue sections from a clinical DCIS cohort.

Taken together, these objectives will allow for the role of the myoepithelial cell, with a focus on
tumour-promoting mechanisms, be determined in physiologically relevant models of DCIS
progression. A greater understanding of these processes will pave the way towards identifying robust

markers for risk stratification in DCIS.
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2.1. Cell culture

2.1.1. Cell culture conditions

2.1.1.1. Cell lines

The 1089 myoepithelial cell line was provided by Dr. M. Allen (72). 1089 cells were originally isolated
from reduction mammoplasty, using integrin B4 magnetic beads as described, and immortalised via
expression of both the catalytic subunit of human telomerase (hTERT) and simian virus 40 large-
tumour antigen (SV40 Tag) (111, 242). The non-tumorigenic HB2 luminal cell line was provided by Prof.
V. Spiers (243, 244). HB2 cells were originally isolated from human lactation milk as described (243,
244), and immortalised via expression of SV40 Tag. Human embryonic kidney (HEK293T) cells were

used to generate lentiviral particles.

2.1.1.2. Culture of cell lines

HB2 luminal cells were cultured in Dulbecco’s modified eagle medium (DMEM) (Gibco, 11550356),
supplemented with 10% foetal bovine serum (FBS) (Gibco, 11550356), 0.5 pg/ml hydrocortisone
(Sigma-Aldrich, H0888) and 5 pg/ml insulin (Sigma-Aldrich, 19278). 1089 myoepithelial cells were
cultured in Ham’s Nutrient mixture F-12 (F12) medium (Sigma, N6658), supplemented with 10% FBS,
0.5 pg/ml hydrocortisone, 10 ng/ml epidermal growth factor (EGF) (Sigma-Aldrich, E9644) and 5 ug/ml
insulin. HEK293T cells were cultured in Dulbecco’s modified eagle/Nutrient mixture F-12 (DMEM/F12)
medium (Sigma-Aldrich, D8437) supplemented with 10% FBS. All cells were incubated in a 5% CO,

humidified atmosphere at 37 °C.
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To passage cells, medium was removed from flasks without disturbing the cell layer. To detach cells,
medium was replaced with 2.5%/1% trypsin/ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich,
59418C) and cells incubated at 37°C for approximately 5 min. Once detached, full medium was added
to quench the effects of trypsin and the cell suspension was centrifuged at 240 x g for 3 min to pellet
cells. Cells were resuspended in fresh full medium and counted using a haemocytometer prior to
seeding. Unless stated otherwise, seeding densities for 1089 cells were as follows: 5 x 10* cells/well
for a 6-well plate, 2.5 x 10%cells/well for a 12-well plate, 1.25 x 10*cells/well for a 24-well plate for 48
h experimental time points. Densities were adjusted accordingly depending on desired experimental

culture times.

For cell storage, cell pellets were resuspended in 1 ml 10% dimethyl sulfoxide (DMSQO) (Fisher
Scientific, D/4120/PB08) in FBS aliquots in cryovials. These were frozen slowly to -80 °C and
transferred to liquid nitrogen for long-term storage. Upon cell recovery, cell-containing cryovials were
thawed in a 37 °C water bath and cells were transferred into falcons to be centrifuged at 240 x g for 3
min. Supernatant containing DMSO was removed, and cell pellets were resuspended in respective

fresh full medium prior to culture.

2.1.1.3. Primary cells

All primary cells were isolated by Dr. J. Gomm and I. Goulding at the Breast Cancer Now Cell Bank. In
summary, fresh human breast tissue was digested in 1 mg/ml collagenase 1A (Sigma, C2674) and 0.5
mg/ml hyaluronidase (Sigma, H3506) prior to further digestion to single-cell suspensions with a
0.05%/0.02% trypsin/EDTA solution (Hyclone, SV30031) containing 0.4 mg/ml DNAse (Sigma,

10104159001) for 10 min at 37 °C. Cells were isolated by fluorescence-activated cell sorting (FACS) as

87



Chapter 2: Methods

described, using anti-EpCAM-FITC (BD Biosciences, 347197) or anti-CD10-APC (BD Biosciences,

332777) antibodies, for luminal and myoepithelial populations, respectively (245-247).

2.1.1.4. Culture of primary cells

Both primary luminal and myoepithelial cells were cultured on 0.08 mg/ml collagen | (Corning Life
Sciences, 354236) coated 6-well plates, seeded at approximately 1 x 10° cells/well. Myoepithelial cells
were cultured in Human mammary epithelial cell (HuMEC) medium (Gibco, 12752010), supplemented
with 50 pg/ml bovine pituitary extract (BPE) (Invitrogen, 13028014), 0.5 pug/ml hydrocortisone, 10
ng/ml EGF and 5 pg/ml insulin. Luminal cells were cultured in DMEM/F12 medium supplemented with
10% FBS, 0.5 pg/ml hydrocortisone, 10 pg/ml apotransferrin (Sigma-Aldrich, T1147), 10 ng/ml EGF and

5 ug/ml insulin. All cells were incubated in a 5% CO, humidified atmosphere at 37 °C.

When passaging cells, medium was removed from flasks without disturbing the cell layer. To detach
cells, 0.25%/0.1% trypsin/EDTA, diluted in phosphate buffered saline (PBS), was added and incubated
at 37°C. Once detached, full DMEM/F12 medium was added to quench the effects of trypsin and the
cell suspension was centrifuged at 240 x g for 3 min to pellet cells. Cells were resuspended in

respective fresh full medium and counted using a haemocytometer prior to seeding.
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2.1.2. 3D cell culture models

2.1.2.1. Primary duct model

Ductal cultures with primary cells were performed as previously described (245). Luminal and
myoepithelial cells were seeded in collagen-I coated 6-well plates at a density of 1 x 10° cells/well 24
h prior to lentiviral transduction with HER2 pINDUCER or ITGB6 pINDUCER constructs. 48 h post
transduction, primary luminal and myoepithelial cells were combined, in a 1:1 ratio, to give a final
concentration of 4.8 x 10° cells/ml. A 4 mg/ml collagen-I gel mix was prepared, consisting of 4 mg/ml
collagen type | (Corning Life Sciences, 354249) and 25 mM HEPES (pH 7.0), prepared in complete
DMEM/F12 medium, adjusted to neutral pH with 1N NaOH (Table 2.1). Equal amounts of 4 mg/ml
collagen-I gel mix was added to the cell suspension, to give a final concentration of 2 mg/ml (Table
2.1). Once gels had polymerised and set for 30 min at 37 °C, they were overlaid with complete luminal
culture medium. Ductal structures were formed by 14 days, after which cultures were treated with 1

pg/ml doxycycline to induce transgene expression alongside indicated treatments (Table 2.5).
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Volume (pl)
Combined 1° Lumi and 1° Myo suspension (4.8 x 10° cells/ml) 250
Full DMEM/F12 medium 132.5
1 M HEPES (pH 7.5) 5
Rat tail collagen type | (10 mg/ml) 107.5
1IN NaOH 4
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2.1.2.2. Cell line spheroid model

HB2 and 1089 cells were combined in a 2:1 ratio, at a concentration of 3.3 x 10* cells/ml in 0.24%
methylcellulose (Sigma, M0512) prepared in DMEM/F12 culture medium (Table 2.2). Using a
multichannel pipette, 20 ul hanging droplets (containing approx. 500 cells/droplet) of methylcellulose
cell suspension was pipetted onto the underside of a 100 mm dish lid and incubated overnight at 37
°C to form spheres. 10 ml of H,O was added to the lower dish to create a humid chamber and prevent
droplets from drying out. Spheres were collected using wide-bore tips, spun at 300 x g with brake off
for 4 min prior to removing the methylcellulose-containing supernatant. Spheres were washed with 1
ml full 1089 medium to remove traces of methylcellulose and spun again. Medium was removed and
spheres were resuspended in collagen gels, consisting of 4 mg/ml collagen type | and 25 mM HEPES
(pH 7.0), prepared in complete F12 medium, adjusted to neutral pH with 1N NaOH (Table 2.3). 50 ul
sphere-gel mixture, containing approximately 6 spheres, was added per well of a 96-well plate prior
to gel polymerisation at 37 °C for 30 min with plate inversion every 30 sec for the initial 5 min. Gels

were overlaid with indicated drug treatments and incubated for 4 days (Table 2.5).
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Table 2.2 Corresponding methylcellulose and cell suspension volumes

Number of spheroids  1.2% Methylcellulose Cell suspension (concentration Total Volume
(approx.) () of 3.3 x 10%/ ml) (pl) (k)
HB2 1089
50 200 533 266 1000
100 400 1066 533 2000
150 600 1600 800 3000

Table 2.3 Collagen-I gel recipe for HB2/1089 cell line model

Volume (ul)
Complete F12 medium 267
1 M HEPES (pH 7.5) 10
Rat tail collagen type | (10 mg/ml) 215
1IN NaOH 8
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2.1.2.3. Primary myoepithelial spheroid model

Luminal and myoepithelial cells were seeded in collagen coated 6-well plates at a density of 1 x 10°
cells/well, 24 h prior to lentiviral transduction with fluorescent histone and ITGB6 pINDUCER

constructs on consecutive days.

HB2 monoculture spheres were made using the methylcellulose hanging drop method described
above, to contain approximately 500 cells/droplet (Table 2.2). Prior to the resuspension of collected
HB2 spheroids in collagen gels, primary myoepithelial cells were first added to the neutralised collagen
gel mixture, prepared in complete HUMEC medium, to give approximately 8000 myoepithelial cells
per 50 ul gel (Table 2.4). Upon sphere resuspension, 50 ul sphere and primary myoepithelial cell gel
mixture, containing approximately 6 spheres, was added per well of a 96-well plate prior to gel
polymerisation at 37 °C for 30 min with plate inversion every 30 sec for the initial 5 min. Gels were
overlaid with indicated drug treatments in complete HUMEC medium and incubated for 3 days (Table

2.5).
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Volume (pl)
Complete HUMEC medium 132.5
1° Myo suspension (8 x 10* / ml) 132.5
1 M HEPES (pH 7.5) 10
Rat tail collagen type | (10 mg/ml) 215
1IN NaOH 8
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2.1.2.4. Spheroid model quantification and image analysis

At the assay endpoint, spheres were imaged using an Axiovert 135 (Carl Zeiss Microlmaging LLC) at
10X magnification. To quantify spheres objectively, the following were determined: 1) the percentage
of invasive area, 2) the number of projections, 3) the projection length (um) and 4) the central sphere

area (um?). To determine the percentage of invasive area, the following equation was used:

] Total area — Central area
% Invasive Area = Contral area x 100

To determine the projection length, the distance from the margin of the core sphere to the leading
end of the projection was measured. All sphere quantification was performed using Fiji Software

version 2.0.
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2.1.3. Transient cell transfections

2.1.3.1. siRNA transfection

1089 cells were seeded into 6-well plates at a density of 8 x 10* cells/well, 24 h prior to siRNA
transfection. In one tube, smart pool siRNA (Horizon Discovery) was diluted in 125 ul optiMEM (Gibco,
31985062) to give a final concentration of 20 nM. In a second tube, 3.75 ul Lipofectamine 3000
Reagent (ThermoFisher, L3000001) was added to 125 ul optiMEM, as indicated by manufacturer’s
guidelines. Diluted siRNA was then added to the Lipofectamine-optiMEM mix and incubated at room
temperature (RT) for 15 min. Following incubation, the siRNA-Lipofectamine mix was added dropwise
to the cells. 24 h post transfection, medium was changed. Sufficient knockdown of siRNA targets was
assessed at 72 h post transfection by quantitative polymerase chain reaction (qPCR) or western blot

analysis. All siRNA and their respective catalogue identifiers are listed in Table 2.5.
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Target Catalogue ID Target Catalogue ID
Non-targeting control D-001206-14 MYF6 M-009758-00
ADAMTS3 M-005773-00 MYOCD M-015905-01
ARNT2 M-008920-00 NEUROD1 M-008667-01
ASCL1 M-008307-01 NEUROG3 M-010040-01
CBFB M-011602-00 NFAT5 M-009618-01
CREB1 M-003619-01 NKX2-1 M-019105-01
EBF2 M-013842-01 NKX2-5 M-019795-02
EOMES M-017483-00 NOTCH1 M-007771-02
EP300 M-003486-04 NOTCH4 M-011883-01
FN1 M-009853-01 PAX6 M-011098-01
FOXA1l M-010319-01 POU4F1 M-016061-01
FOXA2 M-010089-01 PPARGC1A M-005111-01
GATA2 M-009024-00 PRDM1 M-009322-02
GATA6 M-008351-01 RBPJ M-007772-00
HDAC4 M-003497-03 REST M-006466-02
HIF1A M-004018-05 SIM1 M-009791-00
HNF1A M-008215-01 SMAD4 M-003902-01
HNF1B M-009721-01 SMARCA4 M-010431-00
HTT M-003737-02 SMARCAS M-011478-00
ITGAS M-008003-02 SOX3 M-012143-00
JUNB M-003269-01 SP1 M-026959-00
KLF4 M-005089-03 SP3 M-023096-02
KMT2D M-004828-02 SRF M-009800-02
LEF1 M-015396-00 STAT3 M-003544-02
LHX1 M-012121-01 STATSA M-005169-02
MEF2A M-009362-00 STATSB M-010539-02
MEF2C M-009455-00 STAT6 M-006690-01
MKL1 M-015434-01 TCF7L1 M-014703-01
MMP13 M-005955-01 ZNF217 M-004987-00
MYB M-003910-00
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2.1.3.2. DNA transfection

1089 cells were seeded into 6-well plates at a density of 8 x 10* cells/well, 24 h prior to DNA
transfection. In one tube, 2.5 pg DNA (pLV CMV MMP13-HA plasmid) was diluted in 125 pul optiMEM
with P300 Reagent (2 ul/ug DNA) (ThermoFisher, L3000001). In a second tube, 3.75 pl Lipofectamine
3000 Reagent was added to 125 ul optiMEM, as indicated by manufacturer’s guidelines. Diluted DNA
and P300 Reagent was then added to the Lipofectamine-optiMEM mix, vortexed, and incubated at RT
for 15 min. Following incubation, the DNA-Lipofectamine mix was added dropwise to the cells and
medium was changed 24 h post transfection. Sufficient overexpression of MMP13 was assessed at 72

h post transfection by western blot analysis.

2.1.3.3. SMAD-SMAD binding element luciferase reporter assay

1089 cells were seeded into 24-well plates at a density of 2.5 x 10 cells/well 24 h prior to transfection.
Cells were co-transfected with a renilla luciferase control plasmid (pRL, Promega, E2231/E2261) and
a reporter plasmid encoding SMAD binding element (SBE)-firefly luciferase, gifted by Dr. A. Cameron,
using Lipofectamine LTX/Plus reagent (Invitrogen, 15388-100). In one tube, 170 ng renilla luciferase
plasmid was mixed with 330 ng firefly luciferase reporter plasmid in 25 pl optiMEM. 0.5 ul Plus reagent
(ThermoFisher, A126) was added to this solution and mixed. In a second tube, 2 pl Lipofectamine LTX
reagent (ThermoFisher, A126) was added to 25 pl optiMEM and mixed. The plasmid and Plus reagent
solution was then added to the Lipofectamine LTX solution and incubated for 20 min at RT. 50 pl
transfection mix was then added dropwise to each well. The following day, medium was changed. For
the TGFp stimulated conditions, cells were serum-starved for 24 h prior to stimulation with 5 ng/ml

TGFPB (Peprotech, 100-21) for 24 h (Table 2.6).
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To assess the activity of renilla and firefly reporters, the Dual-Glo luciferase assay system (Promega,
E2940) was used, as per manufacturer’s instructions. In brief, medium was removed from cells and 70
ul 1X PBS was added to each well. 70 ul Dual-Glo luciferase reagent was then added to each well and
incubated on a shaker at 100 rpm for 10 min at RT. 120 pul of sample from each well was then
transferred to a 96-well white flat bottom plate (Corning, 353296) and firefly luminescence was
measured using a FLUOstar Optima plate reader (BMG Labtech). The following protocol was used: 2
sec pre-read delay, 10 sec measurement period, detector gain: 4095, no emission filter applied. Once
firefly luminescence was measured, 60 pl of Stop & Glo reagent was added to each well and plates
were incubated on a shaker at 100 rpm for 10 min at RT. Renilla luminescence was then measured
using the same protocol described for firefly luminescence. For the analysis, firefly luminescence was
normalised to renilla luminescence, to control for differences in transfection efficiency, and expressed

as fold change relative to the untreated control condition.

2.1.4. Lentiviral production and cell transduction

HEK293T cells were seeded in 60 mm dishes to reach 90% confluency at the time of transfection. For
transfection, 3.25 pug pCMVRS.2 (Addgene, 12263) and 1.7 ug pMD2.G (Addgene, 12259) packaging
plasmids were combined with 5 pg of lentiviral transfer plasmid in 470 ul of OptiMEM with 30 pl
FUGENE transfection reagent (Promega, E2311). Plasmids and FUGENE were mixed by pipetting and
incubated for 10 min at RT before being added dropwise to a 60 mm dish of HEK293T cells. Medium
was changed 24 h post transfection and virus-containing supernatant was collected an additional 24
h later. Viral supernatant was stored at -80 °C. Transfer plasmids used were H2B-RFP (Addgene,
26001), H2B-GFP (Addgene, 25999), HER2 pINDUCER, ITGB6 pINDUCER, pLV CMV ADAMTS3-WT and

pLV CMV ADAMTS3-E399A.
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24 h prior to viral infection, HB2 or 1089 cells were seeded in 6-well plates at a density of 5 x 10*
cells/well, while primary cells were seeded in collagen-I coated 6-well plates at a density of 1 x 10°
cells/well. Viral supernatant was added dropwise to the cells and incubated for 24 h. To improve
transduction efficiency in primary cells, 20 mU/ml of neuraminidase (Sigma, 9001676) was added to
1 ml of viral supernatant and incubated at 37 °C for 45 min prior to transduction (248). Medium was
changed 24 h post transduction and cells were selected using the appropriate antibiotic of 10 pug/ml

puromycin (Sigma, P9620), or 10 pg/ml blasticidin (Sigma, SBR00022) for a minimum of 72 h.

2.1.5. Fibronectin cleavage validation

10 mm coverslips were coated with 2 mg rhodamine-conjugated fibronectin (Cytoskeleton, FNRO1) in
a 24-well plate format. To coat coverslips, 500 ml of 4 mg/ml rhodamine-fibronectin was added to
each well and incubated at 37 °C for 30 min. Excess solution was removed and plates were air dried
for 30 min at RT. 1089 cells were seeded at a density of 2 x 10* cells/well for 24 h prior to fixation with
4% formaldehyde (Fisher, 11586711) for 5 min at RT. Coverslips were mounted on slides using ProLong

Gold Antifade Mountant with DAPI (ThermoFisher, P36931) to visualise nuclei.
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Treatment Concentration Duration

2D

Doxycycline (6 induction) 1 pg/ml 48 h

TGFB 5 ng/ml 24 h

SB435142 10 uM 48 h

SGCCBP30 1uM 48 h

3D

HB2/1089 spheres

Doxycycline (B6 induction) 1 pg/ml 4d

GM6001 (MMPi) 10 pM 4d

DB04760 (MMP13i) 1 uM 4d

SB435142 (TGFPRI) 10 uM 4d

SGCCBP30 (EP300i) 1 uM 4d

RGD peptide 10 uM 4d

HB2/1° myo spheres

Doxycycline (B6 induction) 1 pg/ml 3d

GM6001 (MMPi) 10 uMm 3d

DB04760 (MMP13i) 1uM 3d

Duct model

Doxycycline (6 induction) 1 pg/ml Between d14-21
DB04760 (MMP13i) 1pM Between d14-21
SGCCBP30 (EP300i) 1uM Between d14-21
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2.2. Molecular cloning

2.2.1. HER2 and ITGB6 expression plasmids

Inducible HER2 and ITGB6 plasmids were previously constructed by Dr. E. Carter, by cloning the HER2
or ITGB6 open reading frame into pINDUCER21 (Addgene, 46948) (249), using Gateway recombination

described below (Fig 2.1).

2.2.2. MMP13 expression plasmid

2.2.2.1. Gateway cloning overview

Gateway cloning is based on the integration and excision reactions utilised by lambda phage during
bacterial infection (250). These reactions involve the recombination of attachment sites from the
bacteria (attB) and phage (attP), which result in the integration of phage sequences into the bacterial
genome. This forms two new recombination sites, attL and attR (Fig 2.1A). The attL and attR sites can
subsequently recombine, leading to the excision of the phage sequences from the bacterial genome
and the regeneration of attB and attP sites (Fig 2.1B). To ensure the selection of recombinant plasmids
during gateway cloning, the pDONR and destination plasmids that are utilised contain the ccdB gene.
This codes for the lethal enzyme that inhibits DNA gyrase to induce cell death. As bacterial cells
containing non-recombinant vectors would die, this technology ensures that propagated bacterial

colonies are from bacterial cells containing recombinant vectors (250).
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A

BP Reaction:
attL1 ‘m attL2
attB1 attB2 BP Clonase attR1 ] attR2
-t DONR MMP13 pDONR + "
p P!
Vector att xattP Vector Byproduct
LR Reaction:
attL1 m attL2 attR1 ccdB attR2
LR Clonase . .
MMP13 pDONR MMP&I& \F}Lentn + T%xlcrggl?cl‘:R
Vector attl x attR P

Figure 2.1 Schematic summarising gateway cloning strategy.

(A) The amplified attB flanked MMP13 sequence is combined with a pDONR vector that contains attP sites. The
BP reaction takes place between the attB and the attP sites to generate the MMP13 pDONR entry clone
containing attL sites. The ccdB gene, encoding a lethal enzyme is excised from the donor vector. (B) The LR
reaction takes place between the attL sites located either side of the MMP13 sequence within the MMP13
pDONR vector, and the attR sites located in the pLV CMV destination plasmid. The reaction generates the
MMP13 pLV CMV expression plasmid and a toxic pDONR byproduct containing the ccdB gene.
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2.2.2.2. Amplification of MMP13 and addition of HA-Tag sequence

The Q5 High-Fidelity DNA Polymerase kit (New England BiolLabs, M0491) was used to amplify the
MMP13 sequence from 1089 myoepithelial cell mMRNA, and subsequently add the HA-Tag sequence
and attB sites, over two PCR reactions.(Table 2.7). For the first reaction, primers including the HA-Tag
sequence were used to introduce the HA-Tag onto the C-terminal of the MMP13 sequence (Table 2.7).
For the second reaction, attB primers were used to add attB sites to each end of the MMP13-HA
sequence (Table 2.7). For each PCR reaction, 200 mM of dNTPs, 0.5 mM of each primer, 0.02 U/ml of
Q5 DNA Polymerase, and 1 ug mRNA were diluted in 1X Q5 Reaction Buffer (New England Biolabs,
B9027S) and topped up with nuclease-free water to a total reaction volume of 50 pul. Thermocycling
conditions were as follows: Initial denaturation at 98 °C for 30 sec, annealing at 72 °C for 10 sec
followed by extension at 70 °C degrees for 30 sec, for 35 cycles, and a final extension step at 72 °C for
2 min. PCR products were run on a 1% agarose gel, in Tris acetate-EDTA (TAE) buffer, to confirm
successful PCR amplification of MMP13, with the presence of a band at approx. 1400 bp equating to
the length of the MMP13 sequence (Fig 2.2A,B). The PCR product was excised from the DNA gel and
purified using the Monarch DNA Gel Extraction Kit (New England Biolabs, T1020), following
manufacturer’s instructions. In brief, 4 volumes of Monarch Gel Dissolving Buffer were used per 100
mg agarose and incubated at 50 °C for 10 min until the excised gel was completely dissolved. DNA was
recovered using a DNA column and washed with Monarch DNA Wash Buffer prior to elution in a

volume of 6 pl.
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Table 2.7 MMP13 gateway cloning primers

Gene / attB / Glycine Linker / HA-Tag / Stop Codon

MMP13-HA Fw: GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-ATGCATCCAGGGGTCCTGGCTGCC

Rv: TTA-AGCGTAATCTGGAACATCGTATGGGTA-CCC-ACACCACAAAATGGAATTTGC

HA-attB Fw: GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-ATGCATCCAGGGGTCCTGGCTGCC

Rv: GGGGACCACTTTGTACAAGAAAGCTGGGTC-TTA-AGCGTAATCTGGAACATCGTATGGGTA
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2.2.2.3. Gateway cloning of pLV CMV MMP13-HA Tag plasmid

For the BP reaction (Fig 2.1A), the Gateway BP Clonase Il Enzyme mix (ThermoFisher, 11789100) was
used. In summary, 100 fmol of attB-MMP13-HA-attB PCR product and 300 ng of pDONR vector
(ThermoFisher, 12535035) was added to 4 ul of 5X BP Clonase reaction buffer and topped up to a
volume of 16 pul in Tris-EDTA (TE) buffer (pH 8.0). 4 ul of BP Clonase enzyme mix was added and the
reaction was incubated at 25 °C for 1 h. 4 ug Proteinase K solution (New England Biolabs, P8107S) was
then added and incubated at 37 °C for 10 min to terminate the reaction. Competent 10-beta E. coli
(New England BiolLabs, C3109) were transformed, and Zeocin-resistant clones were selected for
plasmid uptake and effective recombination (see 2.2.4 bacterial transformation step). Following
plasmid extraction, a BSRG1 diagnostic digest (New England Biolabs, R3575) was performed by
combining 1 pg of DNA with 20 units of BSRG1 (New England BiolLabs, R3575) in rCutSmart Buffer
(New England BiolLabs, B6004) for 15 min at 37 °C. Products were run on a 1% agarose gel (in TAE
buffer) to confirm successful incorporation of the MMP13-HA sequence into the pDONR vector, via

the presence of two closely migrating bands at approx. 640 and 770 bp (Fig 2.2C).

For the LR reaction (Fig 2.1B), the Gateway LR Clonase Il Enzyme mix (ThermoFisher, 11791020) was
used. In summary, 100 ng of MMP13 pDONR was mixed with 150 ng of pLV CMV DEST vector
(Addgene, 17452) and topped up with TE buffer (pH 8.0) to a volume of 8 pl. 2 pl of LR Clonase |l
enzyme mix was then added and the reaction was incubated at 25 °C for 1 h. 2 ug Proteinase K solution
was then added and incubated at 37 °C for 10 min to terminate the reaction. Competent 10-beta E.
coli were then transformed, and ampicillin-resistant clones were selected for (see 2.2.4 bacterial
transformation step). To confirm successful cloning of the MMP13-HA tag sequence in to the pLV CMV

DEST plasmid, a BSRG1 diagnostic digest was performed as above (Fig 2.2D).
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A B
PCR on MMP13 pDNR to introduce HA-Tag PCR on linearized MMP13-HA to introduce
to Cterm attB sites
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Figure 2.2 Gateway cloning and construction of pLV CMV MMP13 plasmid.

(A) Amplification of MMP13 to introduce HA-Tag to C terminus by PCR. Presence of MMP13 sequence is
detected by a band at approx. 1.4kb. (B) PCR amplification of MMP13-HA Tag sequence to introduce attB sites.
(C) DNA products following BSRG1 diagnostic digest of MMP13-HA pDONR (after BP reaction). Presence of
MMP13 sequence is detected by 2 bands at 774 and 640 bp. (D) DNA products following BSRG1 diagnostic digest
of pLV CMV MMP13-HA destination plasmid (after LR reaction). Presence of MMP13 sequence is detected by 2
bands at 774 and 640 bp. Red boxes indicate plasmids taken forward for subsequent steps.
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2.2.3. ADAMTS3 expression plasmids

The pLV CMV ADAMTS3-WT and ADAMTS3-E399A plasmids were designed and manufactured using
Vector Design Studio via VectorBuilder (https://en.vectorbuilder.com/). For the catalytically inactive
ADAMTS3 mutant, the Uniprot database was used to identify the essential amino acid, required for
proteolytic activity, within the ADAMTS3 active site. The glutamic acid (E) amino acid at position 399

was converted into alanine (A), with codon GAA converted to GCA.

2.2.4. Bacterial transformation and plasmid extraction

For the bacterial transformation of constructs, competent 10-beta E. or Stbl3 E. coli cells were used.
For each transformation reaction, approximately 5 ng of plasmid DNA was added to 50 ul competent
bacteria and incubated on ice for 30 min. Following this, the mixture was heat shocked at exactly 42
°C for 30 sec and placed back on ice for 5 min. 950 ul of Stable Outgrowth Medium (New England
BiolLabs, B9035S) was then added to the mixture and incubated at 37 °C for 1 h with agitation at 250
rpm. After this, 50 pl of the mix was spread onto 3% Luria Bertani (LB) agar (Sigma-Aldrich, L3147)
plates containing appropriate antibiotic and incubated overnight at 37 °C. Plasmids constructed by
VectorBuilder, were provided as bacterial stabs, and streaked to enable growth of single colonies.
Antibiotics for selection included 400 pg/ml zeocin (Fisher, R25001) and 50 upg/ml ampicillin
(ThermoFisher, 11593027). Colonies were picked using a P2 tip and propagated in 5 ml of LB broth
containing appropriate antibiotic at 37 °C for 16-20 h at 250 rpm. Plasmids were extracted from
bacterial cultures using the Monarch plasmid miniprep kit (New England Biolabs, T1010), following
manufacturer’s guidelines. Between 1-5 ml of bacterial culture was pelleted by centrifugation prior to

resuspension with Plasmid Resuspension Buffer and subsequent lysis with Plasmid Lysis Buffer.
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Following neutralisation, plasmids were recovered using Plasmid Miniprep Columns and washed with

ethanol (EtOH)-based Plasmid Wash Buffers prior to elution of plasmids in a 30 ul volume.
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2.3. Chromatin immunoprecipitation (ChiP)

2.3.1. Chromatin isolation

7 x 10° 1089 cells were seeded into 150 mm dishes per condition to allow for 48 h of treatment with
indicated agents and for cells to achieve confluency prior to harvesting (Table 2.6). For the ChIP
workflow, the SimpleChlIP Plus Sonication Chromatin IP Kit (Cell Signalling, 56383) was used, following
manufacturer’s guidelines. In brief, to crosslink proteins at the time of harvest, 1% formaldehyde was
added directly to the medium-containing dishes and incubated for 10 min at RT. To quench the fixation
reaction, 1X glycine (Cell Signalling, 7005) was added for 5 min at RT, before washing cells twice in ice-
cold 1X PBS. To collect the chromatin, cells were scraped in PBS containing 1X protease cocktail
inhibitor (Cell Signalling, 7012). Cells were then centrifuged at 1,000 x g for 5 min at 4 °C and the

supernatant discarded.

The pellet was resuspended in ChlIP lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8.0 plus 1X
protease inhibitor cocktail) using a syringe with a 27-gauge needle and incubated on ice for 30 min.
Samples were transferred to 15 ml TPX tubes with beads (Diagenode, C01020031) and a Bioruptor
pico sonicator (Diagenode, B01060010) was used to fragment the chromatin for 5 cycles (30 seconds
ON and 30 seconds OFF). Lysates were then clarified by centrifugation at 21,000 x g for 10 min at 4 °C
and the supernatant collected. Following DNA extraction using the DNA Purification Kit (Cell Signaling,
14209), a 10 ul sample was then removed to examine successful fragmentation, defined by the

presence of DNA fragments between 200 to 1000bp, on a 1% agarose gel (in TAE buffer).
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2.3.2. Immunoprecipitation

Upon satisfactory fragmentation of chromatin, 5 ug of sonicated, cross-linked chromatin per condition
was diluted in a 1:4 ratio in 1X ChIP buffer (Cell Signalling, 7008S) plus 1X protease inhibitor cocktail
(Cell Signalling, 7012) and subjected to immunoprecipitation with 2.5 pug of H3K27ac antibody (Abcam,
4729) overnight at 4 °C with 250 rpm rotation. 30 pl of ChIP-Grade Protein G Magnetic Beads (Cell
Signaling, 9006) were then added to each IP reaction and incubated for 2 h at 4 °C with rotation. To
clear non-specific binding, the bound beads were subjected to a series of low and high salt washes
(Cell Signalling, 7008), before elution of antibody-protein-DNA complexes in 1X ChIP Elution Buffer
(Cell Signalling, 7009) at 65 °C for 30 min with gentle vortexing at 1,200 rpm. The enriched chromatin
samples were then incubated at 65 °C for 2 h with 1X Proteinase K (Cell Signaling, 10012) to reverse
cross-links prior to purification of DNA using the DNA Purification Kit (Cell Signaling, 14209) as per

manufacturer’s guidelines. DNA was eluted in 50 ul of 1X ChIP Elution Buffer.

2.3.3. ChIP-gqPCR

2 ul of extracted DNA and 0.25 uM of forward and reverse primers were used per ChIP-gPCR reaction
using the Luna Universal qPCR Master Mix (New England BioLabs, M3003), following manufacturer’s
guidelines. Reactions were carried out on a Step One Plus Instrument (Applied Biosystems, 4376600)
with cycling conditions as follows: Initial denaturation at 95 °C for 1 min, denaturation at 95 °C for 15
sec, annealing at 60 °C for 15 sec and extension at 72 °C for 30 sec, for 43 cycles. Genomic MMP13
primer sequences are detailed in Table 2.8. For the analysis, data were presented as a percent of the
total input chromatin using the equation below, where Ct is the average threshold cycle of the PCR
reaction (251).

Percent Input = 204X 2(Ct of 2% input—Ct of IP sample)
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Table 2.8 Genomic chIP qPCR primers

Target Sequences Product Length (bp)

MMP13 Fw: CACAGGCCACTTGAGAGGTT 101

Rv: AAGGTTGGTGGTGAAAGTGAGA
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2.4. Transcriptomic analysis of cells

2.4.1. PCR

2.4.1.1. RNA extraction

RNA was harvested from cells using the Monarch Total RNA Miniprep Kit (New England Biolabs,
T2010), following manufacturer’s guidelines. In summary, cells were lysed in 300 pl of RNA Lysis Buffer
(New England Biolabs, T2012) then combined with equal parts of 100% EtOH to precipitate RNA. The
RNA was added to an RNA extraction column and washed three times with EtOH-based RNA Priming
and Wash buffers (New England BiolLabs, T2013, T2014) prior to elution in 30 pl nuclease free water.
The concentration of extracted RNA was determined using a Nanodrop Spectrophotometer (Thermo

Scientific, ND-ONE-W).

2.4.1.2. cDNA synthesis

Using between 500 ng - 1 pg of extracted RNA as a template, cDNA was synthesised by reverse
transcription using the Luna Script RT SuperMix Kit (New England BiolLabs, E3010), following
manufacturer’s guidelines. For each reaction, RNA was combined with 4 pl of 5X LunaScript RT
SuperMix and topped up to 20 ul with nuclease free water. The reaction was performed with the
following conditions: primer annealing for 2 min at 25 °C, cDNA synthesis for 10 min at 55 °C and heat

inactivation for 1 min at 95 °C.
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2.4.1.3. Quantitative PCR (qPCR)

The Luna Universal gPCR Master Mix (New England BiolLabs, M3003) was used to perform qPCR,
following manufacturer’s guidelines. For each reaction, 50 ng of cDNA, 5 pl of 2X Luna Universal gPCR
Master Mix (New England BiolLabs, M3003) and 0.25 uM of each forward and reverse primer was
combined with nuclease free water to a total volume of 10 pl. Reactions were carried out on a Step
One Plus Instrument (Applied Biosystems) with cycling conditions as follows: Initial denaturation at 95
°C for 1 min, denaturation at 95 °C for 15 sec, annealing at 60 °C for 15 sec and extension at 72 °C for
30 sec, for 43 cycles. End products were run on a 1% agarose gel (in TAE) to confirm primer-dependent
amplification of intended targets. All primer sequences are detailed in Table 2.9. Relative gene

expression was calculated using the ACt and 2—2*“method (252), normalising to a ACTB reference.
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Table 2.9 List of qPCR primers

Target Sequences Product length (bp)

ACTB Fw: AGAGCTACGAGCTGCCTGAC 184

Rv: AGCACTGTGTTGGCGTACAG

ADAMTS3 Fw: CTCGACTCGTGATGGTTCTCC 97

Rv: ATTTCTTCATTACCAGCTTGTCCA

EP300 Fw: GCAGTGTGCCAAACCAGATG 105

Rv: GCAGTGTGCCAAACCAGATG

FN1 Fw: CCGGGACTCAATCCAAATGC 150

Rv: TCCAGGAACCCTGAACTGTA

ITGB6 Fw: AGCCTCTCAGTGTAGGCAGA 91

Rv: GCACCACCTGGTCTCAACTT

MMP13 Fw: AACATCCAAAAACGCCAGAC 155

Rv: GGAAGTTCTGGCCAAAATGA
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2.4.2. RNAseq

2.4.2.1. RNAseq workflow and differential expression analysis

RNA was extracted as previously described (see 2.4.1.1 RNA extraction). For 1089 samples, RNA from
two biological replicates were isolated. For primary myoepithelial cells, RNA was extracted from two
independent reduction mammoplasty donors. All subsequent RNA sequencing steps were performed
by Dr. C. Mein at Barts Genome Centre. RNA quality was determined using the Agilent Bioanalyser
2100, and an RNA integrity number (RIN) was generated based on the ratio of 285:18S ribosomal RNA.
For the mRNA library preparation, mRNA was isolated from total RNA and primed using AMPure XP
beads to enable first and subsequent second strand cDNA synthesis. Double-stranded cDNA was then
purified prior to end prep of the cDNA library. Adaptor ligation was performed, and ligation was
purified using AMPure XP beads. The library quality was then assessed using a Bioanalyser (Agilent
High Sensitivity Chip). RNA sequencing was performed using the lllumina NextSeq 500 platform. Reads

were aligned using STAR (version 2.7.3a) against GENCODE Homo Sapiens Hg38.

Normalisation of counts and differential expression analysis was performed using DESeq2 (253) by E.
Tomas Bort. All RNAseq data generated during the study are publicly available and have been

deposited in Gene Expression Omnibus with the accession code GSE224401.

2.4.2.2. Gene set enrichment analysis and upstream regulator analysis

The resulting matrix was imputed into the gene set enrichment analysis (GSEA) Broad Institute to

examine the Hallmark gene set (254) and generate normalised enrichment scores (NES). To perform
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upstream regulator analysis, Ingenuity Pathway Analysis software (QIAGEN) was used to determine

Activation Z scores of predicted transcriptional regulators, as described (255).
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2.5. Proteomic analysis of cells

2.5.1. Immunofluorescence

2.5.1.1. 2D Immunofluorescence

Cells cultured on 13 mm glass coverslips were fixed in 4% formaldehyde for 10 min, and subsequently
washed twice with 1X PBS to remove residual formaldehyde. Cells were permeabilised in 0.1% Triton-
X100-PBS (Alfa Aesar, A16046) for 5 min and blocked in 5% bovine serum albumin (BSA) (Sigma-
Aldrich, A8022) for 30 min, prior to incubation with primary antibody diluted in 5% BSA-PBS for 1 h at
RT, with cells washed twice with 1X PBS between steps. Samples were then subsequently incubated
with species-appropriate fluorescent secondary antibodies diluted in 5% BSA-PBS for 1 h at RT, washed
twice with PBS, before being mounted using Molecular Probes ProLong Gold Antifade Mountant with
4,6-diamidino-2-phenylindole (DAPI) (Life Technologies, P36931). Samples were air-dried overnight
and imaged using a LSM710 Zeiss confocal microscope (Carl Zeiss Microlmaging LLC). All antibodies

used for immunofluorescence are listed in Table 2.10.

To quantify intensity of nuclear SMADA4 staining, image colour channels were split. The DAPI channel
was then converted to a binary image and the nuclear compartment outlined. These outlines were
then overlaid to the channel representing SMAD4 immunofluorescence, to exclude the measurement
of any cytoplasmic staining. The mean fluorescence intensity per nucleus was then calculated. All

nuclear intensity quantification was performed using Fiji Software version 2.0.
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2.5.1.2. 3D Immunofluorescence

For immunofluorescence of spheres, collagen gels were fixed in 4% formaldehyde for 30 min,
permeabilised in 0.1% Triton-X100-PBS and blocked in 5% BSA-PBS, each for 1 h, prior to incubation
with primary antibody diluted in 5% BSA-PBS for 48 h in 4 °C with agitation. Gels were then incubated
with species-appropriate fluorescent secondary antibodies diluted in 5% BSA-PBS for 2 h at RT. Gels
were washed twice in 1X PBS between steps, prior to mounting on slides with mowiol. To prevent gels
from being compressed, electrical tape was used to make a platform on the slide, with the gel placed
inside and a coverslip on top. Immunofluorescent images were acquired using a LSM710 Zeiss confocal
microscope and reconstructed as max intensity Z-stacks. All antibodies used for immunofluorescence

are listed in Table 2.10.
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Protein Target Cat no. and supplier Host species Dilution
Active integrin a5 (SNAKA1)  #MABT201 (Sigma-Aldrich) Mouse, monoclonal 1:100
Cleaved collagen #0217-050 (Immunoglobe) Rabbit, polyclonal 1:100
Collagen IV #6586 (Abcam) Rabbit, polyclonal 1:200
Fibronectin #F0791 (Sigma) Mouse, monoclonal 1:100
Laminin #9393 (Sigma) Rabbit, polyclonal 1:200
pFAK (Y397) #3283 (Cell Signalling) Rabbit, polyclonal 1:100
SMAD4 #SC7966 (Santa Cruz) Mouse, monoclonal 1:200
Anti-mouse 647 #A32787 (Invitrogen) Donkey, polyclonal 1:500
Anti-rabbit 405 #A31556 (Invitrogen) Goat, polyclonal 1:500
Anti-rabbit 647 #A32795 (Invitrogen) Donkey, polyclonal 1:500
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2.5.2. Western blotting

2.5.2.1. Protein extraction

Prior to protein extraction, cells were washed twice with ice-cold 1X PBS to remove residual medium.
To extract protein, cells were lysed with NP-40 lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 1% NP40),
supplemented with phosphatase and protease inhibitor cocktails (EMD Millipore, 539131 and 524625)
and scraped using a cell scraper. For cells harvested from a 6-well plate, 150 ul lysis buffer was used.
The lysate was collected and centrifuged for 10 min at 20,000 x g at 4 °C to pellet cell debris. The
protein supernatant was collected and quantified using the Bio-Rad DC Protein Assay Kit (BioRad,
Solution A 5000113, solution B 5000114 and solution S 5000115), following manufacturer’s guidelines.
Briefly, 20 ul of reagent S was added to 980 pl of reagent A to make the working solution. 25 ul working
solution was then added to 5 pl of the relevant protein standard or sample. 200 ul of reagent B was
then added and incubated for 5 min at RT. Absorbance was measured at 620 nm, using a 96-well

microplate reader (Infinite F50, Magellen software).

2.5.2.2. Western Blot

Prior to loading, 30 pg protein samples were prepared with sample buffer to a final concentration of
60 mM Tris-HCl ph 6.8, 2% SDS, 10% glycerol, 0.5 M dithiothreitol (DTT) and 0.01% bromophenol blue
and incubated for 5 min at 95 °C to denature proteins. Samples were run on a 10% SDS-PAGE gel and
electrophoresed for 1.5 h at 120 V in running buffer (25 mM Tris-HCI, 192 mM glycine and 0.1% SDS)
using an XCell Il Blot Module (Bio-Rad). Proteins were then transferred onto a nitrocellulose
membrane at 25V for 2 h in transfer buffer (12 mM Tris at pH 8.3, 96 mM glycine and 20% methanol).

For detection of high molecular weight protein EP300, NUPAGE 3-8% Tris-Acetate Gels (ThermoFisher,
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EA0375PK2) were used with NUPAGE Tris-Acetate SDS Running Buffer (ThermoFisher, LA0041) to
separate proteins, and transferred onto membranes using NUPAGE Transfer Buffer (ThermoFisher,
NP0006). To confirm efficient transfer, membranes were incubated in Ponceau S solution (Sigma,
P7170), prior to blocking in 5% milk in Tris buffered saline (TBS) with 0.5% Tween 20 (TBST) (Severn

Biotech, 20630110) for 1 h.

Membranes were incubated with primary antibodies in 5% milk in TBST at 4 °C overnight. To remove
unbound antibodies, membranes were washed three times in TBST for 10 min per wash, prior to
incubation in species-appropriate horse radish peroxidase (HRP)-conjugated secondary antibodies for
1 h at RT. Excess secondary antibody was removed by washing in TBST three times for 10 min per
wash, prior to protein detection. Bands were developed using Immobilon Forte Western HRP
Substrate (Merck Millipore, WBLUFO) and visualised using an Amersham Imager 600 (GE Healthcare).

All antibodies used for western blotting are listed in Table 2.11.
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Protein Target Cat no. and supplier Host species Dilution
EP300 #86377 (Cell signalling) Rabbit, monoclonal 1:1000
Fibronectin #F0791 (Sigma) Mouse, monoclonal 1:1000
GAPDH #Mab374 (EMD Millipore) Mouse, monoclonal 1:2000
HA-Tag #3724 (Cell signalling) Rabbit, polyclonal 1:1000
HSC70 #SC7298 (Santa Cruz) Mouse, monoclonal 1:2000
Integrin B6 #SC6632 (Santa Cruz) Goat, polyclonal 1:1000
pSMAD2/3 (Ser423/425) #SC11769 (Santa Cruz) Goat, polyclonal 1:1000
SMAD2 #3103 (Cell signalling) Mouse, monoclonal 1:1000
SMADA4 #SC7966 (Santa Cruz) Mouse, monoclonal 1:1000
Anti-mouse HRP #P0447 (Dako) Goat, polyclonal 1:2000
Anti-rabbit HRP #P0448 (Dako) Goat, polyclonal 1:2000
Anti-goat HRP #P0449 (Dako) Rabbit, polyclonal 1:2000
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2.5.3. Degradomic workflow

2.5.3.1. Preparation of media and lysates

To identify candidate ADAMTS3 substrates, the terminus amine isotopic labelling of substrates (TAILS)
workflow was used to analyse changes in the abundance of cleavage events following ADAMTS3
knockdown (Fig 2.3A) (256). In this method, N-termini are isotopically labelled prior to the depletion
of internal tryptic peptides, allowing for the simultaneous detection of both natural and protease

generated neo-N-termini in a given sample (Fig 2.3A) (256).

7 x 10° primary myoepithelial cells were cultured in DMEM/F12 medium, supplemented with EGF and
insulin, and without phenol red and BPE, for 48 h with indicated siRNA treatments, prior to the
collection of supernatant. Next, 1X phenylmethanesulfonylfluoride (PMSF) and 2 mM EDTA were
added to the collected medium, followed by centrifugation at 5,000 x g for 30 min at 4 °C to remove
cell debris. Medium was sterile filtered through a 0.22 um filter, concentrated and buffer exchanged
to 4 M Guanidine hydrochloride (GuHCI) (Sigma-Aldrich, G3272), 250 mM HEPES buffer pH 7.8, using
Amicon Ultra-0.5 3kDa cut-off centrifugal filter units (Sigma-Aldrich, UFC900324), following
manufacturer’s instructions. The protein concentrations of the samples were determined by the Bio-

Rad DC Protein Assay Kit following manufacturer’s guidelines.

For lysates (Fig 2.3B), cells were washed with PBS, prior to scraping with lysis buffer (4 M GuHCI, 250
mM HEPES pH 7.8, 2 mM EDTA, 1X protease inhibitor cocktail), and the volume was adjusted
empirically to have a final concentration of between (1 pg/ul and 5 pg/ul). Lysates were spun at 17,000
x g for 10 min. Protein concentration of media and lysate samples were determined by Bio-Rad DC

Protein Assay Kit, following manufacturer’s guidelines.
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2.5.3.2. TAILS workflow

The tandem mass tag (TMT)-TAILS degradomics workflow was performed by Dr. E. Madzharova at
Technical University of Denmark, as previously described (257). Three non-targeting control (NTC) and
three ADAMTS3 knockdown (TS3XP) samples (50 pg total protein per sample) were subjected to TAILS.
Initially, all samples were diluted to a concentration of 2.5 M GuHCI and 250 mM HEPES pH 7.8.
Samples were denatured at 65 °C for 15 min, the cysteine residues were reduced with 3.5 mM tris (2-
carboxyethyl) phosphine (TCEP) for 45 min at 65 °C, and then alkylated with 5 mM of chloroacetamide
(CAA) for 30 min at 65 °C. Next, all samples were labelled with TMT tags at 1:4 protein:TMT ratio
(TMT18plex Kit; Thermo Fisher Scientific, Waltham, MA) for 1.5 h at room RT, and subsequently
quenched by adding 100 mM NH4HCOs for 30 min at RT. We then combined and precipitated the
labelled samples with seven sample volumes of ice-cold acetone and one sample volume of ice-cold
methanol for 2 h at -80 °C. The pooled samples were centrifuged at 4700 x g at 4 °C for 30 min,
subsequently washed with 5 ml ice-cold methanol and centrifuged again. We air-dried the pellet,
resuspended in 100 mM NaOH, adjusted to 1 mg/ml in 100 mM HEPES, pH 7.8, and digested with
trypsin (Trypsin Gold, Promega, V5280) at a ratio of 1:50 enzyme:protein for 16 h at 37 °C at 350 rpm.
Following the trypsin digestion, we took out 10% of the sample and stored it at -20°C as a preTAILS
sample. The remaining sample was incubated with a hyperbranched aldehyde-derivatized
polyglycerol (HPG-ALD) polymer at a 4-fold excess in the presence of 50 mM sodium
cyanoborohydride (NaBHsCN) at pH 6-7 for 16 h at 37 °C. We recovered the unbound peptides by
filtration using 30 kDa Amicon Ultra-0.5 ml Centrifugal Filter Units at 10,000 x g for 10 min at RT. The
polymer was washed with 30 ul 100 mM NH4HCO; and centrifuged again. The flow-throughs of the

enriched N-terminal peptides (TAILS samples) were combined and stored at -20 °C.
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The preTAILS and TAILS samples were analysed on an Orbitrap Exploris™ 480 mass spectrometer,
interfaced with the FAIMS, and coupled with an EASY-nLC™ 1200 System. The samples were separated
on an EASY-Spray™ HPLC 15 cm column (3 um particle size, 75 um diameter) using 140 min linear
gradient from 6-60% solvent B (80% acetonitrile; 0.1% formic acid) at a constant flow of 4 pl/min. A
full MS scan (m/z 375—-1500) was acquired at a resolution of 120,000 with a normalized AGC target of
300% and auto fill time. High-energy collision-induced MS/MS spectra were recorded in data-
dependent acquisition mode using normalised collision energy of 32%. The fragmentation was
performed at resolution 45,000 with a normalised AGC target of 100% and auto injection time, using

a precursor isolation window of 0.7 m/z.

2.5.3.3. Data processing and pathway enrichment analyses

TAILS analyses were performed by Prof. U. auf dem Keller at Technical University of Denmark. The
preTAILS and TAILS samples were analysed using Proteome Discover 3.0 software. The data was
searched against the human UniProt database (taxid: 9606), using the following parameters: semi-
Trypsin_R for enzyme specificity, allowing one missed cleavages; carbamidomethyl (C) and TMTpro(K)
as fixed modifications, and oxidation (M), deamidation(N), TMTpro (N-Term), pyroQ(N-term) and
acetyl (N-Term) as variable modifications; precursor mass error tolerance set to 10 ppm, and fragment
mass error set to 0.02 Da. The proteins and peptides false discovery rate (FDR) was set to 1% for high
confidence, and 5% for medium confidence. The data was normalised to ‘Total Peptide Amount’,
excluding TMTpro N-terminally labelled peptides. Protein quantification was done using all peptides,
protein ratio was estimated with ‘Protein Abundance Based’, and the proteins differential abundance

was determined using ANOVA (Individual Proteins).
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Enrichment analysis of candidate ADAMTS3 candidate substrates was performed using Search tool for

the retrieval of interacting genes/proteins (STRING) Software (https://string-db.org) (258), while

enrichment of quantitative proteomics data was performed using the GSEA Broad Institute to examine

enriched pathways within the Reactome database (254).
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Figure 2.3 Schematic summarising proteomic workflow.

(A) Conditioned medium was extracted from control and ADAMTS3KP cells prior to isotopic labelling of natural
and neo-N termini. Isotopically labelled samples were combined and digested with trypsin. Unlabelled N-termini
after the tryptic digest were removed using a hyperbranched polymer to enable negative enrichment of
isotopically labelled N-termini. Enriched N-termini peptides were detected by liquid chromatography mass
spectrometry. (B) Proteins were extracted from control and ADAMTS3KP cells and were subjected to tryptic
digest. Digested peptides for each condition were isotopically labelled and combined prior to peptide detection
by liquid chromatography mass spectrometry.
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2.6. Clinical breast tissue

2.6.1. Ethical approval and cohort data

Human breast samples were obtained from surgical specimens from women undergoing breast
surgery at Barts Health NHS Trust London. Written consent was obtained and ethical approval was
issued by the Cambridge Central Research Ethics Committee (REC) with ethics approval number
21/EE/0072. Patient data are described in Tables 2.11 and 2.12. Patient data are listed in Table 2.12

and 2.13.
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Normal DCIS IDC
Cohort 10 10 10
Age at Surgery 35 (20-52) N/A N/A
Age at Diagnosis N/A 55 (43-60) 57 (46-67)

Table 2.13 DCIS and IDC grade

Grade DCIS IDC
Low 1 2
Low/Inter 0 1
Inter 3 2
Inter/High 3 0
High 3 5
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2.6.2. RNAscope

All RNAscope assays were performed following supplier guidelines (ACD, Biotechne) using the
RNAscope 2.5 HD Reagent Kit-RED (Biotechne, 322350) and RNAscope 2.5 HD Detection Reagents-
RED (Biotechne, 322360). Sections were cut at 5 um thickness onto Superfrost Plus Slides (Fisher,
Scientific, 12-550-15). To deparaffinise sections, slides were baked at 60 °C for 1 h prior to incubation
in 100% xylene (Fisher Scientific, X/2050) (2 x 5 min) and 100% EtOH (Fisher Scientific, E/0665DF) (2 x
1 min). Sections were then incubated in RNAscope hydrogen peroxide buffer (ACD, 322335) for 10
min at RT prior to target retrieval (ACD, 322000) using the hot plate method for 15 min at 98-102 °C,
with distilled water washes between pretreatments. Sections were treated with Protease plus reagent
(ACD, 322331) for 30 min at 40 °C (in a HybEZ oven) prior to incubation with PPIB positive (Biotechne,
313908), DapB negative (Biotechne, 310043) and MMP13 target (Biotechne, 482371) RNAscope
probes (2 h at 40 °C). Signals were then amplified using amplification probes: AMP1 (30 min at 40 °C),
AMP2 (15 min at 40 °C), AMP3 (30 min at 40 °C), AMP4 (15 min at 40 °C), AMP5 (45 min at RT) and the
alkaline phosphatase labelled probe, AMP6 (15 min at RT), with wash buffer washes between
incubations. Slides were then incubated with Fast Red for 10 min at RT and counterstained with 50%
Gill’s haematoxylin (Sigma-Aldrich, GH132) for 3 min at RT, followed by mounting in Vectamount

mounting medium (Vector Labs, H500060).

2.6.2.1. Quantification of MMP13 positive ducts

Slides were imaged on the 210 NanoZoomer (Hamamatsu, C13239). For quantification, scans were
uploaded into QuPath software as ‘Brightfield other’ images. Channel 1 was used to detect
haematoxylin staining while channel 2 was set to detect red staining (MMP13). Cell segmentation was

performed using ‘cell detection’ while chromagen detection was performed using ‘subcellular
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detection’ with thresholds set according to staining intensity. For DCIS, 12 DCIS ducts per patient were

annotated and the number of MMP13 positive cells per duct were recorded.

2.6.3. Immunohistochemistry

Formalin fixed, paraffin embedded sections were dewaxed in xylene (2 x 5 min) and rehydrated
through an EtOH series of 100% (2 x 2 min), 80% (1 x 2 min), 70% (1 x 2 min), 50% (1 x 2 min) and
distilled water (1 x 2 min) prior to treatment with 2% hydrogen peroxide (Sigma, H1009) in methanol
(1 x 10 min) to quench endogenous peroxidase activity. Enzymatic antigen retrieval to unmask
epitopes was carried out using Pepsin Reagent (Sigma, R2283) for 12 min at 37 °C. Samples were then
blocked in 2.5% horse or goat serum, depending on secondary antibody species, in 5% BSA (Sigma,
A8022) in PBS for 30 min at RT. Sections were subsequently incubated in primary antibody overnight
at 4 °C, followed by PBS washes to remove any unbound primary antibody. Species appropriate
biotinylated horse or goat anti-mouse/ anti-rabbit secondary antibody (Vectastain, PK4002, PK4001)
was then added to samples for 30 min at RT. All antibodies, as well as corresponding dilutions are
listed in Table 2.14. Signal was developed using ABC reagent to add an avidin-biotin layer, and then
3,3’-diaminobenzidine (DAB) (Vectastain, SK4100) to view positive staining. Sections were then
counterstained with Mayer’s haemotoxylin (Sigma-Aldrich, MHS1) and dehydrated through graded

EtOH series prior to mounting with distyrene-tricresyl (DPX) (Sigma, 06522).

2.6.3.1. Quantification of integrin B6 positive ducts

Slides were imaged on the 210 NanoZoomer (Hamamatsu, C13239). Scans were uploaded into QuPath
software as ‘Brightfield DAB’ images. Channel 1 was used to detect haematoxylin staining while
channel 2 was set to detect DAB staining (integrin B6). Cell segmentation was performed using ‘cell

132



Chapter 2: Methods

detection’ while chromagen detection was performed using ‘subcellular detection’ with thresholds
set according to staining intensity. For DCIS, 12 ducts per patient were annotated and the number of

integrin B6 positive cells per duct were recorded.
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Table 2.14 Antibodies for immunohistochemistry

Protein target Cat no. and supplier Host species Dilution
Integrin B6 #407317 (Calbiochem) Mouse, monoclonal 1:750
aSMA #MO0851 (Dako) Mouse, monoclonal 1:500
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2.7. Animal experiments

2.7.1. Animals

Animal experiments were performed by Dr. A. Agnoletto at The Ecole polytechnique fédérale de
Lausanne. NOD.Cg-Prkdcs“® [12rgt™Wil/Sz) (NSG) mice were purchased from Charles River. Animal
experiments were performed in accordance with protocols approved by the Service de Ia

Consommation et des Affaires Vétérinaires of Canton de Vaud, Switzerland (VD 1865.5).

2.7.2. Intraductal xenograft

Three 8 to 12-week-old NSG female mice were anesthetised by intraperitoneal injection with
10 mg/kg xylazine and 75 mg/kg ketamine (Graeub). After shaving and disinfecting the area around
the nipple, the intraductal injection was performed by injecting 500,000 MCF7 cells (resuspended in
10 pl of PBS) into the cleaved 3rd and 4th teats with a blunt end Hamilton syringe (HAMI80508,
specifications: 50 pl 705 N, gauge 30/13 mm/pst3), as previously described (259). MCF7 cells were
grown intraductally for 12 weeks to form mammary tumours. At the end of the period, mice were
euthanised by CO;inhalation. Engrafted mammary glands were harvested and fixed in 4%

formaldehyde for 2 h, prior to dehydration and paraffin embedding.
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2.8. Statistical analysis

Statistical significance was determined by unpaired two-tailed T-test or one-way ANOVA with Mann—
Whitney U or Kruskal Wallis post-test, depending on normality of data points, using Prism (GraphPad
Software). p < 0.05 was considered significant. Sphere quantification data were presented as
superplots, with different colours represented as different biological replicates and averages of each

experimental replicate indicated as larger-sized points.
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3.1. Introduction

Transcriptomic analysis across different cell compartments within the DCIS microenvironment reveals
that compared to their normal counterparts, DCIS-associated myoepithelial cells show the most
significant change (54, 69). For example, during DCIS, myoepithelial cells have been shown to become
altered through their mechanical stretching, to drive upregulation of integrin 6, where its expression
correlates with high-risk DCIS and invasive recurrence (72). These data highlight the critical need to
deepen our understanding of the DCIS-associated myoepithelium, in attempt to identify key

regulatory mechanisms of DCIS progression in the breast.

While there is an abundance of cell lines representing different breast cancer subtypes, suitable
models to study the early stages of breast cancer progression are scarce. In addition, most cell culture
systems utilise 2D approaches that lack a physiologically relevant microenvironment. As such, there is
a need to develop more complex 3D culture systems to interrogate the roles of the myoepithelium
and ECM in a physiomimetic context. One existing model is the non-tumorigenic MCF10A cell line,
which forms hollow, polarised spheroids similar to the breast duct morphology, when cultured in
Matrigel (260, 261). However, a limitation of this model is the lack of a distinct luminal/myoepithelial
bilayer structure. Instead, MCF10A cells adopt both epithelial and basal characteristics under certain
culture conditions (262, 263), making luminal and myoepithelial-specific mechanisms difficult to
dissect. Arguments against the use of Matrigel when modelling early-stage breast cancer have also
been raised, due to their incorrect desmoplastic representation of the DCIS-surrounding breast tissue
(243). While the main constituent of the breast stroma is collagen-I, Matrigel is instead comprised of
myriad growth factors and BM components (264). Thus, there is a need for incorporating a more

physiologically relevant matrix, such as collagen-1 into new models of DCIS going forwards.
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In this chapter, 3D in vitro models, incorporating both luminal and myoepithelial cells into
physiologically relevant collagen-I gels are presented. Using these models, we further asses the role

of myoepithelial integrin 6 in promoting DCIS progression.
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3.2. Generation and characterisation of integrin f6-inducible DCIS models

3.2.1. Generation of integrin B6-inducible myoepithelial cells

Myoepithelial expression of integrin 6, a marker of high-risk DCIS, correlates with disease progression
and invasive disease (72). To investigate the biological consequences of myoepithelial integrin 6
expression in vitro, the ITGB6 open reading frame was cloned into a doxycycline-inducible
(pINDUCER21) lentiviral construct by Dr. E. Carter (Fig 3.1A) (249). We utilised two myoepithelial
models: 1) the immortalised 1089 myoepithelial cell line and 2) primary, reduction mammoplasty-
derived, myoepithelial cells. To generate integrin B6-inducible cells, the ITGB6 pINDUCER21 construct
was integrated into the genome by lentiviral transduction, creating integrin B6-inducible 1089
(1089¢) and primary cells (Myo™®®). Sufficient overexpression of integrin p6 was validated by gPCR and
western blot to assess integrin 6 expression at the RNA and protein level, respectively. For both the
1089%¢ and Myo™®® myoepithelial models, expression of integrin 6 was upregulated significantly upon

48 h treatment with 1 pg/ml doxycycline (Fig 3.1B,C).
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Figure 3.1 Generation of integrin B6-inducible cells.
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(A) Linear schematic of ITGB6 pINDUCER21 construct. The main components include a tetracycline response
element (TRE), the ITGB6 sequence flanked by attB sites, an EF-1a promoter, a reverse tetracycline controlled
transactivator (rtTA), an internal ribosome entry site (IRES) and a sequence encoding green fluorescent protein
(GFP). The ITGB6 pINDUCER21 plasmid was constructed by Dr. E. Carter. (B,C) Cells were transduced with the
ITGB6 pINDUCER21 construct to generate integrin B6-inducible 1089 (1089'%¢) and primary cells (Myo'?®). Cells
were treated with 1 pg/ml doxycycline for 48 h and harvested for RNA and protein extraction. Integrin 6 mRNA
expression and protein expression in (B) 1089%¢ and (C) Myo'®® models. qPCR data are presented as mean + SEM
with biological replicates indicated by different colours. For the Myo'®® model, data presented is from three

different donors. *p<0.05 (Two-tailed t-test).
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3.2.2. Integrin B6 expression drives invasion in primary ductal model of DCIS

Previous work by Dr. E. Carter has demonstrated that primary luminal and myoepithelial cells can be
recombined in collagen-| gel cultures to form native ductal structures with a correctly orientated
bilayer (245). For this model, primary luminal and myoepithelial cells were combined in a 1:1 ratio and
embedded in 2 mg/ml collagen-I gels (Fig 3.2A). Ductal structures formed at approximately 14 days
post-embedding (Fig 3.2B) after which cultures were treated with 1 pg/ml doxycycline for 7 days to
induce expression of virally transduced constructs encoding HER2 and integrin 6 in the luminal and
myoepithelial cells, respectively. Induction of HER2 in the luminal compartment of this model, once
ductal structures had formed, led to filling of the ducts, reminiscent of DCIS. Strikingly, concomitant
expression of integrin 6 in the myoepithelial compartment promoted the formation of invasive
projections, with vimentin-positive myoepithelial cells leading and HER2-positive luminal cells

following (Fig 3.2C).
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Figure 3.2 Integrin 6 expression drives invasion in primary ductal model of DCIS.

(A) Schematic of primary ductal model. Primary luminal and myoepithelial cells were combined in a 1:1 ratio
and resuspended in a 2 mg/ml collagen-I gel. Upon formation of ductal structures 14 d post embedding, cultures
were treated with 1 pg/ml doxycycline for 7 d to induce expression of luminal HER2 and myoepithelial integrin
B6. (B) Representative light micrographs of cultures at 14 d. (C) Representative light micrographs and Imaris
projections of ductal structures after 21 d of culture with vimentin; green, HER2; red, DAPI; blue. Scale bar = 20
pum. The model developed was developed by Dr. E. Carter. For this experiment, S. Gibson set up the cultures,
while Dr. E. Carter performed the immunofluorescent imaging and Imaris reconstruction.
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3.2.3. Myoepithelial integrin B6 expression drives invasion in cell line sphere model

While the ductal model is a faithful reconstruction of the ductal architecture in an in vitro
environment, the model is difficult to quantify and requires lengthy culture time that limits
mechanistic studies. As an alternative, we developed two short term 3D co-culture systems,
combining either 1089%®¢ or Myo®® cells with the non-tumorigenic HB2 cell line (244) into collagen-|
gels. For the first model, an HB2/1089%¢ cell line model was constructed, where 1089 cells were
combined with HB2 cells in hanging drops to form heterocellular spheroids, which were then
embedded into collagen-I gels (Fig 3.3A). To induce myoepithelial integrin 6 expression, spheroids
were then treated with 1 pg/ml doxycycline. Upon overexpression in myoepithelial cells, we observed
striking formation of invasive projections within 4 days post integrin B6-induction (Fig 3.3B). To
guantify the extent of invasion, four measurements were taken: 1) the percentage of invasive area, 2)
the number of projections, 3) the projection length, and 4) the central spheroid area. Sphere
guantification and morphometric analysis revealed a significant increase in invasion, with integrin f6-
induced spheroids displaying an invasive area of approximately 20%. The number of projections and
projection length were also increased to an average of approximately 2 versus 0 (B6 vs. Control) and
100 versus 50 um (B6 vs Control), respectively (Fig 3.3C). For the central area, no significant change
was observed between conditions, indicating that 6 expression had no effect on cell growth and
proliferation. Taken together, these data implicate myoepithelial integrin B6 expression as a driver of

invasion (Fig 3.3C).
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Figure 3.3 Myoepithelial integrin B6 expression drives invasion in HB2/1089'f¢ model.

(A) Schematic summarising HB2/1089 spheroid cell line model. HB2 luminal and 10896 cells were combined in
methylcellulose hanging drops to form heterocellular spheroids overnight. The follow day, spheroids were
collected and embedded in 4 mg/ml collagen gels. Spheres were treated with 1 ug/ml of doxycycline to induce
myoepithelial integrin B6 expression. (B) Representative brightfield images at 4 d post treatment. (C) Summary
graphs showing % invasive area, number of projections, projection length (um) and central area (um?). Data are
presented as mean + SEM where each dot represents one sphere with biological replicates indicated by different
colours. Average of biological replicates indicated as larger-sized points. ns = not significant, ****p<0.0001
(Mann Whitney U Test). Scale bar = 100 um
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3.2.4. Myoepithelial integrin B6 expression drives invasion in primary sphere model

To validate the invasive role of myoepithelial integrin 6 expression in the context of primary cells, a
second co-culture model was developed. In this model, Myo®® cells were also combined with the HB2
luminal cells. However, as primary Myo®® cells collected in the centre of the sphere when combined
with HB2 cells in methylcellulose hanging drops, and were then trapped, this model comprised of HB2
monoculture spheroids embedded in collagen gels containing primary Myo™®® cells instead (Fig 3.4A).
Upon induction of myoepithelial integrin B6 expression in the Myo™®® cells for 3 days, we observed a
similar increase in invasion, characterised by the presence of protrusions out of the core spheroid (Fig
3.4B). Congruent with the cell line model, the percentage of invasive area, the number of projections
and the projection length showed a significant increase with integrin B6-induction (Fig 3.4C),
demonstrating the role of myoepithelial integrin 6 in promoting the invasive phenotype across both

cell line and primary models.
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Figure 3.4 Myoepithelial integrin B6 expression drives invasion in HB2/Myo™*¢ model.

(A) Schematic summarising HB2/1°Myo spheroid cell line model. HB2 luminal cells were resuspended in
methylcellulose hanging drops to form monoculture spheroids overnight. The follow day, spheroids were
collected and embedded into 4 mg/ml Myo®®-containing collagen gels. Spheres were treated with 1 ug/ml of
doxycycline to induce myoepithelial integrin 6 expression. (B) Representative brightfield images at 3 d post
doxycycline treatment. (C) Summary graphs showing % invasive area, number of projections, projection length
(um) and central area (um?). Data are presented as mean + SEM where each dot represents one sphere with
biological replicates indicated by different colours. Average of biological replicates indicated as larger-sized
points. ns = not significant, *p<0.05, **p<0.01, ****p<0.0001 (Mann Whitney U Test). Scale bar = 100 um. For
this experiment, Dr. E. Carter and S. Gibson performed two biological replicates each, while S. Gibson performed
quantification analysis across all biological replicates.
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3.2.5. HB2 invasion is led by myoepithelial cells

Collective invasion is a process whereby cells invade as a multicellular unit (265-267). For cancer cells
to invade while maintaining their epithelial phenotype, they can rely upon the motile cells in the
microenvironment to facilitate their invasion. This is typically observed in solid malignancies, where
cancer cells rely on migratory stromal cells such as CAFs to create tracks and physically pull cancer

cells into their surrounding matrix (265, 266).

To distinguish between luminal and myoepithelial cell types within the invading projections of integrin
B6-expressing spheroids, cells were transduced with constructs encoding fluorescently tagged histone
proteins, prior to the recombination into spheres. Confocal analysis of fluorescently labelled cells
demonstrated that, while both myoepithelial and luminal compartments were present in the invasive
projections, the invasion was myoepithelial-led, with HB2 luminal cells following (Fig 3.5, 3.6). These
findings suggest that, in this context, myoepithelial cells act as the ‘leader’ cells, whereas luminal cells

act as ‘follower’ cells.

Characterisation of invading cells by immunofluorescent analysis revealed that invading myoepithelial
cells were vimentin positive, consistent with existing literature (268), Interestingly, luminal cells
maintained expression of the epithelial specific marker EpCAM (Fig 3.5, 3.6), demonstrating their
dependence on the myoepithelial compartment, and maintenance of their epithelial phenotype

observed in collective tumour invasion (105, 265, 267, 269, 270).
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Figure 3.5 HB2 invasion is led by myoepithelial cells in HB2/1089'f¢ model.

Cells were transduced with lentivirus encoding fluorescently-tagged histone proteins. Spheres comprised of
fluorescently labelled HB2/1089%¢ spheroids were embedded in collagen gels and treated with 1 pg/ml
doxycycline to induce myoepithelial integrin B6 expression. Representative fluorescence images of invading
spheroids at 4 d with HB2 (magenta) 1089f¢ (cyan), vimentin (green) and EpCAM (yellow). Scale bar = 100 um.
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Figure 3.6 HB2 invasion is led by myoepithelial cells in HB2/Myo®¢ model.

Cells were transduced with lentivirus encoding fluorescently-tagged histone proteins. HB2 monoculture
spheroids were embedded in collagen gels containing Myo™® cells and treated with 1 pg/ml doxycycline to
induce myoepithelial integrin 6 expression. Representative fluorescence images of invading spheroids at 4 d
with HB2 (magenta), Myo (cyan), vimentin (green) and EpCAM (yellow). Scale bar = 100 pm.
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3.3. Integrin B6 expression drives invasion through a protease-dependent

mechanism

3.3.1. Invading spheroids remodel their basement membrane upon integrin 6 expression

To determine whether spheroids deposited their own BM and if this was perturbed upon
myoepithelial integrin B6 expression, confocal imaging was used to visualise the major BM proteins,
laminin and collagen-IV. Due to the nature of the HB2/Myo™®® model, with primary myoepithelial cells
embedded in the surrounding collagen gel, BM analysis was performed only on the HB2/1089#¢
model, where matrix deposition from the heterocellular sphere could be visualised. Reflective of an
intact and deposited BM, continuous expression of both laminin and collagen-IV was observed in
equatorial sections of non-invading control spheroids (Fig 3.7A). Despite minimal changes to
matrisome expression upon integrin B6-induction (Appendix 1.1), invading integrin B6-induced
spheroids displayed a loss in their BM, resembling the loss typically seen in the transition from DCIS
to IDC (Fig 3.7B). Moreover, a striking increase in cleaved collagen-l was detected in the gels of integrin
B6-induced spheroids compared to non-invasive controls, suggesting that while control spheres
undergo minimal matrix proteolysis, this is significantly enhanced upon expression of integrin 6 in

the myoepithelial compartment (Fig 3.7B).
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Figure 3.7 BM remodelling is associated with invasion in the HB2/1089%¢ model.

Spheres comprised of fluorescently labelled HB2/1089%¢ spheroids were embedded in collagen gels and treated
with 1 pg/ml doxycycline to induce myoepithelial integrin 6 expression. Representative fluorescence images of
(A) control and (B) B6-induced spheroids at 4 d post treatment with HB2 (magenta), 10898 (cyan) and laminin,
collagen-1V or cleaved collagen-I (yellow). Scale bar = 100 pum.
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3.3.2. Integrin B6-dependent invasion requires metzincin activity

Stromal-led invasion can be protease dependent or independent, depending on cell behaviour and
matrix composition (265, 271, 272). We next hypothesised that, based on the expected pore size of
the rat-tail derived collagen-I, as well as the increase in cleaved collagen-| staining, the observed
integrin B6-induced myoepithelial-led invasion was protease dependent (273). To confirm this,
spheroids were treated with a broad-spectrum metzincin inhibitor, GM6001 (10 uM), which targets
several MMPs, ADAMs and ADAMTS zinc endopeptidases. Upon GM6001 treatment of B6-induced
spheres, the percentage of invasive area, number of projections and projection length were
significantly reduced, demonstrating that inhibition of metzincins is sufficient to block integrin B6-
dependent invasion in this model (Fig 3.8A,B). Indeed, analysis of collagen-I cleavage using an antibody
which recognises collagen-I in its cleaved form, showed a loss of integrin B6-induced proteolysis
following GM6001 treatment (Fig 3.9). Changes to the central area of GM6001-treated HB2/1089¢
spheres were non-significant, indicating that reduced invasion was not due to drug toxicity and

reduced cell growth (Fig 3.8B).

Reduced invasion following GM6001 treatment was also recapitulated in the Myo™®® model, with a
significant decrease in the percentage of invasive area, number of projections and projection length,
highlighting the requirement for a protease-mediated mechanism in facilitating invasion across both
cell line and primary myoepithelial models (Fig 3.10A,B). Interestingly, a significant reduction in the
central area was observed in this model, suggesting that while protease activity may not be required
for spheroid growth in the cell line spheroid model, it may be required in the primary spheroid model

(Fig 3.10B).
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Figure 3.8 Integrin B6-driven invasion is protease-dependent in the HB2/1089'f¢ model.

HB2 luminal and 1089"*¢ cells were combined in a methylcellulose cell suspension to form hanging drops.
Overnight, cells formed spheres, which were embedded into a 4 mg/ml collagen gels the following day. (A)
Representative light micrographs of spheres at 4 d, treated with 1 pg/ml of doxycycline to induce myoepithelial
integrin B6 expression and 10 uM GM6001 to inhibit metzincin activity. (B) Summary graphs showing % invasive
area, number of projections, projection length (um) and central area (um?). Data are presented as mean * SEM
where each dot represents one sphere with biological replicates indicated by different colours. Average of
biological replicates indicated as larger-sized points. ns = not significant, ***p<0.001, ****p<0.0001 (Mann

Whitney U Test). Scale bar = 100 pm.
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Figure 3.9 Protease activity is required for collagen-I cleavage in HB2/1089"%¢ model.

HB2 luminal and 1089"*¢ cells were combined in a methylcellulose cell suspension to form hanging drops.
Overnight, cells formed spheres, which were embedded into 4 mg/ml collagen gels the following day. Spheres
were treated with 1 pg/ml of doxycycline to induce myoepithelial integrin B6 expression and 10 uM GM6001 to
inhibit metzincin activity. Representative fluorescence images of spheroids at 4 d post treatment with HB2
(magenta), 1089"¢ (cyan) and cleaved collagen-I (yellow). Scale bar = 100 pm.
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Figure 3.10 Integrin B6-driven invasion is protease-dependent in the HB2/Myo™*® model.

HB2 monoculture spheroids were embedded in 4 mg/ml Myo®-containing collagen gels. (A) Representative
light micrographs of spheres at 3 d, treated with 1 pug/ml of doxycycline to induce myoepithelial integrin p6
expression and 10 pM GM6001 to inhibit metzincin activity. (B) Summary graphs showing % invasive area,
number of projections, projection length (um) and central area (um?). Data are presented as mean * SEM where
each dot represents one sphere with biological replicates indicated by different colours. Average of biological
replicates indicated as larger-sized points. **p<0.01, ****p<0.0001 (Mann Whitney U Test). Scale bar = 100 um.
For this experiment, Dr. E. Carter and S. Gibson performed two biological replicates each, while S. Gibson
performed quantification analysis across all biological replicates.
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3.3.3. Integrin 6 alters metzincin expression

In order to understand the effects of integrin 6 induction on metzincin expression, we examined
changes in the transcriptional levels of metzincins in both 1089%¢ and Myo®® cells grown in 2D. To
achieve this, RNA was extracted from myoepithelial cells 48 h after treatment with doxycycline
treatment and subjected to RNA sequencing (RNAseq). The differential expression analysis of RNAseq
data revealed notable changes in several metzincins upon integrin B6 induction (Fig 3.11A,B).
Interestingly, differences were observed between the two models, most likely due to the genotypic
and phenotypic variation in cells lines upon serial passage and genetic drift. Differences were also
observed between independent patient donors, highlighting the heterogeneity across patient
samples. Despite this, consistent upregulation in MMP13 and ADAM21, and a downregulation in
MMP24, ADAMTS3 and ADAM21P1 were observed across both models (Fig 3.11C). These data
indicate that myoepithelial cell upregulation of integrin B6, leads to alterations in metzincin

expression, which may facilitate invasive progression.
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Figure 3.11 Overexpression of integrin B6 in myoepithelial cells alters metzincin expression.

Myoepithelial cells grown in 2D were treated with 1 ug/ml doxycycline for 48 h to induce myoepithelial integrin
B6 expression prior to extraction of RNA. RNAseq differential metzincin expression analysis from of B6- versus
control (Ct) in (A) 1089®¢ and (B) Myo™®® cells from two primary donors. (C) Venn diagrams showing overlapping
similarities in metzincin expression changes between 1089 (red) and Myo'®® (purple) models.
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3.4. Discussion

Results summary

. Upregulation of myoepithelial integrin 6, a marker of high-risk DCIS, drives invasion of
luminal cells into surrounding matrix.

. Heterocellular spheroids lay down their own physiologically relevant basement membrane,
which is remodelled during invasion.

) Myoepithelial-led invasion in 3D is dependent on protease activity.

. Integrin B6 upregulation alters metzincin expression in myoepithelial cells.

The expression of epithelial integrin 6 has previously been implicated as a driver of progression in
cancer, where its expression is associated with an aggressive tumour phenotype and reduced survival
(194, 208, 274-276). However, most studies have focused on the upregulation of integrin 6 in cancer
cells rather than its expression in other epithelial-derived cells of the tumour microenvironment, such

as myoepithelial cells.

In this study, we present three models of DCIS progression that incorporate integrin B6-inducible
myoepithelial cells, along with a luminal cell compartment. These models enable the dissection of
myoepithelial mechanisms underlying early-stage breast cancer progression. By utilising 3D models of
the tumour microenvironment, we can investigate cellular crosstalk and more closely mimic
physiological behaviours, offering a valuable tool for reaearchers (277). Our heterocellular model
systems provides advantage over others, such as the MCF10A cell line model, which tends to exhibit
a mixture of luminal and basal characteristics in during spheroid formation (262, 263). Importantly,,

our models allow for the manipulation of distinct myoepithelial and luminal compartments, while
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maintaining their cellular phenotypes, thus recapitulating the behaviours seen in human breast
tumours. Furthermore, we demonstrate that spheroids deposit their own physiologically relevant BM

in our models, which they subsequently remodel and degrade during cellular invasion.

We show that upregulation of integrin B6, a high-risk marker for DCIS, drives myoepithelial-led
invasion of luminal cells in both cell line and primary spheroid models. Notably, luminal cells are
unable to invade without the presence of a myoepithelial conduit (Appendix 1.2), suggesting that
myoepithelial cells expressing integrin B6 may acquire characteristics similar to CAFs. This
phenomenon is commonly observed during stromal-led invasion, where cancer cells maintain their
epithelial phenotype and exploit non-malignant cells in the microenvironment to facilitate invasion
(107, 267). The role of myoepithelial cells as tumour-promoters is supported by spatial analysis of
DCIS, which identifies the myoepithelium as one of the most influential features predictive of invasive
recurrence (58). Interestingly, in a murine model of breast cancer invasion, where myoepithelial cells
are less abundant, leading cells have been shown to adopt the basal CK14+ characteristics of
myoepithelial cells (270). However, in our model, which incorporates a myoepithelial cell
compartment, this provides evidence that cancer cells can rely on resident myoepithelial cells and

maintain their luminal state during invasion.

Finally, we implicate integrin B6-driven invasion to be protease-dependent, with invasion abrogated
upon pharmacological inhibition of metzincins. Validation of key proteases, as well as novel
substrates, which may mediate myoepithelial-led invasion, will be key in furthering our understanding

of DCIS progression.
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4.1. Introduction

During the progression of DCIS to IDC, degradation of the BM is required to enable the invasion of
cancer cells into the surrounding stroma. This invasion is typically associated with increased protease
expression and subsequent cleavage of dense matrices to create paths for migration. Integrins are key
players in this process and can regulate protease expression, as well as activate pro-MMPs through
physical interaction. For example, in cancer cells, integrin avB6 has been shown to promote MMP2

and MMP9 expression (195, 196, 270), while av3 activates MMP2 (197, 198, 278).

Previously, we showed that upregulation of integrin 6 drives myoepithelial-led invasion of breast
luminal cells into a collagen matrix. As integrin 6 expression was coupled with alterations in metzincin
expression, we hypothesise that these changes may present as a fundamental step in promoting DCIS
progression to IDC. In this chapter, we investigate the role of MMP13 in facilitating f6-induced
myoepithelial-led invasion using our previously established models of DCIS progression. We dissect
the mechanism whereby MMP13 is transcriptionally regulated and validate MMP13 as a potential

driver of invasion in vivo.

162



Chapter 4: Results Il

4.2. Integrin B6-driven invasion is MMP13 dependent

4.2.1. Knock-down of myoepithelial MMP13 reduces invasion

As the most significant change in protease expression upon integrin 6 induction was an upregulation
in MMP13 across both 1089 and Myo™®® models, we hypothesised that MMP13 could be responsible
for driving the invasive phenotype. To address this, we next examined whether loss of myoepithelial
MMP13 was sufficient to reduce invasion. This was achieved by transfecting 1089%¢ cells with non-
targeting control or MMP13-targeting siRNA (MMP13XP) prior to their combination with HB2 luminal
cells in heterocellular spheroids (Fig 4.1A). Effective knockdown of myoepithelial MMP13 was
confirmed by gqPCR prior to embedding spheres into collagen gels (Appendix 2.1). Strikingly,
knockdown of myoepithelial MMP13 in integrin B6-induced spheroids significantly diminished the
percentage of invasive area to non-integrin B6-induced levels. In addition, the number of projections
and the projection length were reduced significantly compared to non-targeting control conditions
(Fig 4.1B). Taken together, these data indicate that B6-induced invasion occurs through an MMP13-

dependent mechanism.
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Figure 4.1 Integrin B6-driven invasion is MMP13 dependent in the HB2/1089"%¢ model.

Prior to co-culture, 10896 cells were transiently transfected with non-targeting control (NTC) or MMP13 siRNA
(MMP13X%P), Transfected 1089%¢ cells were then combined with HB2 cells to form spheres, which were
embedded in collagen gels and treated with 1 pg/ml doxycycline to induce integrin B6 expression. (A)
Representative light micrographs of spheres at 4 d, with either myoepithelial-NTC or -MMP13%® and
myoepithelial integrin 6 expression. (B) Summary graphs showing % invasive area, number of projections,
projection length (um) and central area (um?). Data are presented as mean + SEM where each dot represents
one sphere with biological replicates indicated by different colours. Average of biological replicates indicated as
larger-sized points. **p<0.01, ***p<0.001, ****p<0.0001 (Kruskal-Wallis test with multiple comparisons). Scale
bar =100 um.
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4.2.2. Treatment with MMP13i reduces B6-driven invasion

To confirm that this invasive phenotype was dependent on the proteolytic activity of MMP13 and not
just its expression, integrin B6-induced spheroids were treated with an MMP13 specific inhibitor
(DB04760; 1 uM) (279). The percentage of invasive area, number of projections and the projection
length were reduced significantly across both the HB2/1089%¢ and HB2/Myo®® models, demonstrating
that both MMP13 expression and its activity are required to facilitate invasion (Fig 4.2, 4.3). To observe
changes in collagen-I cleavage following MMP13 inhibition, HB2/1089%¢ spheroids were subjected to
immunofluorescent analysis of collagen-I proteolysis. Levels of cleaved collagen-I were reduced in

MMP13i treated conditions (Fig 4.4), consistent with the observed reduction in invasion.
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Figure 4.2 Integrin B6-driven invasion is dependent on MMP13 activity in the HB2/1089% model.

HB2/1089% spheres were embedded in collagen gels and treated with 1 pg/ml doxycycline to induce integrin
B6 expression, and 1 uM MMP13i (DB04760) to inhibit MMP13 activity. (A) Representative light micrographs of
spheres at 4 d post treatment. (B) Summary graphs showing % invasive area, number of projections, projection
length (um) and central area (um?). Data are presented as mean + SEM where each dot represents one sphere
with biological replicates indicated by different colours. Average of biological replicates indicated as larger-sized
points. ns = not significant, **p<0.01, ***p<0.001, ****p<0.0001 (Kruskal-Wallis test with multiple
comparisons). Scale bar = 100 um.
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Figure 4.3 Integrin B6-driven invasion is dependent on MMP13 activity in the HB2/Myo® model.

HB2 spheres were embedded in Myo'®é-containing collagen gels and treated with 1 pg/ml doxycycline to induce
integrin B6 expression, and 1 uM MMP13i (DB04760) to inhibit MMP13 activity. (A) Representative light
micrographs of spheres at 3 d post treatment. (B) Summary graphs showing % invasive area, number of
projections, projection length (um) and central area (um?). Data are presented as mean = SEM where each dot
represents one sphere with biological replicates indicated by different colours. Average of biological replicates
indicated as larger-sized points. ns = not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (Kruskal-
Wallis test with multiple comparisons). Scale bar = 100 um.
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Figure 4.4 Invasion requires MMP13-dependent collagen-I cleavage in HB2/1089*¢ model.

Spheres comprised of fluorescently labelled HB2/1089"% spheroids were embedded in collagen gels and treated

with 1 ug/ml doxycycline to induce myoepithelial integrin 6 expression, and 1 uM MMP13i (DB04760), to inhibit

MMP13 activity. Representative fluorescence images of invading spheroids at 4 d post treatment with HB2

(magenta), Myo'?® (cyan) and cleaved collagen-I (yellow). Scale bar = 100 um.
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4.2.3. Integrin B6-independent overexpression of MMP13 drives invasion

We next wanted to determine whether overexpression of MMP13 could drive invasion independently
of integrin B6. To achieve this, we engineered a constitutive MMP13-HA tag-expressing lentiviral
construct using the pLV-CMV-Puro destination vector (Fig 2.1) and transfected non integrin B6-
inducible parental 1089 cells (1089MMP13)  Efficacy of MMP13 overexpression was confirmed by
western blot, with a significant increase in MMP13-HA detected in both the whole cell lysate and

conditioned medium, compared to the 1089 empty vector control (1089%Y) (Fig 4.5).

To assess the ability of MMP13 to drive invasion, 1089MMP13 cells were then combined with HB2 cells
to form spheroids prior to embedding in collagen gels. Strikingly, integrin 6 independent expression
of MMP13 in 1089MMP13 cells was able to drive invasion compared to the empty vector (EV) 1089
control, with a significant increase in the percentage of invasive area (Fig 4.6A,B). Noticeably,
1089MMP13 ce||s exhibited more dispersed invasion out from the sphere (Fig 4.6A), compared to integrin
B6-induced spheroids, likely due to higher overall expression of MMP13. Taken together, this supports
the role of myoepithelial-derived MMP13 as an active driver of integrin B6-dependent myoepithelial-

led invasion.
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Figure 4.5 Validation of pLV CMV MMP13 HA-Tag construct.

1089 cells were transfected with constructs constitutively expressing MMP13 HA-Tag and media and cells were
harvested after 72 h. Western blots using anti-HA antibodies confirmed sufficient overexpression of MMP13 in
the whole cell lysate (WCL) and conditioned media (CM).
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Figure 4.6 MMP13 drives invasion independently of integrin B6 in the HB2/1089 model.

HB2/1089 spheres, consisting of either 1089%Y or 1089MMP13 were embedded in collagen gels. (A) Representative
light micrographs of spheres 4 d post embedding in collagen. (B) Summary graphs showing % invasive area and
central area (um?). Data are presented as mean + SEM where each dot represents one sphere with biological
replicates indicated by different colours. Average of biological replicates indicated as larger-sized points. ns =
not significant, **p<0.01 (Mann Whitney U Test). Scale bar = 100 pum.
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4.3. Integrin B6-driven MMP13 upregulation is TGFB-dependent

4.3.1. Integrin 36 expression drives canonical TGFf signalling

Having determined integrin B6-induced MMP13 to be a driver of invasion, we next sought to
investigate the mechanism by which integrin B6 expression was driving increased MMP13 expression.
As well-characterised ligands of integrin avp6 include the TGFB pro-peptide (280-282), we
hypothesised that integrin f6 expression would increase TGFf signalling. Indeed, gene set enrichment
analysis (GSEA) of RNAseq data suggested an enrichment of the TGFpB signalling signature upon
integrin B6 induction in 1089 cells (Fig 4.7A,B), with TGFB signalling components also upregulated in

Myo'®¢ cells (Fig 4.7B).

Increased basal canonical TGFB signalling was also observed by western blot analysis, revealing
enhanced phosphorylation of SMAD2/3 following integrin B6 induction in 1089 cells (Fig 4.8A).
Although total SMAD4 expression remained unchanged following integrin 6 induction, an increase in
its nuclear localisation was observed by immunofluorescence, suggesting an increase in SMADA4-
mediated transcription (Fig 4.8B). To confirm this, cells were transfected with a SMAD-SMAD binding
element (SBE) luciferase reporter construct, prior to integrin B6 induction alongside TGFBR inhibition
and/or TGFB stimulation. Indicative of increased TGFp signalling, luminescence analysis revealed an
increase in SMAD driven transcription upon integrin B6 induction, both with and without TGF(
stimulation (Fig 4.8C). These data confirm that integrin 6 expression drives increased TGFp signalling

in breast myoepithelial cells.
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Figure 4.7 TGF signalling is enriched following myoepithelial integrin B6 induction.

10896 or primary Myo'®® cells grown in 2D were treated with 1 pg/ml doxycycline for 48 h to induce integrin B6
expression. 10896 cells were also treated with 10 uM of TGFBR inhibitor (SB435142). Differential expression
analysis based on RNAseq data was used to perform gene set enrichment analysis. (A) Enrichment plot of TGFB
signalling gene set in integrin B6-induced versus control 1089%¢ cells. NES = normalised enrichment score. (B)
Heat maps showing expression of genes from the TGFB signalling gene set in 10896 or Myo'®® cells upon integrin
B6 induction. For this experiment, C. Mein performed the RNA sequencing and provided the normalised counts.
E. Tomas Bort performed the differential expression analysis which S. Gibson used to perform the GSEA. GSEA
plots were extracted from the GSEA software, while heatmaps were generated by S.Gibson.
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Figure 4.8 Integrin B6 induction drives canonical TGF signalling.

10896 cells grown in 2D were treated with 1 pg/ml doxycycline for 48 h to induce integrin B6 expression. (A)
Western blots using integrin B6, pSMAD2/3, SMAD2, SMAD4 and GAPDH-directed antibodies. (Bi)
Representative immunofluorescence staining of DAPI (blue) and SMAD4 (magenta) and (Bii) quantification of
nuclear SMAD4 intensity in 10896 cells. Data are presented as mean + SEM where each dot represents one cell
with biological replicates indicated by different colours. Average of biological replicates indicated as larger-sized
points. Scale bar = 100 um (or 50 um for inserts). ****p<0.0001 (Two-tailed t-test). (C) Relative luminescence of
10896 cells grown in 2D and transfected with SMAD-SBE luciferase constructs prior to treatment with 1 pg/ml
doxycycline for 48 h to induce integrin B6 expression, 10 uM of TGFBRI (SB435142), and/or 5 ng/ml TGFB
stimulation. Data are presented as + SEM, with biological replicates indicated by different colours. *p<0.05,
**p<0.01 (One-way ANOVA with multiple comparisons). The SMAD-SBE Luciferase reporter construct was
provided by Dr. A. Cameron.
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4.3.2. Inhibition of TGF signalling blocks integrin B6-driven MMP13 upregulation

To determine whether integrin B6-induced MMP13 upregulation was dependent on TGFf signalling,
integrin B6-induced 1089%¢ cells were treated with the TGFBR inhibitor SB431542 for 48 h prior to
gPCR analysis. Transcriptional upregulation of MMP13 was blocked upon integrin 6 induction,
indicating that integrin f6-driven MMP13 upregulation occurs through a TGFB-dependent mechanism
(Fig 4.9). To confirm the role of TGFp signalling in facilitating integrin B6-induced invasion in a 3D
context, HB2/1089%¢ spheres were treated with SB431542 for 4 days and the effect on invasion was
assessed. Accordingly, integrin B6-induced spheres showed reduced invasion following TGFBR

inhibition (Fig 4.10).
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Figure 4.9 Integrin B6-driven upregulation of MMP13 is dependent on TGF signalling.

10896 cells grown in 2D were treated with 1 ug/ml doxycycline for 48 h to induce myoepithelial integrin B6
expression and 10 uM TGFBRi (SB435142) to inhibit TGFp signalling. gPCR analysis was performed to determine
relative MMP13 mRNA expression compared to control. Data are presented as mean * SEM. **p<0.01 (One-way
ANOVA with multiple comparisons).
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Figure 4.10 B6-driven invasion is dependent on TGFB signalling in the HB2/1089/% model.

HB2/1089®¢ spheres were embedded in collagen gels and treated with 1 pg/ml doxycycline to induce integrin
B6 expression and 10 uM TGFBRi (SB435142) to inhibit TGFP signalling. (A) Representative light micrographs of
spheres at 4 d post treatment. (B) Summary graphs showing % invasive area and central area (um?). Data are
presented as mean £ SEM where each dot represents one sphere with biological replicates indicated by different
colours. Average of biological replicates indicated as larger-sized points. *p<0.05, ***p<0.001 (Kruskal-Wallis

test with multiple comparisons). Scale bar = 100 pm.
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4.4. TGFB-dependent expression of MMP13 requires activation of EP300

4.4.1. Identification of integrin B6/TGFB-dependent transcriptional regulators

After identifying integrin B6-driven MMP13 upregulation to be TGFB-dependent, we next investigated
direct transcriptional regulators downstream of TGFB signalling that could regulate MMP13
expression. Given our finding that MMP13 expression was regulated independently of SMAD4
(Appendix 2.2), we used Ingenuity Pathway Analysis to predict integrin 6-driven, TGFB-dependent
transcriptional regulators, determined from our 1089 RNAseq data. This approach identified 54
integrin B6/TGFB-dependent hits. While 43 were activated upon integrin B6-induction and
subsequently inhibited following TGFBRi treatment, 11 were inhibited upon integrin f6-induction and

subsequently activated following TGFBRi treatment (Fig 4.11).

To identify regulators specific to MMP13, each of the 54 hits were individually knocked down by siRNA,
and the impact on integrin B6-driven MMP13 transcription was assessed by qPCR analysis. As integrin
B6-induced MMP13 mRNA upregulation typically fell between 2-5-fold in NTC conditions, knockdown
of regulators that resulted in below 2-, or above 5- fold, were classed as positive and negative
regulators, respectively (Fig 4.12). This approach identified the histone acetyl transferase EP300 as a
potential MMP13 regulator, as its knockdown had the greatest effect on blocking integrin B6-driven

MMP13 expression (Fig 4.12, Appendix 2.3).
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Figure 4.11 Activation Z-scores of integrin B6/TGFB-dependent transcriptional regulators.

10896 cells grown in 2D were treated with 1 pug/ml doxycycline to induce myoepithelial integrin B6 expression
and 10 uM TGFBRi (SB435142) to inhibit TGFB signalling, for 48 h. Differential expression analysis based on
RNAseq data was used to predict the activation score of upstream transcriptional regulators using Ingenuity
Pathway Analysis Software. Heat map showing activation Z scores of integrin B6/TGFB-dependent
transcriptional regulators. Activated transcriptional regulators are in red, while inhibited transcriptional
regulators are in blue. For this experiment, E. Tomas Bort performed the differential expression analysis from
RNAseq normalised counts, which S. Gibson used to perform the upstream regulator analysis using IPA Qiagen

software. Heatmap was produced by S. Gibson.
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Figure 4.12 SiRNA screen reveals EP300 as a potential transcriptional regulator of MMP13.

10896 cells grown in 2D were subjected to siRNA transfection against candidate integrin B6/TGFB-dependent
transcriptional regulators prior to treatment with 1 ug/ml doxycycline for 48 h to induce myoepithelial integrin
B6 expression and MMP13 upregulation. Relative MMP13 mRNA expression of siRNA-treated 1089%¢ cells
compared to non-targeting control (NTC), 72 h post transfection. Fold change < 2 indicates positive regulators
of MMP13 (red) and fold change > 5 indicates negative regulators of MMP13 (blue).
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4.4.2. Validation of EP300 as a driver of MMP13 expression

As siRNA-mediated knockdown of EP300 was able to block integrin B6-mediated upregulation of
MMP13 (Fig 4.13A), we next tested whether inhibition of EP300 activity could yield similar results.
Using the dual CREBBP/EP300 inhibitor, SGCCBP30, which works by binding to bromodomains
required for chromatin binding (283), we treated integrin B6-induced 1089%¢ cells and assessed
MMP13 mRNA expression by qPCR analysis. Treatment with SGCCBP30 yielded a loss in integrin B6-
dependent MMP13 upregulation, further implicating EP300 activity as a requirement for integrin 6-

induced MMP13 expression (Fig 4.13B).

Next, to confirm the regulation of MMP13 by EP300, ChIP was performed to analyse for enrichment
of H3K27ac, an epigenetic histone acetylation mark associated with transcriptional activation, at the
MMP13 promoter region following EP300 inhibition. Integrin B6-induced 1089 cells were treated
with SGCCBP30 prior to chromatin extraction and immunoprecipitation with an H3K27ac targeted
antibody. ChIP-gPCR analyses using genomic primer pairs specific for the MMP13 promoter suggested
an enrichment of H3K27ac following integrin B6 induction, although this was not significant. Strikingly,
treatment with SGCCBP30 was able to diminish levels of H3K27ac at the MMP13 promoter region
upon integrin B6 induction (Fig 4.14), suggestive of a mechanism where EP300 activation drives

transcriptomic expression of MMP13.
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Figure 4.13 MMP13 upregulation is dependent on expression and activity of EP300.

(A) 108976 cells grown in 2D were subjected to EP300-targeted siRNA (EP300XP) transfection and treated with 1
pg/ml doxycycline for 48 h to induce integrin B6 expression. RNA was extracted 72 h post transfection and
subjected to gPCR analysis. Relative mRNA expression of MMP13 compared to the non-targeting control (NTC),
non-integrin B6-induced condition. (B) 10896 cells grown in 2D and treated with 1 pg/ml doxycycline and/or 1
KM SGCCBP30 for 48 h to block EP300 activity. Harvested RNA was subjected to gPCR analysis. Relative mRNA
expression of MMP13 compared to the DMSO-treated, non-integrin f6-induced condition. Data are presented
as mean + SEM. *p<0.05, ***p<0.001 (One-way ANOVA with multiple comparisons). The SGCBP30 inhibitor was
provided by Dr. B. Peck.
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Figure 4.14 EP300 regulates MMP13 expression through H3K27ac enrichment.

108976 cells grown in 2D were treated with 1 pg/ml doxycycline and/or 1 uM SGCCBP30 for 48 h. Chromatin was
harvested and subjected to immunoprecipitation using an anti-H3K27ac antibody. ChIP-qPCR analysis for
enrichment of H3K27ac at the MMP13 promoter region using genomic MMP13 primers. Data are presented as
mean + SEM. *p<0.05 (One-way ANOVA with multiple comparisons). The SGCBP30 inhibitor was provided by Dr.

B. Peck.
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4.4.3. Knock-down of EP300 reduces integrin B6-driven invasion

To confirm the role of EP300 as a driver of invasion in a 3D context, we next examined whether loss
of myoepithelial EP300 in the HB2/1089%¢ sphere model was sufficient to reduce invasion. Effective
knockdown of EP300 by siRNA was confirmed by western blot analysis prior to embedding spheres
into collagen gels (Fig 4.15) (Appendix 2.3). Consistent with the previous findings implicating EP300 as
aregulator of integrin 6 driven MMP13 expression, EP300 siRNA-treated spheres (EP300%P) displayed
reduced invasion compared to NTC counterparts, characterised by a significant decrease in the
percentage of invasive area despite integrin B6 induction (Fig 4.15). These data confirm that EP300

expression is required to drive integrin f6-induced invasion.

4.4.4. EP300 expression is associated with poor prognosis in breast cancer

In line with its potential role in DCIS, data from publicly available invasive breast carcinoma
repositories showed that high RNA expression of integrin 36 in the bulk tumour was associated with
higher levels of EP300. Furthermore, MMP13 expression was also significantly increased in high EP300
expressing patients (Fig 4.16A), supportive of our in vitro data. Survival analysis revealed that patients
with tumours expressing higher levels of EP300 protein displayed poorer overall survival, with a hazard
ratio of 3.54, further supporting that EP300 may also play a role in facilitating the later stages of breast

cancer progression (Fig 4.16B).
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Prior to co-culture, 1089"%¢ cells were transiently transfected with non-targeting control (NTC) or EP300 siRNA
(EP300XP), Transfected 108976 cells were then combined with HB2 cells to form spheres, which were embedded
in collagen gels and treated with 1 pg/ml doxycycline to induce integrin 6 expression. (A) Representative light
micrographs of spheres at 4 d, with either myoepithelial-NTC or —EP300%°® and myoepithelial integrin B6
expression. (B) Summary graphs showing % invasive area and central area (um?2). Data are presented as mean +
SEM where each dot represents one sphere with biological replicates indicated by different colours. Average of
biological replicates indicated as larger-sized points. *p<0.05, ***p<0.001 (Kruskal-Wallis test with multiple
comparisons). Scale bar = 100 um.
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Figure 4.16 EP300 expression is associated with poor prognosis in breast cancer.

(A) EP300 and MMP13 mRNA expression in patient samples taken from the breast invasive carcinoma, TCGA,
PanCancer Atlas data set. Low or high integrin 6 or EP300 classification was determined based on expression
above or below integrin f6 or EP300 median expression. **p<0.01, ****p<0.0001 (Two-tailed t-test). (B) Kaplan
Meier plots showing association between EP300 protein expression and overall survival from the Tang et al.
breast cancer data set (284).

186



Chapter 4: Results Il

4.4.5. Integrin B6-driven invasion is dependent on EP300/MMP13 in a duct model

Having shown that blocking the myoepithelial EP300/MMP13 axis was sufficient to prevent invasion
of integrin B6-expressing spheroid models, we next aimed to recapitulate this in our ductal model of
DCIS, where primary luminal and myoepithelial cells from reduction mammoplasty patients are
recombined in collagen-I to form ductal cultures (245). Upon the formation of these structures at 14
days post embedding, cultures were treated with doxycycline to induce luminal HER2 and
myoepithelial integrin 6 expression, which results in luminal filling and myoepithelial-led invasion
(Fig 3.2). To assess the role of the EP300/MMP13 axis, cultures were also treated with EP300i
(SGCCBP30), or MMP13i (DB04760) to block EP300 and MMP13, respectively. Under integrin B6-
induced conditions, cleaved collagen-I analysis was consistent with findings observed in the
HB2/1089%¢ sphere model, displaying increased collagen proteolysis surrounding myoepithelial-led
protrusions (Fig 4.17). Strikingly, as with our spheroid model, inhibition of MMP13 reduced collagen
proteolysis as well as invasion into the surrounding matrix, confirming MMP13 as an active driver of
integrin B6-dependent invasion (Fig 4.17). Targeting of EP300 was also sufficient to reduce both
invasion and collagen-I cleavage, highlighting EP300 as a critical regulator of MMP13 transcription in

this model (Fig 4.17).
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Figure 4.17 Integrin B6-driven invasion is EP300/MMP13-dependent in ductal model.

Primary luminal and myoepithelial ductal structures formed 14 d post collagen embedding were subsequently
treated with 1 pg/ml doxycycline for a further 7 d to induce transgene expression. To inhibit activity of MMP13
and EP300, ducts were treated with 1 uM MMP13i (DB04760) and 1 uM EP300i (SGCCBP30), respectively. Imaris
reconstructions of luminal/myoepithelial ductal structures after 21 d of culture with HER2 luminal expression,
myoepithelial integrin B6 expression and inhibition of MMP13 or EP300 where Nuclei (blue), vimentin
(magenta), HER2 (green) and cleaved collagen (yellow). Scale bar = 20 um. This experiment was performed by
Dr. E. Carter.
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4.5. MMP13 expression in vivo and in clinical cases

4.5.1. Stromal Mmp13 expression is associated with invasion in vivo

To investigate our findings in vivo, we next used the mouse mammary intraductal (MIND) model to
examine the presence of Mmp13 in the tumour microenvironment of invasive margins (259, 285). In
this model, MCF7 cancer cells are xenografted into the mouse mammary ductal tree and can be used
to study DCIS progression, with the dispersal of tumour cells into the stroma occurring at
approximately 12 weeks post intraductal injection (Fig 4.18A) (259, 285). The model presents
advantages when studying DCIS, as tumours develop with a greater involvement of the
microenvironment and demonstrate features more consistent with clinical breast cancer than

traditional fat pad xenografts (259).

To detect mouse Mmp13 in the microenvironment, while avoiding detection of cancer cell derived
MMP13, RNAscope analysis was performed, using mouse-specific Mmp13 probes. Interestingly,
stromal Mmp13 expression was localised to the periphery of collectively invading cancer cells,
compared to non-invasive areas of DCIS where Mmp13 expression was significantly reduced (Fig
4.18B,C). These data suggest that while MMP13 expression is not required for facilitating DCIS growth,

it could be associated with invasive progression.
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Figure 4.18 Stromal Mmp13 is associated with invasion in intraductal mouse model.

(A) Summary schematic of mammary fat pad versus intraductal mouse models of breast cancer progression. (B)
Representative Mmp13 RNAscope images of non-invasive and invasive fronts from MCF7-MIND mice at 12
weeks post intraductal injection. Mmp13 expression is indicated by presence of red dots. Scale bar = 100 um.
(C) Graph showing number of Mmp13+ cells per 250 um? field of view. Data are presented as mean + SEM where
each dot represents one field of view with biological replicates indicated by different colours. Average of
biological replicates indicated as larger-sized points. ****p<0.0001 (Two-tailed t-test) n = 3 mice. The intraductal
model developed was developed by Prof. C. Briskens group. For this experiment, Dr. A. Agnoletto provided the
tissue sections, while S. Gibson performed the RNAscope and quantification analyses.
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4.5.2. Myoepithelial cells express MMP13 in high-grade DCIS

To investigate myoepithelial MMP13 expression in the context of integrin 6 positive DCIS, 30 human
breast samples, comprising 10 normal breast tissue, 10 DCIS and 10 IDC were analysed for expression
of MMP13 and integrin 6 by RNAscope and immunohistochemistry, respectively. Strikingly, whereas
90% of normal samples were MMP13 negative (9 out of 10), MMP13 was detected in the
myoepithelial and fibroblast cells of 50% (5 out of 10) of DCIS cases (Fig 4.19A,B). Notably, MMP13
positive cases were also high-grade DCIS, while MMP13 negative were either intermediate or low-
grade DCIS. In MMP13 positive cases, MMP13 expression was absent from cancer cells and primarily
localised to integrin B6 positive myoepithelial cells, as well as fibroblast cells in the tumour periphery,
with a positive correlation observed between the percentage of MMP13 and integrin B6 positive cells

per duct (Fig 4.19A,C).
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Figure 4.19 MMP13 is localised to integrin B6-expressing myoepithelial cells in DCIS.

Detection of MMP13 expression by RNAscope was performed in normal (n = 10), DCIS (n = 10) and IDC (n = 10)
cases. (A) Representative images of integrin B6 IHC (brown) staining and MMP13 RNAscope (red) detection in
normal and DCIS patients. Scale bar = 100 um. (B) Summary graph showing percentage of MMP13 positive cases
across disease states. (C) Graph showing percentage of MMP13 and integrin B6 positive cells/per duct across
DCIS patients. Data are presented as individual points where each dot represents one duct, with different
patients represented by different colours. (Simple linear regression). For this experiment, Prof. L. Jones provided
the tissue sections, while N. Rahman performed the B6 IHC and S. Gibson performed the MMP13 RNAscope and

quantification analyses of ducts.
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4.5.3. MMP13 is expressed in IDC cases

In IDC, expression of MMP13 was observed in 90% (9 out of 10) of cases (Fig 4.19B), with expression
localised to fibroblasts surrounding areas of invasion (Fig 4.20A). While integrin B6 expression was
mostly absent in the cancer cell compartment of DCIS, cancer cells in IDC displayed increased integrin
B6 expression, congruent with findings in a study of integrin B6 in breast cancer (207). These data
suggest that once the initial stages of invasion have occurred, cancer cells and fibroblasts may
upregulate integrin B6 and MMP13, respectively, to support invasion at later stages of disease.
Supporting this, patient data from the breast invasive carcinoma TCGA PanCancer atlas data set,
revealed a significant association between high integrin 6 and high MMP13 RNA expression in breast
tumours (Fig 4.20B). Taken together, this implicates a progressive increase in MMP13 activity from
normal breast tissue to DCIS and IDC, implicating a role for integrin B6 driven MMP13 in facilitating

invasion.
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Figure 4.20 Expression of MMP13 is increased in IDC.

(A) Representative images of integrin B6 IHC (brown) staining and MMP13 RNAscope (red) detection in IDC
patients. Scale bar = 100 um. (B) MMP13 mRNA expression in patient samples taken from the breast invasive
carcinoma, TCGA Cell 2015 data set. Low or high integrin 36 classification was determined based on expression
above or below median integrin 6 expression. ****p<0.0001 (Two-tailed t-test). For this experiment, Prof. L.
Jones provided the tissue sections, while N. Rahman performed the 6 IHC and S. Gibson performed the MMP13
RNAscope.
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4.6. Discussion

Results summary

Integrin B6-dependent myoepithelial-led invasion requires MMP13 expression and activity.

. Integrin B6-driven upregulation of MMP13 is dependent on activation of the histone
acetyltransferase EP300 upon enhanced TGFp signalling.

. Expression of Mmp13 is associated with areas of invasion in intraductal mouse model of DCIS.

. MMP13 is elevated in myoepithelial cells of clinical high-grade DCIS cases.

MMP13 has previously been implicated as a marker in the transition of DCIS to IDC, where its
expression has been localised to stromal-myofibroblasts in areas of microinvasion (286). However, the
functional significance of myoepithelial MMP13 as an active driver of disease progression has yet to
be established. Here, we demonstrate that inhibition or knockdown of myoepithelial-derived MMP13
can significantly reduce invasion, implicating MMP13 as a crucial protease in facilitating the
progression of early-stage breast cancer. These findings were supported by analyses of clinical DCIS
samples, where MMP13 expression was observed in myoepithelial cells positive for integrin $6. In IDC
cases, MMP13 expression was increased further and detected in both myofibroblasts and cancer cells.
This suggests that after the loss of the myoepithelial cell layer in the initial stages of invasion, integrin
B6-expressing cancer cells may upregulate MMP13 expression, alongside myofibroblasts, to enhance
their invasive capabilities. This is reinforced by data from the breast invasive carcinoma TCGA cohort
where we identified a positive correlation between expression of integrin 6 and MMP13 (287).
Despite the robust and dramatic effect of MMP13 knockdown on invasion in our models, several other
myoepithelial metzincins may also be involved in promoting the transition of DCIS to IDC (72, 160,

180).
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We further show that MMP13 upregulation, mediated by integrin B6, occurs via a TGFB-dependent
mechanism and can be blocked through inhibition of TGFBR. These findings align with existing
literature where integrin B6 drives the upregulation of several MMPs through TGFf signalling (35).
While TGFB is often associated with promoting tumour progression in the later stages of disease,
typically due to mutation or allelic loss of pathway components (211), we demonstrate that TGF
signalling in the microenvironment may influence progression during the early stages of disease. This
is further supported by immunohistochemical analysis, where overexpression of TGFBRs is associated

with a worse prognosis in breast cancer (222, 288).

Our data suggest that while integrin 6-driven MMP13 expression in myoepithelial cells is TGFjB-
dependent, its transcriptional regulation occurs independently of canonical SMAD pathways, as
SMAD4 knockdown had minimal effects on MMP13 expression. The most striking result from our
integrin B6/TGFB-dependent transcriptional regulator screen, showed that knockdown of the histone
acetyltransferase, EP300, resulted in significantly diminished MMP13 expression. These results are
aligned with previous studies on MMP13 regulation in osteoblasts, where EP300 and RUNX2 are
required to mediate activation of MMP13 during bone remodelling (289, 290). Indeed, our
experiments show that in the context of myoepithelial cells, EP300 activity is critical for MMP13
expression, as either knockdown or inhibition were sufficient to block integrin 6-driven MMP13
upregulation. Further analysis of publicly available datasets revealed that high expression of EP300 in
breast cancer patients was associated with reduced and overall survival, further supporting the notion
that EP300 expression and activity contribute to disease progression (284). Overall, we provide
evidence that myoepithelial cells play an active role in facilitating the invasion of luminal cells into the

surrounding matrix. This is mediated by increased TGF( signalling, which facilitates epigenetic
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regulation of MMP13 through EP300 (Fig 4.21). This mechanism may facilitate DCIS progression and

provides a rationale for further investigation into myoepithelial MMP13 as a high-risk marker.
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Figure 4.21 Proposed mechanism of the 6/MMP13 axis in myoepithelial-led invasion.

Upon upregulation of myoepithelial integrin B6 expression, TGFB signalling is increased to drive
activation of EP300 and subsequent expression of MMP13. Secretion of MMP13 into the surrounding
stroma supports myoepithelial-led invasion via proteolytic remodelling of the basement membrane.
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5.1. Introduction

While proteases are classically known for their pro-tumoural roles in facilitating invasion and disease
progression, it is become increasingly clear that some proteases can also possess tumour repressive
functions (135, 138). For example, loss of the tumour-suppressive protease, MMPS, has been shown

to contribute to DCIS progression by reducing the ability of cells to adhere to the matrix (160).

While we have previously shown that integrin B6 expression drives upregulation of MMP13, we also
show that metzincins MMP24, ADAMTS3 and ADAM21P1 are instead downregulated (Fig 3.11).
ADAMTS3 is a member of the procollagen N-proteinase subfamily, which functions to cleave the N-
terminal propeptide of collagen trimers during collagen processing to reduce solubility and facilitate
fibril assembly (291). More recently, it has been shown that ADAMTS3 may have broader functions,
including the activation of pro-VEGF-C through proteolytic cleavage during lymphangiogenesis (291-
293). These findings are supported by other studies where examination of substrates for this family
of enzymes identified additional ECM components, with an emphasis on matrix-associated proteins
related to TGFp signalling (294). This suggests that the substrate repertoire of ADAMTS3 is greater

than initially thought, implicating the existence of other functions besides collagen processing.

In this chapter, we assess the role of myoepithelial ADAMTS3 as a potential suppressor of invasion

and utilise a degradomic workflow to assess novel targets of ADAMTS3.
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5.2. Myoepithelial ADAMTS3 loss drives invasion

5.2.1. ADAMTS3 expression is lost in DCIS and IDC

Previous expression profiling of ADAMTS members in a breast carcinoma cohort has revealed
expression changes in ten ADAMTS proteases, one of which is a downregulation in the procollagen N-
proteinase, ADAMTS3 (180). Mining of publicly available TCGA and GTEx cohorts corroborated this
finding, demonstrating a reduction of ADAMTS3 in bulk breast tumours compared to healthy breast
tissue (Fig 5.1A). To provide a more comprehensive understanding of ADAMTS3-expressing cell types
in the healthy breast, we utilised single cell RNAseq data obtained from the Human Protein Atlas,
which identified fibroblasts and myoepithelial cells as the main source of ADAMTS3 (Appendix 3.1).
As the ADAMTS3-loss observed in breast cancer could be due to the absence of an ADAMTS3-
expressing myoepithelial population, we next interrogated publicly available data from a study that
performed transcriptomic profiling of DCIS organoids (295). Interestingly, ADAMTS3 loss was observed
at the DCIS stage, compared to healthy control organoids, highlighting that ADAMTS3 is already lost

during the early stages of disease progression (Fig 5.1B).
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Figure 5.1 ADAMTS3 loss is observed in DCIS and IDC.

(A) ADAMTS3 mRNA expression (Log, (TPM+1)) in normal (n=291) versus tumour (n=1085) breast tissue. Data
extracted from breast cancer TCGA and GTEx data sets. (B) ADAMTS3 mRNA expression (Log; fold change) in
normal (n=10) versus DCIS (n=25) organoids. Data taken from Abba et al. study (GSE69994) (295). *p<0.05 (Two-
tailed t-test).
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5.2.2. Integrin B6-induction drives ADAMTS3 loss in myoepithelial cells

To investigate the relevance of ADAMTS3 loss in the DCIS-associated myoepithelium, we utilised the
previously generated integrin B6-inducible 1089 myoepithelial cell line to assess changes to ADAMTS3
expression. Upon overexpression of integrin B6 in 10896 cells (Fig 5.2A), we observed a significant
downregulation of ADAMTS3 compared to non B6-induced control cells (Fig 5.2B), congruent with
previous RNAseq data (Fig 3.11). This finding is consistent with other studies that report a
downregulation of proteases upon integrin 6 expression, such as loss of myoepithelial MMP8

expression in DCIS (160).
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Figure 5.2 Integrin 6 expression drives ADAMTS3 loss.

10896 cells grown in 2D were treated with 1 ug/ml doxycycline for 48 h to induce B6 induction. Relative mRNA
expression of (A) integrin B6 and (B) ADAMTS3 upon integrin B6 overexpression (B6°F) compared to control
(CTR) in the 1089 myoepithelial cell line. *p<0.05, **p<0.01 (Two-tailed t-test).
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5.2.3. ADAMTS3 loss drives myoepithelial-led invasion

To understand the biological consequence of myoepithelial ADAMTS3 loss on the invasive progression
of DCIS, we utilised our previously established HB2/1089 spheroid model (Fig 3.3A). Prior to
combination with HB2 cells in heterocellular spheroids, 1089 cells were transfected with non-targeting
control or ADAMTS3-targeted siRNA (Appendix 3.2). Strikingly, upon siRNA-mediated knockdown of
myoepithelial ADAMTS3 (TS3XP) in HB2/1089 spheroids, we observed an increase in invasion,
compared to non-targeting control spheroids (Fig 5.3A). Quantification of invading spheroids
confirmed a significant increase in the invasive area and the number of invading projections,
implicating myoepithelial ADAMTS3 as a suppressor of invasion (Fig 5.3B). Subsequent confocal
analysis of invasive protrusions, utilising fluorescently tagged histone constructs, revealed that
invading luminal cells were led by myoepithelial cells (Fig 5.3A), in line with previous findings observed

upon integrin B6 induction in this model (Fig 3.5).

These data were recapitulated, although to a lesser extent, in our primary HB2/Myo model consisting

of HB2 monoculture spheroids embedded in collagen gels containing primary myoepithelial cells, with

knockdown of ADAMTS3 significantly increasing the invasive area (Fig 5.4).
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Figure 5.3 Loss of myoepithelial ADAMTS3 drives invasion in HB2/1089 model.
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Prior to co-culture, 1089 cells were transiently transfected with non-targeting control (NTC) or ADAMTS3 siRNA
(TS3XP), Transfected 1089 cells were then combined with HB2 cells to form spheres which were embedded in
collagen gels. (A) Representative light micrographs and fluorescent images (HB2; magenta, 1089; cyan) of
spheres at 4 d, with either myoepithelial NTC or TS3XP, (B) Summary graphs showing % invasive area and number
of projections. Data are presented as mean + SEM where each dot represents one sphere with biological
replicates indicated by different colours. Average of biological replicates indicated as larger-sized points.
***p<0.001 (Mann Whitney U test) Scale bar = 100 um. For this experiment, A. Tan performed two biological
replicates, while S. Gibson performed the third biological replicate. Confocal images were captured by S. Gibson.
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Figure 5.4 Loss of myoepithelial ADAMTS3 drives invasion in HB2/Myo model.

Prior to co-culture, primary Myo cells were transiently transfected with non-targeting control (NTC) or ADAMTS3
SiRNA (TS3KP), HB2 spheres were embedded in Myo-containing collagen gels. (A) Representative light
micrographs of spheres at 3 d, with either myoepithelial NTC or TS3XP, (B) Summary graphs showing % invasive
area and number of projections. Data are presented as mean + SEM where each dot represents one sphere with
biological replicates indicated by different colours. Average of biological replicates indicated as larger-sized
points. ¥*p<0.05, ***p<0.001 (Mann Whitney U test). Scale bar = 100 um.
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5.2.4. Myoepithelial ADAMTS3 expression inhibits invasion

As loss of myoepithelial ADAMTS3 promoted invasion across both spheroid models, we hypothesised
that ADAMTS3 expression may suppress invasion and restrict disease progression. To confirm the
suppressive effect of ADAMTS3 on invasion, we designed an ADAMTS3 overexpressing construct and
generated ADAMTS3 expressing 1089 cells on an integrin B6-inducible background (Appendix 3.3).
While integrin B6 overexpression (B6°F) drove invasion of non-ADAMTS3 overexpressing spheroids,
consistent with our previous findings, simultaneous overexpression of ADAMTS3 (TS3°¢) abrogated
this effect (Fig 5.5A). For example, spheroid analysis revealed a significant decrease in the invasive
area and number of projections between dual overexpression of both integrin B6 and ADAMTS3,
compared to spheroids with integrin B6°F expression alone (Fig 5.5B). Taken together, these data
suggest that in the healthy breast, expression of ADAMTS3 may protect ductal integrity, in line with
the natural tumour-suppressive function of the myoepithelium (59). However, loss of myoepithelial-
ADAMTS3 in DCIS may facilitate a mechanism whereby myoepithelial cells can become altered and

drive the invasion of luminal cells into the surrounding stroma.
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Figure 5.5 Myoepithelial expression of ADAMTS3 inhibits integrin B6-induced invasion

Prior to co-culture, 10896 cells were transduced with empty vector (EV) or ADAMTS3 overexpressing (TS3°€)

constructs. Transduced 1089'f¢ cells were then combined with HB2 cells to form spheres, which were embedded

in collagen gels and treated with 1 pg/ml doxycycline to induce integrin 6 expression. (A) Representative light
micrographs of spheres at 4 d post treatment, with integrin B6 induction and/or expression of EV or TS3°E, (B)
Summary graphs showing % invasive area and number of projections. Data are presented as mean + SEM where

each dot represents one sphere with biological replicates indicated by different colours. Average of biological
replicates indicated as larger-sized points. *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001 (Kruskal-Wallis test
with multiple comparisons). Scale bar = 100 um.
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5.3. Degradomic analysis reveals ADAMTS3 substrate candidates

5.3.1. Analysis of ADAMTS3 degradome

We next sought to investigate how ADAMTS3 may restrict invasion by interrogating ADAMTS3
substrates. To identify candidate ADAMTS3 substrates, we utilised an N-terminus amine isotopic
labelling of substrates (N-TAILS) workflow to analyse changes in the abundance of cleavage events
following ADAMTS3 knockdown (Fig 2.3, 5.6A) (256). In this method, N-termini are isotopically labelled
prior to the depletion of internal tryptic peptides, allowing for the simultaneous detection of both
natural and protease generated neo-N-termini (256). Thus, by identifying neo-N-termini peptides with

a reduced abundance upon ADAMTS3 loss, candidate ADAMTS3 substrates can be predicted.

While analysis of 3D cultures would have provided a more physiologically relevant understanding of
the degradome, high levels of protein input are required for the workflow and were unattainable from
this model. Instead, a 2D approach was utilised and the secretomes of ADAMTS3 siRNA treated-
primary myoepithelial cells, were subjected to N-TAILS. Out of the 1020 neo-N-term peptides that
were detected, 7% were lost (defined by a reduction in 25% or more) and 18% were enriched (defined
by anincrease in 25% or more) following ADAMTS3 knockdown compared to the non-targeting control

samples (Fig 5.6B).
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Figure 5.6 Summary of detected neo-N-term peptides.

(A) Primary myoepithelial cells were transiently transfected with non-targeting control (NTC) or ADAMTS3 siRNA
(TS3XP), Secretomes were collected 72 h post transfection for N-TAILs. (B) Large pie chart shows summary of
detected neo-N-term peptides, while smaller pie charts show significantly enriched (red; ratio>1.25, p<0.05) or
lost (blue; ratio<0.75, p<0.05) peptides. For this experiment, protein was extracted by S. Gibson, while E.
Madzharova performed the TAILS workflow. Pie charts were generated by S. Gibson.
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5.3.2. ADAMTSS3 substrates are associated with matrix organisation and migration

Out of the peptides that were lost upon ADAMTS3 knockdown, significant hits (p<0.05) included those
belonging to parental proteins fibronectin (FN1), laminin-C2 (LAMC2), TIMP metallopeptidase
inhibitor 2 (TIMP2) as well as growth factors and additional proteases (Fig 5.7A). Interestingly,
increased cleavage of the myoepithelial P-cadherin (CDH3) was also observed following ADAMTS3
loss, congruent with the reported loss of myoepithelial differentiation markers associated with DCIS
progression (296, 297). Subsequent analysis of candidate ADAMTS3 substrates revealed an
enrichment for pathways associated with matrix organisation, as well as those associated with cell
migration and motility (Fig 5.7B). These data concur with the phenotypic observations in our 3D
models, suggesting that loss of ADAMTS3 substrate cleavage may positively regulate pathways

associated with invasion.
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Figure 5.7 Pathway enrichment analysis of candidate ADAMTS3 substrates.

(A) Volcano plot showing parent proteins of neo-N-term peptides enriched (red) or lost (blue) upon ADAMTS3
knockdown. Candidate ADAMTS3 substrates are highlighted in the blue box. (B) Candidate ADAMTS3 substrates
were subjected to pathway analysis using Metascape software (298). Summary of top 10 enriched pathways
based on significantly lost peptides. For this experiment, peptide mapping to parental proteins was performed
by Prof. U. auf dem Keller, while S. Gibson generated volcano plots and performed the pathway enrichment

analysis.
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5.4. Proteolytic activity of ADAMTS3 is required for cleavage of fibronectin

5.4.1. ADAMTS3 mediates fibronectin cleavage

As the most significant change of the candidate ADAMTS3 substrates was a loss in fibronectin
cleavage, we next aimed to validate fibronectin as an ADAMTS3 substrate. To achieve this, 1089 cells
with or without ADAMTS3 overexpression were seeded on coverslips coated with rhodamine-labelled
fibronectin (299, 300). Fluorescence of fibronectin was then measured as a readout for intact
fibronectin, with any fluorescent loss indicative of fibronectin cleavage and degradation (299).
Interestingly, 1089 cells overexpressing wild-type ADAMTS3 (ADAMTS3WT) displayed approximately
50% less fluorescence compared to 1089 cells transduced with the empty vector (EV) control,
indicative of reduced fibronectin levels. These data suggest that at high ADAMTS3 levels, increased
cleavage of fibronectin may occur (Fig 5.8A). To then ascertain whether fibronectin cleavage was
dependent on the proteolytic activity of ADAMTS3, we designed a construct expressing the
enzymatically inactive form of ADAMTS3. To achieve this, we introduced a point mutation in the active
site of its catalytic domain, converting glutamic acid at amino acid position 399, which is critical for
proteolytic function, to alanine (ADAMTS3E3%94) (Fig 5.8B) (Appendix 3.3). Fluorescent fibronectin
levels remained unchanged in ADAMTS3E%* cells compared to the EV condition, confirming that
ADAMTS3-mediated fibronectin cleavage is dependent on its proteolytic activity rather than its

expression alone (Fig 5.8A).
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Figure 5.8 Proteolytic activity of ADAMTS3 is required for cleavage of fibronectin.

1089 cells (EV, ADAMTS3WT or ADAMTS3E3%%4) were seeded in 2D on rhodamine-labelled fibronectin (Rho-FN1)
coated coverslips for 24 h. (A) Representative confocal Z-stack images with DAPI (blue) and Rho-FN1 (white).
Quantified relative fluorescence intensity of Rho-FN1. Data are presented as mean + SEM where each dot
represents one area of interest with biological replicates indicated by different colours. Average of experimental
replicates indicated as larger-sized points. (One-way ANOVA with multiple comparisons). Scale bar = 100 um.
(B) Schematic of ADAMTS3 structure. Catalytically inactive ADAMTS3 was generated by introducing a point
mutation in its active site (p.E399A). SP; signal peptide, Pro; pro-peptide domain, Dis; disintegrin domain, TS;
thrombospondin, Cys; cysteine-rich domain, Spa; spacer, NPC; N-terminal pro collagen domain.
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5.4.2. ADAMTS3 expression regulates levels of fibronectin in conditioned media

As high ADAMTS3 levels resulted in increased cleavage and degradation of exogenously introduced
fibronectin, we next sought to observe any changes to the levels of endogenous fibronectin in 1089
cultures upon ADAMTS3 knockdown or overexpression. Interestingly, while knockdown or
overexpression of ADAMTS3 had no change on fibronectin mRNA expression (Fig 5.9A), differences in
the level of fibronectin protein were observed in the conditioned media (Fig 5.9B). Upon siRNA
mediated ADAMTS3 loss, levels of fibronectin in cell culture supernatant were increased. However,
when ADAMTS3 was instead overexpressed, levels of fibronectin were decreased in the cell culture
supernatant (Fig 5.9B). Taken together, these data imply a mechanism whereby ADAMTS3 may restrict

levels of fibronectin through increased substrate cleavage and degradation.
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Figure 5.9 ADAMTS3 regulates levels of fibronectin in culture medium.

220 kDa

For knockdown experiments, 1089 cells were transfected with non-targeting control (NTC) or ADAMTS3 (TS3XP)
siRNA, and RNA/ medium was harvested at 72 h. For 1089 overexpression experiments, transduced empty
vector (EV) or ADAMTS3 overexpressing (TS3°) cells were seeded in 2D, and RNA/medium was harvested at 48
h. (A) Relative FN1 mRNA expression upon ADAMTS3 siRNA knockdown (TS3XP) or overexpression (TS3%) in
1089 cells. ns = not significant (Two-tailed t-test). (B) Western blot showing levels of full-length FN1 present in
medium from TS3XP or TS3°F 1089 cells. Ponceau used as loading control.

217



Chapter 5: Results llI

5.5. Fibronectin-dependent RGD integrin signalling drives invasion upon ADAMTS3

loss

5.5.1. Increased fibronectin is localised to protrusions of invading spheroids

Increased fibronectin expression has been shown to favour disease progression, correlating with
increased cancer cell invasion and metastasis (128, 202, 301). We therefore sought to investigate if
ADAMTS3 dependent regulation of fibronectin was controlling invasion in this context. We first
examined fibronectin deposition in our HB2/1089 spheroid assay. Interestingly, immunofluorescent
analysis of invading spheroids revealed that fibronectin was localised to their invasive protrusions,

suggesting that fibronectin levels may be associated with driving invasion in this model (Fig 5.10).

5.5.2. Knockdown of myoepithelial fibronectin blocks invasion upon ADAMTS3 loss

To confirm the invasion-promoting role of fibronectin in our spheroid model, we performed siRNA-
mediated knockdown of both fibronectin and ADAMTS3 in 1089 cells prior to their combination with
HB2 cells for spheroid embedding (Appendix 3.4). In line with our hypothesis, dual knockdown of both
myoepithelial fibronectin and ADAMTS3 mitigated the enhanced invasion observed with ADAMTS3
knockdown alone (Fig 5.11). Equally, supplementing fibronectin into spheroid-containing collagen gels
promoted invasion when compared to gels without exogenously added fibronectin, further supporting

the invasive role of fibronectin in this model (Fig 5.12).
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NTC TS3KD

Figure 5.10 Fibronectin is localised to invading protrusions.

Prior to co-culture, 1089 cells were transiently transfected with non-targeting control (NTC) or ADAMTS3 siRNA
(TS3XP). Transfected 1089 cells were combined with HB2 cells to form spheres, which were embedded in collagen
gels. Representative fluorescence images of fibronectin (FN1) (yellow) in HB2 (magenta)/1089 (cyan) spheroids
4 d post collagen embedding. Scale bar = 100 um.
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Figure 5.11 Loss of myoepithelial fibronectin reduces invasion in HB2/1089 model.

Prior to co-culture, 1089 cells were transiently transfected with non-targeting control (NTC), ADAMTS3 (TS3KP)
and/or FN1 (FN1XP) siRNA. Transfected 1089 cells were then combined with HB2 cells to form spheres, which
were embedded in collagen gels. (A) Representative light micrographs of spheres at 4 d, with either
myoepithelial NTC, TS3XP and/or FN1XP. (B) Summary graphs showing % invasive area and number of projections.
Data are presented as mean + SEM where each dot represents one sphere with biological replicates indicated
by different colours. Average of biological replicates indicated as larger-sized points. *p<0.05, ***p<0.001,
**%%p<0.0001 (Kruskal-Wallis test with multiple comparisons) Scale bar = 100 um.
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Figure 5.12 Fibronectin gels drive invasion in HB2/1089 model.

HB2/1089 spheroids were embedded in collagen gels supplemented with 40 pug/ml of exogenous FN1. (A)
Representative light micrographs of HB2/1089 spheroid cultures at 4 d post embedding. (B) Summary graphs
showing % invasive area and central area. Data are presented as mean + SEM where each dot represents one
sphere with biological replicates indicated by different colours. Average of biological replicates indicated as
larger-sized points. ****p<0.0001 (Mann Whitney U Test). Scale bar = 100 um.
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5.5.3. ADAMTS3 loss drives Rho GTPase signalling

Fibronectin can mediate intracellular signalling through integrins to promote cancer cell invasion
(231). Having identified that invasion is dependent on loss of ADAMTS3-mediated fibronectin
cleavage, we next hypothesised that fibronectin may induce effects through activation of integrins. To
study this, we performed quantitative proteomic analysis on protein lysates from the primary
myoepithelial cells of two donors following ADAMTS3 knockdown. Similarities in enriched pathways
were observed, with 32 pathways identified across both patients (Fig 5.13A). Pathways associated
with invasion were upregulated upon ADAMTS3 loss, including Rho GTPase signalling, a major

pathway downstream of integrin activation (Fig 5.13B).

5.5.4. Treatment with RGD peptide blocks invasion upon ADAMTS3 loss

As fibronectin is able to mediate outside-in integrin signalling through engagement via its RGD motif,
we next tested whether fibronectin was inducing its invasive effects through RGD integrins. To achieve
this, we treated ADAMTS3-knockdown spheroids with an RGD peptide to inhibit signalling through
integrins avB3, avB5 and a5B1 (302). Treatment with the RGD peptide significantly diminished
invasion following myoepithelial loss of ADAMTS3 compared to PBS control, confirming the

requirement for RGD integrins in facilitating invasion upon ADAMTS3 loss (Fig 5.14).
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Figure 5.13 Analysis of enriched pathways following ADAMTS3 knockdown.

Primary myoepithelial cells were transfected with non-targeting control or ADAMTS3 siRNA. Protein lysates
were extracted 72 h post transfection and subjected to mass spectrometry proteomic analysis. (A) Venn
diagrams showing the number of overlapping enriched pathways across primary myoepithelial cells isolated
from two patients. (B) Pathway enrichment analysis from quantitative proteomics data upon ADAMTS3
knockdown in primary myoepithelial cells. NES = normalised enrichment score. For this experiment, peptide
mapping to parental proteins was performed by Prof. U. auf dem Keller, while S. Gibson generated pie charts
and performed the pathway enrichment analysis.
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Figure 5.14 Inhibition of RGD integrins blocks invasion upon ADAMTS3 loss.

Prior to co-culture, 1089 cells were transiently transfected with non-targeting control (NTC) or ADAMTS3 (TS3KP)
siRNA. Transfected 1089 cells were then combined with HB2 cells to form spheres which were embedded in
collagen gels and treated with either PBS or 10 uM of RGD peptide. (A) Representative light micrographs of
spheres at 4 d, with either myoepithelial NTC or TS3XP, (B) Summary graphs showing % invasive area and number
of projections. Data are presented as mean + SEM where each dot represents one sphere with biological
replicates indicated by different colours. Average of biological replicates indicated as larger-sized points.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (Kruskal-Wallis test with multiple comparisons) Scale bar = 100

pm.
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5.5.5. Invading spheroids display increased integrin a581 and FAK activation

Analysis of our myoepithelial RNAseq data (GSE224401) suggests that 1089 myoepithelial cells express
the canonical fibronectin receptor, integrin a5B1 (Appendix 3.5). Interestingly, degradomic analysis of
enriched peptides following ADAMTS3 loss included a significant increase in the integrin a5 peptide
neo-N-termini (Fig 5.7A). As integrin a5B1 requires post-translational endoproteolytic cleavage for
integrin B1 association (303-305), this suggested that enhanced levels of active integrin a5 were being
incorporated into the membrane upon ADAMTS3 loss. To confirm this hypothesis, we visualised
activated integrin a5B1 by immunofluorescence, using a SNAKA51 a5 antibody clone (306). This
revealed an increase in the level of activated integrin a5B1, with subsequent phosphorylation of FAK

at Y397, localised to the invasive front of invading spheroids (Fig 5.15).

5.5.6. Knockdown of myoepithelial-integrin a5 blocks invasion upon ADAMTS3 loss

Finally, to confirm the specific requirement of integrin a5 for invasion, we performed dual knockdown
of both myoepithelial ADAMTS3 and integrin a5, confirmed by qPCR (Appendix 3.6), and assessed
spheroid invasion. Upon simultaneous integrin a5 and ADAMTS3 knockdown, the percentage of
invasive area was significantly reduced, compared to knockdown of ADAMTS3 alone, confirming that
invasion mediated through ADAMTS3-loss requires integrin a5 (Fig 5.16). Taken together, these data
suggest that ADAMTS3 loss drives myoepithelial-led invasion, through activation of the

fibronectin/integrin a5 axis.
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Figure 5.15 Enhanced integrin a5 activation is observed following ADAMTS3 knockdown.

Prior to co-culture, 1089 cells were transiently transfected with ADAMTS3 (TS3XP) siRNA. Transfected 1089 cells
were then combined with HB2 cells to form spheres which were embedded in collagen gels. Representative
fluorescence images of invading TS3XP spheroids at 4 d post treatment with HB2 (magenta) 1089 (cyan) and
active integrin a5 or pFAK (Y397) (yellow). Scale bar = 100 um (or 50 um for inserts).
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Figure 5.16 Integrin a5 is required for invasion upon ADAMTS3 loss.

Prior to co-culture, 1089 cells were transiently transfected with non-targeting control (NTC), ADAMTS3 (TS3XP)
and/or integrin a5 (a5%P) siRNA. Transfected 1089 cells were then combined with HB2 cells to form spheres
which were embedded in collagen gels. (A) Representative light micrographs of spheres at 4 d, with either
myoepithelial NTC, TS3XP and/or a5XP, (B) Summary graphs showing % invasive area and number of projections.
Data are presented as mean + SEM where each dot represents one sphere with biological replicates indicated
by different colours. Average of biological replicates indicated as larger-sized points. *p<0.05, ***p<0.001,
**%%p<0.0001 (Kruskal-Wallis test with multiple comparisons) Scale bar = 100 um.
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5.6. Discussion

Results summary
o ADAMTS3 expression is lost following upregulation of integrin B6 in myoepithelial cells.
. Loss of ADAMTS3 drives myoepithelial-led invasion in spheroid models, while ADAMTS3
overexpression has an inhibitory effect.
. Degradomic analysis implicates fibronectin as a novel ADAMTS3 substrate.
. ADAMTS3 knockdown enhances fibronectin levels, which subsequently activates signalling

through the integrin a5B1 signalling axis to promote invasion.

While the progression of DCIS to IDC is a critical step in cancer progression, the molecular mechanisms
which underpin this transition remain unclear. We and others have shown that upregulation of
integrin avf6, a myoepithelial marker of high-risk DCIS, can promote DCIS progression through TGFB-
dependent upregulation of MMPs 9 and 13 (72, 127). While metzincins are known for their tumour-
promoting roles, it is becoming increasingly recognised that they are in fact multifaceted proteases,
with some metzincins behaving as natural tumour-suppressors. In this chapter, we show that
ADAMTS3 acts as a tumour suppressor through the regulation of fibronectin and, by extension,
integrin mediated invasion. Loss of ADAMTS3 in a pro-tumoural context, such as myoepithelial
expression of the integrin 6, thus represents a decisive step in disease progression by affecting matrix

composition (Fig 5.17).

In this chapter, we posit ADAMTS3 as a tumour-suppressive protease, where knockdown of
myoepithelial ADAMTS3 in heterocellular spheroids promotes myoepithelial-led invasion of luminal
cells into their surrounding matrix. As a procollagen N-proteinase, ADAMTS3 is known principally for
its ability to cleave the propeptide of fibrillar collagen precursors to facilitate collagen processing

(291). However, recent studies indicate that ADAMTS3 may also possess functions unrelated to
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collagen biology (291), with one example including cleavage and activation of pro-VEGF-C to facilitate
VEGFR signalling during lymphangiogenesis (292, 307). These findings are supported by other studies
where examination of novel procollagen N-proteinase (ADAMTS2, 3 and 14) substrates identified
additional extracellular matrix components, with an emphasis on matrix-associated proteins related

to TGFp signalling (294).

Here, we confirm fibronectin to be a ADAMTS3 substrate, with increased fibronectin cleavage
observed upon expression of wildtype ADAMTS3, but crucially unaffected with a protease-inactive
point mutant. We also show that increased fibronectin upon ADAMTS3 loss promotes myoepithelial-
led invasion, which can be abrogated upon fibronectin depletion. Interestingly, in our degradomic
analysis, the most significantly enriched peptide upon ADAMTS3 loss belonged to the fibronectin
receptor subunit, integrin a5. As integrin a5 requires post-translational endoproteolytic cleavage for
B1 integrin association (303-305), this suggested that enhanced levels of integrin a5 were being
incorporated into the membrane to increase transmission of extracellular signals. This was confirmed
by immunofluorescence, which showed activation of integrin a5 and phosphorylation of the key
effector kinase FAK (Y397) at the invasive front of invading spheroids, with subsequent integrin a5
knockdown blocking invasion. Our findings highlighting the tumour-promoting role of fibronectin can
be supported by CAF studies, where production of fibronectin-rich matrices promote directional

cancer-cell migration through RGD integrins, a5B1 and avf3 (128, 202).

In summary, we present a mechanism where integrin B6 expressing myoepithelial cells downregulate
ADAMTS3 to reduce fibronectin cleavage. This subsequently drives increased fibronectin/integrin
a5B1 signalling, to mediate myoepithelial-led invasion of luminal cells into the matrix (Fig 5.17). Our
findings highlight the complexity of protease activity and call attention to identifying additional

gatekeeper proteases that suppress disease progression.
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Figure 5.17 Proposed tumour-suppressive mechanism of myoepithelial ADAMTS3.

(A) In healthy myoepithelial cells, where ADAMTS3 is expressed, fibronectin can be cleaved and degraded,
resulting in less activation of integrin a5p1. (B) In DCIS, myoepithelial-ADAMTS3 expression is reduced, resulting
in less cleavage and degradation of fibronectin. Increased levels of fibronectin mediate signalling through
integrin a5B1 and promote myoepithelial-led invasion of luminal cells.
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Chapter 6: Discussion

With reports describing DCIS tumour cells to be genetically indistinct from their invasive counterparts,
attention has recently shifted to the role of the DCIS microenvironment in facilitating invasive
progression (53, 55-58). With loss of the myoepithelial layer presenting as a key pathological
determinant in disease progression, there is extensive interest in understanding the fate of

myoepithelial cells and their role in modulating the transition of DCIS to IDC.

While 3D culture systems provide an advantageous platform to study cancer progression, there is a
paucity of models that enable cellular interactions to be examined in the context of DCIS. In this study,
we address this need by presenting several 3D in vitro models that incorporate both luminal and
myoepithelial cell compartments into physiologically relevant matrix (245). Our developed
heterocellular spheroids deposit a BM, which they subsequently degrade and invade through,
providing functional insights into luminal-myoepithelial crosstalk, as well as matrix interactions during
DCIS progression (245). Using these models, we present a mechanism where integrin B6-expressing
myoepithelial cells adopt a tumour-promoting phenotype in DCIS. Upon upregulation of integrin 36,
expression of myoepithelial metzincins, MMP13 and ADAMTS3, become altered to facilitate matrix
remodelling and luminal cell invasion. While TGFB/EP300-dependent upregulation of MMP13 drives
enhanced collagen proteolysis, ADAMTS3 loss enhances invasion through increasing fibronectin

levels, which activate integrin a5B1 on myoepithelial cells.

Importantly, expression of myoepithelial MMP13 was observed in clinical high-grade cases of DCIS,
consistent with our in vitro data implicating MMP13 as an active driver of invasion. However, while
we did not test for reduced expression of myoepithelial ADAMTS3 expression in our cohort of DCIS
cases, our data are consistent with clinical findings from other studies, where increased periductal
fibronectin is observed in high-grade DCIS cases (127), and may contribute to their faster progression

to invasive disease (308). Interestingly, a positive correlation between myoepithelial integrin 6
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expression and periductal fibronectin has also been reported in the analysis of matched DCIS ducts
(127). While integrin B6-expressing myoepithelial cells increase their expression of fibronectin (127),
we present a complementary mechanism where reduced ADAMTS3-mediated cleavage can also

maintain levels of fibronectin in the stroma, to facilitate invasive progression.

Our data are also consistent with other studies where stable expression of integrin B6 in myoepithelial
cells promote invasion through upregulation of tumour-promoting MMP9 (72, 127), and
downregulation of tumour-suppressive MMP8 (160). Thus, data from our study, combined with
previous studies, provides a working hypothesis for a mechanism where myoepithelial cells drive the
progression of DCIS to IDC through altered metzincin expression (Fig 6.1). First, uncontrolled
proliferation of neoplastic cells results in filling and expansion of the breast duct, causing mechanical
stretching of surrounding myoepithelial cells (127). Through mechanostimulation, myoepithelial cells
then upregulate integrin p6 expression (127), which increases activation of latent TGFB and
subsequent signalling through both canonical and non-canonical TGFB pathways (72, 127). This results
in a positive feedback loop, promoting further TGFB signalling which drives upregulation of MMPs 9
and 13. In the case of MMP13, this is effected epigenetically, through TGFB-dependent activation of
the histone acetyl transferase, EP300. Upon secretion, these proteases facilitate invasion via
degradation of the BM and surrounding collagen matrix. In addition to activating metzincins,
enhanced TGFB signalling also promotes expression and localisation of myoepithelial-derived
fibronectin to the periductal regions (127), further enhancing an invasion-permissive environment (Fig

6.1).

In contrast to the upregulation of tumour-promoting metzincins, integrin 36 expression also drives a
loss in those that are tumour-suppressive, such as MMP8 and ADAMTS3. As MMP8 acts as a tumour

suppressor by promoting hemidesmosome formation via inhibition of MMP9 activity, its loss further
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contributes to inducing invasion (160). In the case of ADAMTS3, its loss maintains levels of fibronectin,
through reduced ADAMTS3-mediated cleavage and degradation. Increased levels of fibronectin
subsequently promote signalling through integrin a51 and Rho GTPases to initiate additional

activation of pathways associated with invasion and migration (Fig 6.1).
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Figure 6.1 Proposed tumour-promoting mechanism of myoepithelial cells in DCIS progression.

1) Mechanostimulation of the myoepithelium upon ductal filling drives 2) upregulation of integrin 6, which
facilitates 3) increased TGF signalling. 4) This results in changes to metzincin expression, with an upregulation
of tumour-promoting metzincins (red) and a downregulation of tumour-suppressive metzincins (blue). 5)
Increased proteolysis results in degradation of the basement membrane (BM), while increased fibronectin (FN1)
deposition and 6) its reduced cleavage and degradation 7) increases signalling through the integrin a5p1 axis.
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Limitations and future work

While our results provide insight into the mechanisms that underpin the myoepithelial invasion-
promoting phenotype, our study also presents limitations. For example, while we describe the
tumour-promoting fate of myoepithelial cells during the initial transition to invasion, how they are
lost at the invasive stage remains to be elucidated. Interestingly, during disease progression,
myoepithelial cells progressively lose their defining markers. For example, in mouse models of DCIS,
p63, calponin, aSMA, are progressively lost and have been shown to act as respective early,
intermediate and late indicators of a compromised myoepithelium (296). This can be further
supported by our degradomics data following ADAMTS3 siRNA-mediated knockdown, which identified
increased cleavage of the myoepithelial marker P-cadherin, in an invasive setting. This suggests that,
in invasion, myoepithelial cells adopt a phenotype similar to that of CAFs, rendering them currently

indistinguishable from activated stromal fibroblasts.

Secondly, while it is clear that integrin B6-dependent upregulation of MMP13 occurs via increased
TGFB signalling, the mechanism whereby ADAMTS3 becomes lost in DCIS-associated myoepithelial
cells is unclear. One potential hypothesis is that integrin B6-dependent upregulation of fibronectin
(127), an ADAMTS3 substrate, initiates a negative feedback loop to downregulate myoepithelial
ADAMTS3 expression, however additional investigation is required to confirm this. Regarding its
transcriptional regulation, previous osteosarcoma studies suggest that ADAMTS3 expression can be
dampened via activation of the transcription factor SP1 (309). Interestingly, SP1 was reported to
interact with EP300 directly in multiple myeloma (310), and drive TGFB-dependent activation of EMT

in pancreatic cancer cells (311).

Finally, we were unable to determine whether expression of MMP13 and ADAMTS3 could act as

prognostic biomarkers of DCIS progression or recurrence. Thus, future work would consist of designing
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a myoepithelial biomarker validation panel (Table 6.1), where relevance as prognostic markers could
be validated in patient cohorts. The UK/ANZ study could provide a potential cohort for biomarker
validation, as it consists of a unique series of DCIS with long term follow up data. In this study, 1694
women were randomly assigned to four treatment arms; tamoxifen, radiotherapy alone, tamoxifen
alone or no adjuvant treatment, and the endpoint assessed was disease recurrence, either as DCIS or
IDC. Using this cohort, association between expression of the designed biomarker panel and
recurrence would be calculated. This could involve initial testing for their prognostic significance as
individual biomarkers, prior to combination as a refined panel. This has been successfully
implemented as an approach for the validation of integrin B6 expression as a marker of disease

recurrence (72, 206).
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Table 6.1 Myoepithelial biomarker panel for validation.

Markers positively associated with recurrence Markers negatively associated with recurrence
Integrin B6 MMP8

MMP9 ADAMTS3

MMP13

EP300

Fibronectin
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Concluding remarks

With the microenvironment being increasingly recognised as a mediator of disease progression, it is
likely that, in addition to conventional histopathological factors, tumour-extrinsic markers will also be
required, to develop effective treatment plans. Ultimately, further understanding of the
microenvironmental drivers that underpin DCIS progression will be key in orchestrating the successful

translation of putative prognostic markers into clinical biomarker studies.

First, to investigate mechanisms of DCIS in vitro, careful selection of model systems is necessary to
accurately reflect the physiological state of the disease, with complex 3D models presenting an ideal
platform for these studies (277). Secondly, in vivo models, such as the MIND model (312), will offer
enhanced biological relevance compared with standard mammary fat pad models, which may not be
reflective of the true microenvironment in DCIS. Finally, integrating extensively interrogated
preclinical data with clinical outcome data from active surveillance trials for DCIS can form the
foundation for subsequent biomarker studies (43-46). Ultimately, these approaches will allow for a
comprehensive understanding of the biological mechanisms involved and facilitate the development
of non-invasive tools to differentiate between indolent and progressive DCIS. This differentiation will
be crucial in addressing the issue of overtreatment, where some cases of DCIS may not require

aggressive interventions.
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Appendix 1.1 Matrix expression changes following integrin B6 induction in 10896 cells.

Relative expression of laminin and collagen genes compared to control from RNAseq normalised counts in 1089 cells. Data
are presented as mean + SEM. Data are representative of two independent experiments.



Appendix

HB2 alone

Appendix 1.2 HB2 monoculture spheroids.

HB2 monoculture spheroids are made via methylcellulose hanging drops. Spheroids are embedded into a 4 mg/ml collagen gel.
Representative image of HB2 monoculture sphere 4 days post embedding.
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Relative MMP13 mRNA
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Appendix 2.1 Validation of MMP13 siRNA knockdown in 1089¢¢ cells.

MMP13 mRNA expression in doxycycline (1 pg/ml) treated 10896 cells 72 h post transfection with either non-targeting control
(NTC) or MMP13 siRNA (MMP13KP).
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upregulation
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Appendix 2.2 MMP13 expression following SMAD4 siRNA knockdown in 108976 cells.

Relative MMP13 mRNA expression 72 h following siRNA knock-down of SMAD4 (SMAD4XP) in doxycycline (1 pug/ml) treated
10896 cells compared to non targeting control (NTC).
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Appendix 2.3 Validation of EP300 siRNA knockdown in 1089 cells.

NTC EP300KP

-

+

.

L

L

Appendix

110 kDa

300 kDa

-——-" 70 kDa

Western blot showing integrin B6 and EP300 expression in doxycycline (1 ug/ml) treated 1089%¢ cells 72 h post transfection

with either NTC or EP300 siRNA (EP300%P).
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ADAMTS3 mRNA expression, represented as normalised transcripts per million (nTPM), in different cellular compartments of

the healthy breast. Data from ProteinAtlas single-cell RNAseq analysis of the healthy breast (GSE164898).

Appendix 3.1 ADAMTS3 expression in cell types of the human breast.
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Appendix 3.2 Validation of ADAMTS3 siRNA knockdown in 1089 cells.

Appendix

ADAMTS3 mRNA expression in 1089 cells 72 h post transfection with either non-targeting control (NTC) or ADAMTS3 siRNA

(TS3KDP),
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Appendix 3.3 Validation of ADAMTS3 expression constructs in 1089 cells.

Relative ADAMTS3 mRNA expression in the 1089 myoepithelial cell line, transduced with empty vector (EV), ADAMTS3 wildtype
(ADAMTS3WT) and inactive ADAMTS3 (ADAMTS3E3994) constructs. **p<0.01, ***p<0.001 (One-way ANOVA with multiple
comparisons).
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Appendix 3.4 Validation of fibronectin siRNA knockdown in 1089 cells.

220 kDa

70 kDa

Appendix

Western blot showing fibronectin (FN1) expression in 1089 myoepithelial cells 72 h post-transfection with non-targeting control
(NTC), ADAMTS3 (TS3*P) and/or FN1 siRNA (FNXP),
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Appendix 3.5 Integrin expression in 1089 and primary myoepithelial cells.

Normalised counts (CPM)

RGD Collagen | Laminin

MRNA expression of RGD, collagen and laminin integrins represented as normalised counts per million (CPM) across 1089 cell
line and primary myoepithelial cells.
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Appendix 3.6 Validation of integrin a5 siRNA knockdown in 1089 cells.

Relative integrin a5 mRNA expression in 1089 myoepithelial cells 72 h post transfection with non-targeting control (NTC),
ADAMTS3 (TS3XP) and/or a5 sRNA (a5%P).
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