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Abstract

In metastatic breast cancer, brain metastases (BrM) incidence is 15-30% and effective
therapies for BrM represent an unmet clinical need. Cancer dormancy describes the
extended period of time in which disseminated tumour cells stop dividing and enter a
clinically undetectable, reversible state of quiescence. Under more favourable
conditions, the cancer cells may be able to exit dormancy, leading to metastatic
progression. It was reasoned that a deeper understanding of dormancy mechanisms

may reveal novel therapeutic targets for metastatic breast cancer.

| utilised a xenograft model of BrM and isolated dormant and proliferating breast
adenocarcinoma (MDA-MB-231) cells from mouse brains. We performed mRNAseq and

differential gene expression analysis to identify differences in gene expression profiles.

GO and KEGG enrichment analysis comparing dormant and proliferating cancer cells
revealed an enrichment of extracellular matrix constituents and reduced metabolic
processes. This was accompanied by an enrichment of terms pertaining to HIPPO, Wnt
and TGF-P signalling pathways, amongst other pathways. Inhibition of aerobic glycolysis
in vitro induced reversible G2/M cell cycle arrest in MDA-MB-231 cancer cells,
concurrent with phosphorylation and cytoplasmic retention of a core HIPPO
transcriptional regulator, YAP. The most significantly upregulated gene identified in
dormancy was the small leucine-rich proteoglycan, biglycan. In primary breast tumours,
high biglycan expression was associated with increased occurrence of metastasis and
relapse. In a meta-analysis of breast cancer patient gene expression data, biglycan
expression was reduced in metastases compared to that of the primary tumour.
Furthermore, overexpression of biglycan in vitro induced growth arrest of MDA-MB-231
cells. Immunofluorescence imaging of brain tumour xenografts revealed that biglycan-
expressing dormant cells as well as proliferating cancer cells in vivo localise along the
brain parenchymal vasculature, implicating the perivascular niche in the induction of

dormancy.



The results are expected to offer a novel insight into the induction of dormancy and

suggest targetable pathways for the inhibition of cancer relapse.

Keywords: Breast Cancer, Dormancy, Brain Metastases, mRNAseq, HIPPO, Wnt,

TGF-8, Aerobic Glycolysis, YAP, Biglycan, Perivascular Niche
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Chapter 1

Introduction

1.1 Breast Cancer

Breast cancer (BC) is currently the joint first most common cancer across the sexes,
worldwide. In 2018, this accounted for a total of approximately 2.1 million new breast
cancer cases and over 600,000 deaths. Female breast cancer (FBC) represents 99% of all
diagnosed breast cancers and poses a significant clinical burden for women globally [1,
2]. FBCis a malignant disease resulting from the chronic proliferation of breast epithelial
cells [3]. The breast tissue lies on the anterior chest wall over the pectoralis, extending
from the second to sixth rib in the midclavicular line [4, 5]. Breast tissue is composed of
glandular and adipose tissue within a fibrous framework, known as Cooper’s ligaments
[6]. Histologically, secretory epithelial cells form clusters of alveoli, which form lobules
and a series of inter-connecting ducts; these form the lobes of which there are 15-20
radiating out from the nipple [5, 6]. In BC, the majority of neoplasms originate from

lobules and ducts [5].

FBC is a heterogeneous disease encompassing a range of biologically distinct
pathological features and prognoses. Molecular profiling has identified five intrinsic
subtypes of BC, for each of which there are further molecular subclassifications: luminal
A (LABC), luminal B (LBBC), human epidermal growth factor receptor 2 (HER2)-enriched
(HER2+), basal-like (BLBC) and normal-like (NLBC) [7]. Male breast cancer (MBC) is
distinct to that of FBC, on account of risk factors, genetics, epigenetics, molecular
profiles and response to therapies [8]. Whilst MBC and FBC are reported to share some
pathological characteristics, most available treatment strategies on MBC is derived from
studies involving females [9]. In women, age is the most common risk factor for
development of BC [10]. However, BC type 1 and 2 susceptibility proteins (BRCA1 and
BRCAZ2) germline mutations have been identified as risk factors, as well as positive family

history of BC, early menarche, late first full-term pregnancy and Caucasian race [10].



The prognosis of BC patients depends on potential lymph node involvement, size of the
primary tumour, grade and subtype [14]. In England, women diagnosed with BC at stage
1 or 2 have a similar 1-year survival rate to the general population, likely as a result of
advances and education in symptom recognition, and access to screening programs and
improved therapies [15]. For patients with stage 4 BC at the time of diagnosis, the 1-
year survival rate is significantly reduced, at 63% [15] and therefore the prognosis for
metastatic disease is much less favourable. Following the removal of a primary breast
tumour, local irradiation, chemotherapy or endocrine therapy may be administered, as
adjuvant therapies, to treat potential remaining micrometastases [11]. When first
introduced, such therapies were correlated with a 25% reduction in BC-associated
mortality at ages 20 — 69 years [13]. However, 30% of women with breast-confined
cancers and 75% with lymph node involvement will eventually relapse [11, 14]. Relapse
usually occurs within the first 2 — 3 years following removal of the primary tumour,
depending on initial tumour stage at treatment, therapy given and tumour biology [18].
Recurrent BC occurs in approximately 40% of BC patients and is almost always fatal [18].
In stage I-ll breast cancer patients who are treated with surgery, radiotherapy and
adjuvant chemotherapy, the medium survival time from first relapse is 17 months [16].
For BC-related deaths, 90% of deaths occurred within 40 months of diagnosis of
recurrence, with TNBC being a significant risk factor for patients who died within 1 year
from diagnosis [16]. The source of distant recurrences is likely to be from cells which
disseminated from the primary tumour that persisted asymptomatically, despite
systemic therapies [17]. Common sites of metastasis in BC include the bone, lung, liver,
lymph nodes and the brain [18]. BC, after lung cancer, is the second most common cause

of brain metastases (BrMs) [19].

1.2 Breast Cancer Brain Metastases

The development of BrMs in BC patients is associated with an extremely poor prognosis.
The percentage of metastatic BC patients who develop BrMs is 15-30% [20]. Survival
rate is dependent on BC subtype, with medium survival times from diagnosis of BrMs of
triple negative, HER2+ and luminal breast cancers being 3.7, 9 and 15 months,

respectively [21]. There is clear unmet medical need in the identification of exploitable



cellular pathways for the treatment of BCBrMs and the development of novel
therapeutics. Shown in Table 1.1 is a comparison of primary breast cancer, compared to

brain metastases in terms of their composition and response to therapy.

Primary Breast Cancer Brain Metastases

- The tumour microenvironment of - Blood-brain barrier is difficult to
primary breast cancer typically penetrate with therapies [25].
contains vasculature, lymphatics, - Brain metastases tend to be
fibroblasts, pericytes, sometimes faster growing and resistant to
adipocytes, myeloid-derived chemotherapy, for example by
suppressor cells (MDSCs), upregulation of HER3 [26].
mesenchymal stem cells (MSCs), - Tumour microenvironment
monocytes and endothelial cells typically contains endothelial
of surrounding vasculature [22, cells of the blood-brain barrier,
23] neurons, activated microglia and

- Present with a high degree of astrocytes [27]
inflammation [24] - Contains few bone-marrow-

- Typically, primary breast cancer is derived immune cells, known to
responsive to adjuvant therapies be “immune-privileged” [28]
[13] - Microglia are abundant within

- Leukocyte infiltration can be the brain and may possess a
observed at the invasive edge of tumour-supportive phenotype
the tumour [23] [29].

Table 1.1. A comparison between primary breast cancer and brain
metastases.

Where there is intracranial involvement in BC, there is no high-level randomised data to
guide treatment [30]. Surgery and systemic therapy may be offered to improve quality
of life for such patients, however there is little to no benefit to overall survival [30].
There is also infiltrative growth of cancer cells beyond the border of brain metastases in
the majority of cases, making treatment very difficult [31]. Furthermore, due to
increasingly advanced imaging techniques available and improved treatment of primary
breast cancers, BCBrMs are also becoming more frequent [32, 33]. The discovery and
validation of novel drug targets for treating BCBrMs is often hindered as a result of
patients with BCBrMs not being allowed to enter into clinical trials [26]. This is due to
the concern that most therapies do not penetrate the blood-tumour barrier with much
efficacy [26]. For example, patients given the monoclonal antibody trastuzumab
(Herceptin) for primary breast cancer experience a reduction in overall breast cancer

mortality by one fifth after two years of follow-up [34]. Until recently, it was thought



that trastuzumab is unable to cross the blood-brain-barrier (BBB), like many other
monoclonal antibodies [25]. However, there is evidence from animal models and patient
data which suggests that the BBB is sufficiently disrupted in brain metastatic patients to
allow permeation of monoclonal antibody-based therapies [26]. As shown in Figure 1.1,
there are also a wide number of ligands exchanged between disseminated breast cancer
cells to the brain and local brain populations. This is highly influential on the

characteristics of brain metastases, determining treatment response and growth [35].
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Figure 1.1. Potential crosstalk between breast cancer cells disseminated to the
brain and local brain cell populations. Breast cancer cell dissemination to the
brain is reliant on direct and indirect cell interactions to enable blood brain barrier
penetration and establishment within brain parenchyma. Interactions between
host and cancer cells induce activation of a number of signal transduction
pathways in both cell types. Epidermal growth factor receptor (EGFR); gamma-
aminobutyric acid (GABA); human epidermal growth factor receptor (HER);
interleukin (IL); jagged (JAG); matrix metalloproteinase (MMP); transforming
growth factor (TGF); vascular endothelial growth factor (VEGF), phosphatase and
tensin homolog (PTEN); cluster of differentiation (CD); tyrosine-protein kinase
transmembrane receptor (ROR); C-X-C chemokine receptor (CXCR); C-X-C motif
chemokine ligand (CXCL); heparanase (HSPE) [35]. Breast Cancer Research. 2016;
18: 8, Copyright 2018. DOI: 10.1016/j.ijrobp.2006.03.050

Statistically, there is a significant bias for cerebellar metastasis in BC [36]. However, the
spatial distribution of BCBrMs also varies according to BC subtype [36]. TNBCs tend to

metastasise more often to the frontal lobe, limbic region and parietal lobe. BCBrMs from

HER2+ cancers occur less frequently in the frontal lobe and subcortical region, whilst



those from luminal type occur less frequently in the occipital love, subcortical region
and cerebellum [36]. Overall, there are three types of central nervous system
complications seen in BC: brain parenchymal metastases (most common complication),
leptomeningeal carcinomatoses (5% of BCBrMs) and intracranial dural metastases
(infrequent but mostly seen in breast and prostate cancers) [37]. Compared to other
common sites of metastasis for BC, BCBrMs develop late in disease progression [38]. The
brain is seldom the first site of metastasis among BC patients for any subtype (Table 1.2)
[27, 39]. The “Seed and Soil” hypothesis dictates that some organs present a more fertile
environment than others for certain cancer metastases [40]. Circulating tumour cells
must penetrate the blood brain barrier, establish a metastatic niche and successfully

colonise the brain, before metastatic outgrowth can occur [41].

Site of metastasis Brain Bone Lung Liver Pleura
(%) (%) (%) (%) (%)
All subtypes 7-16 40-51 13-22 6-18 ND
Luminal A 2 47 8 18 7
Luminal B 0 35 16 12 12
TNBC 10 29 21 10 7
HER2+ 2 29 23 27 8

Table 1.2. Reported first site of breast cancer metastases as a percentage of
cases. Human epidermal growth factor receptor (HER); triple negative breast
cancer (TNBC). Not determined (ND) [27]. Chinese Clinical Oncology. 2018; 7(3).
Copyright 2018. DOI: 10.21037/cc0.2018.05.06
Consequently, a major question remains as to whether there is anything unique about
the interaction of BC cells and the brain. Is there a mechanism to explain relapse of
breast cancer years after successful removal of the primary tumour, or why brain
metastases develop late in disease progression? This may be explained by the
phenomenon of cancer dormancy. Our understanding of the mechanisms surrounding

dormancy are currently limited. Further investigations of the biology of dormancy in this

emerging field may open new avenues for the treatment of metastatic disease.



13 Introduction to Cancer Dormancy

Cancer dormancy refers to the extended period of time in which disseminated tumour
cells (DTCs) persist asymptomatically and undetectable, in a reversible state of
guiescence [42, 43, 44]. Resurgence from dormancy under more favourable conditions
may be associated with potentially lethal metastatic progression [42, 43, 44]. Despite
unmet medical need, our understanding of the mechanisms surrounding the induction
of, maintenance and escape from a dormant state remains relatively poor. This is
despite the concept of a dormancy phenomenon first being postulated in 1934 [45].
Three types of dormancy have been described: cellular (unique to single cell
populations), angiogenic and immunologic dormancy [46, 47]. The latter two are

referred to as tumour mass dormancy.

1.3.1 Tumour Mass Dormancy

Normal cellular growth and survival, in both neoplastic and non-neoplastic cells,
depends on the regular supply of oxygen and nutrients through a network of vasculature
[48, 49]. Oxygen molecules have a diffusion limitation of 150-200um away from blood
vessels, therefore the growth of tumours beyond 1-2mm in diameter is an angiogenesis-
dependent process [50, 51]. In this context, angiogenic dormancy, a subtype of tumour
mass dormancy, refers to inhibition of the formation of macroscopic lesions as
consequence of non-functioning angiogenic mechanisms [52]. For example, a disruption
in the balance between pro-angiogenic factors, such as vascular endothelial growth
factor (VEGF), and anti-angiogenic factors, such as thrombospondin-1 (TSP-1) [52]. The
second mediator of tumour mass dormancy are host immune populations. Cells from
both innate and adaptive immune system are involved in the detection and destruction
of cancer cells [43]. When the growth of micrometastases is in equilibrium with the rate
at which the immune system can destroy them, this is immunologic dormancy. This can
occur through the induction of a host-protective immune response or an adaptation of

cancer cell-surface receptors to match that of their microenvironment [43].



1.3.2 Cellular Dormancy

Cellular dormancy refers to solitary cancer cells, disseminated to distant tissues and
within a reversible state of quiescence (Figure 1.3) [44]. Clinically, dormant cells are
problematic as they present with a resistance to chemotherapeutic agents, which
typically target actively proliferating cancer cells [14, 53]. Biologically, each of the breast
cancer subtypes display phenotypic variations, however the biology of DTCs may also be
divergent of that of the primary tumour, which may explain why adjuvant therapies do
not always result in a favourable clinical outcome [54, 55]. Transcriptomic profiling of
primary breast tumours has made it possible to predict, to some extent, the prognosis
of cancer patients in terms of whether a cancer will remain localised, or if it will become
metastatic with the potential to relapse [56]. Despite this, solitary cancer cells cannot
be detected in living patients, therefore it is not currently possible to predict where,

when and if breast cancer will relapse with any accuracy. This makes treatment difficult.

A number of sources provided evidence for the existence of dormant cells in patients.
For example, disseminated solitary cells have been observed in the brains of cancer
patients at autopsy [57]. Dormant cells are also found in the brains of cancer patients
dying of non-cancerous causes [58]. Chronologically, evidence suggests that the
generation of such cells may occur very early in cancer pathogenesis. Cancer progression
can be explained by one of two models. The first is the parallel progression model, in
that metastasis occurs early in disease progression and disseminated cells evolve
independently, in parallel, to the primary tumour. Alternatively, the linear model
describes that metastases are derived from late-disseminating clones that resemble the
primary tumour [59]. Current evidence suggests that the generation of dormant cells
may follow the parallel progression model; that dormant DTCs exist long before any
treatment is administered to the patient (Figure 1.2) [60]. In a spontaneous mouse
model of melanoma, for example, metastases were observed throughout the body in
addition to the primary tumour, before the primary tumour was clinically detectable
[61]. In this model, disseminated tumour cells also remained dormant for extended
periods of time, mediated in part by cytostatic CD8+ T cells [61]. It has also been shown

that breast cancer cells can disseminate systemically from the earliest epithelial



alterations in HER2 and PyMT mouse models [62]. Mechanistically, phenotyping of a
population of early DTCs within the bone marrow determined these cells to be HER2*/p-
p38lo/p-ATF2'°/ TWIST1"/E-CAD" [63]. Her2+ early DTCs also activated a Wnt-
dependent epithelial-mesenchymal transition (EMT), which was reversible upon
inhibition of HER2 or Wnt [63]. This may provide a mechanism as to how early
dissemination occurs and may imply a potential mechanism for the induction of a

dormant state.

Undetectable Primary disease Escape from dormancy and metastatic relapse
_
Treatment
Aggregate
Tumour
Mass Clinical detection limit

\ \
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Time

Figure 1.2. Cancer progression and dormancy. A patient who first develops breast
cancer will begin with an initial tumour in the breast. The mass, before it is a size
that can be detected clinically, may initiate early dissemination of cancer cells from
the breast to distant tissues. In the primary disease stage, the aggregate tumour
mass will be large enough for clinical detection. Here, the patient will have
standard treatment, typically a lumpectomy, potentially followed by mastectomy,
chemotherapy, radiotherapy, or a combination. Late dissemination of cancer cells
may occur. There may be residual disseminated cells that have evaded treatment
and exist in an asymptomatic, reversible state of quiescence or cell cycle arrest.
After an extended period of time, these cells may undergo potentially lethal
metastatic relapse. Adapted from [44, 54]. Cancer Research. 2015; 75(23): 5014 —
5022, Copyright 2015, DOI: 10.1158/0008-5472.CAN-15-1370. Nature Reviews
Cancer. 2014; 14: 611 — 622, Copyright 2014, DOI: 10.1038/nrc3793.

In clinical settings, DTCs have been detected in patients before the primary tumour
would be considered as invasive [62]. Such cells were reported to display increased
expression of epithelial cytokeratins, and lacking chromosomal abnormalities,
compared to the primary tumour [64]. Ductal carcinoma in situ (DCIS) is a non-invasive
breast cancer, yet DTCs have been detected within the bone marrow in some patients
[65]. In addition, patients have relapsed with contralateral carcinoma and contralateral

DCIS, despite initially being diagnosed with non-invasive DCIS [66]. Despite its rarity,



some patients with DCIS, even with complete mammary tissue resection, metastasis was
observed [67]. This has been documented in other reports of metastatic development,
following the complete resection of stage MO primary breast cancer [68]. It is therefore
reasonable to hypothesise that the establishment of cellular dormancy could also occur

early, generating clinically occult single cells long before the time of first diagnosis.

1.3.3 Cancer Cell Fate following Dissemination to the Brain

Experimentally, previous studies have demonstrated the ability to track cancer cell fate
upon dissemination, whether they perish, proliferate or transition into dormancy. In an
in vivo model of breast cancer dissemination, Micron-sized superparamagnetic lron
Oxide (MPIO)-labelled brain-homing MDA-MB-231 cells labelled with enhanced green
fluorescent protein (eGFP) were administered by intracardiac injection into nu/nu mice
(Figure 1.3). MPIO contains iron which is detectable by magnetic resonance imagining
(MRI). Interestingly, 93.9% of cells injected were no longer present by day 28, whereas
4.5% remained dormant in the brain. Only 1.6% began actively proliferating, which

formed the seeds for subsequent metastatic lesions [69].

Similar results were obtained in an experimental metastasis model involving the
intraportal injection of B16F1 melanoma cells, to target mouse liver. This study found
that 80% of injected cells persisted in the liver microcirculation for 3 days before
extravasating into liver tissue. However, only 1 in 40 extravasated cells formed
micrometastases, with 1 in 100 continuing to grow by day 13. Interestingly, using Ki67
and terminal deoxynucleotidyl transferase deoxyuridine triphosphate (dUTP) nick end
labelling (TUNEL) staining as markers of proliferation and apoptosis, respectively, they
found that the majority of the 36% of injected cells which survived to day 13 were

dormant [70].
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C
Tumour contrast volume | Percentage signal drop
at day 28/ mm3 from background brain
compared to day 0
Transient cells 33.5+/-3.3 93.9 +/- 0.07
Non-proliferating cells | 1.60 +/- 0.13 45+/-0.8
Proliferating cells 0.56 +/- 0.07 1.6 +/- 0.06

Figure 1.3. Tracking of breast cancer cell fate in the brain by magnetic resonance
imaging. A) 1x10° brain-homing MDA-MB-231/eGFP cells were introduced by
intracardiac injection into female nu/nu mice. Black voids represent metastatic
cancer cells in the brain, as observed by MRI imaging on day 0. B) Cancer cell fate
28 days post-injection. Blue: transient cells which were absent at day 28 but
present at day O; yellow: dormant, non-dividing cells; green outline: established
lesions within the brain, of which the associated cancer cells are shown in red. C)
Table displaying cancer cell fate in terms of tumour contrast volume and expressed
as a percentage drop of day 0 tumour volume. Figure adapted from [69]. Magnetic
Resonance in Medicine. 2006; 56: 1001 - 1010, Copright 2006, DOI:
10.18383/j.tom.2016.00151

14 The Cell Cycle, Cancer and Dormancy

All dividing cells transition through phases of growth and division; this is known as the
cell cycle and it is critical for long-term survival [71]. The function of the cell cycle is to
duplicate genetic material [72]. Cell division in somatic cells produces two daughter cells
in a process called mitosis [72], whilst meiosis in germline cells produced four haploid

daughter cells from one diploid oocyte [73]. Mitosis, like meiosis, relies on accurate
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deoxyribonucleic acid (DNA) replication, chromosome segregation and DNA repair
mechanisms [72]. In cancer, a failure of surveillance mechanisms which monitor the
order, integrity and fidelity of processes which occur during the cell cycle leads to
unchecked proliferation, or replicative immortality [74, 75]. It is not clear as to whether
dormant cells exist in sustained quiescence, outside of the cell cycle, or whether intrinsic
or extrinsic mechanisms are holding cancer cells long-term in mid-cycle arrest. The cell
cycle is a vastly complex process, characterised as a transition through distinct phases
as a cell grows and replicates (Figure 1.4). At its most basic level, the eukaryotic cell cycle
is divided into four distinct phases. Gap 1 (G1) phase is the first growth phase, followed
by entry into synthesis (S) phase, in which the aforementioned duplication of genetic
material occurs [72, 76]. A secondary growth phase occurs in the following gap 2 (G2)
phase, followed by mitosis (M) phase, which involves the separation of sister chromatids
and separation into daughter cells by cytokinesis [76]. Pertinent to dormancy and cell
cycle arrest, cell cycle progression, in terms of the order, integrity and fidelity of major

processes, is strictly monitored by cell cycle checkpoints [75].
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Figure 1.4. An overview of some of the critical regulators in cell cycle regulation.
Phosphorylated sites are denoted by ‘P’. Activation and inhibition are denoted by
- and — respectively [77]. Trends in Cell Biology. 2013; 23(7): 345 — 356,
Copyright 2013, DOI: 10.1016/j.tcb.2013.03.002
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The transitions through cell cycle checkpoints and entry into each cell cycle phase
depends on the time-sensitive activation of specific serine/threonine protein kinases,
the cyclin-dependent kinases (CDKs) [75, 78]. This occurs through their association with
various cyclins (Table 1.3) [77]. Unlike CDKs, the cyclins are synthesised and degraded
according to cell checkpoint. At the critical time, synthesised cyclins bind and activate
CDKs to drive cell cycle progression [75, 76, 78]. The major checkpoints are those
controlling entry into the G1/S and G2/M phase transitions [76]. Cell cycle arrest can
occur at a number of timepoints depending on context, for example S, sub-G1, GO/G1,
G0/G1 and G1 [79]. In non-cancerous cells, cell cycle checkpoints become activated, for
example during the DNA damage response (DDR) [80]. For example, this may lead to
stabilisation of p53, a potent tumour suppressor, which induces p21 activation,
inhibiting cyclin A/CDK2 and cyclin E/CDK2 complexes, leading to cell cycle arrest and
apoptosis [81]. Cancer cells are defective in such checkpoint mechanisms, for example
p53 may be lost, leading to uncontrolled proliferation [78, 80]. A further example of
uncontrolled cell cycle progression in cancer is the aberrant activity of the oncogene,
MYC. In non-cancerous cells L-, N- and C-Myc are a family of transcription factors
involved in the expression of a number of genes involved in cellular growth and
proliferation. In cancer, gene amplification, chromosomal translocation, or deletions of
upstream MYC regulators leads to sustained oncogenic MYC-induced proliferation. In

combination with a loss of p53, MYC is a highly potent promotor of carcinogenesis [82].

CDK Cyclin Cell Cycle Phase
Involvement

CDK4 D1, D2, D3 G1 phase

CDK6 D1, D2, D3 G1 phase

CDK2 E G1/S phase

CDK2 A S phase

CDK1 A G2/M phase

CDK1 B Mitosis

CDK7 H CAK (all phases)

Table 1.3. Association of cyclin-CDK complexes within each point of the
eukaryotic cell cycle. CDK activating kinase = CAK [77].
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All cells, including cancer cells, also have the ability to enter into another phase of
replicative dormancy, known as quiescence [72]. Cells in G1 phase can remain in the cell
cycle or withdraw from it and enter a fifth, and non-proliferating, quiescent phase, GO
[72, 83]. In the current literature, cancer dormancy is commonly characterised by a
reversible state of quiescence, specifically in GO phase [84]. Entry into the quiescent GO
phase is not limited to cancer cells but is known to occur in a number of differentiated
cell types, typically stem cells [85]. Exiting from the active cell cycle may be in response
to environmental changes, such as cell density, adhesion or nutritional stress [86]. The
potential mechanisms of cancer cell quiescence will be explored further in this chapter.
However, there is no evidence to suggest that dormancy may be characterised by mid-
cycle arrest. In an ex vivo hepatic microphysiologic system, consisting of human
hepatocytes and non-parenchymal cells, spontaneous growth arrest was achieved in
MCF7 and MDA-MB-231 cells [87]. In this system, growth arrest was determined via the
addition of 5-ethynyl-2’-deoxyuridine (EdU) for 96h, to which some cells remained
negative after this time point [87]. This indicates that those cells had not undergone cell
division and were quiescent [87]. However, there was no indication as to whether cells

were arrested in GO or mid-cycle.

In cancer, a number of chemotherapeutic agents exert their effects via cytotoxic mid-
cycle arrest. In the MDA-MB-468 breast cancer cell line, Cucurbitacin E (CuE) induces
G2/M arrest, with subsequent onset of apoptosis by activation of c-Jun N-terminal
kinase (JNK) and an inhibition of protein kinase B (PKB/AKT) and extracellular regulated
kinase (ERK) [88]. In these cases, it was independent drug-modulated mechanisms which
induced cell death. However, the long-term (5 day) administration of Gallotannin (Gltn),
for example, to a number of breast cancer cell lines, resulted in a resistance of
progression through S phase, without inducing apoptosis [89]. Therefore, it is possible
for cancer cells to exist in the mid-cell cycle arrest for a prolonged time and this

possibility should be taken into consideration.
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1.5 Major Factors and Pathways Involved in Cancer Cell Dormancy

Cancer cells are the result of aberrant clonal outgrowth of malignant cell populations,
whose uncontrolled proliferation defines the disease [90]. By the time a tumour is
detected, a single cancer cell may have given rise to potentially billions of progenies [91].
In normal human cells, DNA is sometimes incorrectly replicated during cell division,
which on average occurs at a rate of 2.3 x 10 mutations, per nucleotide, per cell, per
generation [92]. However, DNA instability is a common characteristic of cancer, which
in tumour growth results in accumulating genetic changes, leading to subclonal
evolution of cancer cells [91]. As a result, tumours usually present with a wide range of
intratumoral heterogeneity [91]. In addition to cancer cells, which may account for as
few as 30% of cells in the tumour cell population, tumours represent complex
ecosystems of a variety of heterogeneous cell types [93]. This is referred to as the
tumour microenvironment and its composition has major implications for a tumour’s
biology, influencing carcinogenesis, cancer proliferation, invasion and metastasis [94].
The tumour microenvironment may therefore be critical for the induction and

maintenance of cellular dormancy.

1.5.1 The Extracellular Matrix

The cells of the tumour microenvironment, and of normal tissues, are supported by a
rich protein scaffold, the extracellular matrix (ECM) [94, 95]. The ECM is composed of
fibrous proteins, glycoproteins, proteoglycans and polysaccharides [96]. As well as its
composition biochemically, the functions of the ECM are defined by its topology [97], its
density [98], stiffness [99] and tension [100]. Cancer cells are known to actively remodel
their local ECM, a process which aids their survival and progression [101]. The
microenvironment of organs containing disseminated cancer cells is also critical to the
formation of metastases. In particular, the brain is very different to the breast, and other
organs, in terms of the composition of its ECM [117]. The brain may not be immediately
hospitable to cancer cells originating from the breast, and the differences in
microenvironment composition may be a driver in dormancy induction. In an in vivo

model of tumour cell invasion to the brain, for example, brain-seeking MDA-MB-231
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cells display increased invasion in astrocyte-conditioned medium [103]. Astrocytes were
observed to secrete matrix metalloproteinase-2 (MMP-2) and MMP-9, tumour invasion
factors [103]. Injection of astrocyte-conditioned medium in vivo increased cancer cell
invasion to the brain, whilst administration of broad spectrum MMP inhibitors reverses

this effect [103]. Some of the ways in which ECM components cancer cell fate are

outlined in Table 1.4.

ECM Component

Example

Effect on cancer

Molecular tracks

Examples include F-actin
and myosin, Rho family
members, adhesome
proteins and adaptor
proteins [104]

Cancer cells migrate
along tracks as they
undergo epithelial-to-
mesenchymal
transition [104]

Embedded fibroblasts

Tumour-induced cancer-
associated fibroblasts
(CAFs) [104]

CAFs cross-link ECM
components,
increasing stiffness and
therefore promotes
cancer proliferation
[104, 106]

Signalling molecules

TGF-B ligands [104]

TGF-B and other
growth factors are
stored within the ECM
and released under
tension, promoting
proliferation [104, 107]

Adhesion molecules

Integrins [104]

As well as binding
cancer cells to the
ECM, interactions with,
and signal transduction
from, ECM
components are
mediated through
adhesion molecules
[104]

Scaffold proteins

Multifunctional SLRPs, such
as biglycan, decorin and
versican [104, 105]

Regulators of signalling
pathways, many of
which are crucial for
cancer growth and

proliferation [104, 105]

Table 1.4. The influence of ECM components on cancer cells
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1.5.1.1 Extracellular Matrix Stiffness

The mechanical properties of tissues reflect the composition and arrangement of the
ECM, cytoskeleton, cellular component tension, fluid dynamics and tissue organisation
[108]. Individual cells within tissues possess the ability to sense the physical stiffness of
their local

microenvironment, applying contractile force through transcellular

structures, with implications for development, disease and regeneration [109].

Effect

Mechanism

Women with the relatively densest
breasts are 4 to 6 times more likely to
develop breast cancer [110].

Cancer progression in DCIS [128].

Transformation and increased rigidity
are typically due to an increase in
collagen | deposition, whilst interstitial
collagen | presents with progressive
linearisation and thickening, promoting
carcinogenesis, invasion and metastasis
[106].

Proliferation promotion in MDA-MB-231
cells in vitro in stiff ECM [112].

Nuclear localisation of Yes-associated
protein (YAP) [112].

Proliferation promotion of
hepatocellular carcinoma cells in vitro in
stiff ECM [113].

Stiffness sensing by integrin-f1 and
subsequent focal adhesion kinase (FAK)
signalling [113]

Induction of malignant phenotype in
normal mammary MCF10A cells in stiff
ECM [114].

Increased ECM stiffness sensed through
cell surface B4 integrin, which induces
increased Ras-related C3 botulinum toxin

substrate 1 (Racl) and phosphoinositide
3-kinase (P13K) signalling [114].

Table 1.5. The effect of ECM stiffness on cancer proliferation

Tissue stiffness is determined by the amount of force required to deform it, measured
as a unit of elastic modulus, E (Pa). The lung and brain are amongst the softest tissues in
the body (E < 10? Pa), with muscle tissue as mid-range (E < 10* Pa) and bone as the
stiffest (E < 10° Pa) [108]. The primary sites of interaction between cells and the
surrounding ECM are through focal adhesions, as well as focal complexes, fibrillar
adhesions, podosomes and three-dimensional matrix adhesions [115, 116]. All of the
described cell-ECM adhesion structures connect integrins at the cell surface to the actin
cytoskeleton [116]. Effectively, the stiffness of tissues and surrounding ECM translates
to intracellular signalling [117]. The highest levels of stiffness are observed at the

invasive front of the tumour [106].As a result, the induction and/or maintenance of
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cellular dormancy may be regulated by the stiffness of the ECM at sites of dissemination,
as stiffness has shown to be highly influential on cancer proliferation (Table 1.5) and

growth suppression/dormancy (Table 1.6) in a number of models.

Effect Mechanism
Dormancy induction in murine B16 and Nuclear translocation of cell division
human A375 melanoma cells in vitro, in protein 42 (CDC42), activating p21 and
stiff ECM [118]. p27 CDK inhibitors, in addition to

downregulation of integrin-33 [118]
Reduced proliferation of glioma cell lines Reduced signalling through integrins,
U373-MG, U87-MG, U251-MG, SNB19 focal adhesion proteins, Rho GTPases

and C6, in soft polymeric matrix in vitro and the cytoskeleton. Results in
[119]. alterations to shape, plasticity, motility
and proliferation [119]
Reduced proliferation of lung cancer Inhibition of ERK1/2 and PI3K/Akt
A549 cells on semi-solid growth pathways, leading to decreased
substrate, compared to plastic, and a expression of genes associated with
significant increase in the ICsp of tumour progression (urokinase (uPA),
anticancer drugs [120]. urokinase receptor (UPAR), MMP2,

MMP7, MMP9 and CXCR4) [120].

Table 1.6. The effect of ECM stiffness on growth inhibition and dormancy in
cancer

1.5.1.2 Biglycan

Biglycan is a multivalent short leucine rich proteoglycan (SLRP), which constitute a family
of proteoglycans characterised by their low molecular weight, shared structural motifs
and leucine-rich repeats [105]. Extracellular biglycan can interact with receptors at the
cell surface, modulating a number of intracellular signalling pathways (Figure 1.5) [121].
Notably, biglycan has been commonly observed as a ubiquitous ECM component, and is
a potent inhibitor of TGF-B receptor activity, synthesised downstream of an active TGF-
B signal transduction pathway, acting as a TGF-p negative regulator [122, 123]. Many of
the biglycan-induced downstream effectors are well described in dormancy, for example
Smads, ERK, p38 and NF-kB [121]. Furthermore, there is evidence to suggest biglycan
may localise to the nucleus to regulate cell division and survival [122, 124]. The presence
of potential nuclear localisation signals meant that biglycan is postulated to play a role

in cell division regulation, through its interaction with nuclear processes [124]. To my
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knowledge, there has been no studies to date specifically focused on the role of

intracellular or nuclear biglycan in the context of cancer.

LR 7 = biglycan @ 9 inhibitor)

¥ _, tsukushig ~*
TLR4 4 ) lumican' (8 @ s S
BMP/TGFR (BN«

Fibrillin-1
translation

response element

Figure 1.5. Signal transduction pathways activated downstream of extracellular
biglycan. A number of distinct pathways are influenced by extracellular SLRPs.
Shown are biglycan and decorin (class | SLRPs), lumican (class Il SLRP) and tsukushi
(class IV SLRP). A number of SLRP family members can bind to and modulate the
TGF-B/BMP pathways, for example biglycan and decorin. Decorin can also
modulate signalling via epidermal growth factor receptors (EGFRs) and insulin-like
growth factor 1 receptors (IGF-IRs). Additionally, biglycan and lumican can activate
the NF-kB and members of the mitogen-activated protein kinase family, via
binding to and modulation of Toll-like receptors (TLRs) [121]. Journal of Biological
Chemistry. 2008; 283(31): 21305 - 21309. Copyright 2008, DOI:
10.1074/jbc.R800020200
Biglycan expression is typically associated with endothelial cells, fibroblasts and blood
vessels, and has been shown to be distributed throughout rat brain parenchyma,
particularly after injury. In particular, regarding the brain, biglycan has been shown to
be expressed by astrocytes and meningeal cells, presenting with neurotrophic activity
[124]. X-ray crystallography has shown that biglycan core protein, and the closely
related decorin, in solution forms stable dimers, which is crucial for protein folding
mediated by parallel B-sheet faces [125]. It is the core protein of biglycan which is
responsible for its biological activity and interaction with ECM components and cell

surface receptors [126]. Under normal physiological conditions, biglycan is usually

sequestered by the ECM, typically through binding to components such as collagen and
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elastin. This process is crucial for organising ECM assembly [127]. However, in this state,
biglycan is insoluble and cannot participate in the activation or inhibition of signal
transduction pathways [127, 128]. Partial proteolytic cleavage of biglycan is required in

order for it to be released from the ECM and become soluble [128].

1.5.2 The Perivascular Niche

The late steps of metastasis constitute an inefficient process, with less than 0.02% of
circulating tumour cells becoming DTCs [129]. Relative sizes of cancer cells and
capillaries lead to the arrest of most circulating cancer cells within the first available
capillary bed. However, most cancer cells perish before they can generate metastatic
outgrowth at secondary sites, dictated by the molecular interactions of the cancer cells
with the environment of the distant organ [130]. The perivascular niche (PVN) is
characterised by the interactions of cancer cells with the endothelial cells of tissue
vasculature and the surrounding extracellular matrix [131]. In brain tumours, the PVN
forms one of the most important microenvironment hubs [132]. For DTCs, there is an
increasing amount of literature which evidences the PVN as an essential regulator of

their growth [133, 17].

In a previous study, upon injection of GFP-tagged MDA-MB-453 cells into the internal
carotid artery of BALB/c mice, solitary cancer cells were observed scattered throughout
the brain parenchyma and actively proliferating metastases were observed 30 — 70 days
post-injection [134]. Only 12% of solitary cells were positive for the proliferation marker
Ki67, whereas for larger lesions 63% were Ki67-positive and thus the majority of solitary
cells were considered as quiescent, in GO-phase of the cell cycle. Solitary, Ki67-negative
cancer cells were observed within approximately 10um of brain microvasculature
endothelium, implicating the PVN as supportive of a growth-arrest phenotype. No
significant difference in the percentage of Ki67 cells was detected between the solitary
cells and macroscopic lesions in the MDA-MB-231/brain model [134]. The MDA-MB-
231/brain cell line in this study possessed a brain homing phenotype; such cells possess
selectivity for brain colonisation [135] and therefore this may account for this

observation. As further evidence that the PVN is supportive of a growth-arrest
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phenotype, it has been shown that a critical step in metastatic outgrowth following
latency is the spreading of cancer cells on host capillaries [136]. This activates the
mechanotransduction effector YAP via cell adhesion molecule 1 (LLCAM), promoting
proliferation. Whilst this study implicates LLICAM as a critical mediator of metastatic
outgrowth but not dormancy regulation, this study highlights that impaired cancer cell
interaction with vascular endothelial cells may be supportive of dormancy induction.

Tumour vessels and blood vessels consist of endothelial cells and mural cells (either
pericytes or smooth muscle cells), surrounded by a basement membrane [139]. The
basement membrane, otherwise referred to as the extracellular milieu, has previously
been evidenced as playing a key role in tumour dormancy and cytotoxic resistance [138].
This is unsurprising given that the process of metastasis requires that cancer cells must
cross vascular and non-vascular basement membranes [148]. Basement membranes
possess vastly complex supramolecular structures. The basic structure of vascular
basement membranes consists of layered proteins, glycoproteins and proteoglycans
[137]. They are constructed as a strong covalently bonded mesh, formed by a number
of laminins and type IV collagen polymers, bridged by nidogens; they are also bonded to

netrins, perlecan and agrins [139].

Laminins constitute major components of both the vascular and parenchymal basement
membranes [140]. They are large (400 — 900 kDa) heteromeric glycoproteins
constructed of an a, B and y chain, enabling a number of isoforms with hugely diverse
functions in adhesion, differentiation, proliferation, polarity, tissue development,
cellular communication, migration, phenotype stability and resistance to anoikis [141,
142]. The effects of laminin typically occurs via binding with cell surface integrin
receptors, which consist of heteromeric a and 8 subunits [143]. Laminins may also signal
through the non-integrin laminin, dystroglycan and heparan sulphate receptors [143].
The integrins are one of the primary points of cellular adhesion to the ECM/basement
membrane, presenting with the accumulation of phosphorylated proteins at their
cytoplasmic domain upon laminin-binding and activation of a wide range of signal
transduction pathways, such focal adhesion kinase (FAK), Rho guanosine triphosphate
(GTP)ases, mitogen-activated protein kinases, phospholipase D, intracellular calcium

signalling and G-proteins [143]. In breast cancer, a5B1 integrin is one such receptor
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upregulated in malignant cells and it is associated with cancer proliferation and survival
[101]. Whilst the major model of integrin signalling in cellular proliferation is via positive
regulation upon ligation and integrin crosslinking, additional direct growth inhibitory
properties have also been observed by unoccupied a5B1 in non-adherent cells [144]. As
such, dormancy may occur as a result of failure to adhere to the basement membrane
of the PVN upon dissemination. With regards to specific laminins, laminin-8 in brain
tumours is associated with the highly invasive and malignant glioblastoma multiforme,
whereas an alternative isoform, laminin-9, was associated with low grade astrocytomas
[145]. The overexpression of laminin-8 was also associated with a significantly shorter
time to tumour recurrence in human glial tumours than those overexpressing laminin-9
[146]. In relation to breast cancer, the presence of laminin-2, laminin-8 and laminin-10
within vascular basement membranes are associated with metastatic progression in the
brain [140]. It has further been suggested that blocking the binding of a31 integrin to
laminin-111 could prevent the reactivation of dormant cells [147]. However, the pro-
proliferation effects of a3B1 could only occur when thrombospondin 1 (TSP-1) was
degraded [147]. Interestingly, TSP-1 is secreted in response to inflammation, abrogating
inflammatory processes which then enables phagocytosis of damaged cells to occur
[148]. As such, the activitiy of TSP-1 may need to be overcome in order for inflammatory
signals to either re-awaken dormant cells or promote proliferation upon dissemination

of cancer cells to distant organs.

TSP-1 has been further implicated in dormancy induction in the context of the PVN. In a
study of microvasculature and dormancy, MDA-MB-231 breast cancer cells were
injected into the inguinal mammary gland of NOD-SCID mice. After 3 weeks, the tumours
were resected. In mice that displayed no relapse after a further 6 weeks, the mice were
culled. Using absence of Ki67 expression as a metric of growth arrest, dormant DTCs
were observed localised along lung and bone marrow microvasculature endothelium
[149]. In the same study, an alternative model using intracardiac injection of T4-2 cells,
Ki67-negatice DTCs were observed localised to the microvasculature endothelium of the
lungs, bone marrow and brain [149]. Proteomic and functional analyses identified that

TSP-1 was acting as a tumour suppressor in the proximity of stable vasculature, whereas
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at the neovascular tips, sites of metastatic outgrowth, TSP-1 was degraded [149]. This

suggests a niche in which tumour cells may escape growth regulation.

Furthermore, in breast and lung adenocarcinoma models, serpins are associated with
brain metastatic phenotypes [150]. Serpins, serine proteinase inhibitors, represent the
largest and diverse group of protease inhibitors, exerting their effects through the
inhibition of serine proteinases or inhibition of catalytic activity, in processes such as
hormone transport [151]. In the brain, plasmin can suppress metastatic outgrowth
either through conversion of astrocytic FasL into a cancer cell paracrine death signal, or
inactivation of LLICAM, a protein critical for cancer cell spreading on brain vasculature
[150]. Breast and lung cancer cells which express neuroserpin and serpin B2, anti-
plasminogen activator (PA) serpins, prevent plasmin generation and are thus able to
undergo metastatic outgrowth [150]. Finally, the PVN also has implications for cancer
therapy. There is consensus that dormant, Ki67-negative DTCs are protected from
chemotherapy simply by nature of their non-dividing, quiescent phenotype [152].
However, medulloblastomas are an example of brain tumours which give rise to
recurrence following radiotherapy [153]. Following y-ionising irradiation, the majority
of cells undergo p53-induced cell death. Despite this, a small number of cancer stem
cells within the PVN, that are nestin-positive, undergo p53-induced reversible cell cycle
arrest via activation of the PI3K/Akt pathway [153]. As well as protection from
radiotherapy, the PVN also provides protection from chemotherapy. It has recently been
shown that chemotherapy resistant dormant DTCs associate with the PVN [133].
Interestingly, the inhibition of integrin-mediated interactions between DTCs and the
PVN allowed for sensitisation to chemotherapy, independent of cell cycle status [133].
This would allow for the treatment of dormant cells using existing chemotherapies,

without the risk of having to first induce their reactivation.

1.5.3 Hypoxia

Hypoxia is defined as a region of low oxygen tension [154]. Metabolic adaptations of
cancer cells in response to a hypoxic microenvironment can result in the generation of

both highly malignant cells and cancer cells that become non-proliferating [154, 155]. In
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tumour expansion, cancer cell proliferation can rapidly exhaust available oxygen, and
glucose as the primary cancer energy source [156]. Activated in response to hypoxia is
the hypoxia-inducible factor 1 alpha (HIF-1A) transcription factor [157]. Under plentiful
supply of oxygen, HIF-1A is hydroxylated at its proline residues by prolyl-4-hydroxylases
(PHDs) and polyubiquitinated by von Hippel-Lindau (pVHL), resulting in 26S proteasome-
mediated degradation [158]. Under hypoxic conditions, HIF-1A is stabilised, undergoes
nuclear translocation, and dimerises with HIF-1 beta (HIF-1B) to initiate gene
transcription [158]. HIF-1A induces expression of a wide variety of downstream genes,
which exert effects in metabolism, neovascularisation, intracellular acidity, cellular
survival, migration and proliferation [159]. HIF-1A activity, or its inhibition, may

therefore be critical to dormancy induction and/or maintenance.

Exposure of serum-deprived MDA-MB-231 breast cancer cells in vitro to hypoxia
enhances survival in a vascular endothelial growth factor (VEGF)-dependent manner
[160]. Such conditions induced increased expression of VEGF, a known target gene of
HIF-1A [160, 161]. This stimulated PI3K in an autocrine fashion, resulting in
phosphorylation and activation of Akt/PKB, with subsequent intracellular signal
transduction leading to increased cell survival [160]. Therefore, if hypoxia is a driver of
dormancy induction, a potential mechanism mediating the long-term survival of
dormant cancer cells may be through the autocrine effects of VEGF. Furthermore,
hypoxia-resistant breast cancer cells (chMDA-MB-231), generated by exposure to three
cycles of 1% O, followed by reoxygenation, enter a state of GO/G1 arrest and are
characterised by low metabolism [162]. Under hypoxic conditions, a stem-like
phenotype was observed within the cancer cells, marked by a CD247/CD44"/epithelial
specifc antigen (ESA)* phenotype. The proposed mechanism was a hypoxic stress-
induced selection of MDA-MB-231 cells, of which the surviving population may persist
via an upregulation of autophagy. Exposure to a normoxic environment induced re-
proliferation of the cells after 2 weeks [162]. Reversible growth arrest is characteristic
of the dormancy phenomenon, and therefore dormancy may be induced by transient

exposure to a hypoxic microenvironment.
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Interestingly, the microenvironment of cancer cells within the primary tumour
influences cancer cell fate upon dissemination. In head and neck squamous cell
carcinoma and breast cancer, the primary tumour microenvironments exhibited
increased expression of HIF-1A and glucose transporter 1 (GLUT1)) [173]. These were
accompanied by an upregulation of key dormancy factors (nuclear receptor subfamily 2
group F member 1 (NR2F1), basic helix-loop helix family member e41 (BHLHE41/DEC2)
and p27) [163]. This phenotype persists in cancer cells which disseminate post-hypoxia
and were commonly dormant and NR2F1"/DEC2"/p27"/TGFB2" [164]. Therefore, the
microenvironment to which primary breast cancer cells are exposed to may influence

the fate of cancer cells which undergo dissemination.

1.5.4 Wnt Signalling Cascades

The Wnt signalling cascades, regulators of cellular proliferation and polarity, are divided
into the canonical (B-catenin-dependent) and the non-canonical (B-catenin-
independent) (Figures 1.6 A, B) [165]. In cancer, aberrant Wnt signalling promotes
tumorigenesis in a variety of tissues, including the breast [166]. Wnt signalling is also
known to crosstalk with other pathways, for example fibroblast growth factor (FGF),
Notch, Hedhehog and TGF-PB signalling [167]. As such, the influence of Wnt signalling on
the induction of dormancy may be context dependent. There are a number of reported
mechanisms in which active Wnt signalling may induce dormancy. In interleukin-23 (IL-
23) receptor-positive human oesophageal squamous carcinoma cells, cells which were
negative for CD133 acquired a dormant-like GO/G1 phase arrest, through IL-23-
mediated Wnt/Notch signalling [168]. Inhibition of IL-23 via small interfering ribonucleic
acid (siRNA) or small molecule inhibitors abolished these effects [168]. This also suggests

that dormancy may only be induced in a subset of cancer cells.

Conversely, in a mammary tumour model, amplification/overexpression of both Wnt
and FGFR1 was associated with poor disease-specific survival [169]. Treatment with an
FGR1 inhibitor, NVP-BGJ398, induced substantial tumour regression. Interestingly, some

cancer cells persisted in a reversible state of dormancy for as long as treatment was
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administered [169, 170], indicating that dormancy induction may arise from an

inhibition of Wnt co-operation with other intracellular pathways.
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Figure 1.6. Overview of the canonical and non-canonical Wnt signalling
pathways. A) In canonical Wnt signalling, when Frizzled is unbound by Wnt, the
cytoplasmic destruction complex, containing glycogen synthase kinase B (GSK38)
and Axin, binds and phosphorylate B-catenin. B-catenin subsequently dissociates
from the complex and is ubiquitinated by B-transducin repeats-containing
protein(TrCP), followed by degradation by the proteasome. Wnt binding to
Frizzled induces association of Axin with phosphorylated low-density lipoprotein
receptor-related protein 1 (LRP), dissociating the destruction complex and
stabilising B-catenin. This allows B-catenin to enter the nucleus to facilitate gene
transcription [183]. B) Non-canonical Wnt signalling is defined by B-catenin-
independent mechanisms. Wnt ligands bind to ROR-frizzled receptor complex.
This activates dishevelled (Dvl), which binds the Rho guanosine triphosphate
(GTP)-ase through an activation of Dvl associated activator of morphogenesis 1
(DAAM1). Racl and Rho GTPases can then trigger rho-associated protein kinase
(ROCK) and JNK, leading to a number of transcriptional effects. Alternatively,
adjacent to Dvl, the cell polarity protein and negative regulator of the canonical
Whnt signalling pathway, Van Gogh-like (Vangl), may also be activated in a Wnt5a-
dependent manner. Finally, Wnt/Ca2+ signalling can be activated via
phospholipase C, inducing intracellular calcium fluxes and subsequent
transcriptional activation. [165, 171]. Oncogene. 2017; 36: 1461 — 1473. Copyright
2017, DOI: 10.1038/0nc.2016.304

Furthermore, an inhibition of canonical Wnt signalling in the osteoblastic niche has been

observed to induce dormancy. Secreted from dormant cells within the bone

microenvironment is Wnt5a, which induces Siah E3 ubiquitin protein ligase 2 (SIAH2)

expression, which represses canonical Wnt signalling [172]. Thus, there is some
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evidence of potential cross-pathway regulation in dormancy. Finally, expression of Sry-
type high mobility group (HMG) box 2 and 9 (SOX2 and SOX9) survival factors have been
observed in lung- and breast-derived latency competent cancer cells (LCCs). LCCs also
downregulate UL16-binding protein (ULBP) ligands for natural killer cells, via expression
of Dickkopf-related protein 1 (DKK1), a Wnt inhibitor [173]. Wnt signalling inhibition in

dormancy may therefore assist in the evasion of local immune populations.

1.5.5 PI3K-Akt-mTOR Pathway

The phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT)-mammalian target of
rapamycin (mTOR) pathway (PI3K-AKT-mTOR pathway), is frequently hyperactivated in
human cancers [174]. Its activity is associated with a range of cellular processes,
including cell growth, survival, proliferation, metabolism, motility and cancer cell
dissemination [174, 175]. The PI3Ks constitute a family of lipid enzymes which exert
their effector functions through the phosphorylation of 3’-OH group of plasma

membrane phosphatidylinositols [176].

As shown in Figure 1.7, activation of the PI3K pathway mediates its effects via
phosphorylation of the second messenger, AKT [177]. Inhibition and reactivation of the
PI3K pathway may be critical for dormancy induction and cancer relapse, respectively
[178].In laryngeal squamous cell carcinoma (LSCC) cells, activation of aurora kinase A
(AURKA) induces transition from GO phase into active cell cycle entry, whilst its
expression has been observed to be persistently low in dormant LSCC cells [178]. AURKA
induces activation of the FAK/PI3K/Akt pathway to promote proliferation and migration,
as well as reactivation of dormant cells [178]. Inhibition of the PI3K pathway may also
directly influence cell cycle checkpoints. In a study of floating tumour spheroids of
ovarian cancer cell lines, detached from the ECM, the cells entered a state of quiescence,
in GO [179]. This was attributed to increased AKT inhibition, reduced expression of cyclin
D1 and an upregulation of p130 and p27, mediated via autophosphorylation of
epidermal growth factor receptor (EGFR)-Y1086, downstream of an inhibited PI3K-AKT
signalling pathway [179]. Finally, Insulin-like growth factor 1 (IGF-1) plays a key role in

breast cancer development. The IGF-1 receptor (IGF-1R), a receptor tyrosine kinase, is



27

activated upon IGF-1 binding [180]. This induces activation of the PI3K pathway, in
addition to the MAPK pathway [181]. IGF-1 is mostly secreted by stromal cells and
influences breast cancer growth via paracrine signalling [182]. Under serum-deprived
stress, cancer cells have been shown to secrete clusterin, which binds and inhibits the
binding of IGF-1 to its receptor, inducing quiescence [183]. This negatively regulates the
PI3K-Akt pathway and therefore a potential dormancy mechanism may be due to the

interaction between clusterin and IGF-1 upon cancer cell dissemination [183].

Receptor Tyrosine Kinase

PI3K

Mutations or
Deletions l

" @
!

Figure 1.7. Simple schematic of the PI3K-Akt-mTOR signalling pathway in cancer.
The PI3K pathway, activated downstream of cell-surface receptor tyrosine kinases
(RTKs), has important downstream widespread effector functions, including cell
growth, cell survival, proliferation, differentiation and metabolism. Some
components within the pathway, denoted by a red star, can be subject to
activating mutations or deletions in cancer. Abbreviations: Bcl-2-associated death
promotor (BAD); growth factor receptor-bound protein 2 (GRB2); insulin receptor
substrate 1 (IRS1); murine double minute (MDM2); mammalian target of
rapamycin (mTOR); 3-phosphoinositide-dependent protein kinase 1 (PDK1);
phosphoinositide-3-kinase (PI3K); phosphatidylinositol bisphosphate (PIP2);
phosphatidylinositol triphosphate (PIP3); phosphate and tensin homologue
deleted on chromosome ten (PTEN); regulatory associated protein of TOR
(RAPTOR); rapamycin-insensitive companion of mammalian target of rapamycin
(RICTOR); tuberous sclerosis (TSC) [175]. The Oncologist. 2011; 16(1): 12 — 19.
Copyright 2011. DOI: 10.1634/theoncologist.2011-51-12
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1.5.6 The Transforming Growth Factor-B (TGF-) Superfamily

There are a growing number of studies that suggest that members of the TGF-f
superfamily (Figure 1.8) play a central role in cellular dormancy. In cancer, the role of
TGF-B signalling is complex, and whether the TGF-B-related pathways activate or inhibit
tumour proliferation is context-dependent. In early tumour progression, TGF-B is
frequently observed as a tumour suppressor, whereas it has been more often identified

as a tumour promotor in the later stages of cancer [107].
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Figure 1.8. The TGF- superfamily: ligands, receptors and SMADs. A schematic
representation of TGF-B, BMP and activin signalling. Shown are ligands, ligand-
binding traps, accessory receptors and type I/Il receptors. SMADs are grouped
according to signalling specificity. At the cell surface, TGF-B ligands bind
serine/threonine kinase receptors [197]. Binding of ligands to their cognate
receptors induces the activation of type | receptors by phosphorylation of
serine/threonine residues in their GS region by type Il receptors, propagating the
signal by SMAD protein phosphorylation [197, 200] Receptor-activated SMADs
(SMADs 1-8) form heteromeric complexes with co-mediator SMADs (co-SMADs)
which translocate to the nucleus to regulate gene transcription [197, 200].
Abbreviations: transforming growth factor B (TGF-B); transforming growth factor
B receptor (TBR); activin receptor (ActR); anaplastic lymphoma kinase (ALK), bone
morphogenic protein (BMP); Anti-Millerian hormone (AMH/MIS); growth
differentiation factor 1 (GDF1); leucyl aminopeptidase (LAP); short gastrulation
(SOG) [184]. Cell. 2003; 113: 685 — 700. Copyright 2003, DOI: 10.1016/s0092-
8674(03)00432-x
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The majority of breast cancer metastases are positive for phosphorylated SMAD?2,
suggesting TGF-B pathway activation [185]. TGF-B, when secreted from astrocytes in the
brain, induces expression of angiopoietin-like 4 (ANGPTL4) in MDA-MB-231 breast
cancer cells via the induction of SMAD signalling, fuelling metastatic outgrowth [186].
TGF-B may also directly regulate cancer cell cycle progression. TGF-B signalling rapidly
induces p21 and p27 transcription, cyclin kinase partners negative regulators [187, 188].
Furthermore, TGF-B signalling induces expression of p15'N*8 an inhibitor of CDK4/6
activity [189]. BMP7 also induces cell cycle arrest in prostate cancer stem-like cells. This
effect is mediated via the activation of p38, leading to increased expression of p21 and
the metastasis suppressor, N-myc downstream-regulated 1 (NDRG1), and was reversible
upon withdrawal of BMP7 [190]. TGF-B also presents as part of a cross-pathway
regulation of the dormancy phenomenon. With respect to TGF-B2, in a head and neck
squamous cell carcinoma model, TGF-B2 signalling within the bone marrow was shown
to regulate dormancy of DTCs [191]. TGF-B2 induced a state of dormancy via activation
of the mitogen-activated protein kinase (MAPK) p38a/B, thereby facilitating an
ERK/p38¥ signalling ratio [191]. As shown in Hep3 human head and neck carcinomas,
the fate of DTCs i.e. whether they proliferate or enter a state of dormancy, is determined

by the (ERK)MAPK/p385APK activity ratio and is regulated by extracellular signalling [192].

1.5.7 Mitogen-Activated Protein Kinase Family and Cancer Dormancy

The Ras-Raf-MEK-ERK pathway is widely associated with cellular differentiation,
proliferation and apoptosis [193]. The MAP kinases sit within a number of kinase
cascades, transmitting a diverse range of extracellular signals to cellular responses
(Figure 1.9) [194]. Activation of MAPK signalling pathways potentially has a number of

effects in dormant cancer cells.

Firstly, Rho-guanosine triphosphate (GTP)-ases have been shown to be hyperactivated
in dormancy, leading to JNK phosphorylation and activation of autophagy [195].
Secondly, tumour suppression and dormancy induction is particularly associated with

the stress activated MAPK, p38 [196]. Computational analysis of human squamous cell
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carcinoma identified that quiescence was regulated by the co-ordination of 16
transcription factors, mediated by p38 activity [196]. In a 4T1 spontaneous metastasis
model, in Balb/c mice, inhibition of lysophosphatidic acid receptor (LPA1), a G protein
coupled receptor (GPCR), induces a state of metastatic dormancy [197]. This state was
characterised by reduced expression of Ki67, with downregulation of pERK and an

increase in the phosphorylation of the p38 stress kinase [197].
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Figure 1.9. An overview of the MAPK pathways. A wide range of extracellular cues
act through one of the many MAPK pathways to induce a biological response. At
the top level, a stimulus activates a MAPK kinase kinase (MAPKKK), typically via
small GTPase interactions or phosphorylation downstream of cell surface
receptors. This is followed by phosphorylation of a MAPK kinase (MAPKK), which
phosphorylates a conserved tripeptide TxY motif in the activation segment of the
final MAPK. The activated MAPK is then able to induce cytosolic changes to affect
protein function or participate in the induction of gene expression in the nucleus.
Abbreviations: rapidly accelerated F ibrosarcoma (Raf); moloney sarcoma (Mos);
tumour progression locus 2 (Tpl2); mitogen activated protein kinase kinase (MEK);
mixed-lineage protein kinase (MLK); dual leucine zipper kinase (DLK); apoptosis
signal-regulating kinase (ASK); thousand-and-one amino acid (TAO); G protein-
coupled receptor (GPCR) [198]. Cold Spring Harbor Perspectives in Biology. 2012;
a011254. Copyright 2012, DOI: 10.1101/cshperspect.a011254
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Finally, when metastatic human squamous carcinoma cells (T-HEp3) are passaged for
>40 generations, they reprogram into a phenotype characterised by reversible
dormancy upon inoculation in vivo [199]. Dormancy in this model was marked by GO/G1
growth-arrest, mediated by mitogen-activated protein kinase 6 (MKK6) and p38a/B
[199]. In turn, these contribute to the nuclear translocation and transcriptional
activation of ATF6 transcription factor, a prominent promotor of cellular survival [199].
As such, p38 activity may therefore be critical in the long-term survival of dormant cells.
Cancer dormancy may also be regulated by crosstalk between integrins and MAPK
signalling. In human carcinoma HEp3 cells, inhibition of urokinase plasminogen receptor
(uPAR) induces GO/G1 cell cycle arrest in vivo, leading to reduced ERK1/2 activation
[200]. It was found that uPAR forms complexes with a5B1 integrins, which bind
extracellular fibronectin [200]. This further suggests that detachment from the
basement membrane, and perhaps the PVN, as previously discussed, may be critical in

the induction of dormancy.

1.5.8 HIPPO Signalling Pathway and Cancer Dormancy

The HIPPO signalling pathway (Figure 1.10) has increasingly been associated with cancer
proliferation and dormancy in a number of tissues [201, 202]. The major HIPPO
component frequently cited with respect to cancer is YAP. As discussed in Chapter 1.5.2,
metastatic outgrowth of cancer within the brain is mediated via LLCAM activation of
YAP, upon spreading of cancer cells on vascular endothelium. In 5-fluorouracil (5FU)-
resistant colon cancer cells, exposure to high concentrations of 5FU results in reversible
GO-phase growth arrest, and was associated with a proportional depletion of nuclear
YAP, inhibiting its transcriptional activity [203]. Furthermore, YAP-dependent cellular
proliferation has been shown to be mediated by an inhibition of PTEN, whilst YAP knock-
down was strongly associated with growth-arrest [204]. In a heterogenous population
of breast cancer cells, some cells may therefore be primed to enter dormancy upon

administration of adjuvant therapies, potentially via YAP nuclear expulsion.

Similarly, YAP expression in clear cell renal cell carcinoma (ccRCC) positively correlates

with cancer stage [205]. In 786-0 ccRCC cell lines, treatment with YAP-short hairpin RNA
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(shRNA) lentiviral vectors results in Gl-phase arrest, with some cells undergoing
apoptosis [205]. YAP appears to be critical for cancer cell proliferation, and blockage of
its transcriptional ability may be a driver of dormancy. Finally, YAP interactions with
many of the beforementioned dormancy pathways have been described. For example,
under hypoxic conditions, nuclear YAP stabilizes HIF-1A, activating pyruvate kinase M2
(PKM2) which accelerates glycolysis [206]. Furthermore, YAP has also been observed to
function co-operatively with transcription factor AP-1 and SMAD7 to suppress TGF-
signalling [207]. Together with TAZ, YAP has also been shown to work synergistically with
the PI3K signalling pathway to promote mammary tumorigenesis [208]. Finally, cellular
adhesion with the basal extracellular matrix is a major promotor of YAP nuclear
localisation, which itself then activates transcription of a number of integrins and focal
adhesion docking proteins [209, 210]. Importantly, YAP and its downstream targets may
therefore represent very interesting drug targets in the therapeutic targeting of

dormant cells, or the induction of dormancy in established lesions.
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Figure 1.10. HIPPO signalling pathway cascade in humans. The core of the
pathway consists of a serine/threonine kinase cascade [230]. In the centre lies
macrophage stimulating protein 1/2 (MST1/2), followed by downstream kinases,
large tumour suppressor 1/2 (LATS1/2), exerting their effects through
phosphorylation and inhibition of the transcriptional co-activators yes-associated
protein (YAP) and tafazzin (TAZ) [230, 231]. Active YAP/TAZ act with akyrin repeat
and HK domain containing 1 (MASK1) or MASK2 co-factors to convert TEA domain
1-4 (TEAD1-4) to transcriptional activators, which in turn initiates gene
transcription [211, 212]. Some upstream components may also interact directly
with YAP/TAZ [201, 202]. Nature Reviews Cancer. 2013; 13: 246 — 257. Copyright
2013, DOI: 10.1038/nrc3458
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1.5.9 Cancer Cell Respiration

Glycolysis is a process which takes part in the cytoplasm, involving 10 steps of enzyme-
mediated reactions which converts glucose into pyruvate, generating ATP (Figure 1.11)
[213]. Increased glycolysis activity, favoured over oxidative phosphorylation, even under
aerobic conditions, is a hallmark of cancer and particularly favourable to the formation
of breast cancer brain metastases, a phenomenon known as the Warburg effect [214,
215]. Increased metabolic gene signatures are a strong predictor of metastasis in breast
cancer, lung cancer and melanoma [215]. As such, decreased expression of glycolysis
enzymes would be unfavourable to cancer proliferation, and favourable to the induction
and maintenance of dormancy. For example, as an effect of reduced AKT
phosphorylation, induced via chronic hypoxia [216]. The Warburg effect is characterised
by increased activity of HIF-1A and c-Myc transcription factors, with an upregulation of
glucose transporters and glycolytic enzymes which are mediated by loss of p53 function

[214].

The conversion of glucose (C¢H1206), to lactate (CsHeOs3) during glycolysis, creates 2
molecules of ATP: CsH1206 + 2(ADP*) + 2(HPO4?*) -> 2(ATP*) + 2(C3Hs053) [217]. It is the
subsequent ATP breakdown which releases acidic H* ions, protons [217]. In cancer, high
rates of glycolysis correlate with high rates of proton transport into the extracellular
space, facilitated by proton transporters such as Na*-H* exchanger (NHE), vacuolar-type
H*-ATPase (V-ATPase), H*-K*-ATPases and carbonic anhydrases (CAs) [218]. This acidifies
the extracellular environment, changing pH from approximately 7.4 to 6.8, and
alkalinises the intracellular environment, changing pH from approximately 7.2 to 7.6,
creating a pH gradient which is critical for cancer cell survival and propagation; this has

emerged as another hallmark of cancer [218].
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Figure 1.11. Schematic overview of glycolysis. In the cytoplasm, glycolysis
involves the sequential conversion of glucose to pyruvate, generating ATP. Specific
enzymes catalyse each step of the glycolytic pathway. These are hexokinase (HK),
phosphoglycose isomerase (PGl), phosphofructokinase (PFK), aldolase (ALDOA),
triphosphate isomerase (TPI), glyceraldehyde 3 phosphate dehydrogenase
(GAPDH), phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGM),
enolase (ENO) and pyruvate kinase (PK) [213]. Thoracic Cancer. 2015; 6(1): 17 —
24, Copyright 2015, DOI: 10.1111/1759-7714.12148

1.6 Exploitation of Dormancy Mechanisms — The Future of Cancer Therapy?

Despite emerging experimental data on the biology of dormant DTCs, the industrial
response to the development of novel therapeutics specifically targeting dormant cells
is limited. In 2019, HiberCell Inc. (USA) was the first private company constructed to
exclusively focus on the detection and targeting of cancer dormancy [219]. Additionally,
a small number of clinical trials have focused on the eradication of residual DTCs in
breast cancer (Table 1.7). At the time of writing, there appears to be no clinical trials for
therapies which target breast cancer cell dormancy in the brain. As such, this is an area
of great unmet medical need. The identification of novel molecular mechanisms
responsible for the induction and maintenance of breast cancer dormancy could give
rise to novel therapeutics for the treatment of breast cancer brain metastases. There
are three potential treatment strategies, each with their own advantages and
disadvantages. The first strategy may involve the chronic maintenance of a dormant
state within quiescent DTCs through the upregulation of key quiescence mechanisms.

Alternatively, the same quiescence mechanisms may be used to induce and maintain a
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state of dormancy in established lesions. For example, this may be via increased
expression of p38 MAPK [192], or administration of ligands present within the dormant
niche, for example TGF-B [191]. This strategy would prevent the progression of breast
cancer to lethal metastasis; however, this would also require chronic lifelong therapy
and intra-/inter-tumoral heterogeneity may mean that not all cells within established

metastases would respond.

Secondly, critical survival genes could be inhibited prior to progression to metastatic
relapse, clearing the patient of residual dormant cells and significantly reducing the risk
of relapse. For example, in in vivo pre-clinical and 3-dimensional (3D) in vitro models of
breast cancer, pharmacological inhibition of Src family kinase (SFK) induces nuclear
localisation of p27, preventing the reactivation of dormant cells and the formation of
metastases [220]. As dormancy in these models required ERK1/2 activation,
combinatorial treatment with Src and MEK1/2 inhibitors induced apoptosis in a large
number of dormant cells [220]. However, if not all cells respond, as described here, this

may transform the residual disseminated tumour cells to a more aggressive phenotype.

Finally, and perhaps the least suitable therapy, is to awaken dormant cells as such that
they may be targeted by anti-proliferative chemotherapies. This approach depends on
a highly effective therapy post-awakening of dormant cells. If the therapy is inefficient,
or the cells do not respond, awakening dormant cells earlier than their natural
progression may worsen a patient’s prognosis. To support this argument, inhibition of
TGF-B-p38-MAPK signalling in head and neck squamous cell carcinoma induced
reactivation of dormant cells and entry into the cell cycle [191]. This was accompanied
by multi-organ metastasis [191]. In breast cancer, whole exome sequencing shows that
brain metastases are highly divergent to that of the primary tumour, particularly with
respect to sensitivity to PI3K/Akt/mTOR, CDK and HER2/EGFR inhibitors [221].
Therefore, it may not be the most logical approach to potentially induce multi-organ
metastasis with increased chemoresistance. As such, whilst each of the described
strategies may offer a novel therapeutic opportunity for the treatment of metastatic

breast cancer, it is critical to first understand the dormancy mechanisms.
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Hypothesis

The hypothesis for this study is that dormant and profilierating breast adenocarcinoma

cells in the brain have distinct transcriptomic profiles. | reasoned that this would give

rise to targetable molecular players and pathways which underpin the dormancy

phenomenon.

1.7.1 Aims and Objectives

Targeting of identified dormancy-associated genes and pathways could lead to

strategies for the induction of growth arrest in established tumours, or, alternatively,

targeting of dormant cells prior to their exit from growth arrest. To identify such targets,

this project aims to:

1)

2)

3)

Isolate dormant and proliferating human breast adenocarcinoma cells

This will be achieved through the use of an established in vivo experimental
model of metastasis, using human breast adenocarcinoma cells to generate
brain tumour xenografts in mice. This model will also be used to characterise the
microenvironment of dormant breast cancer cells in the brain.

Identify molecular differences between dormant and proliferating breast
cancer cells in vivo by transcriptomic profiling

Isolated dormant and proliferating breast cancer cells will be harvested for RNA,
followed by mRNAseq. Molecular differences, and thereby potential therapeutic
candidates, will be identified by differential gene expression analysis, and by
Gene Ontology (GO) and Kyoto Encylcopaedia of Genes and Genomes (KEGG)
enrichment analysis.

Identify genes and pathways functionally implicated in breast cancer cell
dormancy

This will be achieved by functional studies of candidate genes and pathways
identified in the second aim, using in vitro models. In addition, my mRNAseq
data, in particular, functionally identified genes, will be compared to publicly

available gene expression data to validate my findings.
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Chapter 2

Materials and Methods

2.1 Mammalian Cell Culture

Human breast adenocarcinoma (MDA-MB-231) and human embryonic kidney
(HEK293T) cells were obtained from American Type Culture Collection (ATCC). MDA-MB-
231 cells were cultured in standard medium (Eagle’s Minimum Essential Medium
(EMEM) (Sigma Aldrich, M2279), with supplements), unless otherwise stated (Table
2.1A). For glycolysis-sensitive experiments, cells were cultured in high glucose
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) (Gibco™),
with supplements (Table 2.1B). The appropriate medium is noted in-text. HEK293T cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma Aldrich, D5671),
with supplements (Table 2.1C). All media were filter-sterilised prior to use. Cells were
maintained at 37°Cand 5% CO: in a Sanyo incubator with a humidified environment. For
doxycycline-inducible in vitro models, the culture medium was supplemented with

doxycycline (Sigma Aldrich, D9891) at a working concentration of 1ug per ml.

All cells were cultured in either culture flasks (Corning) or culture plates (Corning) of
varying surface areas. Cell seeding densities are stated where appropriate. All cells were
cultured to approximately 70% confluency. Whenever cells were not confluent, they
were washed every 2 days in phosphate buffered saline (PBS) (Sigma Aldrich, D8537)
prior to addition of fresh medium. Cells at 70% confluency were washed in PBS and
covered with 1ml trypsin (Thermo Fisher, SV30031.01) per 75cm?. Cells were incubated
for up to 2 minutes in the incubator until they detached, followed by addition of serum-
containing medium. The cells were pelleted by centrifugation at 290 x g for 5 minutes.
For further propagation, cells were re-seeded at a ratio of 1:4. Trypsinised cells were

assessed for viability by staining with the trypan blue (Sigma Aldrich, T8154) azo dye.
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A) Standard MDA-MB-231 culture medium

Component Concentration

EMEM (Sigma Aldrich, M2279) -

Foetal Bovine Serum (Labtech, 10% v/v
FB1090/500)

L-glutamine (Thermo Fisher, 1x
SH30034.01)

Vitamin mix (Thermo Fisher, 10453305) 1x

Non-essential amino acids (Thermo 1x

Fisher, 11140-050)

Sodium pyruvate (Thermo Fisher, 11360- | 1x
039)

Penicillin/streptomycin (HyClone, 1x

SvV0079.01)

B) High glucose MDA-MB-231 culture medium

Component Concentration

DMEM/F-12 (Gibco™; 11320033) -

Foetal Bovine Serum (Labtech, 10% v/v
FB1090/500)
Penicillin/streptomycin/fungiezone 1x

(HyClone, SV0079.01)

C) HEK293T culture medium

Component Concentration

DMEM (Sigma Aldrich, D5671) -

Foetal Bovine Serum (Labtech, 10% v/v
FB1090/500)
Penicillin/streptomycin/fungiezone 1x

(Thermo Fisher, 15410-122)

Table 2.1. Culture medium constituents for MDA-MB-231 and HEK293T cells
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Cells which were permeable to the dye, and visualised as blue, were deemed as non-
viable. For cell counting experiments, cells were stained with trypan blue and visualised
in a BRAND® counting chamber (Sigma Aldrich, BR19605). Cell counts were taken for
each corner quadrant of the counting chamber, before taking a mean across the values.

Counts were adjusted relative to sample dilution.

For long-term cryopreservation, 1x10° cells were pelleted as described. Following
removal of supernatant, cells were re-suspended in 700ul basal medium and 200yl
foetal bovine serum (FBS) (Labtech). Cells were pre-cooled on ice for 5 minutes before
addition of 100ul dimethyl sulfoxide (DMSO) (Sigma Aldrich, D2650). Vials of cells were
frozen at -80°C for 24 hours prior to transferral to long-term cryopreservation at -196°C

in liquid nitrogen.

2.1.1 2-Deoxy-D-Glucose

Powdered 2-deoxy-D-glucose (2DG) (Sigma Aldrich, D8375) was reconstituted in
DMEM/F-12 basal medium. MDA-MB-231 cells were cultured for at least 1 week in high
glucose Dulbecco’s Modified Eagle Medium, with 10% FBS, prior to glycolysis inhibition
studies. High glucose medium was used throughout all glycolysis experiments. At 24
hours before addition of 2DG, cells were seeded into 6- or 12-well plastic tissue culture
plates (Corning) and cultured for 24 hours at to allow the cells to adhere. All cells in 2DG-
based studies were washed daily, followed by the addition of fresh medium
supplemented with 2DG at the indicated concentration. For 2DG titration studies, spent
medium was centrifuged at 290 x g for 5 minutes, prior to discarding. Fresh medium
with 2DG was used to re-suspend the cell pellet, consisting of floating cells, which was
added back to the corresponding well. Where required, cells were split at approximately
80% confluency and re-seeded at 1:4 dilution. The dilution factor was applied to

downstream counts of floating and adherent cells.
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2.1.2 Recombinant Human Biglycan

Lyophilised recombinant human biglycan (rhBGN) (R&D Systems, 2667-CM-050) was
reconstituted in DMEM/F-12 basal medium. All cells were cultured on plastic 12-well
tissue culture plates (Corning). For the coating of wells with rhBGN, 100ul rhBGN was
added to each well at a concentration of 5ug per ml, followed by incubation at 37°C for
8 hours. After 8 hours, rhBGN was aspirated and wells were washed 3 times in 300ul
PBS for 5 minutes each, at room temperature. MDA-MB-231 cells were added to rhBGN-
coated and non-coated wells at 1x10° cells per well. Where required, soluble biglycan
was supplemented to the medium at 5ug per ml. All cells were cultured in high glucose
Dulbecco’s Modified Eagle Medium, with 10% FBS. Cells were cultured for 72h prior to

counting, without replenishment of media.

2.2 Cell Membrane Staining

In some experiments MDA-MB-231 cells were stained using either the CellVue Claret®
(CV) Far Red Fluorescent Linker Kit (Sigma Aldrich, USA), or Vybrant™ Dil Cell-Labelling
Solution (Dil) (Thermo Fisher; V22885).

2.2.1 Staining of MDA-MB-231 Cells with CellVue® Claret Membrane Label

Adherent MDA-MB-231 cells were washed twice with EMEM and covered with
approximately 1ml Diluent C per 75 cm?. A 2x Dye Solution was prepared according to
manufacturer’s instructions and mixed by vortexing. The 2x stock was added to the
Diluent C covering the cells in a 1:1 ratio, and distributed evenly. Cells were incubated
at 37°C for 5 minutes to incorporate the dye. Following incubation, FBS was added to
the staining solution at a 1:1 ratio for 1 minute at ambient temperature (AT). CV-labelled
cells were washed 3 times for 10 minutes each at 37°C in standard serum-containing

medium.
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2.2.2 Staining of MDA-MB-231 Cells with Dil Long-Term Tracer

Adherent MDA-MB-231 cells were washed 1x in PBS. For staining of cells with Dil,
staining medium was prepared according to manufacturer’s instructions. Cells were
covered in staining medium and incubated at 37°C for 8 minutes. Cells were washed

according to manufacturer’s instructions before addition of complete growth medium.

23 In Vivo Experiments

All procedures were approved by the University of Leeds Animal Welfare & Ethical
Review Committee (AWERC) and performed under the approved UK Home Office
project licence in line with the Animal (Scientific Procedures) Act 1986 and in accordance
with the UK National Cancer Research Institute Guidelines for the welfare of animals

[233].

The mouse strain used for in vivo experiments were C.B.17 severe combined
immunodeficiency (SCID) mice (C.B-Igh-1°/IcrTac-Prkdc*c®). All mice were female and
aged between 6 and 8 weeks at the start of each experiment. All mice were bred and
caged at the St James’ Biological Services (SBS) Facility, in individually ventilated cages

at a maximum of 5 mice per cage.

2.3.1 Preparation of Cancer Cells for Surgery

For intra-carotid injections, cultured CV-labelled MDA-MB-231 cells were washed with
PBS, trypsinised and gently pipetted up and down to dissociate any cell clumps. Cells
were transferred to standard medium (containing serum) and strained through a 70-
100um cell strainer (Greiner Bio-One, 542-070). Cells were counted before

centrifugation at 290 x g for 5 minutes. The supernatant was discarded, and the pellet
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was re-suspended in EMEM without supplements to wash cells, prior to centrifugation
at 290 x g. The supernatant was discarded, and cells were re-suspended in an

appropriate volume of EMEM without supplements, to a density of 1x10° cells per ml.

2.3.2 Generation of Mouse Brain Tumour Xenografts

Brain tumour xenografts were generated by injection of 1x10° CV-labelled MDA-MB-231
cells into the internal carotid artery of 6-8 weeks old female C.B.17-SCID mice.
Procedures involving injection into the internal carotid artery were kindly carried out by
Mihaela Lorger (University of Leeds, UK) as previously published [134]. At 28 days post-
injection of cancer cells, the mice were euthanised by terminal perfusion. Upon
observation of adverse symptoms prior to day 28, mice were euthanised by schedule |

culling and excluded from all downstream analyses.

2.3.3 Terminal Perfusion and Mouse Brain Isolation

For organ harvesting, mice were anaesthetised with 5% isofluorane, followed by intra-
peritoneal injection of 300ul Lethobarb/pentobarbitone (Merial). Upon cessation of
respiration, the thoracic cavity was cut open and an incision was made to the heart,
distal to the apex. Terminal intra-cardiac perfusion was performed by flushing through
the circulatory system with 15ml PBS. For brains destined for cell sorting or processing
as frozen sections, the cranium was opened with scissors, followed by gentle removal of
the brain and placing on ice or in 4% paraformaldehyde (PFA) (Sigma Aldrich, P6148),
respectively. For PFA fixation, tissue was submerged in PFA at 4°C for 24 hours, followed
by transfer into phosphate buffered sucrose solution (Table 2.2) at 4°C until the tissue
sunk to the bottom of the vessel. The brains were then frozen and stored at -80°C, or

sectioned into floating sections for immunofluorescence (see Chapter 2.7).
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Component Concentration
Sucrose (Sigma Aldrich; 50389) 25% w/v (730.361mM)
NaH,PO4 (Sigma Aldrich; 71505) 23mM

NazHPO4 (Alfa Aesar; A11817) 77mM

ddH,O (Veolia, PURELAB Option, | -
0QO007XXM1)

Table 2.2. Constituents of phosphate buffered sucrose solution.

2.3.4 Isolation of Cancer Cells from Mouse Brain

The right hemisphere and brain stem were removed with scalpels prior to processing.
The remaining brain (left hemisphere, expected location of xenograft lesions) was
chopped finely by scalpel and dissociated with collagenase/hyaluronidase solution
(Table 2.3), for 2 x 10 minutes at 37°C. The volume was increased to 20-30ml with pre-
chilled incubation buffer (filter-sterilised PBS (Sigma Aldrich, D8537), 0.5% w/v bovine
serum albumin (BSA) (Sigma Aldrich, A4503) and 2mM ethylenediaminetetraacetic acid
(EDTA) (Fisher Scientific, BP2482)) and strained with a 70-100um cell strainer (Greiner
Bio-One, 542-070). Samples were pelleted by centrifugation at 290 x g for 5 minutes at
4°C. Myelin was removed from samples using Myelin Removal Beads Il (Miltenyi Biotec;
130-096-733), according to manufacturer’s instructions. Two rounds of myelin removal
were employed (200 and 100ul myelin removal beads per mouse, respectively), using 3
MAC LS Removal Columns (Miltenyi Biotec, 130-042-401) in round 1, and 2 MAC LS

Removal Columns in round 2.
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Component Concentration

Eagle’s Minimum Essential Medium | -

(Sigma Aldrich, M2279)

Collagenase (Roche, 1088793) 3mg per ml

Hyaluronidase (Sigma Aldrich, H-3506) 250 U per ml

Penicillin/streptomycin/fungiezone 1X

(Thermo Fisher, 15140-22)

Table 2.3. Components of collagenase/hyaluronidase solution for mouse brain

dissociation.

24 Flow Cytometry

2.4.1 Flow Cytometry Analysis

Flow cytometry analysis was carried out using the CytoFLEX Flow Cytometer with
accompanying CytoFLEX CytExpert Software, V1.2.11.0 (Beckman Coulter). Where
antibody staining was not required, cells were pelleted (see Chapter 2.1 Mammalian Cell
Culture), washed in PBS and re-suspended in further PBS at 1x10° cells per ml in
polystyrene tubes (SLS, 352054). Samples were then strained through a 70-100um cell
strainer (Greiner Bio-One, 542-070). Individual cells were analysed according to their
relative size and fluorescence intensity. Laser and fluorescent channel wavelength data
is shown in Table 2.4. The number of events analysed was 10,000-30,000 at a rate of
10ul per minute. For the flow cytometry protocol involved in cell cycle analysis, see

Chapter 2.4.3.



46

Marker Laser (nm) Fluorescent Channel
Green fluorescent protein | 488 525/40 BP

(GFP)

CellVue Claret® (CV) 638 660/20 BP
Propidium iodide (PI) 488 690/50 BP
Allophcocyanin (APC) 638 660/20 BP

Table 2.4. Laser and fluorescent channel configurations for flow cytometry

(CytoFlex)

2.4.2 Fluorescence Activated Cell Sorting (FACS) - Isolation of
Dormant and Proliferating MDA-MB-231 Cells from Mouse

Brain Tumour Xenografts

Proliferating and dormant cancer cell populations were sorted from the suspension of
dissociated metastases-bearing brains using the BD inFlux v7 Sorter (BD Biosciences).
The cells were separated according to relative size and fluorescence intensity, using a
488nm excitation laser with 530/40nm emission filter, and 655nm excitation laser with
670/30nm emission filter, for detection of GFP and CV dye, respectively. Cells were
sorted directly into 100ul extraction buffer from the ARCTURUS® PicoPure™ RNA
Isolation Kit (Thermo Fisher, KIT0204). Fluorescence channel data was acquired in log
scale, for 1x107 cells using BD FACS™ Software v1.0.0.641 (BD Biosciences). Analysis of
sort data was performed using FlowJo v10.2 (Tree Star Inc.) software. The percentage of

dormant cells within mouse brain tumour xenografts was calculated as follows:

Total number of dormant cells 100

Total number of all cells (dormant + proliferating)
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2.4.3 Cell Cycle Analysis

Prior to harvesting of adherent cells, 5-bromo-2’-deoxyuridine (BrdU) (Sigma Aldrich,
B5002) was added directly to culture medium at a working concentration of 10uM. Cells
were incubated under standard culture conditions for 30 minutes. Cells were collected
by trypsinisation (see Chapter 2.1) into a round-bottomed polystyrene tube (SLS,
352054) and washed in PBS. All centrifugation steps were carried out at 290 x g for 5
minutes. Cells were re-suspended in 100ul of cold PBS. Whilst vortexing, 900ul of cold
70% v/v ethanol (Merck, 32221) was added dropwise. Ethanol fixation was carried out
on ice for 30 minutes. Cells were pelleted by centrifugation and re-suspended in 1ml of
denaturation buffer (Table 2.5A), with incubation for 30 minutes at AT. Cells were
centrifuged, denaturation buffer was discarded and cells were re-suspended and
incubated in 1ml of neutralisation buffer (Table 2.5B) for a further 30 minutes at AT.
Cells were then pelleted by centrifugation, neutralisation buffer was discarded. Cells
were re-suspended in 50ul antibody solution (Table 2.5C) containing 1:9 dilution of anti-
BrdU-APC antibody (Table 2.9) and incubated for 1 hour at AT. Cells were washed 3
times in PBS and re-suspended in 500ul PBS containing 5ug per ml RNase A (Qiagen,
1031301) and 10ug per ml propidium iodide (P1) (Sigma Aldrich, P4864), before passing
through a 70um cell strainer (Greiner Bio-One, 542-070). After 30 minutes incubation at

AT, cells were analysed by flow cytometry (see Chapter 2.4.1).
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A) - Denaturation solution

Component Concentration
Hydrochloric Acid 2M

Triton X-100 0.5% v/v

PBS -

B) Neutralisation solution

Component Concentration
Na;B407.10H,0 (pH 8.5) 0.1M
PBS -

C) Antibody blocking solution

Component Concentration
Bovine serum albumin 1% w/v
Tween 20 0.5% v/v

PBS -

Table 2.5. Solution constituents for cell cycle FACS analysis

2.5 RNA Isolation and Purification

2.5.1 RNAsolation from Cells Isolated by FACS

RNA was isolated according to the manufacturer’s protocol for the isolation of RNA from
cell pellets (ARCTURUS® PicoPure™ RNA lIsolation Kit, Thermo Fisher, KIT0204). As
described in Chapter 2.4.2, cells were sorted directly into extraction buffer and
immediately lysed. All samples were treated with DNase using the RNase-free DNase Set
(Qiagen, 79254), according to manufacturer’s instructions. Samples were eluted in 11l

manufacturer-supplied elution buffer. Quality control analysis was performed using the
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RNA 6000 Pico Kit (Agilent Technologies, 5067-1513) and 2100 Bioanalyser

Instrumentation (Agilent Technologies), according to manufacturer’s instructions.

2.5.2 RNA Isolation from Adherent Cells

Adherent cells were trypsinised and washed in PBS. All samples were processed using
the RNeasy Mini Kit (Qiagen, 74104), according to manufacturer’s instructions. RNA was
eluted in 50ul RNase-free water. RNA concentration quantification was determined

using the Nanodrop (Labtech, ND1000), according to manufacturer’s instructions.

2.6 cDNA Synthesis, Library Construction and mRNAseq

We utilised Smart-seq2 [224] and Nextera XT DNA Library Prep (lllumina, FC-131-1024)
protocols for the generation of full-length cDNA and sequencing libraries. The starting
material was 114pg of total RNA in 3ul nuclease-free water. Oligo-dT primer (Invitrogen,
58063) and dNTP mix (Thermo Fisher, AB0196) was directly added to RNA in a thin-
walled 0.2ml PCR tube (STAR LAB, 11402-8100). Initial PCR for cDNA synthesis was run
for 15 cycles using a Veriti 96-Well Thermal Cycler (Thermo Fisher, 4375786). The
guantity of cDNA was determined with the Qubit dsDNA High Sensitivity Assay Kit using
a Qubit Fluoremeter (Thermo Fisher, Q33238). We carried forward 5ul of cDNA (0.2ng
per ul) for the tagmentation reaction. The quality of the final cDNA library was checked
using the 4200 TapeStation System (Agilent). Library pooling was performed by the Next
Generation Sequencing (NGS) Facility (University of Leeds), which also ran the paired-

end mRNA sequencing using the Hiseq3000 platform (lllumina).

2.6.1 mRNAseq Data Processing and Analysis

Raw sequencing data was provided in fastq format. This work was in part undertaken
on Medical Advanced Research Computer 1 (MARC1), part of the High Performance
Computing and Leeds Institute for Data Analytics (LIDA) facilities at the University of
Leeds, UK. This work was in part also undertaken on Advanced Research Computer 3

(ARC3), part of the High Performance Computing facilities at the University of Leeds, UK.
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All custom-designed relevant scripts involved in mRNAseq data processing are displayed
in the appendix. The R script for concatenating human and mouse reference genomes is
shown in Supplementary Figure S1. The R script for the generation of read counts
(processing stream 1) is shown in Supplementary Figure S2. All other scripts employed
in this study were constructed according to the published manual and instructions of
each referenced software/package. Data in this study was processed via two
independent analysis streams. The first (stream |) was performed as a service by the NGS
Facility, University of Leeds, with alighnment to human and mouse genomes
consecutively. The second (stream 1) was performed independently, with alignment to
a concatenated human and mouse genome and using an alternative source of reference
genomes and splice junction annotations. Supervision of stream Il bioinformatics

analyses was undertaken by Dr Alastair Droop, formerly of the University of Leeds.

2.6.2 Alignment to Reference Genomes

For both processing streams, assessment of significant trends in sequence quality and
diversity within Fastq files was carried out using FastQC, version 0.11.8 [225].
Trimmomatic read trimming software version 0.39 [226] was employed to trim poor
qguality bases of Phred score < 20, as were sequences pertaining to primers, poly-A
regions and sequences homologous to Nextera Transposase Adaptors. For processing
stream |l, this was carried out using Cutadapt software [227] under the same
parameters. For processing stream I, genome annotation data was downloaded from
the publicly available University of California Santa Cruz (UCSC) genome browser [228]
for human (GRCh38/hg38) and mouse (GRCm38/mm10) genome reference sequences
(Table 2.6). For processing stream |l, primary assemblies (fasta) and comprehensive
gene annotations for human, release 31 (GRCh38.p12), and mouse, release M22
(GRCmM38.p6), genomes were downloaded from the GENCODE project website [229].
Concatenation of reference assemblies and renaming of human and mouse
chromosomes for downstream distinction was performed using Bioconductor R package
Biostrings [230]. Generation of genome indexes and alignment of sample data to the
generated indexes was performed using STAR version 2.7 [231]. For alignment, STAR

was run in 2-pass mode. Binary Alignment Map (BAM) files of aligned data were sorted
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and indexed using SAMtools software [232], exporting to the Sequence Alignment Map
(SAM) format. Quality control of BAM files was carried out using QualiMap [233] and
Picard Tools [234] softwares. Aligned sequencing data was visualised using Integrative

Genome Viewer (IGV) software [235]. Consensus sequences for genes of interest and

identification of read-specific polymorphisms was determined using IGV.

Assembly December 2013 December 2011
(GRCh38/hg38) (GRCmM38/mm10)

Group Genes and Gene Genes and Gene
Predictions Predictions

Track NCBI RefSeq NCBI RefSeq

Region Genome Genome

Table RefSeq All (ncbiRefSeq) RefSeq All (ncbiRefSeq)

Table 2.6. Download parameters for human (GRCh38/hg38) and mouse

(GRCM38/mm10) reference genomes (NCBI RefSeq), processing stream I.

2.6.3 Read Counting

For processing stream |, assembly of transcriptomes and quantification of gene
expression was carried out using Cufflinks software [236]. Merging of data into a single
transcriptome was carried out using Cuffmerge software [236], on Cufflinks-generated
data. Quantified reads mapping to each transcript was obtained using Cuffdiff software
[236]. For processing stream Il, read quantification, transcriptome merging and mapping
of counts to transcript was performed using the featureCounts function of the R package

RSubread [237]. Multi-mapping reads were included.

2.6.4 Differential Gene Expression Analysis

Prior to differential gene expression analysis between dormant (GFP+CV-) and

proliferating (GFP+CV-) cells, the total number of reads mapping to human and mouse
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genomic positions for each sample were quantified. This was given as the total number
of raw reads across all genes for each species, within each sample. Any reads mapping
to the mouse genome were discarded as the cancer cells of interest were of human
origin. Read counts were converted to integer values for compatibility with R package
DESeq2 [238]. Size factor normalisation was performed using DESeq2. Normalised gene
expression data was exported as a data matrix, with expression values and fold changes
log,-transformed by DESeq2. Heat maps (generated by unsupervised hierarchical
clustering) and Principle Component Analysis (PCA) plots were generated using ClustVis,
an open-sourced web tool, using pre-filtered gene expression datasets [239]. For the
heat maps, colour scaling was performed at the level of each transcript. Where specific
groups of genes were of interest, data matrices of normalised read count data
annotated with a gene were used as input. Ensembl and Refseq gene IDs were converted
to gene symbols using the Ensembl Gene ID Converter, part of the online Bioinformatics
Tools for genomics and transcriptomics analyses [240]. Visualisation of gene expression
data, given as the mean of normalised counts against the log of fold change, was
performed using the plotMA function of DESeq2 to generate an MA plot. For both data
processing streams, genes converged on y = 0. Therefore, normalisation was applied
correctly as the majority of genes were not differentially expressed and that any genes
marked as differentially expressed was likely to be a true representation. No further

normalisation was required.

2.6.5 Calculation of Allele Frequencies

Allele frequencies were counted using custom Java code (Next Generation Sequencing
Facility, University of Leeds) by querying alignments from BAM files at known SNP
positions. The complete list of known MDA-MB-231 cell line mutation variants were
sourced from the Catalogue of Somatic Mutations In Cancer, COSMIC [241], for genome
version GRCh38. Java htsjdk library was used for BAM file random access [232]. Allele
frequencies were then imported into R and pairwise Pearson correlations were

computed using base R.



53

2.6.6 GO and KEGG Enrichment Analysis

The Benjamini-Hotchberg method of statistical significance adjustment (False Discovery
Rate (FDR)) was employed by DESeq2 to account for the effects of multiple testing.
Differentially expressed genes were identified under a number of parameters to
increase and decrease the gene pool for varying levels of gene coverage for downstream
analyses. These were p <= 0.05 and FDR <= 0.05, combined with or without a gene
expression fold change of > 2. Identified differentially expressed genes were used as
input to identify functionally enriched groups of genes and pathways. Enriched Gene
Ontology (GO) terms for biological processes, molecular functions and cellular
components were identified using the Bioconductor R package EnrichGO function of the
R package, clusterProfiler [242]. Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis within specified gene sets was carried out using the enrichKEGG
function of the R package, clusterProfiler. Statistically significant analyses were
visualised using the dotplot function of the R package, clusterProlifer. Enriched
pathways identified by KEGG analysis were visualised using the pathview function of the

R package ReactomePA [243].

2.6.7 Transcription Factor, Protein Network and Cell Cycle Analyses

Functionally implicated transcription factors, predicted as active or repressed based on
an input list of differentially expressed genes, was predicted using TFactS software [244].
Functional protein annotation networks for single or groups of selected genes was
visualised using STRING [245]. Cell cycle phase was predicted using an input of
differentially expressed genes for each sample into R package, Scran [246]. The R script

for cell cycle phase analysis of mRNAseq data is shown in Supplementary Figure S3.

2.6.8 Analysis of Publicly Available Gene Expression Datasets

Publicly available mRNAseq data [247] was employed for the comparison of patient-

matched primary breast cancers and breast cancer brain metastases. BGN expression

was first normalised to that of a suitable housekeeping gene, RNA polymerase Il subunit



54

A (POLR2A). For the analysis of gene expression in merged gene expression datasets,
data from each study (Affymetrix platform) was first independently normalised using R
package affy [248]. The R script for the normalisation of microarray data, using CEL file
inputs, is shown in Supplementary Figure S4. All genes were then normalised to an
appropriate housekeeping gene, POLR2A. All datasets were then merged prior to the
calculation of z scores. The data accession numbers for each study were as follows:
GSE2034, GSE5327, GSE12276, GSE14017, GSE14018, GSE43837 [249, 250, 251, 252,
253, 254]. The analyses of the correlation of biglycan expression with distant metastasis-
free survival (DMFS) and relapse-free survival (RFS) was performed by Kaplan Meier
plotter [255]. The Affy ID for the BGN gene was 201261 x_at. Cut-offs for gene
expression quartiles, used in the determination of high and low gene expression, was

calculated automatically by the software.

2.7 Immunofluorescence

For frozen sections, PFA-fixed tissue was cut into 40um floating sections using the
CM3050 S Cryostat (Leica) and transferred into Walter’s antifreeze (Table 2.7). Sections
were stored at -20°C. Sections were transferred from Walter’s antifreeze into 700ul PBS
in a 12-well tissue culture plate (Corning) and incubated with gentle shaking at AT for 5
minutes for washing. The PBS was discarded and sections were washed a further 2
times. Antibody blocking buffer of 500ul volume (Table 2.8) was added to sections and
incubated for 1 hour at AT with gentle shaking. All sections were first incubated with a
primary antibody, diluted in 200ul blocking buffer, followed by incubation with a
fluorophore-conjugated secondary antibody, diluted in 200ul blocking buffer. Details of
each antibody with optimal concentrations and conditions for immunofluorescence are
described in Table 2.9. Sections were washed 3 times for 5 minutes each, in 700ul PBS,
at AT, with gentle rocking between antibodies. Nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI) (Thermo Fisher, D1306), diluted 1:5000 in 700ul PBS for 10
minutes at AT, with gentle shaking. Sections were again washed 2 times in 700ul PBS,
before transferring to glass slides (Thermo Fisher, J1I800AMNZ) and mounted using
ProLong Gold Antifade Mountant (Invitrogen, P36930), with glass coverslips (SLS,

MIC3246). Images were acquired using AxioCam MRm (Zeiss) and AxioVision software
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(Zeiss), or with the A1R confocal microscope and Confocal NIS-Elements software

(Nikon).

For adherent/cultured cells, Growth medium was aspirated from 12-well tissue culture
plates and cells washed in 700ul PBS. Cells were fixed in 300ul 4% w/v PFA for 10
minutes at room temperature. Cells were then washed 3 times in 700ul PBS, for 5
minutes, at room temperature. The staining protocol is the same as described in Chapter
2.7.2, without gentle shaking. After the final wash, ProLong Gold Antifade Mountant was
added directly to the cells in the well, followed by the addition of a glass coverslip.

Images were acquired using the EVOS M5000 Imaging System (Thermo Fisher).

Component Concentration
NaH,POs (BDH Laboratory Supplies, | 0.157% v/v
102454R)

Na;HPO4.2H,0 (BDH Laboratory Supplies, | 0.82% v/v
102494C)

ddH,0  (Veolia, PURELAB Option, | 40% v/v
0QO007XXM1)

Ethyleneglycol (Acros Organics, | 30% v/v
146750010)

Glycerol (Sigma Aldrich, G5516) 30% v/v

Table 2.7. Components of Walter’s antifreeze for storage of PFA-fixed floating

frozen sections

Component Concentration

PBS (Sigma Aldrich, D8537) -

Goat serum (Thermo Fisher, 16210064)

10% v/v

Triton™ X-100 (Sigma Aldrich, P1379)

0.3% v/v

Table 2.8. Components of antibody blocking buffer for immunofluorescence
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Antibody Species Dilution Conditions Vendor
a-biglycan Rabbit 1in 200 (IF) 1 hour at AT Proteintech
1in 800 (WB) | 1.5 hours at AT | (16409-1-AP)
o-GFP Chicken 1in 1000 (IF) 1 hour at AT Abcam
(Ab13970)
a-chicken-FITC | Donkey 1in 200 (IF) 1 hour at AT JI
(703-096-155)
a-rabbit-TRITC | Donkey 1in 200 (IF) 1 hour at AT JI
(711-025-152)
a-BrdU-APC Mouse 1in 10 1 hour at AT eBioscience
(5ul per test) (17-5071-42)
a-Yapl Mouse 1in 50 (IF) 1 hour at AT SCB (sc-
1in 1000 (WB) | O/N at 4°C 101199)
a-Yapl Rabbit 1in 50 (IF) 1 hour at AT NB (NB110-
58358)
a-beta-catenin | Rabbit 1in 1000 (WB) | 1.5 hours at AT | GeneTex
1in 50 (IF) 1 hour at AT | (GTX61089)
a-mouse-HRP | Horse 1in 5000 (WB) | 1 hour at AT CST (7076P2)
a-rabbit-HRP | Goat 1in 5000 (WB) | 1 hour at AT | CST (7074P2)
a-phospho- Rabbit 1in 50 (IF) O/N at 4°C Fisher
Yapl (Serl27) 1in 1000 (WB) | 1 hour at AT Scientific™
(PA5-17481)
a-human Mouse 1in 1000 (WB) | 1 hour at AT DAKO (M0725)
Vimentin
a-alpha- Mouse 1in 1000 (WB) | O/N at 4°C GeneTex
tubulin (GT114)

Table 2.9. Summary table of antibodies. Abbreviations: green fluorescent protein
(GFP); immunofluorescence (IF); Western blot (WB); room temperature (AT);
tetramethylrhodamine (TRITC), fluorescein isothiocyanate (FITC); horseradish
peroxidase (HRP); allophcocyanin (APC); Jackson Immunoresearch (J1); Santa Cruz
Biotechnology (SCB), Novus Biologicals (NB), Cell Signalling Technology (CST).
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2.8 Quantitative Polymerase Chain Reaction (QPCR)

For cDNA synthesis, we utilised the Superscript Ill cDNA Synthesis Kit (Invitrogen, 18080-
044), except in cases of low RNA input in which we employed Smart-seq2 protocol [224].
Up to 1pg of RNA was used as input for cDNA synthesis. Mastermix | (Table 2.10) was
assembled in polymerase chain reaction (PCR) tubes (STAR LAB, 11402-8100) and heated

to 65°C for 5 minutes, followed by placing on ice for 2 minutes.

Constituent Amount
Oligo dT (Thermo Fisher, 58063) 1l
dNTPs (20mM) (Thermo Fisher, AB0196) | 1pl

ddH.0 (Sigma Aldrich, RNBF2734)

Variable (Total reaction volume = 7pl)

RNA (1ug)

Variable

Table 2.10. Mastermix | components for cDNA synthesis

Constituent Amount
5X First Strand Buffer (Thermo Fisher, 4ul
Y02321)

0.1M DTT (Thermo Fisher, YO0147) 1l
RNase OUT (Thermo Fisher, 100000840) | 1pl
Superscript Il (Thermo Fisher, 56575) 1l

Table 2.11. Mastermix Il components for cDNA synthesis

To each sample, 7ul of mastermix Il (Table 2.11) was added and mixed. Samples were
incubated at 50°C for 60 minutes and 70°C for 15 minutes to generate cDNA. Where

possible, qPCR reactions were performed in biological triplicate, with three technical
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replicates for each individual sample. To each well of a 96-well gPCR plate (Applied
Biosystems, N8010560), 7.5ul of Tagman® Universal Mastermix Il (Applied Biosystems,
4440040), 0.75ul of Tagman® qPCR probe (Table 2.12) and 3.75ul ddH,0 (Sigma Aldrich,
RNBF2734). To this, 3ul of template cDNA was added. Where 384-well gPCR plates were
employed (Thermo Fisher, 4309849), all reaction volumes were scaled down by a factor
of 1/3. All gPCR reactions were performed for 40 cycles using a comparative AACT assay.
The instruments used were the QuantStudio™ 5 Real-Time PCR System (Thermo Fisher)
and QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystems). Post-qPCR

analysis was performed using Excel (Microsoft).

Probe (gene) Target Species Company (Cat. No./Assay
ID)

Biglycan (BGN) Human Thermo Fisher
(4331182/Hs00959143_m1)

Collagen | (COL1A1) Human Thermo Fisher
(4331182/Hs00164004_m1)

RNA polymerase Il subunit | Human Thermo Fisher

A (POLR2A) (4331182/Hs00172187_m1)

Phosphoglycerate kinase 1 | Human Thermo Fisher

(PGK1) (4331182/Hs00943178 g1)

Glyceraldehyde-3- Human Thermo Fisher

phosphate dehydrogenase (4331182/Hs02786624 g1)

(GAPDH)

L1 cell adhesion molecule | Human Thermo Fisher

(L1CAM) (4331182/Hs01109748_m1)

Naked cuticle homolog 1 | Human Thermo Fisher

(NKD1) (4331182/Hs00263894_m1)

Axis inhibition protein 2 | Human Thermo Fisher

(AXIN2) (4331182/Hs00610344_m1)

Table 2.12. Summary table of Tagman® probes.
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2.9 Protein Extraction and Quantification

For adherent cells, culture medium was aspirated, and cells were washed 1x in PBS. An
appropriate volume of radioimmunoprecipitation assay (RIPA) buffer (Table 2.13) was
added to the cells, followed by pipetting up and down 10x, avoiding any bubbles. Cells
were incubated on ice for 10 minutes. The lysed cells were placed in a fresh tube and
centrifuged at 13,000 g for 10 minutes. The protein-containing supernatant was

collected. This was the total protein fraction.

For nuclear fractionation experiments, adherent cells were trypsinised and centrifuged
at 290 x g for 5 minutes at AT. As fractionation requires the use of a cell suspension, the
trypsinisation step was kept to a minimum to limit potential proteolytic damage to the
samples. The supernatant was removed and cells were washed in PBS, followed by
centrifugation at 290 x g for a further 5 minutes at AT. The supernatant was removed,
and cells were re-suspended in hypotonic buffer (Table 2.14). Cells were left to swell on

ice for 5 minutes.

Cells were then passed through a 27-gauge needle (company) 10 times or until cells
were lysed, followed by incubation on ice for 20 minutes. Samples were centrifuged at
500-720 g for 5 minutes at AT to pellet the nuclear fraction. The supernatant containing
the cytoplasmic fraction was collected. Hypotonic buffer was added to the nuclear pellet
for washing. The pellet was dispersed by pipetting and passing through a 25-gauge
needle (company) 20 times. The samples were then centrifuged at 500-720 g for 10
minutes at AT. The pellet contains nuclei. The supernatant was discarded. To lyse the
nuclear fraction, the pellet was re-suspended in RIPA buffer (Table 2.13) and pipetted
up and down 10 times. The samples were incubated on ice for 10 minutes, followed by
centrifugation at 13,000 g. The supernatant contains nuclear protein. Protein
quantification for each sample was determined using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher; 23225), according to manufacturer’s instructions. Colorimetry was
performed using the Multiskan EX (Thermo Fisher). Absorbance readings from bovine
serum albumin (BSA) standards were used to generate a standard curve. Absorbance

readings for each sample were used to interpolate concentrations from the standard
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curve using Excel (Microsoft). Prior to Western blot, all samples were standardised to

the lowest concentration across the cohort, in an appropriate volume of RIPA buffer.

Component Concentration

ddH,O (Veolia, PURELAB Option, | -
0QO007XXM1)

Tris pH 7.5 (Merck, 348317) 20mM

Sodium chloride (NaCl) (VWR, 28710.364) | 100mM

Triton X-100 (Sigma Aldrich, T91284) 1mM

Dithiothreitol (DTT) (Anaspec, AS-25185- | 1% v/v
5)

Sodium orthovanadate (Na3VO4) (Merck, | 1ImM
450243)

B-glycerophosphate  (Sigma  Aldrich, | 25mM
G9422)

Complete Mini Protease Inhibitor Cocktail | 1 tablet per 10ml
(Roche, 11836170001)

Sodium dodecyl sulphate (SDS) (VWR, | 0.1% w/v
442444H)

Sodium deoxycholate (DOC) (Sigma | 0.5% w/v
Aldrich, D6750)

Table 2.13. Constituents of RIPA buffer
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Component Concentration

Tris-HCl pH 7.4 (Fisher BioReagents, | 10mM

BP153-1)
EDTA (Fisher Scientific, BP2482) 0.1mM
Sucrose (Sigma Aldrich, S0389) 250mM

ddH,O (Veolia, PURELAB Option, | -
0QO007XXM1)

Table 2.14. Constituents of hypotonic buffer for cellular lysis

2.10 Patient-Derived Tumour Xenografts

Tumour lysates from patient-derived tumour xenografts (PDTXs) were kindly donated
by Yolanda Kartika (University of Leeds, UK). Xenografts were generated via intracranial
implantation of human brain metastatic breast cancer cells into NOD SCID gamma (NSG)
mice. The phenotypic characterisations of each breast cancer brain metastases (BCBM)
PDTX model, BCBM2 and BCBM®6, were HER2+ER-PR- and HER2+ER+PR+, respectively.
BCBM2 and BCBMG6 cells at the time of xenograft generation were at xenograft passage
3 and 7, respectively. BCBM2 and BCBM6 tumours were harvested at 48- and 100-days
post-implantation, respectively, upon observation of terminal symptoms.
Determination of tumour lysate protein concentration was carried out as described in

Chapter 2.9, prior to Western blot.

2.11 Western Blot

Prior to loading of samples, 6X SDS loading buffer (Table 2.15) was added to each sample
to a final concentration of 1X. All samples were run on polyacrylamide gels, constituted
of a 10% resolving gel with a 4% stacking gel (Table 2.16) at 100V at AT, within SDS
running buffer (Table 2.17), until the dye reached the bottom of the gel. All samples

were standardised to the same protein concentration in RIPA buffer. SeeBlue™ Plus2
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Pre-stained Protein Standard (Fisher Scientific; LC5925) was prepared according to

manufacturer’s instructions and loaded on the gel along with the samples.

Constituent Concentration
Tris-HCI (Merck, 348317) 300mM

DTT (Anaspec, AS-25185-5) 600mM

SDS (VWR, 442444H) 12% w/v
Glycerol (Sigma Aldrich, G5516) 60% v/v
Bromophenol blue (Merck, B0126) 0.6% w/v
ddH,0 (Sigma Aldrich, RNBF2734) -

Table 2.15. Constituents of 6X SDS loading buffer.

Constituent Resolving gel (10%) Stacking gel (4%)
1M Tris, pH 8.8 (Merck, 1.875ml (pH 8.8) 0.25ml (pH 6.8)
348317)

ddH,0 (Veolia, PURELAB 1.375ml 1.423ml

Option, 0QO007XXM1)

Protogel/30% acrylamide 1.67ml 0.267ml
(Geneflow, A2-0074)

20% w/v SDS (VWR, 25ul 10pl
442444H)
10% w/v ammonium 50ul 50ul

persulphate (APS) (Sigma
Aldrich, A3678)

Tetramethylethylenediamine | 3ul 3ul
(TEMED) (Sigma Aldrich,
T7204)

Table 2.16. Polyacrylamide gel constituents (1 gel, 0.75mm thickness)
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Constituent Concentration
Tris-HCI (Merck, 348317) 25mM

Glycine (Sigma Aldrich, G7403) 192mM

SDS (VWR, 442444H) 0.1% w/V

ddH,O (Veolia, PURELAB Option, | -
0QO007XXM1)

Table 2.17. SDS running buffer constituents

Protein was wet-transferred from the polyacrylamide gel to a 0.45um nitrocellulose
membrane (Bio-Rad, 162-0113), for 2 hours at 360mA, at 4°C. Transfer buffer
constituents are shown in Table 2.18. Following transfer, the membrane was washed 3
times in ddH-,0, for 5 minutes each, to remove residual transfer buffer. All membranes
were blocked for 1 hour at AT in blocking solution (TBST (2.42% w/v Tris-base, 8% w/w
NaCl and 0.1% v/v Tween-20, in ddH,0 (Sigma Aldrich, RNBF2734), pH 7.6) with 5% w/v
non-fat dry milk (Marvel, 3023034)). Primary antibodies were diluted in blocking
solution and incubated with the membrane at the concentrations and times indicated
in Table 2.9. Membranes were washed 3x with TBST for 10 minutes each, before
incubating with HRP-conjugated secondary antibody, in blocking solution, at the
concentrations and times indicated in Table 2.9. Membranes were washed 3x in TBST
for 10 minutes each. ECL substrate (Thermo Fisher, 32106) was prepared according to
manufacturer’s instructions and incubated with the membrane for 1 minute at AT.
Membranes were used to expose autoradiography film (GE Healthcare, 28-9068-35) in
a dark room, or developed digitally using a Chemidoc (Bio-Rad). Band intensity was
guantified using Fiji image processing package [256] and subsequent data was analysed

using Excel (Microsoft).
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Constituent Concentration

10x SDS running buffer (Table 2.13) 1x

ddH,0  (Veolia, PURELAB Option, | 70% v/v
0QO007XXM1)

Methanol (Merck, 32213) 20% v/v

Table 2.18. Transfer buffer constituents for Western blot

2.12 Plasmid Propagation

The Biglycan cDNA insert (Supplementary Figure S5) was artificially synthesised and
inserted into pFUW [257], pTREAutoR3 [258] and pLenti Puro [259] lentiviral vectors by
Genscript, USA, with product sequencing. Maps for all lentiviral vectors are shown in the
appendix (Supplementary Figures S6 — $12). Lyophilised vectors were reconstituted in
ddH;0 (Sigma Aldrich, RNBF2734), at 200ng vector DNA per pl, and heated to 50°C for
15 minutes. For plasmid propagation, 10ul of One Shot™ StbI3™ chemically competent
Escherichia coli (E.coli) (Thermo Fisher, C737303) were transformed using 100ng of input
plasmid DNA, according to manufacturer’s instructions. To each vial of transformed
cells, 50ul of super optimal broth with catabolite repression (SOC) medium (Thermo
Fisher, C737303) was added. Each vial of transformed cells was shaken at 37°C and
225rpm for 1 hour in an incubator shaker (Kuhner, ISF-1-W). Cells were spread onto a
pre-warmed selective plate containing 2% w/v LB Broth (Powder) (Fisher BioReagents,
BP1427-500), 1.5% w/v agar (Sigma Aldrich, A1296), in ddH,0, supplemented with
100ug per ml ampicillin (Fisher BioReagents, BP1760). Plates were incubated for 16
hours at 37°C. Individual colonies were selected and inoculated into 3ml bacterial
growth medium (2% w/v LB, in ddH20, supplemented with 100ug per ml ampicillin) to
produce a starter culture. Starter cultures were incubated for 8 hours at 37°C and
225rpm, under aerobic conditions, in an incubator shaker (Kuhner, ISF-1-W). This was
followed by inoculation of 1ml starter culture into 50ml bacterial growth medium and

incubated for 16 hours at 37°C and 225rpm, under aerobic conditions, in an incubator



65

shaker (Kuhner, ISF-1-W). Plasmid DNA was harvested and purified using the S.N.A.P.™
Plasmid DNA MidiPrep Kit (Thermo Fisher, K191001), according to manufacturer’s
instructions, and eluted in 750ul ddH,0 (Sigma Aldrich, RNBF2734). Quantity and quality
of plasmid DNA was verified using the Nanodrop (Labtech, ND1000).

2.13 Generation of Lentivirus Stocks

HEK293T cells were seeded one week prior to generation of lentiviral stocks in HEK293T
culture medium (Table 2.1) and propagated as described under Chapter 2.1. On day 0,
HEK293T cells were split and singularised by pipetting. After 24h, 10cm culture dishes
(Corning, 430167) were coated with poly-L-lysine (Sigma Aldrich, P8920). Poly-L-lysine
solution was diluted 1:40 in PBS, followed by addition of 3ml solution per 10cm dish and
incubated for 15 minutes at AT. Dishes were washed 3 times for 5 minutes each with
PBS. HEK293T cells were plated at 2x10° cells per 10cm dish in 10ml DMEM medium.
The following day, HEK293T cells were transfected by dropwise addition of solution
containing packaging and transfer vectors (Table 2.19). Medium was replaced after 16
hours with DMEM medium containing 1x sodium pyruvate, at 5ml per 10cm dish, before
returning cells into culture under standard conditions. At 24h post-media change,
lentivirus-containing medium was collected and filtered through a 0.45um filter
(Rephile, RIP3222SH). New DMEM medium with 1x sodium pyruvate was added to the
cells and lentivirus was collected again after a further 24h, with filtering. Virus was
stored at -80°C until required. For lentiviral stocks requiring concentration to enhance
multiplicity of infection (MOI), the appropriate volume of lentiviral stocks were pooled
and centrifuged using an Avanti J-26S Series high-speed centrifuge (Beckman Coulter) at
49,000 x g, for 2.5h, at 4°C. Supernatant was completely discarded and an appropriate
volume of basal DMEM basal medium was added to the cell pellet. After incubating on

ice for 10 minutes, the lentiviral pellet was re-suspended.
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Component Amount per 10cm dish

0.1x TE, pH 8.0 (Table 2.20) 450ul - total plasmid volume
Gag-pol packaging plasmid [260] 6.5ug

VSV-G packaging plasmid [260] 3.5ug

Prsv-rev packaging plasmid [260] 2.5ug

Transfer plasmid 10ug

2.5M CaCl; (Sigma Aldrich, C2536) s50ul

2x HBS (Table 2.20) 500ul

Table 2.19. Constituents of solution containing vectors for generation of
lentiviral stocks via transfection of HEK293T cells.

TE buffer (1X), pH 8.0

Component Concentration
Tris, pH 8.0 (Merck, 348317) 10mM

EDTA (Fisher Scientific, BP2482) 1mM

ddH,0 (Sigma Aldrich, RNBF2734) -

2xHBS

Component Concentration
NaCl (VWR, 27810.364) 281mM
2-[4-(2-hydroxyethyl)-1- 100mM

piperazinyl]ethanesulphonic acid (HEPES)
(VWR, 30487.297)

Na;HPOs4, pH 7.12 (BDH Laboratory | 1.5mM
Supplies, 102494C)

Table 2.20. Buffer constituents for generation of lentiviral stocks. All buffers
were sterile and filtered prior to use.
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2.14 Lentiviral Transduction

All cells to be transduced were seeded at approximately 10,000 cells per cm?, 8 hours
prior to transduction. All lentiviral suspensions were supplemented with polybrene
(Sigma Aldrich, 107689) at a working concentration of 8uug per ml and thoroughly mixed
by pipetting prior to transduction. Cells were transduced with lentivirus at a lentiviral
suspension-to-medium ratio of 1:1. After 16 hours, cells were washed twice in PBS,
followed by addition of complete medium appropriate to the cell line, as detailed in
Chapter 2.1, Mammalian Cell Culture. Where cells contain a marker for antibiotic
resistance, neomycin (Sigma Aldrich, N6386) was added to the medium at a working
concentration of 500ug per ml until all non-transduced cells perished. Where required,
lentiviral titre was obtained using the Lenti-X™ Provirus Quantitation Kit (Takara,

631239).

2.15 Statistical Analysis

Statistical analyses of data not derived from mRNAseq outputs were carried out using
GraphPad Prism version 8.0.0 for Windows (GraphPad Software, La Jolla California USA,
www.graphpad.com). The error bars on all graphs represent the standard error of the
mean (SEM). Statistical analyses for between-group comparisons were one-way analysis
of variance (ANOVA) with post-hoc tests for multiple comparisons and paired t-tests. All
tests were 2-tailed unless otherwise stated. Significance (p) values are given as * < 0.05,

**<0.01, *** <0.001 and **** < 0.0001.
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Chapter 3
Isolation and Transcriptomic Profiling of Dormant and Proliferating

Breast Adenocarcinoma Cells

3.1 Introduction

In breast cancer, cellular dormancy represents a significant problem of unmet clinical
need. Over the past three decades, the treatments for BC of all subtypes has significantly
improved and, with it, the prognosis of patients [12, 13]. However, relapse within the
brain, affecting 15-30% of breast cancer patients, is associated with an extremely poor
prognosis [20, 21]. Late development of brain metastases may be caused by
disseminated breast cancer cells, which have evaded treatment of the primary cancer
and/or metastases to organs other than the brain, and persist in an asymptomatic,

reversible state of quiescence. This phenomenon is known as cancer dormancy.

There are no therapies, or ongoing clinical trials, for the targeting of dormant breast
cancer cells in the brain. Such cells will be resistant to chemotherapy, which target
proliferating cancer cells [14, 53]. In addition, there is evidence to suggest that dormant
cells are protected from chemotherapy and radiotherapy by endothelial cells of the
perivascular niche within the brain [222]. As such, a deeper understanding of the
molecular mechanisms surrounding breast cancer cell dormancy in the brain is
warranted for the development of novel and specific therapeutics. Potential targets may
be critical survival mechanisms in dormancy maintenance, for targeted cytotoxic
therapy of dormant cells. Alternative targets include mechanisms which are involved in
dormancy induction, to induce a state of growth arrest in established lesions. To identify
such targets, the next step, and the basis for this chapter, was to determine the

transcriptomic profiles of dormant and proliferating breast cancer cells in the brain.
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3.1.1 Hypothesis

The hypothesis for this chapter is that dormant and proliferating breast cancer cells

within the brain display distinct transcriptomic profiles.

3.1.2 Aims and Objectives

This chapter aims to identify the extent to which the gene expression profiles of dormant
and proliferating breast cancer cells in the brain diverge. From this data, potentially
implicated genes and pathways in the induction and maintenance of dormancy will be
identified, representing the first step in uncovering potential novel therapeutic targets

for the treatment of breast cancer. To achieve this, this chapter aims to:

1) Identify distinct populations of dormant and proliferating breast

adenocarcinoma cells within mouse brain tumour xenografts

This will be achieved by first demonstrating that cancer cell proliferation can be tracked
using a membrane dye. This will be followed by staining of breast adenocarcinoma cells
with the dye, and utilizing a murine model previously published by our group. This will
involve the intra-carotid injection of breast cancer cells into immunosuppressed mice to

generate brain tumour xenografts [134].

2) Isolate viable RNA from dormant and proliferating human breast

adenocarcinoma cells

This will be achieved by harvesting mice brains at 28 days post-injection of cancer cells,
a time point as such that proliferating cancer cells have lost tracking dye through
proliferation, and when non-dividing cancer cells have retained it. Brains will be

dissociated, and pertinent cells will be isolated by flow cytometry for RNA extraction.
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3) To identify genes and pathways potentially implicated in breast cancer cell

dormancy in the brain

To achieve this, mRNAseq will be performed using isolated RNA from dormant and
proliferating breast cancer cells. Implicated genes and pathways will be identified

using transcriptomic analysis of differentially expressed genes.

3.2 Tracking of Dormant and Proliferating MDA-MB-231 Cell Proliferation using a
Lipophilic Cell Membrane Dye

To identify dormant and proliferating cancer cells for isolation of each population in vivo,
the far-red general cell membrane dye, CellVue® Claret (CV) was used as a tracker of
proliferation. CV incorporates into lipid regions of the plasma membrane and has
previously been used as a proliferation-tracking dye of immune cells in vitro. As a
membrane dye, CV is gradually lost over time as a cell divides and produces successive
generations of daughter cells, losing a proportional amount of dye during each division

[261].

The timeline for CV loss in MDA-MB-231 cells was determined through propagation of
labelled cancer cells in vitro. MDA-MB-231 cells tagged with GFP (231/GFP) were stained
with CV and the fluorescence intensity of CV+ cells were quantified by flow cytometry
at 5 hours, then at 6, 12- and 15-days post-staining. At 5 hours, all 231/GFP cells were
CV+. The CV fluorescence intensity, given as a percentage of the fluorescence intensity
of cells at 5 hours post-staining, dropped rapidly and significantly to approximately
2.12% by day 6. This dropped further to 0.06% and 0.02% by days 12 and 15, respectively
(Figure 3.1).
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Figure 3.1. Proliferation tracking of MDA-MB-231 cells in vitro with the vital
membrane dye, CellVue® Claret. GFP-tagged MDA-MB-231 (231/GFP) cells were
labelled with CV dye. The fluorescence intensity of CV dye was recorded at the
times indicated. A) Flow cytometry analysis of CV fluorescence intensity of
231/GFP/CV cells and unlabelled 231/GFP cells. B) Quantification of mean CV
fluorescence of all intact cellular bodies at the given time points. Performed was
an ordinary one-way analysis of variance (ANOVA) and Tukey’s multiple
comparisons test, with a single pooled variance. N= 3. Dotted line represents
baseline threshold for background APC fluorescence (used for CV detection) in
231/GFP cells.
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3.3 Generation of Mouse Brain Tumour Xenografts

A previously established BrM model to study breast cancer cell dormancy in vivo was
then employed [134]. The goal was to isolate dormant and proliferating cancer cells
from mouse brains by fluorescence-activated cell sorting (FACS) and to perform
molecular profiling of the two populations. To this end, 1x10° 231/GFP/CV breast cancer
cells were administered via intra-carotid injection into C.B-17 severe combined
immunodeficiency (SCID) mice. In the model employed, metastatic lesions within the
brain were allowed to establish for 28 days (Figure 3.2A). At 28 days post-injection of
231/GFP/CV cells, the mice were terminally perfused, followed by brain isolation and
dissociation as described in Chapter 2.3.4. Based on my in vitro data, it was expected
that the proliferating cells would have lost CV dye by this time point. Proliferating cancer
cells were therefore identified as those having lost CV dye (GFP+). Conversely, dormant
cancer cells were identified as those having retained CV dye (GFP+CV+).
Immunofluorescence imaging of brain sections, 28 days post-cancer cell engraftment,
revealed large lesions of 231/GFP cells within the brain parenchyma, in addition to
solitary cancer cells (Figure 3.3). Each population was isolated by FACS from 9 or 10 mice

and pooled prior to isolation of RNA (Figure 3.2B).

Based on in vitro data, as shown in Chapter 3.2.1, it was expected that 231/GFP cells
which retained the CV dye (231/GFP/CV) were dormant, either through slow cycling or
an absence of proliferation. In contrast, cells in which CV was not detected (231/GFP)
were considered as actively proliferating cells. Gating parameters were set using naive
mouse brain, brain isolated from a mouse injected with 231/GFP cells and a brain
isolated from a mouse injected with 231/CV cells (Figure 3.4). In vitro cultured 231,
231/GFP, 231/CV and 231/GFP/CV cells were also employed to set the gates for cell
sorting (data not shown). A representative plot of three independent experiments
showing dormant and proliferating cancer cell populations during sorting is shown in
Figure 3.4. Between each of the three experiments, approximately 0.5 to 2% of the total
cancer cell population sorted were dormant. These are displayed in Table 3.1 along with

other descriptive statistics for each cell sort. | also performed cell sorting on 231/GFP/CV
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cells grown in vitro for 4 weeks, under identical gating thresholds. In contrast to the in
vivo model, the percentage of cells identified as GFP+CV+ in vitro was approximately
0.004% (Table 3.1). Thus, the proportion of growth-arrested 231 cells is significantly
lower in cell culture than in the brain, suggesting that growth arrest is induced by the

tumour microenvironment.

Dormant cells
t / (231 GFP+ CV+)

by 28 days A
Fagey
C.B-17 SCID m \ Proliferating cells
(231 GFP+)
Intra-carotid injection of CV- Isolation of
labelled MDA-MB-231/GFP cells cells by FACS

Figure 3.2. In vivo model to study breast cancer cell dormancy in the brain. A)
GFP-expressing MDA-MB-231 cells were labelled with the vital dye, CellVue (CV)
Claret. The cells were injected into the internal carotid artery of C.B-17 SCID mice
to colonise the brain. After 28 days, mice were terminally perfused, and brains
were dissociated. B) Dormant and proliferating breast cancer cells were sorted by
FACS according to GFP+CV+ and GFP+ phenotypes, respectively.
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Figure 3.3. Identification of brain tumour xenografts in vivo by
immunofluorescence staining. MDA-MB-231/GFP/CV cells were injected into the
internal carotid artery of C.B-17 SCID mice. Cells were allowed 28 days to colonise
the brain before harvesting. Large lesions (green, red arrows) were observed
alongside solitary 231 cells (green, white boxes) within the brain parenchyma.
Abbreviations: green fluorescent protein (GFP); 3’6-diamidino-2-phenylindole

(DAPI).
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3.3.1 Sorting of Dormant and Proliferating MDA-MB-231 Cells
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Figure 3.4. Isolating dormant (231/GFP/CV) and proliferating (231/GFP) cancer
cells by fluorescence activated cell sorting. Mouse brain tumour xenografts were
harvested at 28 days post-intra-carotid injection of 231/GFP/CV cancer cells into
C.B-17 SCID mice. Following brain dissociation, cancer cells (GFP+) were sorted
according to loss or retention of CV vital membrane dye. Gating thresholds were
set using naive mouse brain and brain tumour xenografts generated with 231/GFP
and 231/CV cells, respectively. Data is representative of three independent

experiments.
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Experiment Number of Number of Percentage of
dormant cells proliferating cells dormant cells / %
(231/GFP/CV) (231/GFP)

Xenograft — 418 20,250 2.064

10 mice

Xenograft — 747 59,795 1.249

10 mice

Xenograft — 134 23,008 0.582

9 mice

231/GFP/CV 141 3,378,833 0.004

(4 weeks in vitro)

Table 3.1. Dormant cells account for a small fraction of the total cancer cell
population within mouse brain tumour xenografts. Shown is the number of
dormant (231/GFP/CV) and proliferating (231/GFP) cells isolated from mouse
brain tumour xenografts and from 231/GFP/CV cells harvested after 4 weeks in
vitro. Also shown is the percentage of dormant (231/GFP/CV) cells within the total
sorted cancer cell population.

34 Generation of mRNAseq Sequencing Library from a Small Starting Input of RNA

RNA was isolated from the few (134 — 747) dormant cells immediately following cell
sorting to preserve its structural integrity. RNA was also extracted from 1,000
proliferating cancer cells so that any potential degradation and/or loss of RNA mimicked
that of the dormant population, yielding RNA of comparable quality. RNA quantity and
qguality were checked by Bioanalyser with pico-scale sensitivity. The resulting traces
displayed identifiable 18S and 28S ribosomal subunits with no visually apparent

degradation products for both populations of cells (Figures 3.5A, B).
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As anticipated, the yield of total RNA was small, at 0.4 to 3.9 ng from up to 747 dormant
cells (Table 3.2). For the 1,000 proliferating cells, a yield of 0.7 to 2.5ng was observed
(Table 3.2). For generation of cDNA sequencing libraries, the previously published
Smart-seq2 protocol was employed [224]. This protocol was designed for library
synthesis from single cells but can be applied to pooled cells, selecting for
polyadenylated RNA with improved sensitivity, accuracy and full-length coverage across
transcripts, compared to alternative high-throughput methods [224]. Owing to
volumetric limitations of the Smart-seqg2 library synthesis protocol, 114pg of RNA per
sample was used for the synthesis of a polyadenylated sequencing library (Figure 3.6).

This was followed by paired end mRNAseq, as described in Chapter 2.6.
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Figure 3.5. Quality control of RNA isolated from a small number of dormant and
proliferating cancer cells. Total RNA was isolated from 134 — 747 dormant (A) and
1,000 proliferating (B) MDA-MB-231 cells isolated from mouse brain tumour
xenografts. Graphs representative of 3 independent experiments. Ribosomal
subunits are denoted by 18S and 28S.
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Cell sort Population sorted Number of cells Total RNA yield

(ng)
1 231/GFP/CV 418 3.9
1 231/GFP 1,000 1.2
2 231/GFP/CV 747 0.9
2 231/GFP 1,000 0.7
3 231/GFP/CV 134 0.4
3 231/GFP 1,000 2.5

Table 3.2. Yields of total RNA derived from dormant and proliferating MDA-MB-
231 cells in vivo. Given is the total RNA yield with respective cell count from three
independent experiments.
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Figure 3.6. Quality control of cDNA library for mRNAseq. Representative cDNA
size distribution of synthesised cDNA, as output from the Smart-seq2 reaction
[224]. Plots shown are polyadenylated libraries generated from (A) proliferating
and (B) dormant polyadenylated mRNA. Inputted DNA with corresponding peak
sizes is flanked by lower and upper cDNA markers.
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Control (Individual Genome Alignment)

Processing Stream I: Pre-Processing of mRNAseq Data and Quality

First-round pre-processing of mRNAseq data (processing stream |) was carried out using

in-house scripts (Next Generation Sequencing Facility, University of Leeds). The

processing pipeline is detailed in Chapter 2.6. In processing stream |, raw sequencing

reads were aligned individually to both human (GRCh38/hg38, December 2013

assembly, UCSC) and mouse (GRCm38/mm10, December 2011, UCSC) reference

genomes. Analysis under processing stream | assumed minimal contamination with

reads that were of mouse origin. The total read count per sample was at least 57 million

reads, as shown with the descriptive statistics for the analysis in Table 3.3.

Sample Library size Read length Total reads Total base
(bp) (bp) pairs

GFP+S1 252 151 78,637,675 11,874,288,925

GFP+S2 256 151 50,591,786 7,639,359,686

GFP+S3 256 151 64,150,823 9,986,774,273

GFP+CV+S1 231 151 63,557,464 9,597,177,064

GFP+CV+ S2 243 151 57,907,700 8,744,062,700

GFP+CV+ S3 246 151 58,946,470 8,900,916,970
373,791,918 47,541,662,648

Table 3.3. Descriptive statistics for mRNAseq alignment data (processing stream
I). Gene-wise read counts were generated from paired-end sequencing data for
proliferating (GFP+) and dormant (GFP+CV+) MDA-MB-231 cells, with an
allowance for multi-mapping reads. The data indicates library size and read length
for each sample during the sequencing analysis. Given are the total number of
reads sequenced for each sample and the corresponding base pair count,
calculated as (total reads x read length). Data inclusive of all three independent

experiments.
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When aligned individually to human and mouse genomes, some contamination with
mouse sequences was observed in all samples (Figure 3.7). This affected dormant
(GFP+CV+) populations, in which low numbers of cells were collected from mouse
brains, to a greater extent than proliferating populations. Despite this, all reads which
aligned to human genomic positions were counted at over 30 million reads per sample.
This is above the minimum threshold for effective differential expression analysis [262,
263]. Subsequent analysis pipelines were carried out using only human-aligned reads

using DESeq?2 size-factor normalisation to generate normalised read counts.
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Figure 3.7. Proportion of human- and mouse-aligned reads in dormant and
proliferating MDA-MB-231 cells (processing stream ). Gene-wide read counts
were generated from paired-end sequencing data for proliferating (GFP+) and
dormant (GFP+CV+) MDA-MB-231 cells, with an allowance for multi-mapping
reads. Each sample was aligned individually to human (GRCh38/hg38) and mouse
(GRCM38/mm10) genomes.
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3.4.2 Processing Stream Il: Pre-Processing of mRNAseq Data and Quality

Control (Concatenated Genome Alighment)

It was important to recognise that some reads mapping to known human exons when
using processing stream | (Figure 3.8) could actually be mouse-derived reads. This
could be due to contamination from mouse brain cells incorrectly sorted as cancer
cells during cell sorting of dissociated xenografts. In such cases, incorrect mapping
may be a result of repetitive elements or homologs, or errors during sequencing.
Despite the human-aligned total read count being optimal for differential gene
expression analysis, such counts were generated from a small number of isolated
cells. It was therefore important to determine, to a degree of confidence, the
proportion of uniquely mapped genes to the human genome, and those mapped to
both human and mouse genomes. The pre-processing of raw sequencing data was
therefore repeated using an independent pipeline, processing stream Il (Figure 3.9),
using a merged human and mouse reference genome for alignment. The intention
was to present the alignment software with competition, in cases where reads
present with a high degree of homology between both genomes. This would
effectively increase the probability of correct alignment. The resulting data was to
be analysed in parallel to the dataset from processing stream I. Quality control of raw
reads was performed using FastQC, before and after removal of low quality reads and
those pertaining to sequencing adaptors. Prior to first-round trimming by Cutadapt,
the per sequence GC content for both proliferating (GFP+)- and dormant (GFP+CV+)-
derived reads was close to the theoretical distribution (Figure 3.10A). However, first-
round trimming uncovered GC-rich regions in reads within all 3 dormant cell
populations. This phenomenon did not occur in any of the proliferating cell
populations. Observed was a higher number of reads with approximately 50% GC
content, above that of the theoretical distribution, and many reads of close to 100%
GC content (Figure 3.10B). Over-represented reads from FastQC analysis detailed
many poly-GC sequences (data not shown). BLAST analysis did not associate such
reads with any known human sequences and such reads were therefore trimmed.
This returned the per-sequence GC content of dormant cell reads close to the

theoretical distribution (Figure 3.10C).
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Figure 3.8. Workflow of mRNAseq data processing — alignment to concatenated
human and mouse reference genomes (processing stream 1). Polyadenylated
(poly(A)+) mRNA was pulled down from total RNA derived from proliferating and
dormant MDA-MB-231 cells in vivo. cDNA was synthesised using the published
Smartseq2 protocol [224]. This was followed by paired end mRNAseq (lllumina
platform). Quality control was performed before and after removal of low-quality
reads and library adaptors (Cutadapt) by FastQC software. Human (GRCh38) and
mouse (GRCm38/mm10) reference genomes were used independently in the
alignment of gene expression data. Human and mouse chromosomal identifiers
were labelled for downstream disambiguation. Quality control of BAM files
following STAR alignment was carried out by both QualiMap and Picard Tools.
Gene expression quantification, merging into a single transcript and quantification
of final read counts were carried out by Cufflinks, Cuffmerge and Cufdiff,
respectively. Any reads aligned to the mouse genome were removed prior to
analysis. Differential gene expression was carried out by DESeq?2.
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Figure 3.9. Workflow of mRNAseq data processing — alignment to concatenated
human and mouse reference genomes (processing stream Il). Polyadenylated
(poly(A)+) mRNA was pulled down from total RNA derived from proliferating and
dormant MDA-MB-231 cells in vivo. cDNA was synthesised using the published
Smartseq2 protocol [224]. This was followed by paired end mRNAseq (lllumina
platform). Quality control was performed before and after removal of low-quality
reads and library adaptors (Cutadapt) by FastQC software. Prior to alignment,
human (GRCh38.p12) and mouse (GRCm38.p6) reference genomes were
concatenated and used to generate an alignment index. Human and mouse
chromosomal identifiers were labelled for downstream disambiguation. Read
counts of aligned reads were determined by the featureCounts function of the R
package RSubread. The proportion of reads aligning to human and mouse reads
was noted, and any reads aligning to mouse were discarded for downstream
analysis. Differential gene expression analysis was performed by R package
DESeq2.
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Primary genome assemblies for human (release 31, GRCh38.p12, December 2017) and
mouse (release M22, GRCm38.p6, September 2017), and accompanying annotations,
were concatenated prior to generation of a reference index. Both genome assemblies
are more current than the versions used for alignment using in-house scripts. Trimmed
reads were then aligned to the merged index, using the Spliced Transcripts Alignment
to a Reference (STAR) aligner. STAR is a publicly available read alighment software of
which its algorithm performs seed clustering and stitching, using sequential mappable
seed searching in uncompressed suffix arrays [231]. It improves on alternative alignment
software given its unbiased de novo detection of canonical splice junctions, with
improved sensitivity and precision. Concatenation of human and mouse primary
genome assemblies was carried out to increase the likelihood of alignment to the
correct species [231]. Where STAR is presented with a read overlapping with regions of
high homology between human and mouse, the alignment algorithm, in practice, chose
between human or mouse, or indicated that this particular read could not be aligned.
The criteria for alighnment to human or mouse genomes is guided by a scoring scheme.
Built into the custom-built script for STAR aligner were penalties for matches,
mismatches, insertions, deletions and splice junction gaps. This combination was
stitched and assigned a score. Therefore, where regions of high homology exist within
human and mouse genomes, the read was aligned to the region with the highest scoring
stitched combination. This was also dependent on the score being within a user-defined
range. Where reads mapped to the mouse genome, these were discarded from
downstream analysis and only those with human chromosome identifiers were

included.
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Figure 3.10. Per-sequence GC content of mRNAseq reads derived from dormant and
proliferating breast cancer cells in vivo (processing stream |). Quality control (QC) of
reads derived from mRNAseq of proliferating (GFP+) and dormant (GFP+CV+) breast
cancer cells, as determined by FastQC. Displayed is the per-sequence GC content against
the number of reads. Images representative of three representative experiments. A) Top
graphs: QC of raw data, directly from sequencing. B) Middle graphs: QC of first-pass
trimming by Cutadapt, removing low quality and over-represented reads, along with
those belonging to Nextera Transposase adaptors. C) Bottom graphs: QC of second-pass
trimming following removal of poly-GC sequences by Cutadapt.
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Figure 3.11. Proportion of human- and mouse-aligned reads in dormant and
proliferating MDA-MB-231 cells (processing stream Il). Gene-wise read counts
were generated from paired-end sequencing data for proliferating (GFP+) and
dormant (GFP+CV+) MDA-MB-231 cells, with an allowance for multi-mapping
reads. Each sample was aligned to a concatenated human-mouse reference index.

The proportion of reads aligning to both human and mouse known exon positions in
stream Il is shown in Figure 3.11. For all 3 independent experiments, there was a very
low number of mouse-aligned reads within the proliferating cell populations. There
were higher, but still relatively low, levels of mouse contamination in two of the
dormant cell populations (GFP+CV+ S1 and S2). Approximately one-third of reads in
GFP+CV+ S3 were of mouse origin. However, it was important to recognise that some
reads mapping to human exons could also be mouse-derived, as an effect of sequence
homology. The same applies vice versa. However, sequence homology is also dependent

on read-length [264]. In this mRNAseq dataset, the majority of reads were determined
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to be greater than or equal to 151bp (Table 3.3), therefore one can be confident that
the reads aligned to the correct species. Only those aligned to human sequences were

carried forward for further analysis.

3.5 Analysis of Dormant and Proliferating MDA-MB-231 Cell Gene Sets

Most methods which normalise gene expression data make the assumption that most
of the housekeeping genes are not altered in their expression across biological samples
and are not influenced by variations in experimental conditions [265]. The MA plots,
shown in Figure 3.12, depict log-intensity ratios (M-values) i.e. the log, of fold change in
gene expression, against log intensity values (A-values) i.e. the mean of normalised
expression. The MA plot given for processing stream | (Figure 3.12A) and processing
stream Il (Figure 3.12B) both demonstrate that the majority of the expression values
cluster around a log2 fold change of 0, and thus | could apply DESeq2 size-factor

normalisation in downstream analyses.
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Figure 3.12. MA-plots of normalised mRNAseq data. Mean of normalised counts
against log2 fold change of read counts. Data represents a comparison between
dormant and breast adenocarcinoma cells in vivo. A) mRNAseq processing stream
I; B) mRNAseq processing stream Il. Red plots highlight genes identified as
differentially expressed (FDR <= 0.05).
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In order to confirm that isolated cells originate from the 231 cell line, allele frequencies
were counted by querying alignments from BAM files (reads aligned to the human
genome; processing stream Il) at known MDA-MB-231 single nucleotide polymorphism
(SNP) positions. Pearson correlation coefficients for pairwise comparison of SNPs was
calculated for all samples (Figure 3.13). The coefficient values for comparison of
dormant-to-proliferating cell samples were similar to that of dormant-to-dormant and
proliferating-to-proliferating samples. This provides confidence that the majority of
sequenced reads for both dormant and proliferating cancer cell populations is derived

from the same cell line with little contamination.

Proliferating |

Proliferating Il

Dormant |

Dormant Il

A Dormant Il

Figure 3.13. Pairwise comparison of known MDA-MB-231 cell SNPs between
dormant and proliferating breast adenocarcinoma cells (processing stream I). Allele
frequencies were counted by querying alignments from BAM files at known SNP
positions. Frequencies were compared between all samples. Plotted are allele
frequencies with corresponding correlation coefficients.
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Figure 3.14. Dormant and proliferating MDA-MB-231 cells display distinct gene
expression profiles in vivo. The heat map displays unsupervised hierarchical
clustering of differentially expressed genes between dormant and proliferating
MDA-MB-231 cells (FDR <= 0.05 cutoff). A) Heat map for genes identified by
processing stream |; B) Heat map for genes identified by processing stream Il. PCA
plots comparing transcriptome clustering for dormant (blue) and proliferating
(red) cancer cells (FDR <= 0.05 cutoff). C) PCA plot for genes identified by
processing stream |; D) PCA plot for genes identified by processing stream Il.
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Unsupervised hierarchical clustering of differentially expressed genes (DEGs) (FDR <=
0.05) demonstrated distinct gene expression profiles of dormant and proliferating MDA-
MB-231 cells derived from mouse brain tumour xenografts (Figures 3.14A, B). Observed
was a bias for DEGs in processing stream | to be upregulated (Figure 3.14A). However,
when aligned to a concatenated genome, this bias was depleted and there was a similar
distribution between up- and downregulated genes (Figure 3.14B). Principle component
analysis (PCA) of transcriptomes between samples displayed individual clustering of
dormant and proliferating populations (Figures 3.14C, D). When compared to
processing stream | (Figure 3.14C), alignment to a concatenated genome produced a

much tighter cluster for the proliferating population (Figure 3.13D).

3.6 Analysis of Differentially Expressed Genes

The top 30 differentially expressed genes between dormant and proliferating cell
populations in vivo from processing stream | are presented in Figure 3.15A (FDR <= 0.05
cutoff). For processing stream I, these are presented in Figure 3.15B. The ECM protein
biglycan (BGN) was the most significantly expressed gene in both sets of analyses, with
fold changes of ~82 (stream I) and ~472 (stream Il). Similarly, there was an almost
complete absence of raw reads within the proliferating cell populations for biglycan
(data not shown). Alignment to a concatenated human-mouse genome significantly
increased the total number of differentially expressed genes in dormant and
proliferating cells and this is reflected in the structure of the list of top 30 genes. For
example, the gene with the largest fold change swapped from biglycan (BGN), which
became the 4" largest, to phosphodiesterase 1A (PDE1A).

Given that BGN was identified as the most significantly differentially expressed gene in
both datasets, and consistently ranked amongst the highest in terms of fold change, this
gene was identified as a strong target for downstream analysis. In addition, cancer cells
are highly responsive to ECM composition, and, as an ECM scaffold protein, biglycan
may play an important signalling role in dormancy induction and maintenance [110, 117,

353].
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Figure 3.15. Top 30 up- and down-regulated protein-coding genes in dormant
versus proliferating MDA-MB-231 cells derived from mouse brain tumour
xenografts. Genes were first ranked by significance, with a threshold of FDR <=
0.05, then by fold change. Displayed are the top 30 genes with the largest fold
changes in both directions of regulation. A) Genes identified via processing stream
I. B) Genes identified via processing stream Il. Statistical analysis was performed

using R package DESeq2.
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Finally, | performed statistical analyses of cell phase scoring using a two-tailed t test. In
dormant cells, the phase with both the most significant and greatest numerical change
in score, compared to proliferating cells, was G1 phase. In all three independent
experiments, dormant cells were characterised by a significant reduction in G1 scoring

(Figure 3.16A).

»  (two-tailed t test)

»  (two-tailed t test) .
»  (one-tailed t test)

1.0+ «»  (one-tailed t test) 0.3
0.8+
) 0.2
o 0.6+ g
o 3
‘U" 0.4 e
o ? .14
0.2
0.0 T T 0.0 I I
Proliferating Dormant Proliferating Dormant
C ns (two-tailed ¢ test)
*  (one-tailed t test)
0.4+
0.3
o
o
*
0.2+
£
)
0.1
0.0 T

T
Proliferating Dormant

Figure 3.16. Prediction of cell cycle phase in dormant breast adenocarcinoma
cells in vivo. Gene expression data of dormant and proliferating breast cancer cells
in vivo was ranked and cut off according to significance (p < 0.05). Shown is a
prediction of cell cycle phase, A) G1, B) S, C) G2/M, for experiment-linked dormant
and proliferating cells, according to an analysis of differentially expressed genes
using the R package Scran. Statistical analyses were performed by unidirectional
and bidirectional paired t tests.
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In addition, dormant cells were also characterised by a significant increase in S phase
(Figure 3.16B), whilst the increase in G2/M phase scoring was not significant (Figure
3.16C). However, when analysed by one-tailed t test, the increase in G2/M phase scoring
was statistically significant. It is critical to consider that expression of gene pairs in MDA-
MB-231 cells may not directly compare with expression of gene pairs in the Scran test
set, given the huge range of biological variability between cell lines and species. It is also
possible that at the time of arrest, gene pairs pertaining S phase may co-express with
gene pairs pertaining to G2/M. However, given the significant increases in 2 out of 3
mid-cell cycle phase probabilities, as opposed to significant decreases in the dormant
cell population in all 3, this indicates that the dormant cells | have isolated may not be
arrested in GO phase. One cannot draw any firm conclusions from this data; however,
this opens up the possibility that dormant cells may arrest mid-cycle and warrants

experimental investigation to support it.

3.6.1 Transcription Factor Analysis

Based on calculated fold changes of gene expression in dormant cells, potentially
implicated transcription factors were predicted using TFactS software [244]. Both sign-
less and sign-sensitive analysis were performed. Sign-less analyses were used to identify
associations between inputted gene sets and the corresponding transcription factor.
Sign-sensitive analyses provided an indication of the direction of regulation for a
particular transcription factor; however, the reference database is manually annotated
as data is published [244] and therefore may not be as complete as a sign-less analysis.
All analyses were conducted using a threshold of FDR <= 0.05 for inputted gene lists as
to provide the largest statistically significant gene pool for maximum transcription factor
overlap. It was assumed that genes with relatively low fold changes in expression may

still have significant functional effects, therefore no threshold was set for fold change.
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Figure 3.17. Predicted transcription factors implicated in breast cancer cell
dormancy in the brain. Genes differentially expressed between dormant and
proliferating cancer cells were ranked according to statistical significance. A cut-
off was made at FDR <= 0.05. Up- and down-regulated genes were analysed by
TFactS software [244]. A) Sign-less analysis (to identify implication only) of genes
identified by alignment to the human genome. B) Sign-sensitive analysis, with
statistically significant repressed and activated transcription factors. C) Sign-less
analysis of genes identified by alignment to a merged human-mouse genome, with
genes filtered for those exclusively aligning to human, with D) corresponding
transcription factors identified as significantly repressed; no transcription factors
were identified as activated. Gene expression data input was calculated from
three independent experiments. e-value is given as the number of expected false
positives with multiple testing, with a cut-off of <= 0.05. Shown in red is the
percentage at which a transcription factor was identified as significant within an
e-value threshold of <= 0.05.
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Transcription
factor

Associated downregulated
genes in dormant cells

Associated upregulated
genes in dormant cells

ENO1, ALDOA, PGK1
(Stream |)

GAPDH, LDHA, PGK1,
ENO1, TIMP1, ALDOA,
ITGB2 (Stream 1)

c-Myc LMNA, LTA4H, VDAC2, CDC16, ZFP36L2, MAN2A1,
PCMTI1, LDHA, ACTR3, VHL, CYBA, AGPS, ATP1A2,
DUSP1, ENO1, ETFDH, TGFB2, SYMPK, SLC39A8
CCT7, AKR7A2 (Stream 1) (Stream I)
ACTR3, DUSP1, SLC25A3, LAMP1, SLC36L2, VHL,
ENO2, MCM3, PSMDS, ZFP36L2, AGPS, ZXDB,
MTI1A, PPIF, CCT7, PCMT1, ATP1A2, SYMPK, TGFB2,
UNG, TYMS, AKR7A2, CYBA, CDC16, MAN2A1
PDHA1, C1QBP, ACTG1, (Stream Il)
LGALS1, POLR1C, PTPNS,
LTA4H, RPL15, RPLY, RPLS,
RPL41, RPL7, HERPUD1,
HSPE1, HSO90AA1, ENO1,
HLA-DPB1, SAP18, SCARB1,
LMNA, FOSL1, VDAC2,
LDHA, GAPDH (Stream Il)

HIF-1A LDHA, ITGB2, TIMP1, No genes (Stream |)

No genes (Stream Il)

Table 3.4. Differentially expressed genes between dormant and proliferating
breast cancer cells in vivo in the context of c-Myc and HIF-1A transcription
factors. Shown are the corresponding genes and their direction of regulation with
respect to the repressed transcription factors c-Myc and HIF-1A. Genes pertaining
to the aerobic glycolysis pathway are highlighted in red.

From the analysis of gene sets calculated from alignment to a single genome (processing
stream 1), 10 potentially implicated transcription factors were identified (Figure 3.17A).
In comparison, 10 were also identified in gene sets calculated from alignment to a
merged human-mouse genome (processing stream Il) (Figure 3.17B). Overlapping
between the two were specificity protein 1 (SP1), upstream stimulatory factor 2 (USF2),
B-catenin (CTNNB1), transcription factor p65 (RELA), CAMP responsive element binding
protein 1 (CREB1), hypoxia-inducible factor 1 subunit alpha (HIF-1A), c-Myc (MYC) and
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upstream stimulatory factor 1 (USF1). Non-overlapping transcription factors were early
growth response protein 1 (EGR1) (stream 1) and p53 (TP53) (stream II). Based on
published data [244], it was determined that in stream 1 data, HIF-1A and CTNNB1 were
identified as significantly repressed and activated, respectively (Figure 3.17C). In stream
Il data, there were no transcription factors identified as activated, however HIF-1A and
MYC were identified as repressed in dormant cells in vivo (Figure 3.17D). Based on these
observations, DEGs associated with MYC and HIF1A were analysed further (Table 3.4).
Interestingly, many genes within the aerobic glycolysis pathway were all found to be

downregulated in dormant breast cancer cells.

3.6.2 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes

Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs between dormant
and proliferating breast cancer cells was performed for both analysis streams. KEGG is a
community-generated resource built upon genomic, chemical and functional data. It
allows for a deeper analysis of sequencing outputs as it allows the user to map significant
data in the form of functional networks and pathways [266]. For such analysis, genes
were pre-filtered to a cutoff of FDR <= 0.05, fold change (FC) >= 2. This was to restrict
the gene pool as too many genes may obscure legitimately enriched pathways which

contain few genes [267].

For processing stream |, results were filtered for g and p values of 0.05. Between the
KEGG (Figure 3.18A) and KEGG module (Figure 3.18B) analyses, the Hippo, TGF-B (with
the related BMP signalling pathway) and Wnt signalling were identified as enriched.
When applied to genes identified by processing stream Il, no enriched KEGG modules
were observed, however cellular adhesion molecules (CAMs) were observed as a KEGG
output (Figure 3.18C). The g and p value restrictions on output terms were then
removed, to identify the top 20 of all possible KEGG pathways and KEGG modules for
processing stream |l analysis. Interestingly, as well as cell adhesion molecules, genes
pertaining to Hippo, Wnt and TGF-beta signalling were all identified by KEGG (Figure

3.19A). When KEGG modules were analysed, however, such pathways were not
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identified, however there were terms relating to cellular biosynthesis and metabolism
(Figure 3.19B). Given such observations, a network map was constructed using gene
expression data from processing stream Il, to produce an overview of the potential
crosstalk between TGF-f3, Wnt and Hippo pathways. As shown in Figure 3.20, all three

pathways converge on the transcriptional regulator, YAP.

KEGG KEGG Module
(g <= 0.05, p <= 0.05) (g <= 0.05, p <= 0.05)
' B
Whnt signalling o
Hippo signalling pathway [ I I—— p.adjust
I” BMP signalling o Im
Count
. Count
.0 . 200
® * 225
TGF-beta |, o @22
signalling pathway :4 :2
N-glycan biosynthesis
Stream || Stream |
C S Stream llf Stream Il
p.adjust
No
0.01818115
Cell adhesion molecules (CAMs) ® Significa nt
hits
Count
o

Figure 3.18. KEGG and KEGG module enrichment analysis (processing streams |
and Il). KEGG (A, C) and KEGG module (B) analyses were formed by R package
ClusterProfiler, with a pre-set list of differentially expressed genes from both
processing streams. A, B) Processing stream | (g and p value cutoff for term output
was set at 0.05). C) Processing stream Il (g and p value cutoff for term output was
set at 0.05. Dormancy input genes were identified by FDR <= 0.05, fold change >=
2. Functionally implicated pathways and networks are displayed. The size of the
circle indicates the number of genes identified within the pathway or network,
whilst the colour represents statistical significance.
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Figure 3.19. KEGG and KEGG module enrichment analysis (processing stream Il)
with no statistical cutoff on output terms. KEGG (A) and KEGG module (B)
analyses were formed by R package ClusterProfiler, with a pre-set list of
differentially expressed genes from both processing streams. No g and p value
cutoff was employed for output terms. Dormancy input genes were identified by
FDR <= 0.05, fold change >= 2. Functionally implicated pathways and networks
are displayed. The size of the circle indicates the number of genes identified within
the pathway or network, whilst the colour represents statistical significance.
Circles further to the right also correspond to circle size: they contain a higher

number of associated genes.
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Figure 3.20. Potential crosstalk between Wnt, HIPPO and TGF-B signalling
pathways in dormant MDA-MB-231 cells in vivo. Differentially expressed genes in
dormant MDA-MB-231 cells, identified by processing stream Il (FDR <= 0.05, fold
change >= 2) were analysed in the context of their respective pathways. A)
Canonical Wnt signalling pathway. B) HIPPO signalling pathway. C) TGF-$ signalling
pathway. Given are proteins with their respective gene expression fold change in
dormancy, representative of three independent experiments. Blue = genes
upregulated in dormant cells. Red = genes downregulated in dormant cells.
Abbreviations: Wingless-related integration site (Wnt), frizzled (FZD), dishevelled
(DVL), casein kinase (CK), tafazzin (TAZ), glycogen synthase kinase (GSK),
adenomatous polyposis coli (APC), axis inhibition protein (AXIN), naked cuticle
homolog  (NKD), biglycan (BGN), Ilumican (LUM), decorin (DCN),
growth/differentiation factor (GDF), interleukin (IL), sphingosine kinase (SK), SMAD
specific E3 ubiquitin protein ligase (SMURF), LEM domain-containing protein
(LEMD), bone morphogenic protein receptor (BMPR), activin A type |IB receptor
(ACVR2B), yes-associated protein (YAP), transforming growth factor (TGF), scribble
(SCRIB), discs large homolog (DLG), protein phosphatase (PP), transcription factor
(TCF), lymphoid enhancer-binding factor (LEF), Salvador homolog (SAV),
macrophage stimulating (MST), large tumour suppressor kinase (LATS), inhibitor of
DNA binding (ID), TEA domain family member (TEAD).
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In addition, Gene Ontology (GO) terms were analysed for biological processes, cellular
components and molecular functions, using output thresholds for each term set at p and
g values of 0.05. The same threshold (FDR <= 0.05, fold change >=2) was applied prior
to analysis for all input DEGs. Many of the enriched biological processes (processing
stream ) could be grouped and it appears that the majority of over-expressed terms
within the dormant population pertained to genes involved in regulation of
angiogenesis, ECM organisation and hormone response to stimuli (Figure 3.21A). The
ECM, in terms of enriched constituents, was also enriched within the cellular component
(Figure 3.21B) and molecular functions (Figure 3.21C) categories, and thus was chosen

as a focus in downstream analyses.

When repeated using terms identified by processing stream Il, there were no enriched
molecular functions (MFs) observed when using p and q value thresholds of 0.05 for
term outputs. However, under the same output parameters, enriched cellular
components pertained to the extracellular matrix, membrane components and cell
junctions (Figure 3.22B). For biological processes, terms that were enriched pertained
highly to metabolic and biosynthetic processes (Figure 3.23A). For cellular component
and biological processes terms, removal of the q and p value threshold for output terms
did not alter the top 20 terms identified (Figures 3.22B, 3.23B, respectively). However,
removal of such parameters uncovered some molecular functions, which were generally

pertaining to cell adhesion (Figure 3.22A).

Given that many of the identified ontologies pertain to ECM components and
signalling, BGN, an ECM component, remains a prominent target of interest due to
its high level of significance of differential expression and large fold change in
dormant cells. Another downstream target for further analysis is YAP, given that
three top ontology hits in dormant cells, notably Wnt, HIPPO and TGF-p signalling, all
converge on this transcriptional activator. Finally, given a predicted repression of HIF-
1A and MYC transcription factors, which are crucial for maintaining glycolysis in
cancer cells [336], and an enrichment of terms pertaining to metabolic processes was
identified in dormant cells, aerobic glycolysis will be explored further as a target of

interest.
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Figure 3.21. Gene Ontology (GO) enrichment analysis (processing stream ). DEGs
from dormant MDA-MB-231 cells (processing stream 1) were used to as input to
determine the top 20 GO terms in A) biological processes, and all terms enriched
in B) cellular component, and C) molecular function categories. Analysis
performed by R package ClusterProfiler. DEG cutoff at FDR <= 0.05, fold change >
2. Output thresholds for each term set at p and g values of 0.05. Functionally
implicated GO terms are displayed. The size of the circle indicates the number of
genes identified within the GO category, whilst the colour represents statistical
significance. Circles further to the right also correspond to circle size: they contain

a higher number of associated genes.
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Figure 3.22. Gene Ontology (GO) enrichment analysis (processing stream II).
Molecular function (A) and cellular component (B, C) analyses were performed by
R package ClusterProfiler, using a pre-set list of differentially expressed genes from
processing stream Il. B) g and p value thresholds for each term were set at 0.05.
A, C: no g and p value threshold for term output. Dormancy input genes were
identified by FDR <= 0.05, fold change >= 2. Functionally implicated GO terms are
displayed. The size of the circle indicates the number of genes identified within
the GO category, whilst the colour represents statistical significance. Circles
further to the right also correspond to circle size: they contain a higher number of

associated genes.
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Figure 3.23. Gene Ontology (GO) enrichment analysis (processing stream Il) with
no statistical cutoff on output terms. Biological Processes analyses were
performed by R package ClusterProfiler, using a pre-set list of differentially
expressed genes from processing stream Il. A) g and p value thresholds for each
term were set at 0.05. B) no q and p value threshold for term output. Dormancy
input genes were identified by FDR <= 0.05, fold change >= 2. Functionally
implicated GO terms are displayed. The size of the circle indicates the number of
genes identified within the GO category, whilst the colour represents statistical
significance. Circles further to the right also correspond to circle size: they contain
a higher number of associated genes.
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3.7 Validation of mRNAseq Data

Using cDNA derived from dormant and proliferating cancer cells, the gene expression of
biglycan and collagen | (COL1A1) was determined by qPCR. In dormant cells in vivo, an
81.56- and 474.41-fold change in biglycan expression was observed, using analysis
streams | and Il, respectively. In terms of raw reads, there was an almost complete
absence within the proliferating population, with a significantly higher number of reads
within the dormant population for both genes (Fig 3.24A). When the expression was
determined by qPCR, no biglycan was detected within the proliferating cell population,
as expected (Fig 3.24B). It may be possible that a small amount of biglycan cDNA was
present, however this would have been outside the sensitivity range of this assay.
However, biglycan was detected within the dormant cell population (Fig 3.24B),
confirming my differential gene expression analyses. Finally, analysis of biglycan
expression in MDA-MB-231 cells cultured in vitro revealed an absence of biglycan (Fig
3.24B). Biglycan expression in vivo in proliferating cells mirrors the expression of cells

cultured in vitro.

For COL1A1 gene expression, a fold change in expression of 5.80- and 7.63-fold was
observed in the dormant cell population in vivo, using analysis streams | and I,
respectively. The pattern of raw read counts in vivo were such that a low number of
reads for COL1A1 were detected in the proliferating cell population, with significantly
higher read count in dormant cells (Fig 3.25A). Similar patterns of expression were
observed when validated by qPCR (Fig 3.25B). The fold change in dormant cells was
219.64. The expression of biglycan in MDA-MB-231 cells cultured in vitro was almost
identical to that of proliferating cells in vitro. This, along with patterns of biglycan
expression, validated my mRNAseq data as correct and supports the distinct gene
expression profiles displayed by dormant versus proliferating breast cancer cells in this

model.
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Figure 3.24. Biglycan expression in proliferating and dormant MDA-MB-231 cells
in vivo, compared to cells cultured in vitro. The raw read counts for biglycan
expression in demonstration of mRNA abundance in proliferating (GFP+) and
dormant (GFP+CV+) cells in vivo are shown. Biglycan read counts processing
methods | and Il (A and B, respectively) +/- SEM. C) Descriptive statistics of Ct
values obtained from gPCR analysis of cDNA derived from proliferating and
dormant cells. Measured alongside was the relative expression of biglycan in
MDA-MB-231 cells cultured in vitro. The housekeeping reference gene was
GAPDH. N = 3. Data calculated as a mean across biological triplicates from three
independent experiments.
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Figure 3.25. Collagen | expression in proliferating and dormant MDA-MB-231
cells in vivo, compared to cells cultured in vitro. The raw read counts for collagen
| expression in demonstration of mRNA abundance in proliferating (GFP+) and
dormant (GFP+CV+) cells in vivo are shown. Collagen | read counts processing
streams | and Il (A and B, respectively) +/- SEM. C) qPCR analysis of cDNA derived
from proliferating and dormant cells. Measured alongside was the relative
expression of collagen | in MDA-MB-231 cells cultured in vitro. The housekeeping
reference gene was GAPDH. N = 3. Data calculated as a mean across biological
triplicates from three independent experiments +/- SEM. Statistics is a one-way
ordinary analysis of variance (ANOVA) with multiple comparisons between all
groups.
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3.8 Discussion

In this chapter, | determined the gene expression profiles of dormant and proliferating
breast adenocarcinoma cells, derived from mouse brain tumour xenografts. The results
suggested that dormant and proliferating cancer cell populations display distinct
transcriptomes in vivo. GO and KEGG enrichment analysis between the two cancer cell
populations identified terms pertaining to HIPPO, Wnt and TGF-B signalling pathways,
amongst a number of other terms. This was accompanied by an enrichment in terms
pertaining to ECM constituents and metabolic processes. The most significantly
upregulated gene in dormant cells was the proteoglycan, biglycan. Furthermore, the
HIPPO, Wnt and TGF-f signalling pathways all possess extracellular-derived activators,
implicating the brain microenvironment in dormancy induction. Transcription factor
analysis identified a suppression in c-Myc and HIF-1A transcription factors, which was
associated with the downregulation of a number of enzymes which are critical for
glycolysis in cancer cells. One of the prominent hallmarks of cancer is high levels of
aerobic glycolysis, which strongly facilitates tumour growth [268], therefore a
downregulation of genes encoding enzymes within the glycolysis pathway may inhibit
metastatic outgrowth upon dissemination and induce a state of dormancy. As such,
these findings may offer a novel insight into the pathways which underpin the induction

and/or maintenance of breast cancer cell dormancy in the brain.

3.8.1 Identification and Isolation of Dormant and Proliferating Breast

Adenocarcinoma Cells

An approach was needed to reliably distinguish dormant and proliferating breast cancer
cells in vivo. It was important to consider whether the identified dormant cells were
indeed true dormant cells. | have shown in vitro that CV dye is lost rapidly through
proliferation. Given that CV dye forms a stable covalent bond with cell surface proteins
[269], cells which retained the dye in vivo were likely to be growth-arrested, and that
those which lost the dye had done so via proliferation, and not significantly by diffusion

of the dye into the extracellular space/other cells. A current problem in dormancy
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research is that it is not clear at which point in the cell cycle dormancy occurs, for
example GO/G1, mid-cycle, or actively cycling but happens to be absent for a particular
expression marker during the time point cells were captured. Ki-67, a marker for
proliferation, is absent in G1 phase, and may mis-identify cycling cells as dormant [270].
Similarly, proliferating cell nuclear antigen (PCNA) levels are very low in quiescence and
fluctuate throughout the cell cycle, peaking in S phase [271]. Minichromosome
maintenance (MCM) proteins are constitutively present within the nucleus throughout
all phases. They bind chromatin in G1 phase and are displaced in S phase through to M
phase, at which point they re-bind chromatin prior to telekinesis [271]. The advantage
of my approach, in the absence of consensus markers for dormancy, is that it provided
a broad overview of the proliferation status of individual cancer cells, from the point of
injection to harvest, regardless of the phase in which they were arrested. The following
discussion will determine the extent to which my data, and this model, align with current

dormancy literature.

3.8.2 mRNAseq and Differential Gene Expression Analysis

Despite alighment to a concatenated human-mouse genome, processing stream |l still
presented with some contaminating mouse-derived reads in the dormant population,
as with processing stream |. The degree of contamination negatively correlated with the
number of isolated dormant cells. STAR aligner is quoted to be highly accurate in
mapping reads from single cells [272], however there is currently no published data
which describes the most suitable method for the isolation and sequencing of a rare and
small population of cells from xenograft tissue. It is already described that cross-species
contamination is always an issue in which tumour cells represent a small RNA
component, compared to that of host tissue [273]. In future studies, it may be possible
to use my data to generate a higher number of dormant cells to overcome this problem.
| believe mouse contamination in this study, at least in terms of known MDA-MB-231
SNPs, was mitigated sufficiently, given that similar SNP correlation coefficients were

obtained between all samples, for both proliferating and dormant cells.
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Agreement between SNPs was also reflected in the GO analyses of both processing
streams. In stream |, ECM organisation, angiogenesis and steroid hormone signalling
were amongst enriched terms. Under identical selection parameters, GO analysis
identified terms pertaining to ECM constituents, membrane components and cell
junctions were identified in stream Il analyses. It was interesting that ECM constituents
were identified in both streams. Adherence to the ECM has been shown to be critical
for cancer cell growth and frequently implicated in dormancy induction [274]. Whilst in
line with the literature, further study should consider extracullar influence on dormancy
induction, in this model. The ECM is highly influential on cancer progression, interacting
with cancer cells via cell-matrix adhesion complexes, and facilitates biophysical
signalling [104]. A caveat for this analysis is that processing stream Il created a much
tighter cluster of transcriptomes in the proliferating cell populations, however this
created a looser cluster for the dormant cell populations. This, and differences in GO
terms, may simply be due to the size of gene input lists between processing streams,

and as such the focus should be on where processing strems are convergent.

3.8.3 Comparison to Known Dormancy Mechanisms

Shown in Table 3.5 is a 48-gene signature for tumour cell dormancy, based on combined
datasets derived from tumour cell quiescence- or angiogenic failure-induced dormancy
[196, 275]. Of the 22 previously defined genes thought to be upregulated in dormancy,
6 genes were in agreement with my data, whilst | observed another 2 genes which were
significantly downregulated. Of the 26 previously defined genes thought to be
downregulated in dormancy, 2 genes were in agreement with my data, whilst | observed
another 6 genes which were significantly upregulated. It is important to recognise that
whilst there may be little agreement, there are a number of caveats. There are no
complete datasets using a similar model pertaining to breast cancer cell dormancy
mechanisms within the brain, | must draw my comparisons from pooled data across a
number of cancers, differential sites of metastasis and types of dormancy. However,
dormancy induction and maintenance may be dependent on cell type, context, and a
number of intersecting pathways. It is promising that whilst | have conflicting directions

of expression, there is agreement between which genes are differentially expressed in
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dormant cells. In my gene expression data, | have identified a number of genes and
ontologies pertaining to the ECM and ECM remodelling. In the published dataset,
alongside an upregulation of COL1A1 and COL4A5, there is an upregulation of a number
of ECM remodelling genes: ADAM10, DDR1, GATA6, IGFBP5, MMP2, P4HA1 and SOX9
[196, 275, 276]. In some cases, where | may not have directly observed the differential
expression of a particular gene, | have evidence of the activity of its protein product. For
example, AMOT has previously been shown to be upregulated in dormancy. AMOT
proteins can bind YAP directly to negate its activity [196, 275, 276]. In my dormant cells,
| predicted activation of the HIPPO pathway, which also negates YAP activity.
Furthermore, | predicted enrichment of the TGF-B signalling pathway. In addition to
TGFB2 previously being observed to be upregulated in dormancy, and being upregulated
in the published dataset, SREBF1 has previously been shown to be upregulated in
dormancy. One of the splice variants upon transcription is SREBP1, which can bind to
the promotor region of TGF-B to induce its expression [196, 275, 276]. Alignment
between my model and published datasets may not be immediately clear, however

there is enough to provide some initial validity to my model.

Dormant cell status Gene symbols

Upregulated ACVR1, ADAM10, AMOT, BHLHE41, COL1A1,
COL4A5, CTSD, DDR1, EPHAS, GATA6, HIST12BK,
IGFBP5, MMP2, NR2F1, P4HA1, SOX9, SREBF1,
STAT3, TGFB2, THBS1, TP53, TPM1 [196, 275, 276]

Downregulated APEX1, ASNS, ATF3, ATF4, BUB1, BUB1B, CDKN3,
CEBPG, CKS2, DNMT1, DTYMK, EGFR, EGR1, ESM1,
FOSL1, FOXD1, FOXM1, IGF1R, IL8, JUN, MMP1,
ODC1, PIK3CB, PLAT, TIMP3, TK1 [196, 275, 276]

Table 3.5. Comparison to known dormancy signatures by gene expression. Based
on models of in vivo dormancy driven by tumour cell quiescence [196] or
angiogenic failure [275], a 49-gene signature for tumour cell dormancy was
constructed. Genes upregulated in dormant cells were considered as positive
dormancy genes, whilst those downregulated in dormant cells were considered as
negative dormancy genes [276]. Genes highlighted in green where the published
dataset and my model are in alignment, whereas red indicates agreement in
differential expression only, not direction of regulation i.e. up- or down-regulated.
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3.8.4 Enriched Molecular Pathways in Dormant Breast Cancer Cells in vivo

In dormant breast cancer cells in vivo, KEGG analysis of differentially expressed genes
suggested activation of the HIPPO pathway. Activation of the HIPPO pathway was
evidenced in my model by upregulation of SCRIB in dormant cells. SCRIB is a scaffold
protein which forms a complex with discs large 1-4 (DLG1-4) and is concentrated at cell
junctions [277]. In a mouse model of epidermal carcinogenesis, SCRIB has been shown
to be a potent tumour suppressor [277]. Similarly, DLG3 was upregulated in the dormant
population, thus the two protein may play a role in dormancy through HIPPO pathway
activation. Pharmacological inhibition of YAP/TAZ has previously been suggested to be
a potential anti-cancer strategy [278]. If | can confirm that the HIPPO pathway is indeed
activated in my dormant cell population, by analysing the localisation and
phosphorylation state of YAP/TAZ, then it would be worth exploring some available
options to target YAP/TAZ. There are a number of small-molecule mediators which
indirectly or directly target YAP/TAZ through the HIPPO pathway, however many of
these lack specificity and long-term administration may result in unfavourable side-
effects [279]. One example of Pazopanib, which activates the HIPPO pathway and
induces proteasomal degradation of YAP/TAZ, sensitising those cells to anti-cancer

drugs [280].

With respect to TGF- signalling, in the dormant cell population in vivo, a significant
upregulation in inhibin beta A chain precursor (INHBA) expression was observed. INHBA
encodes a subunit of both activin and inhibin [281]. Previous experimental data has
demonstrated G1-phase cell cycle arrest in MCF-7 breast cancer cells through increased
activin signalling [282]. Increased activin signalling induces a negative feedback loop,
through upregulation of the activin inhibitor, follistatin [283], which was also
upregulated in the dormant cell population in my model in vivo. It is thus possible that
increased INHBA expression relates to increased activin activity and dormancy.
Furthermore, a significant upregulation of Noggin (NOG) was observed within dormant
breast cancer cells in vivo. Noggin is a secreted inhibitor of BMPs that prevents BMP
binding to its receptors [284], suggesting an inhibited BMP network in dormant cells.

Additionally, inhibitor of differentiation 1 (ID1) is a downstream transcriptional target of
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BMP signalling, which functions as a regulator of cell differentiation. /D1 over expression
has been shown to induce cancer cell growth [285]. A significant downregulation of /D1
in vivo was observed within the dormant population, which may contribute further to
the dormant phenotype. Finally, the most significantly upregulated gene in the dormant
cell population in vivo, BGN, is of particular note. In addition to being a potent inhibitor
of TGF-B receptor activity, and synthesised downstream of an active TGF-B pathway,
exogenous biglycan has been shown to inhibit pancreatic and bladder cancer cell
proliferation and induce breast cancer normalisation [286, 287]. Therefore, biglycan
may be a significant contributor to the induction and maintenance of dormancy in my

model, and its involvement with the TGF-B pathway should be further investigated.

| have also shown evidence of an enrichment Wnt signalling components in the dormant
population in vivo, but my data is conflicting and unclear. Firstly, | observed an
upregulation of FZD7 and FZD2, and, as receptors for Wnt ligands, may increase the
number of Wnt binding sites [288]. Paradoxically, GSK3B, encoding the [B-catenin
destruction complex component, GSK3B, was significantly upregulated in my dormant
cells in vivo, whilst the Whnt-activated transcription factor gene, LEF1, was also
upregulated. My data does not indicate Wnt ligand availability in my model. In addition,
LEF1 upregulation at the gene expression level may not be indicative of its activity, given
that as a transcription factor it must be bound to other proteins to function, such as TAZ
[289]. Perhaps more indicative of Wnt pathway activity was the upregulation of two Wnt
target genes, axis inhibition protein 2 (AXIN2) and naked cuticle homolog 1 (NKD1). Both
genes are expressed to limit the intensity of Wnt-mediated signalling, as both AXIN2 and
NKD1 function as Wnt antagonists [290, 291]. It is also important to consider that
dormancy may require the co-operation of a number of pathways. For example, active
HIPPO signalling is a known Wnt signalling inhibitor [292]. In addition, c-Myc and cyclin
D require YAP-TEAD (HIPPO) and B-catenin-TCF/LEF (Wnt) co-operation [292]. It is not
possible to reach any conclusions with regards to Wnt involvement in dormancy,
however its enrichment and close co-operation with other enriched pathways in my

model warrants further investigation.
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Finally, | identified a number of potentially implicated transcription factors in dormancy:
c-Myc, HIF-1A and p53, critical regulators of the Warburg effect. In the dormant cell
population in vivo, a subtle downregulation of ALDOA, GAPDH, PGK1, PGAM1, ENO1 and
LDHA was observed, genes which encode critical enzymes within the glycolysis pathway
[213]. It is currently unexplored as to whether an inhibition of aerobic glycolysis could
be a driver of cancer dormancy. The glycolytic pathway, in addition to producing ATP,
provides intermediates for critical cellular components such as amino acids and
nucleotides [213]. Interestingly, a recent study has shown that an inhibition of aerobic
glycolysis results in a reduction in YAP/YAZ transcriptional activity [293]. As YAP/TAZ are
central to the crosstalk between HIPPO, TGF- 3 and Wnt pathways, the role of aerobic

glycolysis in the induction of dormancy warrants further investigation.

3.8.5 Limitations

A caveat and limitation to using a vital dye as a proliferation marker is that this approach
does not necessarily identify cells which may have proliferated following extravasation,
lost the dye, and which potentially became dormant, if any. However, no models
currently exist in which identifying such cells is possible, given the current lack of
consensus in dormancy markers. Furthermore, with respect to bioinformatic analysis
and validation, a starting input of RNA for cDNA synthesis was a further limitation.
Subsequent study may allow for the generation of a higher number of dormant cells;
however, this study was restricted by low dormant cell yield per mouse brain. In
addition, with as few as 14 dormant cells per mouse brain, any contamination from host
cells is significant, therefore one must be particularly robust in data analysis quality

control.

3.8.6 Summary

In summary, the results in this chapter suggest that dormancy, in disseminated breast
adenocarcinoma cells to the brain, may be characterised by a downregulation of aerobic
glycolysis at the gene expression level. Transcriptomic analysis revealed a

downregulation of ALDOA, GAPDH, PGK1, PGAM1, ENO1 and LDHA, genes which encode
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critical and rate-limiting enzymes within the glycolytic pathway. Further investigation is
therefore warranted in order to understand whether inhibited aerobic glycolysis is a
driver of dormancy, rather than as an effect of the phenomenon. Further investigation
is also required to understand further the role of the small leucine-rich proteoglycan,
biglycan. As the most significantly upregulated gene in dormant cells, biglycan is
synthesised downstream of an active TGF-B signalling pathway, acting as a negative
regulator of TGF-B signalling. Currently, no such data exists regarding the potential
influences on proteoglycan expression and metabolism. In addition, a comparison of
dormant and proliferating cancer cells by GO and KEGG analysis identified an
enrichment in TGF- signalling, as well as HIPPO and Wnt signalling pathways. These
pathways converge on YAP, a transcriptional regulator which holds significant influence

over cancer cell proliferation and growth.
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Chapter 4
Characterisation of Biglycan as a Potential Mediator and/or Marker of

Cellular Dormancy

4.1 Introduction

Differential gene expression analysis of dormant and proliferating breast cancer cell
populations within my brain tumour xenograft model identified a significant
upregulation of the proteoglycan, biglycan. In proliferating cells, an almost absent read
count within each sample was observed, yet biglycan read counts in dormant cells were
orders of magnitude higher. By statistical significance, biglycan was the most
differentially expressed gene in dormant cells. The addition of recombinant biglycan to
bladder cancer cells in vitro has been associated with a reduction in cellular
proliferation, whilst its knock-down in vivo has been associated with increased
proliferation [294]. Biglycan overexpression in pancreatic cancer is associated with G1
cell cycle arrest [286] and ECM-bound biglycan was shown to induce breast cancer cell
normalisation [287]. Biglycan is therefore of interest in the context of dormancy, and its
potential role as a mediator and/or marker of breast cancer cell dormancy in the brain
is to be explored within this chapter. It stands to reason that biglycan overexpression
may be a potential driver of a reversible growth-arrest phenotype in vivo. Given the
challenges in identifying dormant cancer cells in tissues, in particular the selection of
suitable markers, biglycan itself may be a novel marker of dormancy. Furthermore, if
biglycan overexpression is implicated in the induction and maintenance of dormancy,
this may implicate other, targetable pathways, whose activation or inhibition may

contribute to reversible growth arrest. This is to be explored within this chapter.
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4.1.1 Hypothesis

In this chapter, there are two hypotheses which are to be explored. The first is that

overexpression of biglycan in breast cancer cells in the brain induces and maintains a

state of dormancy. The second hypothesis is that biglycan expression is a marker of

breast cancer cell dormancy in the brain

41.1.1 Aims and Objectives

To determine whether biglycan overexpression is a driver and/or marker of breast

cancer dormancy in the brain, biglycan expression must be validated at the protein level

in dormant cancer cells. Following this, the potential growth-inhibitory effects of

biglycan on breast cancer cells in vitro are to be explored. This will complement an

analysis of other human breast cancer models to determine whether breast cancer cells

metastasised to the brain are potentially amenable to biglycan-induced growth arrest.

To address these points, the following aims were devised:

1)

2)

3)

To identify biglycan-expressing breast cancer cells in mouse brain tumour
xenografts

To achieve this, sections of mouse brain tumour xenografts, from the same
model employed in Chapter 3, will be scanned for biglycan-expressing cancer
cells. If cells are identified, a secondary objective will be to document their
localisation within the brain.

To develop an in vitro model of biglycan over-expression

This will be achieved by determining the mRNA sequence of biglycan in dormant
breast cancer cells, via analysis of mRNAseq reads. This data will be used to
synthesise a biglycan gene to be placed into a suitable vector for over-expression
of the protein in vitro.

To investigate the effects of recombinant human biglycan on breast cancer

cells in culture
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This will be achieved by titrating commercially available human recombinant
biglycan against breast cancer cells in vitro. In addition, a secondary objective
will be to determine whether soluble biglycan, or biglycan-coated culture plastic,
has the greatest growth-inhibitory effect, if any.

To compare biglycan expression between the current xenograft model and in
human patient samples

To achieve this, biglycan protein expression will be determined in normal mouse
brains, compared to patient-derived brain tumour xenografts. In addition,
biglycan gene expression will be analysed in publicly available transcriptomic
data in primary and metastatic breast cancers. This will provide some evidence
to inform whether or not metastatic breast cancer cells are amenable to

biglycan-induced growth inhibition.
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4.2 Determining the Localisation of Dormant MDA-MB-231 Cells in Mouse Brain
Tumour Xenografts

Recent studies have suggested that the perivascular niche may regulate breast cancer
dormancy and metastatic outgrowth [133, 136]. Therefore, the localisation of dormant
cells within my model may uncover the microenvironment which is permissible for the
induction of a dormant state. Gene expression analysis showed that biglycan was
significantly upregulated in dormant cells. However, read counts in proliferating cells
were very low and it was therefore reasoned that biglycan would only be detectable in
dormant cells within the brain by immunofluorescence imaging. Consequently, sections
of brain tumour xenografts in the carotid artery injection model were scanned for

biglycan-expressing breast cancer cells.

Initial staining of naive mouse brains in my study, at the described magnification,
showed that biglycan protein could not be detected (data not shown). As such, any
biglycan observed is likely to have originated from cancer cells. The majority of breast
cancer cells, 28 days post-intra-carotid injection, were negative for biglycan, throughout
all regions of the brain (Figure 4.1). As reported in the previous chapter, as few as 14
dormant cells were isolated from each mouse brain. This is reflected in the number of
positive identifications of BGN+ cancer cells within the brain, of which 2 events were
observed. Of the first event, a solitary BGN+ cancer cell was observed within the brain.
Interestingly, this cell was wrapped around brain microvascular endothelium, as
identified by CD31 expression (Figure 4.2). Further investigation of a secondary event
was conducted using 3D rendering, in the absence of CD31 staining. The BGN+ cancer
cell, morphologically, appeared to be wrapped around another structure within the
brain. In addition, biglycan appeared to be distributed throughout the local
microenvironment. Of note, the architecture of biglycan staining displayed a dense ring
of deposition, lining the structure around which the cancer cell was wrapped (Figure
4.3). Biglycan may therefore contribute to the modification of the local

microenvironment in the induction of dormancy.
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Figure 4.1. The majority of MDA-MB-231 cells which colonise mouse brains
following intra-carotid injection are negative for biglycan. MDA-MB-231/GFP/CV
cells were injected into the internal carotid artery of C.B-17 SCID mice and analysis
was performed 28 days later by immunofluorescence. Brain sections were probed
for green fluorescent protein (GFP), biglycan (BGN) and for the endothelial cell
marker, cluster of differentiation 31 (CD31). Nuclei were counterstained with
DAPI. Image representative of biglycan negative cancer cells displaying metastatic
outgrowth in the brain. Scale bar = 10um.
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Figure 4.2. Biglycan-expressing MDA-MB-231 cells in brain tumour xenografts
localise around cerebral vasculature. MDA-MB-231/GFP/CV cells were injected
into the internal carotid artery of C.B-17 SCID mice and analysis was performed 28
days later by immunofluorescence. Brain sections were probed for green
fluorescent protein (GFP), biglycan (BGN) and the endothelial cell marker, cluster
of differentiation 31 (CD31). Nuclei were counterstained with DAPI. Image shows
a breast cancer cell within the brain which display positive staining for biglycan.
Scale bar = 10um.
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Figure 4.3. Three-dimensional rendering of biglycan-secreting cancer cells in
vivo. MDA-MB-231/GFP/CV cells were injected into the internal carotid artery of
C.B-17 SCID mice and analysed 28 days later by immunofluorescence. Brain
sections were probed for green fluorescent protein (GFP) and biglycan (BGN).
Nuclei were stained with DAPI. Scale bar = 10um.
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4.3 Analysis of Biglycan Overexpression in MDA-MB-231 Cell Line

To establish the potential effect of biglycan on breast cancer proliferation, an in vitro
biglycan over-expression model in MDA-MB-231 cells was developed. The consensus
sequence of the biglycan mRNA transcript within dormant MDA-MB-231 cells in vivo
was first determined. The representative sequence was obtained using Integrative
Genomics Viewer software [235], with which BAM files containing human-aligned
reads from dormant cells were inputted. The consensus human biglycan sequence
differed from the published mRNA sequence [295] by one silent point mutation
(Supplementary Figure S5). The human biglycan gene was artificially synthesised
based on the sequence from dormant cells, and subsequently cloned into the pFUW
vector, under the control of a constitutively active ubiquitin C promotor
(PFUW_hBGN). This vector was used to stably transduce MDA-MB-231 cells by
lentiviral transduction (231 pFUW_hBGN) (Figure 4.4).

Stable
WARARAAAY transduction
Synthesis of BGN > Cloning into » MDA-MB-231
gene based on vector BGN+

mRNAseq data

Figure 4.4. Generation of biglycan-expressing MDA-MB-231 cells. Sequencing
data for human biglycan within the dormant 231 cancer cell population was
analysed by IGV software. The biglycan gene containing two silent point mutations
was artificially synthesised and cloned into pFUW, prior to stable transduction of
MDA-MB-231 cells.

pFUW_hBGN and GFP-expressing vector pFUGW [257], respectively, were used to stably
transduce MDA-MB-231 cells. As shown in Figure 4.5A, pFUW_hBGN-transduced cell
line displayed high levels of biglycan expression, while no biglycan expression was

detected in pFUGW-transduced MDA-MB-231 cells. The transduction efficiency for the
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two transduced cell lines was comparable, as demonstrated by similar values of vector

copy numbers (Figure 4.5B).
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Figure 4.5. Overexpression of human biglycan in MDA-MB-231 cells. Biglycan and
GFP-expressing constructs (pFUW_hBGN and pFUGW, respectively) were used to
stably transduce MDA-MB-231 cells. Biglycan and GFP were inserted into pFUW
vehicle at the same site, downstream of a constitutively active ubiquitin C
promotor. A) Quantitative PCR validation confirms biglycan expression in MDA-
MB-231 cells. N=3. Statistical analysis performed was an ordinary one-way ANOVA
with multiple comparisons test. B) Quantification of provirus copy number per cell
of integrated pFUW_hBGN and pFUGW lentiviral vectors.
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There was no observable effect on MDA-MB-231 cell proliferation when transduced
with pFUW_hBGN or pFUGW at 1X virus concentration (data not shown). To confirm
these findings, the potential growth-inhibitory effects of biglycan over-expression was
determined by cell cycle FACS. MDA-MB-231 cells transduced with pFUW_hBGN and
pFUGW vectors were compared to non-transduced cells. Sub-confluent cells were
labelled with BrdU and stained by anti-BrdU-APC antibody prior to analysis, as a marker
of actively cycling cells. As shown in Figure 4.6A, live cells were gated by FSC and SSC.
Brdu-APC-labelled cells were counter-stained with propidium iodide (PI) to enable
gating around cell populations within G2/M, S and GO phase. A small but significant
reduction in cells in S phase, and a small but significant increase in cells in G2/M phase
was observed when transduced with pFUW_hBGN, compared to non-transduced cells
(Figure 4.6B). However, the same observation was made in cells transduced with
pFUGW (Figure 4.6B), compared to non-transduced cells. There was no significant
difference of cells in any phase between cells transduced with pFUGW and cells
transduced with pFUW_hBGN. Therefore, at current levels of expression, biglycan was

insufficient to induce changes to proliferation rate or induce cell cycle arrest.

It was reasoned that a higher level of biglycan expression may be required in order to
induce cell cycle arrest in MDA-MB-231 cells. As a follow-up, pFUW_hBGN and the
control pFUW lentivirus were concentrated 40X prior to lentiviral transduction.
Transduction with concentrated pFUW_hBGN vector induced a significantly higher level
of biglycan expression than the vehicle control (Figure 4.7A). Interestingly, this was
associated with a significant downregulation of the glycolysis-associated enzyme,
GAPDH (Figure 4.7B). GAPDH was observed to be downregulated within dormant MDA-
MB-231 cells in vivo. High biglycan expression and a reduction in GAPDH expression
were observed to be concurrent with complete cell cycle arrest. Viable, arrested cells
transduced with pFUW_hBGN were observed at 72 hours post-transduction (Figure
4.7C). However, repeat validation experiments could not be performed as the cell line
was permanently arrested, and therefore could not be propagated for downstream

study.
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Figure 4.6. Overexpression of biglycan in MDA-MB-231 cells at low level does not
induce cell cycle arrest under high serum conditions in vitro. MDA-MB-231 cells
were stably transduced with constitutively active BGN- and GFP-expressing
vectors, pFUW_hBGN and pFUGW, respectively, at 1X MOI. Cell cycle phase was
analysed by FACS. A) Gating strategy for live cells (P1). B) Cell cycle phase analysis
by Pl and BrdU fluorescence for transduced cells and FACS controls, as shown.
Gating for cell cycle phase was as follows: GO/G1 phase (green — P7), S phase
(purple — P5), G2/M phase (orange — P6). C) Bar chart of representative cell cycle
phase. N=3. Statistical analysis performed was an ordinary one-way ANOVA with
multiple comparisons test.
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Figure 4.7. Stronger biglycan overexpression induces downregulation of GAPDH
and complete growth inhibition of MDA-MB-231 cells in vitro. MDA-MB-231 cells
were stably transduced with 40-fold concentrated pFUW and pFUW_hBGN. RT-
PCR analysis of A) BGN and, B) GAPDH, relative to POLR2A, at 72 hours post-
transduction. C) Transduced cells were stained with trypan blue at harvest and
assessed for viability. Given is the cell count as a proportion of cells compared to
those seeded prior to transduction. N=3. Statistical analyses performed was a two-
tailed student’s t test.
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To determine the cellular localization of biglycan following overexpression in vitro, MDA-
MB-231 cells transduced with pFUW_hBGN and pFUGW were analysed by
immunofluorescence. When stained for biglycan, cells transduced with pFUGW
demonstrated weak positivity in the channel used for the detection of BGN. (Figure
4.8A). However, this is likely due to fluorescence bleed-through from GFP. When cells
transduced with pFUW_hBGN were analysed, all cells were intensely positive for
biglycan (Figure 4.8B). The extracellular space surrounding biglycan-positive cells also
demonstrated a high level of fluorescence. This indicated that biglycan is secreted from

MDA-MB-231 cells.

To further demonstrate that biglycan is secreted when overexpressed, MDA-MB-231
cells were stably transduced with Tet-OFF inducible pLenti Puro vehicle and pLenti_BGN.
Using pLenti_BGN, biglycan was expressed in the absence of doxycycline, and detected
in the total protein fraction and in the cell culture supernatant (Figure 4.9). Upon
administration of doxycycline, the level of biglycan within the total protein fraction
persisted after 96h. However, there was a reduction in the level biglycan detected in the
cell culture supernatant, which was observed at 48h post-addition of doxycycline (Figure
4.9). These results confirm that upon its expression, biglycan is secreted from MDA-MB-
231 cells. Upon inhibition of biglycan expression, this data also shows that MDA-MB-231

cells rapidly cease biglycan secretion, whilst intracellular biglycan protein persists.
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A pFUGW B pFUW_hBGN

Figure 4.8. Biglycan is secreted when over-expressed in MDA-MB-231 cells in
vitro. MDA-MB-231 cells were stably transduced with the A) Green fluorescent
protein (GFP)-expressing pFUGW, or, B) Biglycan (BGN)-expressing pFUGW_hBGN
lentiviral vectors. Cells were cultured through two passages and for at least 96
hours post-transduction prior to staining. Cells were fixed in PFA and cells were
stained for human BGN and GFP.
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Figure 4.9. Biglycan secretion is inhibited using a Tet-OFF biglycan expression
system in MDA-MB-231 cells in vitro. MDA-MB-231 cells were stably transduced
with Tet-OFF pLenti Puro vehicle (veh.) and pLenti_hBGN. Shown is a Western blot
analysis of biglycan core protein in the total protein fraction (cell pellet) and the
cell culture supernatant. Doxycycline (DOX) was administered for 48 and 96h.
Image representative of two independent experiments.

4.4 Doxycycline-Inducible Model of Biglycan Overexpression

A novel model was required to determine the effects of biglycan-overexpression on
MDA-MB-231 cell proliferation in vitro, that would allow for cell line propagation and

controlled induction of biglycan expression.

The human biglycan sequence found in dormant cancer cells was cloned into the
doxycycline-inducible pTREAutoR3 lentiviral vector (pTREA_BGN) [296]. The BGN
sequence was inserted downstream of multiple Tet-ON regions and a minimal CMV
promotor. A neomycin resistance gene, downstream of a constitutively active
phosphoglycerate kinase (PGK) promoter, was designed, synthesised and also inserted
into the vector to allow for selection. MDA-MB-231 cells were transduced with
PTREA_BGN and the GFP-expressing vehicle, pTREAutoR3 (pTREA). A 40-fold

concentration of viral vectors was employed. Preliminary experiments validating this
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model did not show any growth-inhibitory effects at 1-fold concentration of viral vectors

(data not shown).

MDA-MB-231 cells, transduced with pTREAutoR3 and pTREA_BGN, were cultured in
vitro in the presence or absence of doxycycline, for 48h (Figure 4.10). In cells transduced
with pTREAutoR3, a small but significant reduction in cell count was observed following
the addition of doxycycline. However, in cells transduced with pTREA_BGN, addition of
doxycycline was associated with a very large reduction in cell count over the same time
period. At very high biglycan expression, biglycan therefore appears to inhibit cellular

proliferation.
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Figure 4.10. Doxycycline-induced biglycan over-expression induces growth
inhibition of MDA-MB-231 cells in vitro. MDA-MB-231 cells were stably
transduced with doxycycline-inducible green fluorescent protein (GFP)- and
biglycan (BGN)-expressing vectors, pTREA and pTREA_BGN, respectively. Shown is
cell count after 48h of doxycycline exposure. Cells were transduced with lentiviral
vectors at 40X concentration. N=3. Data is representative of 3 independent
experiments.
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4.5 Determining the Anti-Proliferative Properties of Soluble Biglycan in MDA-MB-
231 Cells

Analysis of biglycan over-expressing 231 cells in vitro determined that biglycan is being
secreted into the media. Soluble biglycan was therefore explored further in vitro. MDA-
MB-231 cells were cultured on plastic substrate in the absence/presence of
recombinant human biglycan (rhBGN), as well as on rhBGN-coated plastic (Figure 4.11).
Coated hrBGN and soluble rhBGN both induced a significant decrease in proliferation of
MDA-MB-231 cells over 72h. Thus, biglycan secreted from dormant MDA-MB-231 cells

may induce a dormant state in an autocrine fashion.
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Figure 4.11. Recombinant human biglycan induces growth arrest of MDA-MB-
231 cells in vitro. MDA-MB-231 cells were cultured on plastic substrate, rhBGN-
coated plastic, and plastic substrate with 5ug per ml soluble rhBGN. Cells were
cultured for 72h prior to counting. Culture medium constituted of high glucose
DMEM/F12 with 10% FBS. N=3. Data representative of two independent
experiments. Statistical analysis performed was an ordinary one-way ANOVA with
multiple comparisons test.
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4.6 Analysis of Biglycan Expression in Human Primary Breast Cancer and Brain

Metastases

| have shown in Chapter 3 that biglycan expression is minimal in proliferating MDA-MB-
231 cells in vivo, with a very low biglycan read count detected. The expression status of
biglycan in human breast cancer metastases was therefore investigated, to provide
indications whether they would potentially be amenable to biglycan-induced growth
inhibition. Initially, biglycan expression within primary tumours was compared to that
of patient-matched brain metastases, using publicly available mRNAseq data (Figure
4.12A). In all but 2 out of 22 patients analysed, biglycan expression was found to be
significantly reduced in brain metastases. In confirmation of these findings, a meta-
analysis was performed on publicly available microarray datasets, comparing biglycan
expression in primary breast tumours compared to lung, brain, liver and bone
metastases (Figure 4.12B). Biglycan expression was significantly higher in primary
tumours compared to lung and brain metastases. There was not a statistically significant
reduction in biglycan expression in liver and bone metastases, however this may be
attributed to small sample size and there was a tendency towards reduced expression.
This is in itself not evidence of dormancy. Further experimental data in a controlled
model would be required to compare cancer cell growth rates in primary vs metastatic
breast cancer. However, this data suggests that a reduction in biglycan expression may
be required in order for metastatic outgrowth to occur within the brain. As such, breast
cancer cells within the brain may be amenable to biglycan-induced growth inhibition. It
is also important to recognise that biglycan over-expression in vitro cannot be compared
to this data. A crucial future study would therefore be to inject or implant biglycan-

overexpressing cancer cells into mice brains and perform functional validations.

To determine the expression of BGN in brain metastases, total protein was isolated from
two different HER2+ER+PR+ patient-derived brain tumour xenografts (PDTXs) named
breast cancer brain metastasis (BCBM) 2 and BCBM®6. Analysis of BGN expression within
PDTXs may provide some evidence that breast cancer cells in the brain are amenable to
BGN-induced growth inhibition, if expression of biglycan is either low or absent

compared to biglycan-overexpressing cancer cells in vitro. In MDA-MB-231 cells stably
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transduced with pFUW_hBGN (see Chapter 4.3), for constitutive biglycan expression,
high levels of biglycan were detected within 10ug of total protein lysate (Figure 4.13).
In comparison, only BCBM2 demonstrated some biglycan expression in 30ug but not
10ug total protein (Figure 4.13). However, this was at much lower levels than that of the
biglycan-expressing 231 cell line. BCBM6 demonstrated no biglycan expression, akin to
that of the naive mouse brain and non-transduced MDA-MB-231 cells (Figure 4.13). a-
tubulin loading controls varied between each sample, however this was more likely due
to variations in tumour-to-stromal cells ratio, and between the MDA-MB-231 cell line
and mouse brain, than loading errors. Human BCBrMs could therefore be amenable to

growth inhibition by biglycan, given their innately low expression of the protein.
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Figure 4.12. Meta-analysis of biglycan expression in breast cancer metastases
compared to primary tumours. A) Analysis of biglycan expression in brain
metastases compared to patient-matched primary breast tumours using publicly
available mRNAseq data [247]. Metastasis = Met. N = 22. BGN expression was
normalised to that of a suitable housekeeping gene, POLR2A. Performed was a
paired two-tailed t test. B) Analysis of biglycan expression using publicly available
microarray datasets of primary tumours compared to lung, brain, liver and bone
metastases. Data accession numbers for each dataset were GSE2034, GSE5327,
GSE12276, GSE14017, GSE14018, GSE43837 [249, 250, 251, 252, 253, 254].
Datasets were normalised independently and biglycan expression was normalised
to a suitable housekeeping gene, POLR2A, prior to calculation of z scores.
Performed was an ordinary one-way ANOVA with Tukey’s multiple comparisons
test. N = 548 (primary tumour), 19 (lung metastases), 31 (brain metastases), 5
(liver metastases), 10 (bone metastases).
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Biglycan was then explored in the context of distant metastasis-free survival (DMFS)
and relapse-free survival (RFS). To accomplish this, publicly available mRNA gene chip
data for primary breast cancer and associated cancer survival statistics were analysed
by Kaplan Meier plotter [255]. For basal and HER2+ breast cancers, high biglycan
expression was correlated with a reduction in RFS (Figure 4.14). There was a further
tendency for luminal B breast cancers to display a reduced RFS, at just outside the
range of statistical significance (logrank p = 0.063, hazard ratio = 1.2). For luminal A
breast cancers, however, high biglycan expression correlated with a significantly
increased RFS. Interestingly, where biglycan expression was high within the primary
breast tumour, DMFS was significantly reduced for luminal A, luminal B and HER2+
phenotypes (Figure 4.15). The effect was especially pronounced for HER2+ subtype.
This trend was also observed for basal breast cancers, but did not reach statistical

significance (logrank p = 0.054, hazard ratio = 1.74).

This data suggests a dual role of biglycan in cancer progression. Relatively high
biglycan expression within the primary tumour may account for an increased
likelihood of metastasis, whereas in the context of disseminated tissues, biglycan may
possess anti-proliferative properties. It is unclear from current analyses of publicly
available data whether biglycan is being synthesised by primary and metastatic
breast cancer cells, or from the surrounding stroma. However, detection of biglycan
in only one PDTX model, and not within naive mouse brains. The antibody used in
detection of biglycan recognises both human and mouse epitopes, therefore this

indicated that biglycan in brain metastases is cancer-cell derived.
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Figure 4.13. Analysis of biglycan expression in patient-derived brain tumour
xenografts. Lysates prepared from the PDTX models of brain tumour xenografts,
BCBM2 and BCBM6, were blotted for the expression of human biglycan. Total
protein loaded was 10 and 30ug per sample. BCBM samples were analysed in
technical duplicates. Biglycan expression was compared to that of naive MDA-MB-
231 and constitutively biglycan-expressing MDA-MB-231 (231/BGN) cells, at 10ug

total protein.
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Figure 4.14. Correlation of biglycan expression in primary breast tumours and
relapse-free survival, by subtype. Breast cancer relapse-free survival data was
compared against publicly available mRNA gene chip data from Gene Expression
Omnibus (GEO), European Genome-Phenome Archive (EGA) and The Cancer
Genome Atlas (TCGA) databases. Kaplan Meier (KM) plotter was used to produce
KM survival plots. BGN gene was identified by Affymetrix ID 201261_x_at. Patients
were split according to median survival. Shown is data for primary breast cancers
according to intrinsic subtype. HR = hazard ratio.
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Figure 4.15. Correlation of biglycan expression in primary breast tumours and
distant metastasis-free survival, by subtype. Breast cancer distant metastasis-
free survival data was compared against publicly available mRNA gene chip data
from Gene Expression Omnibus (GEO), European Genome-Phenome Archive
(EGA) and The Cancer Genome Atlas (TCGA) databases. Kaplan Meier (KM) plotter
was used to produce KM survival plots. BGN gene was identified by Affymetrix ID
201261 x_at. Patients were split according to median survival. Shown is data for
primary breast cancers according to intrinsic subtype. HR = hazard ratio.
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4.7 Analysis of Biglycan Protein Interaction Network

To gain further insight into the potential roles of biglycan in the context of cancer and
dormancy, a protein interaction network of human biglycan was constructed using
STRING software [245]. KEGG enrichment analysis of the resulting network identified
the Toll-like receptor (TLR), NF-kB, MAPK and PI3K-Akt signalling pathways, in addition
to ECM receptor interactions, as enriched interacting pathways (Figure 4.16).
Considering that biglycan is secreted, this may suggest that the induction of growth
arrest by biglycan over-expression may occur in an autocrine fashion via the activation

and/or inhibition of intrinsic pathways.
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Figure 4.16. Human biglycan protein interaction network. The protein network of
human biglycan was determined by STRING software [245]. Number of nodes = 41.
Number of edges = 276. Minimum required confidence score = 0.400. FDR < 0.05 for
all KEGG pathways. The colour of nodes is as follows: Toll-like receptor signalling
pathway (red); NF-kB signalling pathway (dark blue); MAPK signalling pathway
(green), ECM-receptor interaction (purple); PI3K-Akt signalling pathway (yellow).
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4.8 Discussion

In this chapter, biglycan was investigated as a potential mediator and/or marker of
cellular dormancy in breast cancer. The results suggested a dual role for this small
leucine-rich proteoglycan (SLRP). Analysis of publicly available gene expression data
revealed that high biglycan expression in primary breast tumours is associated with
reduced metastasis-free survival, relapse-free survival and post-progression survival.
However, biglycan is significantly downregulated in metastases, including BrM, as
compared to the primary breast tumours. To support this, overexpression of biglycan in,
and addition of recombinant biglycan to, MDA-MB-231 cells in vitro in my study
demonstrated anti-proliferative properties. Given that the mRNA sequence of biglycan
in dormant breast cancer cells in vivo only differs from the known sequence for human
biglycan by two silent point mutations, the protein sequence of dormant cell biglycan
must be identical to that of endogenous biglycan. Therefore, alternative mechanisms
must exist which determine the functional role(s) of biglycan at sites of dissemination,
compared to that of primary tumours, either through its expression levels, post-

translational modifications, or interactions with the organ-specific microenvironment.

4.8.1 Localisation of Dormant Breast Cancer Cells to Brain Parenchymal

Vascular Endothelium

Knowledge of the localisation of dormant cells may enable further understanding as to
how dormancy is induced and maintained. The difficulty in detecting dormant cells to
observe their localisation lies in their scarcity within the brain in my model, with as few
as 14 to 15 cells per mouse brain. In my model, a solitary cancer cell, positive for biglycan
expression, was observed to be localised adjacent to the vascular endothelium in brain
parenchyma. A second detected event identified biglycan secretion from a solitary cell,
or a small cluster of cancer cell or cells. Despite no counter-staining for endothelial cells
in the second event, morphologically the cell or cells appeared to be wrapped around a
secondary structure. A number of published experiments indicates that such a structure
could be that of vascular endothelium and should be investigated in future studies. As a

secreted protein, as shown when biglycan was over-expressed in MDA-MB-231 cells in
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vitro, biglycan has previously been observed in the pericellular matrix (PCM)
surrounding endothelial tubes [297]. Lining the structure of which the cancer cell was
wrapped in my study was a ring-like dense deposition of biglycan. It would be worth
exploring whether this is as a result of binding to the PCM. It was important to recognise
that with so few events, what | have observed may be a chance finding, and the search
for more cells should be continued. If these observaions are legitimate, vascular
localisation of biglycan-positive cancer cells would suggest that dormancy could be
induced within the early stages of brain/secondary organ dissemination. Dormancy
models have also shown that stable microvasculature is supportive of dormancy
induction, whereas sprouting neovascular tips are supportive of micrometastatic
outgrowth [133]. More information is therefore required as to the location of biglycan-

expressing cancer cells.

4.8.2 Regulation of Biglycan Expression in Dormancy

In highly metastatic melanomas, tumour endothelial cells with high biglycan expression
present with low methylation at the biglycan promotor [297]. Biglycan expression was
increased when cells were treated with the demethylating agent 5-aza-dC, indicating
that biglycan expression can be regulated by epigenetic modification [297]. In my study,
the TGF-B signalling pathway was predicted to be enriched in dormant cells. An early
study of biglycan expression suggested that a TGF-B-responsive element is present
within the biglycan promotor, upstream of the transcriptional start site and also
containing a number of binding sites for the specificity protein 1 (Sp1) transcription
factor [298]. A further study defined that TGF-B induces biglycan expression through the
Smad-activating role of ALK5 [299]. In addition to Sp1, v-ets erythroblastosis virus E26
oncogene homolog (ETS) family members and activator protein 1 (AP-1) transcription
factors have also been shown to differentially interact with the biglycan promotor [300].
ETS transcription factors, critical nuclear regulators of ubiquitous signalling cascades,
are targets of the MAPK signalling pathway [301]. This is significant as MAPK signalling
has previously been strongly associated dormancy induction [54]. Ultimately, the
mechanisms of biglycan overexpression in dormant cancer cells are unknown, however

the BGN promotor region presents with binding sites for transcription factors
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downstream of a number of pathways. Further study is required in order to understand

BGN regulation in dormancy, and to determine whether it is TGF-B-dependent.

4.8.3 A Dual Role of Biglycan?

Itis interesting that | found that high biglycan expression within primary breast tumours
correlated with a reduction in distant metastasis-free survival, relapse-free survival and
progression post-survival. The effect of this was dependent on receptor status, with
HER2+ breast cancers associated with the poorest clinical outcome. Conversely, analysis
of publicly available datasets identified that biglycan expression was reduced
significantly in breast cancer brain, liver, bone and lung metastases. The anti-
proliferative properties of biglycan demonstrated in my study in vitro support this
observation, using the metastatic MDA-MB-231 cell line. As such, there is clear
contrasting evidence of biglycan-associated mechanisms between primary and
metastatic breast cancers, and it will be critical to understand whether there is a dual

role of biglycan.

4.8.4 Biglycan Mechanisms of Action

As shown by STRING analysis, biglycan sits at the centre of a complex network of
molecular pathways. Perhaps one of the most significant, and enriched within my
dormant cell population in vivo, is TGF- signalling. In the development of breast cancer
metastases, active TGF-B1 has been identified as a tumour-promoting ligand at the
neovascular tips [133]. Extracellular biglycan, along with decorin and lumican, other
SLRPs which were upregulated in dormant cells in my model, can sequester TGF-3
ligands, limiting TGF-B bioavailability [302]. Further work should determine whether
biglycan was suppressing TGF-B-mediated metastatic outgrowth in vivo. For example, in
other models, mice lacking biglycan are observed to display increased TGF-B activity
[303], whilst | observed that biglycan expression in reduced in brain metastases
compared to primary breast cancers. However, the mechanism of biglycan action on
TGF-B activity, if any, may be contextually dependent. Importantly, biglycan

overexpression, and addition of recombinant biglycan to, MDA-MB-231 cells in vitro,
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demonstrated growth-inhibitory properties. Whilst MDA-MB-231 cells were cultured in
vitro for decades, potentially losing some of their original phenotype, they were derived
from a lung pleural effusion and were metastatic at the point of harvest [304]. One
should therefore be careful when making comparisons to data from primary breast
cancers. Furthermore, although it is unknown as to whether biglycan can induce
dormancy via inhibition of TGF-B signalling, there is evidence to suggest high and low
affinity binding sites for TGF-p sequestration by biglycan, with Ky values of 1 —20nM and
20 —200nM [302]. This may explain why MDA-MB-231 cell growth-arrest could only be
achieved in vitro using high concentrations of lentivirus, and far greater inhibition than
adding recombinant biglycan. It would be useful to compare the levels of biglycan in

supernatant from over-expressing cells, vs those with added recombinant biglycan.

In primary breast cancers, a significant source of TGF-B is from infiltrating macrophages,
which induces lysl oxidase (LOX)-mediated increase in stiffness, promoting proliferation
[106, 288]. In normal brain tissues, TGF-B levels are very low or not detectable at all
[305]. TGF-B signalling was enriched in dormant breast cancer cells in my model,
therefore it should be explored whether this is due to a source of TGF-B ligands from
neovascular tips, or independent sources. In my jn vitro studies, there were no
extracellular sources of TGF-B ligands other than those secreted by other MDA-MB-231
cells. In vitro, extracellular TGF-B was not required to sustain proliferation, whereas
growth inhibition was observed when biglycan was overexpressed, or added. It is not
clear from my study as to how biglycan is expressed, or what its mechanism of action is.
However, c-Myc transcription factor was repressed in its activity in dormant cells in my
in vivo model. In proliferating cells, TGF- signalling leads to c-Myc repression and a
cytostatic response, mediated by p21 [306]. This is in consistent with my KEGG analysis
that TGF-B signalling is activated in dormant cells. There is also evidence to suggest that
biglycan directly binds BMP-2 and its receptors, positively modulating its activity [307].
In breast cancer, activation of BMP-2 significantly inhibits the proliferation of MDA-MB-
231 cells, marked by a p21-mediated G1 arrest [308]. In my dormant cells in vivo, the
promotor of breast cancer proliferation, ID1 gene, was significantly downregulated
downstream of BMP signalling, therefore it would be useful to explore biglycan-induced

growth arrest in the context of the wider TGF-B superfamily. In addition to TGF-B,
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biglycan may also act as an autocrine ligand for both TLR2 and TLR4, leading to rapid
downstream activation of p38, ERK and NF-kB signalling pathways [309]. It has been
shown that TLR4 knockdown in MDA-MB-231 cells inhibits growth and proliferation
[310]. As well as being in contradiction of the data presented in my study, p38 is
associated with the dormancy phenomenon, and not with metastatic progression [196,
197]. In terms of NF-kB, some studies have indicated that whether NF-kB promotes
guiescence or proliferation is context-dependent. Constitutive activation of inhibitor of
nuclear factor kappa-B (IKKB) in ER+ breast cancer inhibits E2-induced proliferation in
vitro and suppresses tumour growth in vivo [311]. Importantly, growth inhibition was
reversible and therefore a hallmark of a dormant phenotype [311]. It was finally noted
that in co-operation with ER, NF-kB was also capable of promoting invasion and
migration in vitro, whilst being a potent promotor of metastasis in vivo [311]. Overall,
this suggests that biglycan could be a promotor of metastasis within the primary tumour

via NF-kB activation, while it may induce dormancy in the context of brain metastases.

4.8.5 Summary

| have demonstrated that biglycan-expressing breast cancer cells within the brain
associate with vascular endothelial cells, however more events should be captured. This
should be carried out whilst exploring the potential role of the perivascular niche in
dormancy induction. Interestingly, biglycan expression within primary tumours was
positively correlated with a reduction in relapse-free- and distant metastasis-free
survival. In breast cancer metastases, by analysis of publicly available datasets, biglycan
was reduced in all analysed secondary sites compared to that of primary tumours. This
was corroborated in my in vitro studies in which biglycan overexpression and addition
of recombinant biglycan to MDA-MB-231 cells demonstrated growth inhibitory
properties. Biglycan may represent a novel and exploitable target for the treatment of
breast cancer brain metastases, however significant work is required to deduce its
mechanism of expression in dormant cancer cells, and how biglycan induces growth

arrest.
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Chapter 5

Characterisation of Aerobic Glycolysis in the Induction and/or

Maintenance of Cellular Dormancy

5.1 Introduction

Transcriptomic data analysis of dormant and proliferating MDA-MB-231 cells in vivo
identified an enrichment of GO terms pertaining to cellular metabolism. Of particular
interest was aerobic glycolysis. Dormant cells which are reversibly arrested often display
a lowered metabolic state [312]. However, there is little evidence to suggest that a
lowered metabolic state may actually be a driver of dormancy, rather than its

consequence.

Aerobic glycolysis, otherwise referred to as the “Warburg effect”, is characterised by
high glucose uptake and high rates of inefficient glycolysis, preferred over oxidative
phosphorylation as a result of metabolic reprogramming, even at normal oxygen
concentrations [313]. As the main fuel source for energy metabolism in the brain, D-
glucose is distributed throughout the organ using brain vasculature [314]. D-glucose
then enters the brain rapidly across the blood-brain-barrier, mediated by facilitated
diffusion [314]. In chapter 4, a biglycan-positive cancer cell, and therefore predicted to
be dormant, was identified to be localised adjacent to the brain microvasculature. As
such, dormant cells are likely to receive a plentiful supply of glucose and its supply is
unlikely to be a rate limiting factor. Differential gene expression analysis identified a
significant downregulation in many enzymes involved in aerobic glycolysis in dormant
cells in vivo. | also predicted that this may be the result of a repression of the
transcription factors c-Myc and HIF-1A. It may be that transcriptional downregulation of
aerobic glycolysis is a driver of dormancy, as opposed to being an effect of low energy

requirements in growth-arrested cells.
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5.1.1 Hypothesis

The hypothesis for this chapter is that a downregulation of aerobic glycolysis at the gene
expression level can induce long-term and reversible growth arrest in breast cancer cells
in vitro. Secondly, | hypothesised that such growth-arrested breast cancer cells in vitro

display a comparable phenotype to dormant cancer cells isolated in vivo.

5.1.2 Aims and Objectives

This chapter aims to explore the effects of inhibited aerobic glycolysis on breast
adenocarcinoma cells in vitro, compared to the mRNAseq profiling data of dormant and
proliferating breast cancer cells in vivo, as explored in Chapter 3. To achieve this, this

chapter aims to:

1) Identify whether long-term and reversible growth arrest of breast cancer cells

in vitro can be induced by inhibiting aerobic glycolysis

This will be achieved by determining which genes are downregulated in dormant breast
cancer cells in vivo, which will aid selection of an appropriate aerobic glycolysis inhibitor.
The inhibitor will be titrated against breast cancer cells in vitro, to determine whether
there is an optimal concentration at which survivable growth-arrest is achieved, and

whether this effect is reversible, as in dormancy.

2) On successful completion of aim (1), determine functional effects of inhibiting
aerobic glycolysis in vitro and compare to the in vivo model employed in

Chapter 3

To achieve this, a number of functional in vitro assays, notably for gene expression, cell
cycle phase analysis, protein localisation and protein phosphorylation, will be employed.
Suitable candidates will be determined based on previously identified in vivo data
regarding dormant cancer cells in the brain. These experiments will represent
preliminary data on the effects of inhibited aerobic glycolysis, to inform the construction
of suitable in vivo models in future studies in the exploration of novel therapeutic

targets.
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5.2 Inhibition of Aerobic Glycolysis Induces Reversible Cancer Cell Growth Arrest

In Vitro, Mimicking Cancer Cell Dormancy

Genes contributing to the GO term “Enrichment in aerobic glycolysis” that were
differentially regulated between dormant and proliferating cancer cells in vivo (gene
expression data derived from processing streams | and Il) were overlaid with a published

schematic of the glycolysis pathway (Figure 5.1) [213].

All differentially expressed genes associated with the glycolysis pathway were
downregulated in dormant cells, with fold changes ranging from -1.659 to -2.092, and
encoded for the enzymes involved in the pathway downstream of the fructose 1, 6-
bisphosphate (Fru-1,6-dip) intermediate. As it was unclear which of the enzymes may
contribute to a dormant phenotype, | chose to inhibit aerobic glycolysis upstream of all
differentially expressed genes. The glucose analogue, 2-deoxy-D-glucose (2DG), is
metabolised to 2DG-6-phosphate (2DG-6P) by hexokinase (HK), and competitively
inhibits glucose transporters (GLUTs) [316]. The 2DG-6P intermediate cannot be
metabolised further and it non-competitively inhibits HK and competitively inhibits
glucose-6-isomerase (PGI) [316]. The use of 2DG has previously been explored as a
cancer therapeutic, given its ability to preferentially be captured by tumours and induce
cell cycle arrest and apoptosis [317]. | therefore sought to determine whether the
inhibition of aerobic glycolysis using 2DG can induce growth arrest in breast cancer cells

in vitro whilst maintaining cell viability.

MDA-MB-231 cells were cultured under high glucose conditions, mimicking the high
glucose availability within the brain [314]. 2DG was added to the growth medium at O,
5, 10, 20 and 50mM concentrations. Cell counts were determined every 3 days,
guantifying the number of viable and non-viable adherent and floating cells. As shown
in Figures 5.2A, B, C and D, cell counts at 5mM 2DG were significantly lower than
untreated cells (p < 0.001 at days 3, 6 and 9 post-2DG addition), however the cells

retained some capacity to proliferate.
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Figure 5.1. Core enzymes in the glycolysis pathway are downregulated in
dormant cells in vivo. Simplified schematic of the conversion of glucose to lactate
in glycolysis. Enzymes shown in red were downregulated in dormant cells in vivo,
as determined by differential gene expression analysis. All enzymes were observed
to be downregulated in both processing streams | and Il. Hekokinase-1 (HK-1);
glucose-6-phosphatase  (G6Pase); glucose-6-phosphate (Glu-6P); protein
phosphatase 1 (PP1); fructose-6-phosphate (Fru-6P); fructose-1,6-diphosphate
(Fru-1,6-dip);  aldolase = (ALDOA);  glyceraldehyde-3-phosphate  (G3P);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH); 2,3-diphosphoglycerate
(2,3DPG); phosphoglycerate kinase 1 (PGK1); 3-phosphoglyceric acid (3PG);
phosphoglycerate mutase 1 (PGAM1); 2-phosphoglyceric acid (2PG), enolase 1
(ENO1); phosphoenolpyruvate carboxylase (PEP); pyruvate (Pyr). Fold change = FC.
Adapted from [213].
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At 10mM 2DG, cell counts were also significantly lower than that of untreated cells
and presented with complete growth arrest whilst retaining viability (p < 0.001 at
days 3, 6 and 9 post-2DG addition) (Figures 5.2A, B C and D). At concentrations
greater than 10mM 2DG, there was an inversely proportional concentration-
dependent decrease in cell count (p < 0.001 at days 3, 6 and 9 post-2DG addition)
(Figures 5.2A, B C and D). Interestingly, and pertinent to the dormancy phenomenon,
growth arrest was reversible, as cellular proliferation resumed upon withdrawal of
2DG at all concentrations (Figures 5.2A, E and F). This suggested that inhibition of
glycolysis, at a specific level, may be sufficient to induce reversible growth arrest in

MDA-MB-231 cells in vivo.

Furthermore, as shown in Figures 5.3A, B, C, 5mM 2DG displayed a similar number of
floating cells to that of untreated cells. At 10mM 2DG, at which cell growth was
reversibly inhibited, | observed a small increase in the number of detached viable cells,
however this was statistically insignificant (Figures 5.3A, B, C). At increasing
concentrations of 2DG over 10mM, in which | observed concentration-dependent cell
death, there was an increase in the numbers of detached non-viable cells (Figures 5.3A,
B, C). Although there was no significant detachment of cells at 10mM 2DG or lower,
withdrawal of 2DG, marked by recovery in cell count (Figure 5.2), was concurrent with
a reduction in the proportion of detached viable and non-viable cells (Figures 5.3D and
E). This demonstrates that inhibition of aerobic glycolysis, whilst also inducing growth
arrest, may also be reversibly inhibiting the ability of cancer cells to adhere to the
extracellular matrix. However, this cannot be concluded without further investigation,
as the composition of the brain and the brain’s ECM is vastly more complex than the

plastic used to culture cells in vitro.

To observe MDA-MB-231 cells under 2DG-induced growth inhibition, 10mM 2DG was
added to the cells at 24 hours post-seeding and incubated for 48 hours. As expected,
cell growth was inhibited upon addition of 2DG, whilst cells retained normal size and

morphology, comparable to that of untreated cells (Figure 5.4).
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Figure 5.2. Inhibition of aerobic glycolysis with the glycolysis inhibitor, 2DG,
induces reversible growth arrest in MDA-MB-231 cells in vitro (I). MDA-MB-231
cells were cultured in vitro with the glycolysis inhibitor, 2DG. The amount of 2DG
required to induce growth arrest was determined by titration, using 0 (negative
control), 5, 10, 20 and 50mM 2DG. After 9 days, 2DG was withdrawn and cells were
cultured for a further 6 days. A) Live cell count of both adherent and detached cells
at each time point shown. Withdrawal of 2DG is shown by the indicated dotted
line. B-F) Quantitative comparison of the total number of live cells (adherent +
floating) between each concentration of 2DG, at the time point shown. N=3.

Shown is mean count +/- SEM. One representative experiment out of two is
shown.
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Figure 5.3. Inhibition of aerobic glycolysis with the glycolysis inhibitor, 2DG,
induces reversible growth arrest of MDA-MB-231 cells in vitro (lIl). MDA-MB-231
cells were cultured in vitro with the glycolysis inhibitor, 2DG. The amount of 2DG
required to induce detachment from plastic substrate was determined by
titration, using 0 (negative control), 5, 10, 20 and 50mM 2DG. At day 3 (A), day 6
(B) and day (9), the number of floating cells, taken as a percentage of all cells at
that time point, is shown. At day 9, 2DG was withdrawn and the percentage of
floating cells was recorded at day 12 (D) and day 15 (E). Also shown is the ration
of viable and non-viable floating cells. N=3. Shown is the mean count +/- SEM. One
representative experiment out of two is shown.
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MDA-MB-231

Figure 5.4. Inhibition of aerobic glycolysis with 10mM 2DG inhibits growth of
breast adenocarcinoma cells whilst retaining normal cell size and morphology.
MDA-MB-231 cells were cultured in the presence or absence (negative control) of
10mM 2DG. Representative images were obtained at Oh and 48h post-addition of
2DG using brightfield microscopy. Scale bar = 1mm. One representative
experiment out of three is shown.
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Next, MDA-MB-231 cells were labelled with Vybrant™ Dil lipophilic membrane dye and
cultured in the presence or absence of 10mM 2DG (Figure 5.5). In untreated cells, the
membrane dye was lost through proliferation within 10 days. This result is in line with
the data reported in Chapter 3, showing that CV dye is lost rapidly through proliferation
in vitro. When Dil-labelled cells were incubated with 2DG, over the same 10-day time
period, cells established themselves as a viable monolayer, retaining normal
morphological characteristics. Notably, the membrane dye was retained after 10 days
under growth-arrested conditions. Whilst this shows that Dil can be used to track
proliferation in vitro, there was a slight loss of intensity at day 10. This may be due to
dye diffusion into the growth medium. Overall, this demonstrates long-term
survivability of breast cancer cells that have been growth-arrested through inhibition of
aerobic glycolysis. This infers that MDA-MB-231 cells are able to maintain, at least to
some extent, physiological functions pertinent to cellular survival, whilst undergoing a
reduced metabolic state. However, this may only be the case in vitro and there may be
many other factors which influence cancer cell fate in vivo. Future study should aim to
assess cancer cell growth and proliferation in the brain, whilst aerobic glycolysis is

inhibited.

Cancer cells are known to increase the expression of glycolysis enzymes, consistent with
increased rates of glycolysis [316]. This leads to an increase in extracellular acidity, which
is supportive of pro-metastatic signalling cascades and chemoresistance [318]. |
hypothesised that a reduction in extracellular acidity may therefore support the growth
arrest phenotype of dormant cells [319]. Here, MDA-MB-231 cells were cultured in vitro
in the presence and absence of 10mM 2DG, in medium containing phenol red pH
indicator (Figure 5.6). As expected, untreated cells displayed yellowing of the medium,
consistent with pH indicator-mediated colour change as a result of extracellular
acidification. Those treated with 10mM 2DG did not undergo the same colour change,
indicating a comparatively alkaline environment compared to untreated cells. This
demonstrates that 2DG limits the secretion of lactate and protons into the extracellular
space. No conclusions can be drawn as to whether this translates to any functional
effects on proliferation, however. In my in vivo model, cancer cells exist amongst local

brain populations which may also modulate extracellular pH. This experiment simply
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demonstrates a reduced metabolic output in cancer cells treated with 2DG in vitro.
Whether dormant cells can generate a relatively more alkaline microenvironment in vivo

is for further investigation.

2DG
added

Figure 5.5 — Tracking the growth-inhibitory effects of 2DG on MDA-MB-231 cells
by membrane staining. MDA-MB-231 cells were labelled with the lipophilic cell
membrane stain, Vybrant™ Dil. Labelled cells were cultured under high glucose
conditions, in the presence or absence (negative control) of 10mM 2DG. Images
were obtained via brightfield (BF) microscopy at the times indicated. Fluorescence
intensity of Dil membrane dye, obtained by epifluorescence microscopy, was
obtained in parallel. Images are representative of three independent experiments.
Scale bar = 120um.
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10mM 2DG

MDA-MB-231
48h

Figure 5.6. Inhibition of aerobic glycolysis in MDA-MB-231 cells prevents
acidification of growth medium in vitro. MDA-MB-231 cells were cultured in the
presence or absence (negative control) of 10mM 2DG, for 48h. The number of cells
plated per well, of a 6-well culture plate, was 1x10° at the time of seeding. Growth
medium contained phenol red, which changes from red, to orange, to yellow, in
response to increasing acidity. Shown are representative images of growth
medium, 48h post-addition of 2DG. Shown are technical triplicates, denoted by 1,
2, 3. One representative experiment out of three is shown.

5.3 2DG-Induced Growth Inhibition does not Influence Glycolysis Enzymes or

Biglycan Expression In Vitro

Transcriptomic data analysis of MDA-MB-231 cells in vivo identified a number of
downregulated genes pertaining to aerobic glycolysis. | therefore determined whether
the addition of 2DG to MDA-MB-231 cells in vitro also induces similar downregulation in
gene expression. MDA-MB-231 cells were incubated with 10mM 2DG and the gene
expression of PGK1 and GAPDH was determined at 48h. Both genes were observed to
be downregulated in dormant cells in vivo at the gene expression level. Despite a

tendency towards downregulation in 2DG-treated cells, there was no significant change
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in expression of PGK1 nor GAPDH (Table 5.1) in cells treated with 2DG, compared to
those cultured in the absence of 2DG. This result is expected and confirms that the
mechanism of action of 2DG is through a restriction of available glucose and does not
induce a downregulation of glycolysis genes. Thus, mechanisms of glycolysis

downregulation in vivo and in my in vitro model using 2DG may be different.

PGK1 GAPDH
10mM 2DG 0mM 2DG 10mM 2DG O0mM 2DG
Fold change 1 1.25 1 1
(SE) (0.35) (0.41) (0.33) (0.41)
Significant No No

difference?

Table 5.1. Inhibition of aerobic glycolysis using the glycolysis inhibitor, 2DG, does
not inhibit the expression of core glycolysis genes. MDA-MB-231 were cultured in
the presence or absence (O0mM/negative control) of 10mM 2DG. Cells were
harvested after 48h. Shown is gPCR analysis of PGK1 and GAPDH expression,
relative to a housekeeping gene, POLR2A. N=3. Shown is mean fold change in
expression +/- SEM. Statistical test performed was an unpaired two-tailed t test.
One representative experiment out of three is shown.

Furthermore, | then sought to determine whether BGN expression could be influenced
through the inhibition of aerobic glycolysis. BGN expression was determined at 0, 24 and
48h post-addition of 10 mM 2DG (Table 5.2). There was no significant difference in BGN
expression in 2DG-treated cells, as compared to untreated cells. This suggested that
biglycan may be upstream of aerobic glycolysis, that it inhibits growth of MDA-MB-231
cells in a glycolysis independent manner, or that it isn’t involved. Like the other in vitro
experiments presented in chapter 5, no conclusions regarding BGN expression can be

made, given that there may be many factors in vivo which influence its expression.
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BGN
OomM 10mM OomM 10mM OmM 10mM
2DG 2DG 2DG 2DG 2DG 2DG
(Oh) (Oh) (24h) (24h) (48h) (48h)
Fold 0.71 1.16 0.74 0.45 2.97 2.40
change (0.29) (0.12) (0.16) (0.64) (0.68) (0.75)
(SE)
Significant No No No
difference?

Table 5.2. Inhibition of aerobic glycolysis does not affect the expression of
biglycan in vitro. MDA-MB-231 cells were cultured in vitro in the presence or
absence (OmM/negative control) of 10mM 2DG for 0, 24 and 48h. Cells were
harvested at the indicated time points and analysed by qPCR for the expression of
BGN. BGN expression was normalised to that of a housekeeping gene, POLR2A.
N=3. Statistical analysis performed was a one-way ANOVA with multiple
comparisons test. One representative experiment out of three is shown.

5.4 Inhibition of Aerobic Glycolysis Induces Reversible G2/M Phase Cell Cycle

Arrest

The defining phenotype of dormant cancer cells is their ability to undergo a reversible
cell cycle arrest at disseminated sites [320]. Therefore, | investigated the effects of 2DG-
induced inhibition of aerobic glycolysis on the cell cycle at 9 days post-2DG (10 mM)
addition, and at 5 days following 2DG withdrawal from these cultures. Live cells were
gated according to forward scatter and side scatter (Figure 5.7A). Within the live cell
gate, the proportion of cells in GO/G1, S and G2/M phases were determined according
to relative BrdU and Pl intensity (Figure 5.7B). Inhibition of aerobic glycolysis with 2DG
induced a significant reduction in percentage of cells within S phase, with a significantly
increased proportion of cells in G2/M phase. 2DG treatment did not alter the proportion
of cells in GO/G1 phase (Figures 5.7B, C). Following withdrawal of 2DG, this effect was
reversed, with the 2DG-treatment group displaying cell cycle phase phenotype

comparable to that of the control group (Figures 5.7B, C).
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Figure 5.7. Inhibition of aerobic glycolysis induces reversible G2/M phase arrest
in MDA-MB-231 cells in vitro. MDA-MB-231 cells were cultured for 9 days in the
presence or absence (negative control) of 10mM 2DG, under high glucose
conditions. After 9 days, 2DG was withdrawn and cells were cultured for a further
5 days (5 DW). A) Live cells were gated by forward scatter (FSC) and side scatter
(SSC). B) Bromodeoxyuridine (BrdU) and propidium iodide (PI) were used to gate
cells according to cell cycle phase: GO/G1 (green gate), S (orange gate), G2/M
(purple gate). Also shown are appropriate controls, as named. C) Quantification of
the proportion of live cells within each cell cycle phase. N=3. Error bars represent
+/- SEM. Number of independent experiments = 3.
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5.5 Inhibition of Aerobic Glycolysis may Induce Dormancy in Disseminated

Breast Cancer Cells by Modulating YAP Activity

At the centre of the HIPPO signalling pathway, enriched in dormant cells in vivo, is the
core transcriptional activator, YAP [321]. Dephosphorylated YAP is available to undergo
nuclear shuttling, which activates transcription via interaction with a number of co-
factors, for example TEADs, SMADs and B-catenin [322, 323, 324]. In cancer, YAP plays

a role in tumorigenesis, metastasis and proliferation [321].

Inhibition of YAP transcriptional ability blocks cancer proliferation and perivascular
niche-mediated metastatic outgrowth [136]. It has previously been shown that an
inhibition of aerobic glycolysis in MDA-MB-231 cells in vitro decreases YAP
transcriptional activity and impairs colony forming ability [293]. This was proposed to
occur by blocking the ability of PFK1, an enzyme in the first step of glycolysis, to bind the
YAP co-factors, TEADs [293]. This study was however performed using 2DG at 50 and
100mM concentrations [293]. In my study, at concentrations above 10mM, it was
observed that 2DG in vitro induces cellular detachment and a concentration-dependent
reduction in cell viability. | therefore here investigated the effects of glycolysis inhibition
on YAP under conditions that sustain cell viability and enable reversible growth arrest,
hallmarks of dormancy. MDA-MB-231 cells were cultured for 48h in the presence of 0,
10 and 50mM 2DG. The proportions of cellular YAP and phosphorylated YAP (pYAP)
were determined by Western blot (Figure 5.8A). The analysed site of phosphorylation
on YAP was Ser127, a highly conserved residue which is phosphorylated by LATS1/2 and
its phosphorylation is strongly associated with cytoplasmic retention [324]. Both 10 and
50mM 2DG induced a reduction in YAP protein expression. Interestingly, however, the

levels of pYAP increased upon addition of 10mM, but not 50 mM 2DG (Figure 5.8B).

Taken together, this supports the theory that a particular level of glycolysis inhibition is
required for dormancy, which may be related to YAP phosphorylation levels. At a higher
concentration of 2DG, total YAP was reduced, yet without obvious changes in
phosphorylation. It is not clear if higher concentrations of 2DG induces a stronger
inhibition of glycolysis, or whether there are concentration-dependent side effects of
2DG, independent of glycolysis, that are responsible for cell death. Furthermore, given

that YAP residue Ser127 is phosphorylated exclusively by LATS1/2 [324], these results
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suggest that aerobic glycolysis is an activator of the HIPPO signalling pathway in vitro.
Further study would be required to observe whether these effects can be replicated in
vitro, as there may be alternative mechanisms which inhibit YAP phoshphorylation, even

when glycolysis is inhibited.
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Figure 5.8. Inhibition of aerobic glycolysis induces phosphorylation of the
transcriptional activator, YAP, in vitro. MDA-MB-231 cells were cultured in the
presence of 0 (negative control), 10 and 50mM 2DG for 48h, prior to isolation of
total protein. A) Cellular proportions of YAP and pYAP (Ser127) were determined
by Western blot. The loading control employed was beta-actin, as shown. B)
Cellular pYAP was normalised to YAP and relative abundance displayed for each
concentration of 2DG. Statistical analysis performed was a one way ANOVA with
multiple comparisons test. One representative experiment out of three is shown.
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Given the increase in phosphorylated YAP in 2DG growth arrested MDA-MB-231 cells, |
then sought to determine whether this is associated with a reduction in YAP localisation
with the nucleus. MDA-MB-231 cells were cultured in the presence or absence of 10mM
2DG. Plastic substrate was selected over glass. The choice of substrate in modelling YAP
localisation was critical. Previous reports observed that poly-L-lysine-coated glass
strongly inhibits focal adhesion (FA) assembly of adipose-derived mesenchymal stem
cells [325]. Where FAs could not form, cell area was significantly reduced, and YAP was
excluded from the nucleus [325]. In optimisation experiments of YAP
immunofluorescence staining in MDA-MB-231 cells, cells morphologically appeared
rounder when cultured on poly-L-lysine-coated glass (data not shown). In addition, there
was no discernible difference in YAP localisation between 2DG-treated and untreated
cells. Resultantly, plastic substrate was selected which provided anchor points for cell
spreading. At 48h post-addition of 2DG, cells were fixed and immunofluorescence
staining for YAP localisation was performed (Figure 5.9). In the absence of 2DG,
proliferating cells exhibited nuclear localisation of YAP. This is consistent with current
data that YAP increases in nuclear abundance in cancer, activating transcription of
proliferation-promoting factors [320]. In contrast, the addition of 10mM 2DG induced
marked cytoplasmic retention of YAP, rendering it unavailable to partake in pro-
metastatic nuclear transcriptional activity. Taken together, this suggests that breast
cancer cell dormancy in the brain could be mediated via glycolysis-dependent inhibition

of YAP nuclear translocation and should be investigated in future studies.
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DAPI

Figure 5.9. Inhibition of aerobic glycolysis induces cytoplasmic retention of the
transcriptional activator YAP. MDA-MB-231 cells were cultured in the presence or
absence (negative control) of 10mM 2DG for 48h, on plastic substrate in vitro.
Immunofluorescence staining of YAP was performed, with DAPI nuclear
counterstain. Images are representative of 3 independent experiments. Scale bar
=100 pum.
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In a recent study, it was shown that cancer cell spreading on blood capillaries at
disseminated sites is a critical step for metastatic colonisation [146]. Disseminated
cancer cells displace pericytes and spread on capillaries via L1 cell adhesion molecule
(L1CAM), which also activates YAP during the critical steps of metastatic outgrowth
through an engagement of B1 integrin [136]. In chapter 4, | have shown that biglycan-
expressing cancer cells, presumed to be dormant, localise to brain vasculature,
therefore L1CAM expression was of interest. MDA-MB-231 cells were cultured in the
presence or absence of 10mM 2DG in vitro and qPCR was performed at 0, 24 and 48h
(Table 5.3). No differential expression of L1CAM upon addition of 2DG could be detected
at any time point. These results suggest that LICAM expression is not affected
downstream of 2DG-induced cytoplasmic retention of YAP in vitro. Subsequent analysis
of transcriptomic profiling of dormant breast cancer cells isolated from the in vivo
model, from both data processing streams, did not identify differential expression of
L1CAM (data not shown). Therefore, the effects of LLCAM in the context of dormancy,
if any, may not be dependent on its level of mMRNA expression, and perhaps future work

would benefit from studies involving its localisation and expression.

L1CAM
OomM 10mM OomM 10mM OmM 10mM
2DG 2DG 2DG 2DG 2DG 2DG
(Oh) (Oh) (24h) (24h) (48h) (48h)
Fold 0.99 1.03 1.01 1.01 2.31 1.70
change (0.06) (0.08) (0.07) (0.10) (0.20) (0.17)
(SE)
Significant No No No
difference?

Table 5.3. Inhibition of aerobic glycolysis does not affect the expression of the
YAP activator LICAM. MDA-MB-231 cells were cultured in the presence or
absence (negative control) of 10mM 2DG for 0, 24 and 48h. Cells were harvest for
48h. Shown is qPCR analysis of L1ICAM expression, relative to a housekeeping gene,
POLR2A. N=3. Shown is mean fold change in expression +/- SEM. Statistical test
performed was an unpaired two-tailed t test. Number of experimental repeats = 3.
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It has previously been observed that YAP controls cellular biophysical properties through
the formation of focal adhesions, which stabilise anchorage of the actin cytoskeleton to
the cell membrane [325]. YAP is also involved in mediating cell interactions with the ECM
through mediating the expression of various integrins [325]. Integrins are
transmembrane receptors which consist of a and B subunits, which combine as
heterodimers [326]. Depletion of YAP not only induces alterations in expression patterns
of a number of integrins, but may also modulate protein modifications, affecting cell
stiffness, adhesion, migration and proliferation [325]. In dormant breast cancer cells in
vivo, processing stream |, there was a significant downregulation in ITGB4 at the gene
expression level (Figure 5.10A). Furthermore, there was a tendency towards the
downregulation of ITGA6 expression, but this was not statistically significant (N =3, p =
0.0632) (Figure 5.10B). Together, these genes encode subunits of the a6p4 integrin,
which serves as the laminin receptor, binding laminin-332 and laminin-511 ligands [326].
The laminin receptor is involved in adhesion to the basement membrane and is known
to be involved in the formation of micrometastases and cancer cell proliferation [327].
Upon addition of 10mM 2DG to MDA-MB-231 cells in vitro, there was a significant
downregulation in ITGB4 gene expression after 48h (Figure 5.10C). Similarly, ITGA6 gene

expression was also significantly downregulated (Figure 5.10D).

However, further study is required to address whether a downregulation of ITGB4 and
ITGA6 at the gene expression level is biologically meaningful. | have previously shown
that addition of 2DG to MDA-MB-231 cells at concentrations above 10mM induces
detachment of viable cells from plastic substrate. It would first be useful to explore
whether addition of 2DG induces a downregulation of laminin receptor subunit
expression at the protein level and whether this effect is downstream of YAP inhibition,
followed by in vitro functional studies of cellular adhesion. An important question to
then ask, if a downregulation of aerobic glycolysis does interfer with laminin receptor
adhesion, is whether this mechanism rapidly induces dormancy, following cancer cell
extravasation to the brain. This could be explored using the same in vivo model of

metastasis employed in this study, with the addition of 2DG treatment.
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Figure 5.10. Effect of inhibited aerobic glycolysis on the expression of laminin
receptor subunits. Expression of A) ITGB4, and, B) ITGAG6, in dormant (GFP+CV+)
and proliferating (GFP+) MDA-MB-231 cells isolated from the in vivo model. Fold
changes are representative of three independent experiments and calculated
downstream of size-factor normalisation by DESeqg2. Quantitative PCR analysis of
C) ITGB4, and, D) ITGAG6 expression in cultured MDA-MB-231 cells in the presence
or absence (negative control) of 10mM 2DG, for 48h. Gene expression was
normalised to that of a housekeeping gene, POLR2A +/- SEM. Statistical analysis
performed was a two-tailed t test. One representative experiment out of three is
shown. NS = not significant.
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5.6 Inhibition of Aerobic Glycolysis does not Inhibit nor Promote Canonical Wnt

Signalling in MDA-MB-231 Cells In Vitro

As a predicted enriched pathway in dormant MDA-MB-231 cells in vivo, Wnt signalling
was probed in the context of aerobic glycolysis. As with YAP immunofluorescence
staining, | probed B-catenin cellular localisation under identical conditions (Figure 5.11).
In the absence of 2DG, B-catenin was distributed throughout the cytoplasm. Given the
dotted staining pattern, B-catenin was likely localised to destruction complexes [328].
In the presence of 10mM 2DG, the B-catenin staining pattern was more diffuse
throughout the cytoplasm, with an abrogation of a dotted staining pattern. Some -
catenin potentially localized to the plasma membrane; however, this could not be
verified in the absence of a plasma membrane counterstain. Despite the result, it is not
appropriate to draw any conclusions from this data. It is possible that this in vitro model
of 2DG addition is not representative of what happens to tumour cells in the brain, when

glycolysis is inhibited.

To further investigate the potential activity of B-catenin, cells were harvested for RNA
isolation, at 0, 24 and 48h after addition of 2DG. NKD1 and AXIN2, two genes that are
exclusively expressed downstream of active Wnt signalling, were observed to be
upregulated in dormant cells in vivo. Therefore, | performed qPCR analysis to determine
their expression in vitro (Table 5.4). At the 24 and 48h time points, addition of 10mM
2DG did not alter expression of either gene. Therefore, one can conclude that aerobic
166lycolysis inhibition via the addition of 2DG does not influence the expression of NKD1
and AXIN2 in MDA-MB-231 cells, but only in an in vitro context. Further study is required
to determine whether their expression is altered when cancer cell glycolysis is inhibited

within the brain.
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oOmM 10mM
2DG 2DG

Figure 5.11. Inhibition of aerobic glycolysis does not induce nuclear localisation
of B-catenin in vitro. MDA-MB-231 cells were cultured in the presence or absence
(negative control) of 10mM 2DG for 48h, on plastic substrate in vitro.
Immunofluorescence staining of beta-catenin was performed, with DAPI nuclear
counterstain. Images are representative of 3 independent experiments. Scale bar
=100 pum.
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AXIN2
OomM 10mM OomM 10mM OomM 10mM
2DG 2DG 2DG 2DG 2DG 2DG
(Oh) (Oh) (24h) (24h) (48h) (48h)
Fold 0.99 1.19 1.28 1.13 2.24 2.23
change (0.09) (0.10) (0.11) (0.12) (0.21) (0.22)
(SE)
Significant No No No
difference?

Table 5.4. Inhibition of aerobic glycolysis does not affect the expression of the
Wnt obligate genes, AXIN2 and NKD1, in vitro. MDA-MB-231 cells were cultured
in the presence or absence (negative control) of 10mM 2DG for 0, 24 and 48h. Cells
were harvested at the indicated time points and were analysed by qPCR for the
expression of AXIN2 and NKD1. Expression of NKD1 could not be calculated due to
an absence of Ct value for all 2DG concentrations and time points. Shown is the
expression of AXIN2, normalised to a housekeeping gene, POLR2A. N=3. Statistical
analysis performed was a one-way ANOVA with multiple comparisons test. One
representative experiment out of three is shown.

5.7 Proposed Schematic of Dormancy Induction Facilitated by a Downregulation

of Aerobic Glycolysis

Based on a comparison of dormant cells in vivo and MDA-MB-231 cells in vitro
following addition of 10mM 2DG (Table 5.5) | devised a schematic of the proposed
pathway in which inhibited aerobic glycolysis induces growth arrest in MDA-MB-231
cells (Figure 5.12). Based on transcription factor analysis in Chapter 3, a
downregulation of glycolysis genes may be modulated via suppression of HIF-1 and
Myc, with an upregulation of p53. Suppression of aerobic glycolysis could then induce
the phosphorylation and cytoplasmic retention of YAP, which blocks its ability to
undergo nuclear shuttling and blocks proliferation-promoting transcription. One of
the effects of aerobic glycolysis inhibition is a mid-cycle arrest in G2/M phase. Further

work would be required to determine the involvement of YAP.
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Dormant cells In vivo

MDA-MB-231 cells In vitro
(after addition of 10mM
2DG)

Glycolysis genes

Significant downregulation
of ALDOA, GAPDH, PGK1,
PGAM1, ENO1 and LDHA at
the gene expression level

No change in gene
expression to PGK1 or
GAPDH

Biglycan gene

Significantly upregulated at

No change in gene

expression the gene expression level expression
YAP status No evidence Cytoplasmic localisation /
phosphorylated
L1CAM expression Significantly upregulated at No change in gene
the gene expression level expression

Whnt signalling pathway

Enriched

Cannot determine B-
catenin cellular localisation
No change to AXIN2
expression
NKD2 not expressed in
both dormant and
proliferating cell

populations
Cell size and morphology Cannot determine Normal size and
morphology
Extracellular pH Cannot determine Extracellular pH does not
reduce

Cell cycle

Predicted reduced G1
score, with increased
G2/M and S phase scores

G2/M cell cycle arrest

Integrin gene expression

ITGB4 significantly
downregulation
Decreased mean

expression of ITGA6 but
not significant

Significant downregulation
of ITGB4 and ITGA6

Table 5.5. A comparison of dormant cancer cells in vivo and MDA-MB-231 cells in
vitro (after addition of 10mM 2DG)

Furthermore, downregulation of ITGB4 and ITGA6 genes suggests that expression of

laminin receptor may be reduced. A follow-up investigation should determine

whether these observations are translatable in vivo, for example whether impairment

of adhesion of cancer cells to the basement membrane, via YAP phosphorylation, can

provide an additive effect in the inhibition of metastatic outgrowth. However, there
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is currently little agreement between the two model systems, and my findings in vitro
aren’t immediately translatable in vivo. Going forward, my observations in chapter 5
will need to be replicated using suitable in vivo models, and it should be determined

whether their may be a link to the overexpression of biglycan in dormant cells.

Micro-
environmental

factors Intrinsic factors

Suppressed aerobic glycolysis

1
(@)

G2 = M arrest
l laminin receptor
expression

??

Proliferation

Figure 5.12. Schematic of proposed dormancy mechanisms in breast cancer cells.
My in vitro studies identified that inhibition of aerobic glycolysis is associated with
phosphorylation and cytoplasmic retention of YAP. In turn, this leads to G2/M phase
arrest and reduced laminin receptor gene expression. Further study is required to
determine whether this is comparable to dormant breast cancer cells in vivo, and
whether reduced laminin receptor expression presents with any functional effects. In
addition, it will be important to determine the mechanisms of aerobic glycolysis
suppression, as this may reveal novel therapeutic targets.

Impaired adhesion to basement membrane?
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5.8 Discussion

In this chapter, aerobic glycolysis was investigated as a potential driver of breast cancer
cell dormancy. Inhibition of glycolysis using the glycolysis inhibitor, 2DG, induced growth
arrest of MDA-MB-231 cells in vitro. Titration studies revealed that inhibition of aerobic
glycolysis with 2DG induces growth arrest over the 9 days in which the drug was applied,
whilst maintaining cellular viability. In addition, analysis of dormant (GFP+CV+) cell
mRNAseq data, in Chapter 3, identified a reduction in G1 scores, with increases in S and
G2/M phase scores. Analysis of 2DG-arrested MDA-MB-231 cells identified an arrest in
the G2/M phase, corroborating the in vivo data. Pertinent to the dormancy
phenomenon, growth arrest was reversible, restoring normal cancer cell proliferation
upon withdrawal of 2DG. Interestingly, growth arrest was accompanied by increased
phosphorylation and cytoplasmic retention of YAP, with reduced expression of genes
controlling expression of laminin receptor subunits. As described in Chapter 3, YAP is
the core transcriptional regulator of the HIPPO signalling pathway, which was predicted
to be enriched in dormant cells in vivo. This suggests that aerobic glycolysis may be
involved in dormancy induction and maintenance, either through direct growth
inhibition, or its interaction with other intracellular pathways, such as the HIPPO
pathway. However, the data presented in this study is not directly translatable to what

is happening to dormant cells in vivo and should viewed openly.
5.8.1 Relevance of 2DG in the Treatment of Triple Negative Breast Cancer

The use of 2DG as a chemotherapeutic agent has been explored in combination with
docetaxel, in a phase | trial involving patients with solid tumours [329]. With the
determined clinically tolerable dose of 2DG being 63 mg/kg, patients given 63 — 88
mg/kg all present with reversible hyperglycaemia, 6% with gastrointestinal bleeding and
22% with reversible grade 3 QTc prolongation [329]. Whilst these are tolerable
symptoms, 66% of patients still present with progressive disease, 32% with stable
disease and 3% with a partial response [329]. Whilst 10mM 2DG induced reversible
growth arrest of triple negative MDA-MB-231 cells in vitro in my study, this may not be
translatable in clinic if the intention was to induce a state of dormancy in established
lesions. The average total blood volume for an adult male is 82.3 +/- 2.0 ml/kg [330].

Assuming the molecular weight of 2DG to be 164.16, and an average total blood volume
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of 82.3 ml/kg, then reaching 10mM 2DG would require a dose of approximately 135
mg/kg, assuming 100% bioavailability. This is well above the threshold of tolerable side-
effects. Therefore, it would be impractical to administer such doses without adverse side
effects. It may be easier to sustain dormancy indefinitely at tolerable doses of 2DG, given
that dormant cancer cells are already metabolically compromised. Triple negative and
HER2+ breast cancers are particularly reliant on glycolysis, whilst ER+ breast cancers
retain more functionality in oxidative phosphorylation [331]. As such, glycolysis
inhibitors may display variable functionality between subtypes. A better approach may

be to target downstream effectors of glycolysis.
5.8.2 Inhibited Glycolysis on Cell Survival, Growth Arrest and YAP

In vitro, | observed that MDA-MB-231 cells display a reduction in viability at 2DG
concentrations higher than 10mM. However, at 10mM 2DG, G2/M cell cycle arrest was
accompanied by sustained survival, for at least 9 days. Although unexplored in this
study, further work should analyse the mRNAseq data presented in Chapter 3 for
indicators of survival mechanisms, and whether those mechanisms are present upon
addition of 2DG in vitro. For example, it has previously been shown that AMP-activated
protein kinase (AMPK), an evolutionarily conserved energy sensor, is activated under
glucose-limiting conditions which maintains cellular survival [332]. The addition of 2DG
to MCF7 breast cancer cells induces short-term decreases in intracellular ATP, which has
shown to be recovered by AMPK and abrogates 2DG-induced cytotoxicity [333].
Addition of AMPK antagonists in combination with CREB pathway inhibitors, depletes
intracellular ATP and leads to enhanced cytotoxicity in cancer cells [332]. AMPK
inhibitors do not induce the same cytotoxicity in non-cancerous MCF-10A cells [333],
therefore if this, or a similar mechanism, exists in dormant MDA-MB-231 cells, then this

may allow for targeted dormant cell cytotoxicity, given prior to relapse.

| also reported a significant downregulation of ITGB4 in dormant cells, as identified by
mRNAseq. Administration of 10mM 2DG to MDA-MB-231 cells in vivo induced a
significant downregulation of both /TGB4 and ITGA6. This was accompanied by
phosphorylation and cytoplasmic retention of YAP, which is in line with a recent study
which showed that YAP is involved in the activation of genes encoding integrins [416].

ITGB4 and ITGA6 heterodimerise to form the a6B4 integrin, functioning as a receptor
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for laminins 332 and 511 [326]. Binding to laminin 332 and 511 allows cancer cells to
adhere to the vascular basement membrane, a critical event in the establishment and
outgrowth of brain metastases [334]. This may be important as | have observed a
biglycan-expressing cancer cell adjacent to vascular endothelial cells in my in vitro
model. Additionally, a6B4 has a wide range of downstream signalling targets.
Downstream pathways include activation of the Ras-MEK-Erk and PI3K pathways, and
Akt, Rac and mTOR targets [335]. This mechanism has been demonstrated in other
models, for exmple a steroidal-based drug, curcubitacin B (CuB), has been shown to
induce G2/M cell cycle arrest and inhibit the janus kinase (JAK)-signal transcution and
activator of transcription (STAT) pathway [334]. Mechanistically, CuB induces
downregulation of ITGB4 and ITGA6, thereby suppressing integrin-mediated signalling
[336]. Although speculation, there is enough evidence to potentially implicate YAP
involvement in growth arrest, upon inhibition of aerobic glycolysis. It will be important
for future work to determine whether this work translates to protein expression of these
integrins, and whether there are any functional effects, involving YAP or otherwise

pertaining to dormancy.

YAP has previously been associated with the development of brain metastases. In
Chapter 4, | discussed my findings that biglycan-positive cancer cells localise along brain
vascular endothelial cells. It has been shown in another study that a critical step for
metastatic outgrowth is the spreading of cancer cells on resident vasculature, following
which, L1CAM signals through YAP in the initial development of micrometastases [136].
Additionally, as a positive regulator of neovascularisation, VEGF-A has been implicated
in tumour growth and metastasis, whose activity is positively regulated by YAP [337]. It
is possible for solitary cells and micrometastases to persist without inducing
neovascularisation. This involves the migration of cancer cells to pre-existing blood
vessels of the host organ, in a process known as vessel co-option [338]. It is still unclear,
however, as to whether dormancy is a phenomenon exclusive to solitary cells, or
whether dormancy can occur in clusters of cells, such as micrometastases. One should
take caution in the interpretation of these observations. Dormancy release and
outgrowth of micrometastases, whether YAP is implicated or not, could be mediated by

two distinct mechanisms.
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As explored in chapter 4, upon biglycan over-expression in vitro at very high levels, |
observed a downregulation of GAPDH in MDA-MB-231 cells. This preliminary data may
point towards the origin of downregulated aerobic glycolysis. In p53-deficient cancer
cells, two temporally distinct G2/M checkpoint networks exist: checkpoint kinase 1
(Chk1) mediates an early nuclear checkpoint and MAP kinase-activated protein kinase 2
(MK2) mediates a cytoplasmic checkpoint [339]. In response to DNA damage, where p53
is lost, as in breast cancer, the p38/MK2 complex undergoes nuclear to cytoplasmic
translocation. This stabilises growth arrest and DNA damage inducible alpha (Gadd45a)
mMRNA, blocking mitotic entry [339]. In dormant breast cancer cells in vivo in this study,
downregulation of genes pertaining to aerobic glycolysis was associated with repression
of the transcription factor MYC, and an indication of overexpression of TP53 (significant
by p value). This becomes relevant in the context of p38-mediated activation of TIAR,
which is a potent inhibitor of MYC translation [340]. Furthermore, cells deficient in p38
activity also upregulate glycolysis, as p38 is known to inhibit the activity of HIF-1A
transcription factor [341, 342]. HIF-1A is a critical transcription factor involved in the
modulation of the Warburg effect, whose activity was predicted to be repressed in
dormant breast cancer cells in vivo in this study. Therefore, future study should identify
whether biglycan overexpression could induce G2/M arrest and the inhibition of aerobic

glycolysis, of which p38 involvement should be explored.

There are also some limited studies documenting YAP in the context of G2/M-phase
transition in cancer. YAP is phosphorylated at T119, S289 and S361 by CDK1, a process
which is critical for neoplastic transformation [344]. In a recent study, a number of
cancer cells were treated with a synthetic cyclizing-berberine (berberine of 1,13-
cyclication), A35. This induced YAP phosphorylation (Ser127) and its cytoplasmic
retention and was responsible for G2/M-phase arrest, independent of p53 [345]. It
would therefore be useful to determine whether G2/M-phase arrest in my 2DG model
is facilitated by YAP, given that | observed its phosphorylation and cytoplasmic
retention. It woud be important in this case to conduct protein expression and
functional studies, for example to determine complexes involving YAP, potentially
coupled with spatiotemporal localisation and expression of G2/M phase checkpoint

proteins. However, it would be difficult at this stage to perform protein expression
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studies without understanding if the mRNAseq data presented in Chapter 3 translated
to protein expression. It may be worth the initial development of an in vitro co-culture
model, for example using astrocytes, endothelial cells and MDA-MB-231 cells, in an
attempt to replicate my in vivo data. This could be validated by gene expression.
Subsequent proteomic analysis may then be possible if the yield of dormant cells is

greater than what | achieved in vivo.
5.8.3 Decreased Acidity of the Extracellular Milieu and Growth Arrest

| observed that 2DG-treated, growth arrested MDA-MB-231 cell cultures don’t present
with a colour change of the growth medium over time, while medium of control cells
changes towards yellow due to pH indicator phenol red contained in medium. Thus,
reduced lactate and proton efflux, mediated by 2DG, correlates with a sustained alkaline
microenvironment of growth arrested 231 cells. In a previous study, treatment of MCF7
breast cancer cells with 10mM 2DG in vitro, induced an increase in the pH of the growth
medium as compared to untreated cells to 7 [331]. This correlated with an uptake of
extracellular lactate by the cancer cells, actively sustaining a high pH [331]. As a pH
gradient is crucial for metastatic outgrowth, it would be worth exploring whether an
inability to generate an optimal pH gradient within the brain is supportive of a dormant
phenotype. To support this theory, it has previously been shown that prior to G2/M
entry, there is a transient intracellular increase in sodium-hydrogen exchanger 1
(NHE1/SLC9A1) activity and an increase in intracellular pH [346]. In breast cancer,
intracellular pH is 7.1 in early S phase, 6.8 in G2, followed by a recovery in M phase,
which is dependent on NHE1 [347]. If this can be established, this potentially opens up
a novel area of therapeutics for breast cancer, ones which exploit the reduced metabolic
state of dormant cells. Ultimately, it is still unknown as to whether 10mM 2DG, the
optimum concentration to induce growth arrest in MDA-MB-231 cells, completely or
partially inhibits aerobic glycolysis. A lack of acidification of the culture medium suggests
that glycolysis may have been completely inhibited, therefore this requires downstream
investigation. One such experiment may be to analyse the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) of MDA-MB-231 cells by XF Extracellular
Flux analyser [459], as they respond to various concentrations of 2DG. This approach

has previously been used to determine the bioenergetics of two glioblastoma cell lines,
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and whether they utilise aerobic glycolysis or oxidative phosphorylation in response to
various substrates and metabolic perturbation agents [348]. This technique would allow
guantification of the rate of glycolysis, and whether it is completely or partially inhibited

upon addition of 10mM 2DG.
5.8.4 Summary

The results of this chapter demonstrate that 2DG-mediated inhibition of aerobic
glycolysis in vitro can induce and sustain reversible G2/M phase arrest in breast cancer
cells. However, G2/M arrest would challenge the widely believed view that dormancy is
characterised by chronic quiescence in GO phase. Furthermore, YAP was phosphorylated
downstream of inhibited glycolysis, resulting in its cytoplasmic retention. Downstream
targets of YAP include genes which control expression of laminin receptor subunits, of
which | observed ITGB4 and ITGA6 to be downregulated upon addition of 2DG in vitro.
In Chapter 3, | determined that ITGB4 was significantly downregulated in dormant cells
in vivo. Further work is required to determine whether an inhibition of glycolysis in
breast cancer cells can facilitate detachment from the ECM and induce growth arrest.
Although these findings are important first steps, the work carried out in this chapter
must be explored in greater depth using suitable in vitro and in vivo models. Additionally,
it will be essential to determine whether the changes | observed at the gene expression
level translate to changes in protein synthesis and functional effects. Finally, my work
on biglycan in Chapter 4 can only be loosely tied to my work in this Chapter. To start to
develop a possible dormancy mechanism, initial studies should focus on the
overexpression of biglycan in MDA-MB-231 cells, and whether this results in the same

observations made upon addition of 2DG, before commencing in vivo studies.
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Chapter 6

Conclusions and Future Work

Of the approximately 2.1 million new breast cancer cases each year, the percentage of
patients who develop brain metastases is 15-30% [1, 2, 20]. Surgery and current
systemic therapies offer little to no benefit to survival rates post-diagnosis of brain
metastases [30]. Medium survival times which for patients with breast cancer brain
metastases, from detection, ranges from 3.7 to 15 months, representing a survival range
of 0.2 to 56 months [21]. Cancer dormancy is a phenomenon in which disseminated
tumour cells persist in a clinically occult state of quiescence for extended periods of time
[42, 43, 44]. Cancer cells may be able to escape from dormancy under more favourable
conditions, leading to metastatic progression [42, 43, 44]. A deeper understanding of
the mechanisms underpinning the induction, and maintenance of, dormancy may offer

novel targets for the treatment of metastatic breast cancer.

6.1 Chapter 3

6.1.1 Conclusions

| have concluded from the data presented in Chapter 3 that the in vivo brain tumour
xenograft model employed is viable in the isolation of dormant and proliferating breast
adenocarcinoma cells. The advantage of this model, compared to others, is that | could
isolate dormant and proliferating cells based upon the respective retention and loss of
a vital dye in vivo. Given my observations that | observed a significantly far lower
proportion of cancer cells positive for dye retention after 4 weeks in vitro, | could
conclude that the cells identified as dormant in vivo were growth arrested due to being
within the microenvironment of the brain. Dormant cells in vivo represent 0.5-2% of the
total cancer cell population in the brain, based on my observations. Furthermore, |
concluded that dormant and proliferating cancer cells display distinct transcriptomes in
vivo, further demonstrating that dormancy in the model employed was a reversible

phenomenon. Transcriptomic analysis identified a number of potentially implicated
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genes and pathways, although few firm conclusions can be made based on this data
alone. In dormant cells, the HIPPO, Wnt and TGF-p signalling pathways were enriched.
As the most significantly differentially expressed gene, biglycan was chosen as a target
for downstream analysis. | could also conclude that dormant cells downregulate a
number of genes encoding enzymes within aerobic glycolysis, in line with my prediction,
based on a comparison to publicly available datasets, that the glycolysis-associated

transcription factors MYC and HIF-1A, were repressed.

6.1.2 Critical Analysis

The in vivo model employed was limited by the low output of dormant cells for every
mouse injected. Not only did this provide technical limitations with respect to yield,
there was a higher risk of contamination from mouse cells, which | had to compensate
for during mRNAseq data processing. The negative effects of this were not clear, despite
attempts to mitigate contamination, however this could have obscured genes with small
but significant effects, and downstream analyses could have still incorporated reads of
mouse origin. Additionally, the low yield of dormant cells resulted in little material for
cDNA synthesis, restricting the use of gPCR in validation studies. PCR pre-amplification
of template DNA may overcome this problem, however increasing the number of cycles
may also result in unequal amplification of DNA fragments, potentially distorting the
data [349]. Furthermore, the low cell yield restricted the use of many molecular biology
techniques, for example, traditional Western blotting. Dormant cells also cannot be
propagated post-isolation, as they would no longer be dormant and therefore would
lose the phenotype of interest. Finally, the low yield of dormant cells means that analysis
of dormant cells by immunofluorescence within the microenvironment of the brain is
difficult. With approximately 14 to 75 dormant cells per mouse brain, observing them in

vivo, unaided by automated technology, is currently difficult.

6.1.3 Future Work

With respect to my gene expression data of dormant and proliferating cancer cells,

future work should focus on a deeper exploration of differentially expressed genes, and
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identified factors and pathways not explored in this study. For example, Spl
transcription factor was predicted to be upregulated in dormant cells in vivo, which
recognises a binding site on the biglycan promotor [350]. As yet to be explored, my list
of differentially expressed genes could be used to predict microRNA (miRNA)
involvement [351]. In glioblastoma, miRNAs are regulators of aerobic glycolysis, and
worth investigating in the context of breast cancer dormancy in the brain [352].
Furthermore, much of the work in this study relies heavily on changes to gene
expression. In recent years, the development of single-cell Western blotting may
overcome antibody fidelity and sensitivity limitations, allowing for analysis of isolated
dormant cells at the protein expression level [353]. This would allow insight into the
phosphorylation status and relative protein expression of a number of proteins

described as being implicated in the induction of dormancy in this study.

6.2 Chapter 4

6.2.1 Conclusions

No overarching conclusions can be made from the data presented in Chapter 4;
however, some assumptions can be made based upon available data, which should
inform future study. Based on publicly available datasets, | observed that high biglycan
expression in primary breast cancers is correlated with increased potential of metastasis
and relapse. Conversely, biglycan expression is reduced in all sites of metastases
analysed. However, no conclusions can be made as to why these observations were
made, nor potential mechanisms. | can conclude that overexpression of biglycan at very
high levels in MDA-MB-231 cells in vitro can induce growth arrest. Preliminary data has
shown a downregulation of GAPDH in response; however, no conclusions can be made
regarding aerobic glycolysis as an implicated pathway in dormancy. Finally, given very
few observable events of biglycan-expressing cancer cells in the brain, it would be
premature to formulate any conclusions. However, preliminary data implicates vascular
endothelial cells in dormancy induction and maintenance, given their localisation to the

single dormant cell observed.
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6.2.2 Critical Analysis

One of the main limitations in Chapter 4 was the scarcity of dormant cells in mouse
brains. This made it exceptionally challenging to validate my mRNAseq data, evidenced
by the observation of just 2 biglycan-expressing cancer cells, which may or may not be
dormant. Interestingly, however, was the link between very high biglycan
overexpression in MDA-MB-231 cells in vitro, with GAPDH downregulation and growth
arrest, in my preliminary studies. Whilst this is yet to be explored further, this starts to
suggest a potential link between SLRP/biglycan expression and glycolysis. To my
knowledge, there is currently no literature which describes the effects of extracellular,
or intracellular, biglycan or any proteoglycan on aerobic glycolysis in cancer, therefore
this would be a novel biological finding. A significant problem | have encountered as a
whole, however, is that in vitro validation experiments were not representative of
dormant cells in vivo. There may be great deal of divergence of the effects of biglycan
when overexpressed in cancer cells within the brain, therefore one must be careful with
regards to drawing any major conclusions regarding dormancy from the work in this

chapter.

6.2.3 Future Work

Future work should address the problem that biglycan expression positively correlated
with a reduction in distant metastasis- and relapse-free survival in primary tumours, yet
compared to primary tumours, biglycan expression was reduced at metastatic sites. It
would be useful to develop in vivo biglycan overexpression models. One such approach
could be the development of a spontaneous model of metastasis, for example injection
of cancer cells into the mammary fat pad, then propagation of cancer cells within the
fat pad, followed by removal of the primary tumour, then continuous monitoring for
metastasis [354]. A complication is that spontaneous breast cancer metastasis models
rarely develop brain metastases [355]. It may be appropriate to investigate more
common sites of spontaneous metastasis. Spontaneous models of metastasis in the

context of dormancy may involve the injection of MDA-MB-231 cells, and/or cell lines of
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alternative subtypes, with constitutively active biglycan, or its inducible expression. A
useful addition to this would be super-resolution microscopy (SRM) which bypasses
diffraction limits and vastly improves optical resolution [356]. An example for its use
would be to directly image the potential binding of biglycan to its predicted binding
partners, or to observe whether its excretion from dormant cells induces cross-linking

and/or alternative modification of the basement membrane.

6.3 Chapter 5

6.3.1 Conclusions

Based on my observations in Chapter 5, | have concluded that an inhibition of aerobic
glycolysis in vitro is sufficient to induce reversible growth arrest of MDA-MB-231 cells,
in line with an expected dormancy phenotype. Using the same model, | have concluded
that growth arrest, mediated by 2DG, arrests breast cancer cells at the G2/M phase
checkpoint. This is accompanied by phosphorylation and cytoplasmic retention of the
core HIPPO transcriptional regulator, YAP. However, | cannot determine at this stage
whether YAP is involved in G2/M arrest. Concurrent with my observations of YAP,
inhibition of aerobic glycolysis in vitro downregulates laminin receptor subunits at the
gene expression level, ITGB4 and ITGA6, corroborating the gene expression data in
dormant cells, as shown in Chapter 3. However, few conclusions can be made as to the
effects of downregulated aerobic glycolysis in dormant cells in vivo, if any. Inhibition of
glycolysis by 2DG in vitro does not modulate biglycan, glycolysis enzymes or L1CAM
expression, and has no observable effects on Wnt signalling, according to B-catenin

localisation.

6.3.2 Critical Analysis

One of the largest pitfalls to this approach is that in vitro studies of glycolysis inhibition
is not representative of glycolysis enzyme downregulation in dormant cells in vivo.
However, it is very promising that long-term survivable growth-arrest could be achieved,

for as long as 2DG was administered. Following its removal, cells escaped growth arrest
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and resumed proliferation, and mirrors the phenotype of the dormancy phenomenon |
was expecting to observe. Recent studies are reporting that dormancy is characterised
by GO/G1 phase arrest and a low metabolic state [162]. A low metabolic state does
corroborate my data; however, it remains to be shown whether this is an effect or driver
of the dormancy phenomenon. To my knowledge, there is currently no literature which
functionally links low metabolic state to the induction of dormancy. The expectation of
GO/G1 arrest remains a significant problem. In Chapter 3, my analyses directly conflict
this, showing a reduction in G1 score in dormant cells in vivo, whilst | observed G2/M
arrest in vitro upon addition of 2DG. This strong challenge against the wider literature

certainly warrants further scrutiny.

6.3.3 Future Work

As stated, future work should focus on confirming whether what we have observed in
vitro translates to dormant cells in vivo. One such approach may be the inducible
knockdown of glycolysis-associated enzymes in my brain tumour xenograft model,
avoiding potentially adverse systemic effects of administering 2DG. | also would not be
able to reproducibly expose cancer cells in the brain to the same dose of 2DG.
Furthermore, given the observations that aerobic glycolysis induces G2/M arrest, G2/M-
phase specific markers, such as cyclin B1 and CDK1 [357], could be used in a number of
techniques, for example flow cytometry, to pinpoint the precise cell cycle
phase/checkpoint of isolated dormant and proliferating cells. Due to the low yield of
dormant cells in my model, cell cycle FACS would not be appropriate with the current in
vivo model, as this requires a minimum of 10,000 cells, for each gated phase [358].
However, this could and should be combined with a validated biglycan-over-expression
model. Inhibition of aerobic glycolysis in vitro did not affect biglycan expression,
however it remains to be observed whether biglycan overexpression can downregulate
aerobic glycolysis, and what effects this has both in vivo and in vitro. Furthermore,
determining the expression of specific checkpoint markers would allow for the
identification of the exact point of arrest, offering an advantage over cell cycle FACS

which broadly distinguishes cells according to major phase: GO, G1, S and G2/M [359]. |
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would then be able to investigate the potential survival mechanisms and mechanisms

associated with cell cycle arrest in single dormant breast cancer cells.

6.4 Final Conclusion

In conclusion, a downregulation of aerobic glycolysis at the gene expression level may
be required to induce and sustain a state of growth-arrest in breast cancer cells,
according to my in vitro data. Further study is warranted to explore whether
downregulated aerobic glycolysis is translatable in vivo, as a driver dormancy, rather
than an effect of the phenomenon. In conjunction, dormant breast cancer cells in the
brain were associated with high levels of biglycan expression. Immunofluorescence
validation of mRNAseq data using sections of brain tumour xenografts provided some
data to suggest that solitary biglycan-expressing breast cancer cells localise with brain
microvasculature. Finally, YAP, a major component of the HIPPO signalling pathway, was
shown to be phosphorylated with cytoplasmic localisation in 2DG-mediated growth-
arrested breast cancer cells in vitro. These events were associated with G2/M phase cell
cycle arrest, in contrast to existing literature which states that dormancy is likely to be
in GO arrest. These results provide a new insight into potential mechanisms
underpinning breast cancer dormancy in the brain. Future study should attempt to link
biglycan overexpression to inhibited aerobic glycolysis, and whether this reflects the

mechanisms of dormancy induction and maintenance in vivo.
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Applied Biosystems

BD Biosciences

BDH Laboratory Supplies

Beckman Coulter

Bio-Rad

Cell Signalling Technology

Corning

eBioscience

Discovery Drive, Cambridge
Biomedical Campus,
Cambridge, CB2 0AX

168 Third Avenue, Waltham,
MA, USA, 02451

5301 Stevens Creek Blvd,
Santa Clara, CA, 95051, USA

Shore Road, Port of
Heysham Industrial Park,
Heysham, LA3 2XY, UK

LGC Standards, Queen's
Road, Teddington,
Middlesex, TW11 OLY, UK

34801 Campus Drive,
Fremont, CA, 94555, USA

168 Third Avenue, Waltham,
MA, USA, 02451

Edmund Halley Road,
Oxford Science Park, Oxford,
0X4 4DQ, UK

P.O Box 2716, Plot 7 Bombo
Road, Kampala, Uganda

Oakley Court, Kingsmead
Business Park, London Road,
High Wycombe, HP11 1JU,
UK

Bio-Rad House, Maxted
Road, Hemel Hempstead,
Hertfordshire, HP2 7DX, UK
Dellaertweg 9b, 2316 WZ
Leiden, The Netherlands

Fogostraat 12, 1060 LU
Amsterdam, The
Netherlands

3rd Floor, 1 Ashley Road,
Altringcham, Cheshire,
WA14 2DT, UK
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Fisher Scientific (Thermo Fisher)
Geneflow

Genscript

Gibco (Thermo Fisher)
GraphPad

Greiner Bio-One

HyClone

llumina
Invitrogen (Thermo Fisher)
Jackson Immunoresearch

Kuhner AG

Labtech

Leica

Marvel (Premier Foods)

Merck
Merial (Boehringer Ingelheim)
Microsoft

Miltenyi Biotec

168 Third Avenue, Waltham,
MA, USA, 02451

Elmhurst Business Park,
Lichfield, WS13 8EX, UK

860 Centennial Avenue,
Piscataway, NJ, 08854, USA

168 Third Avenue, Waltham,
MA, USA, 02451

7825 Fay Avenue, Suite 230,
La Jolla, CA, 92037, USA

Brunel Way, Stroudwater
Business Park, Stonehouse,
Gloucestershire, GL10 3SX,
UK

GE Healthcare Life Sciences,
Amersham  Place, Little
Chalfont, Buckinghamshire,
HP7 9NA, UK

5200 |Illumina Way, San
Diego, CA, 92 122 USA

168 Third Avenue, Waltham,
MA, USA, 02451

872 W Baltimore Pike, West
Grove, PA, 19390, USA

Adolf Kiihner AG,
Dinkelbergstrasse 1, 4127,
Birsfelden, Switzerland

11 Browning Road,
Heathfield, East Sussex,
TN21 8DB

9 Police Street, Manchester,
M2 7LQ, UK

Premier House, Griffiths
Way, St Albans,
Hertfordshire, AL1 2RE, UK
2000 Galloping Hill Road,
Kenilworth, NJ, 07033, USA
Ellesfield Avenue, Bracknell,
Berkshire, RG12 8YS, UK

1 Microsoft Way, Redmond,
WA, 98052-6399, USA
Almac House, Church Lane,
Bisley, Surrey, GU24 9DR, UK
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Nikon

Novus Biologicals

Proteintech

Qiagen

Roche

Santa Cruz Biotechnology

Sigma Aldrich

Scientific Laboratory Supplies (SLS)

STAR LAB

Takara

Thermo Fisher Scientific
Tree Star Inc.

Veolia

VWR

Zeiss

Shinagawa Intercity Tower
C, 2-15-3, Konan, Minato-ku,
Tokyo, 108-6290, Japan
10730 E Briarwood Avenue,
Cetennial, CO, 80112, USA

196 Deansgate,
Manchester, M3 3WF

Skelton House, Lloyd Street
North, Manchester, M15
6SH, UK

Konzern Hauptsitz,
Grenzacherstrasse 124, CD-
4070, Basel, Switzerland
Bergheimer Street, 89-2,
69115, Heidelberg,
Germany

The OId Brickyard, New
Road, Gillingham, SP8 4XT,
UK

Nottingham  South and
Wilford Industrial Estate, 22-
23 Ruddington Lane, West
Bridgeford, Nottingham,
NG11 7EP, UK

5 Tanners Drive, Blakelands,
Milton Keynes, MK14 5BU,
UK

Nojihigashi 7-4-38, Kusatu,
Shiga, 525-0058, Japan

168 Third Avenue, Waltham,
MA, USA, 02451

340 A St Suite 206, Ashland,
OR, 97520, USA

8th Floor, 210 Pentonville
Road, London, N1 9JY, UK

One Radnor Corporate
Center, Buildine One, Suite
200, 100 Matsonford Road,
Radnor, PA, 19087, USA

ZEISS House, Building 1030,
Cambourne Business Park,
Cambourne, CB23 6DW,
Cambridge, UK
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7.2 Supplementary Figures

7.2.1 Custom R Scripts

# This script loads the Human and Mouse reference genomes, then:
## alters the chromosome names to be unique and saves a single output

# Load the R package Biostrings:
library(Biostrings)

# Set the run 10:
io <- list(
'input.dir' = file.path('..", 'input’),

'output' = file.path('..", 'output’, 'combined.fasta.gz')

)

# Specify the genomes:
species <- ¢(‘human'='H', 'mouse'='M')

# Load the reference genomes:

input.genomes <- sapply(names(species), function(s){
input.fasta <- file.path(ioSinput.dir, sprintf('%s.fasta.gz', s))
message(sprintf(‘'loading %s genome from "%s"...", s, input.fasta))
return(readDNAStringSet(input.fasta))

}, simplify=FALSE)

# Simplify and disambiguate the chromosome names:

for(s in names(species)){
message(sprintf(‘'updating %s chromosome names...", s))
n <-gsub('([* ]+) .*', "\\1', names(input.genomes|[s]]), perl=TRUE)
names(input.genomes|[s]]) <- sprintf('%s_%s', species[s], n)

}

# Output the two datasets combined:

message(sprintf('saving combined genome to "%s"...", ioSoutput))
writeXStringSet(append(input.genomesShuman, input.genomesSmouse),
filepath=ioSoutput, compress=TRUE, format='fasta')

Supplementary Figure S1. R script for the concatenation of human and mouse
reference genomes prior to generation of human-mouse mRNAseq alignment
index, using R package Biostrings.
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library(Rsubread)

#Path to alignment BAM files

bams <- list.files("/path/to/bam/files", pattern="bams$", full.names=TRUE)
#Path to GTF annotation files

gtf <- "/path/to/gtf/*.gtf"

## Counting reads overlapping genes

geneCounts <-featureCounts(bams, annot.ext= gtf, isGTFAnnotationFile = TRUE,
useMetaFeatures=TRUE, allowMultiOverlap=TRUE,
countMultiMappingReads=TRUE,
fraction=TRUE, nthreads=4, ignoreDup=FALSE)

## Counting reads overlapping exons

exonCounts <-featureCounts(bams, annot.ext= gtf, isGTFAnnotationFile = TRUE,
useMetaFeatures=FALSE, allowMultiOverlap=TRUE,
countMultiMappingReads=TRUE,
fraction=TRUE, nthreads=4, ignoreDup=FALSE)

dataGenes <- cbind(geneCountsSannotation, geneCountsScounts)
dataExons <- cbind(exonCountsSannotation, exonCountsScounts)

write.table(x=as.data.frame(dataGenes), quote=FALSE, sep="\t",
file="gene_counts_dups.txt")
write.table(x=as.data.frame(dataExons), quote=FALSE, sep="\t",
file="exon_counts_dups.txt")

Supplementary Figure S2. R script for mRNAseq read count generation from
BAM files using R package Rubsread.



189

#Import dataset .xlsx
##Requires normalised expression values and gene names as Ensembl IDs
###Statistical cutoff for differentially expressed genes is p<=0.05

Simple_data_matrix_p005 <- read_excel("N:/path/to/file/file.xIsx")
view(Simple_data_matrix_p005)

#Load R package Scran
library(Scran)

#Create a data matrix

##This uses the data.matrix tool to create a data matrix, and cbind, to combine the
data together

###Note, GFP+ = proliferating, GFP+CV+ = dormant, S = sort

mat <- data.matrix(cbind(Simple_data_matrix_pO05SGFP+S1,
Simple_data_matrix_p005SGFP+S2, Simple_data_matrix_pO05SGFP+S3,
Simple_data_matrix_p0O05SGFP+CV+S1, Simple_data_matrix_pO05SGFP+CV+S2,
Simple_data_matrix_p005SGFP+CV+S3))

#Create pairs of human genes for cell cycle phase reference using the Scran package
hm.pairs <- readRDS(system.file("exdata", "human_cycle_markers.rds", package =
"scran"))

#Perform the cyclone function

cyclone(mat, hm.pairs, gene.names=Simple_data_matrix_p005SEnsembl, iter=1000,
min.iter=100, min.pairs=50, BPPARAM=SerialParam(), verbose=FALSE,
subset.row=NULL)

#Creation of assignments for downstream R plots, where required
assignments <- cyclone(mat, hm.pairs,
gene.names=Simple_data_matrix_p005SEnsembl, iter=1000, min.iter=100,
min.pairs=50, BPPARAM=SerialParam(), verbose=FALSE, subset.row=NULL)

#Plotting cell cycle phase graphs in R, for example G1 against G2/M scores
plot(assighmentsSscoreSG1, assignmentsSscoreSG2M, xlab = "G1 score", ylab = "G2/M
score", pch=16)

#Can view specific cell cycle phase scores:
view(assignmentsSscore$SG1)

Supplementary Figure S3. R script for Cell cycle phase analysis using R package
Scran.
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#This takes raw Affymetrix datasets (CEL file input) and normalises them
setwd("/Users/Ashley/Documents/R_Studio/GSE2034")

celFiles <- list.celfiles()

affyRaw <- read.celfiles(celFiles)

library(pd.hugene.2.0.st)

eset <- rma(affyRaw)

write.exprs(eset, file="GSE2034.txt")

Supplementary Figure S4. R script for the normalisation of microarray data (CEL
files).
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7.2.2 Human Biglycan mRNA Sequence in Dormant MDA-MB-231 cells

Matches(|):1106
Mismatches(#):1
Gaps( ):0

Unattempted(.):0

* * * * * * * * * *

1 atgtggcccctgtggcgectegtgtetetgetggccctgagecaggccctgccctttgagcagagaggcttetgggacttecaccetggacgatgggecat 100
PEEEREEEEE e e e e et e e e e e e e e e e e e et et e e e e e e e e e e e e e e e e e e e e e el

1 ATGTGGCCCCTGTIGGCGCCTCGTGTCTCTGCTGGCCCTGAGCCAGGCCCTGCCCTITGAGCAGAGAGGCTTCTGGGACTTCACCCTGGACGATGGGCCAT 100
* * * * * * * * * *
* * * * * * * * * *

101 tcatgatgaacgatgaggaagcttcgggcgctgacacctegggegtectggacccggactetgtcacacccacctacagegccatgtgtecttteggetg 200
FEEREEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e el

101 TCATGATGAACGATGAGGAAGCTTCGGGCGCTGACACCTICGGGCGTCCTGGACCCGGACTCTGTCACACCCACCTACAGCGCCATGTGTCCTTIICGGCTG 200
* * * * * * * * * *
* * * * * * * * * *

201 ccactgccacctgcgggtggttcagtgctccgacctgggtctgaagtctgtgcccaaagagatctcccctgacaccacgctgetggacctgcagaacaac 300
FEEREEEEEEE e e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e el
201 CCACTGCCACCTGCGGGTGGTITCAGTGCTCCGACCTGGGTCTGRAGTCTGTGCCCARAGAGATCTCCCCTGACACCACGCTGCTGGACCTGCAGRACARC 300
* * * * * * * * * *

* * * * * * * * * *
301 gacatctccgagctccgcaaggatgacttcaagggtetecageacctetacgccctegtectggtgaacaacaagatctecaagateccatgagaaggect 400
Ferrerrererrerrerrrrerrereerereerrrrerrererrerrerr e e e e e e e e e e e e e e e e e e e e el
301 GACATCTCCGAGCTCCGCRAAGGATGACTTICAAGGGTCTCCAGCACCTCTACGCCCICGTICCTGGTGARCAACRAGATCTCCARGATCCATGAGRAGGCCT 400
* * * * * * * * * *

* * * * * * * * * *
401 tcagcccactgcggaagctgcagaagctctacatctccaagaaccacctggtggagatcccgcccaacctacccagetecctggtggagetecgeateca 500

FELEEEEEEE e e e e e bbb e e e e bbb e e e bbb e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
401 TCAGCCCACTGCGGAAGCTGCAGAAGCTCTACATCTCCAAGAACCACCTGGTGGAGATCCCGCCCAACCTACCCAGCTCCCTGGTGGAGCTCCGCATCCA 500

* * * * * * * * * *
* * * * * * * * * *
501 cgacaaccgcatccgcaaggtgcccaagggagtgttcagegggctecggaacatgaactgcatcgagatgggcgggaaccecactggagaacagtggettt 600
IIIIIIIIIIII]IIIIIIIIIII[IIIIIIIIIIIIIIﬂllllIIIIIIIIIIIlII]IIIIIIIIIII[IIIIIIIIIIIIIIIIII]IIIIIIIII
501 CGACRACCGCATCCGCRAGGTGCCCAAGGGAGTGTTCAGTGGGCTCCGGRACATGRACTGCATCGAGATGGGCGGGRAACCCACTGGAGRACAGTGGCTTIT 600
* * * * * * * * * *
* * * * * * * * * *

601 gaacctggagccttcgatggcctgaagetcaactacctgcgcatcteagaggccaagetgactggcatecccaaagacctecctgagaccetgaatgaac 700
Ferrerrererrerrerrrrerrererrerrerrrrerrere e e e e e e e e e e e e e e e e e e e e e e e e e el
601 GRACCTGGAGCCTITCGATGGCCTIGAAGCTCAACTACCTGCGCATCTCAGAGGCCARGCTGACTGGCATCCCCARAGACCTCCCTGAGACCCTGAATGAARC 700
* * * * * * * * * *

* * * * * * * * * *

701 tccacctagaccacaacaaaatccaggccatcgaactggaggacctgcttcgctactccaagctgtacaggctgggcctaggccacaaccagatcaggat 800
FEEREEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eereend
701 TCCACCTAGACCACARCARAATCCAGGCCATCGARACTGGAGGACCTGCTTICGCTACTCCARAGCTGTACAGGCTGGGCCTAGGCCACARCCAGATCAGGAT &00
* * * * * * * *

* *

* * * * * * * * * *
801 gatcgagaacgggagcctgagcttcctgcccaccetecgggagetecacttggacaacaacaagttggccagggtgcccteagggcteccagaccteaag 900

FELEEEEETE b e e e bbb e e e e bbb e e e e bbb e e e e bbb e e e e e e e e e e bbb e e e e e e e e bbb e
801 GATCGAGAACGGGAGCCTGAGCTTICCIGCCCACCCTCCGGGAGCTCCACTTGGACARCAACAAGTTGGCCAGGGTGCCCTCAGGGCTCCCAGACCTCARG 900

* * * * * * * * * *
* * * * * * * * * *

901 ctcctccaggtggtctatctgcactccaacaacatcaccaaagtgggtgtcaacgacttctgtcccatgggcttcggggtgaagegggcctactacaacg 1000
FEEREEREEEr e e b e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e el

901 CTCCTCCAGGTGGTICTATCTGCACTCCAACAACATCACCARAGTGGGTGTCAACGACTTCTGTCCCATGGGCTTCGGGGTGAAGCGGGCCTACTACARACG 1000
* * * * * * * * * *
* * * * * * * * * *

1001 gcatcagcctcttcaacaaccccgtgccctactgggaggtgcagecggccactttecgetgegtcactgaccgectggeccatccagtttggcaactacaa 1100
FEEEEEETEE e e e e b e e e bbb e e bbb e e e e e bbb e b e e e e e e bbb e e e e e e e e e e e el
1001 GCATCAGCCTICTTCARCAACCCCGTGCCCTACTGGGAGGTGCAGCCGGCCACTITCCGCTGCGTCACTGACCGCCTGGCCATCCAGTTTGGCARCTACAR 1100

* * * * * * * * * *

1101 aaagtag 1107
[ARRNRN
1101 ARAGTAG 1107

Supplementary Figure S5. Alignment of dormant cell human BGN mRNA
sequence to known human BGN sequence. Lowercase = known consensus
sequence for human biglycan mRNA (Ensembl ID = ENSG00000182492).
Uppercase = mRNA sequence for dormant cell human biglycan, as determined by
mRNAseq. | denotes alighment. # denotes mismatch.
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7.3.3 Plasmid Maps

Y

pFUW_hBGN |
cPPT

10348 bp :

.‘Usiquitin C promoter

HI

WPRE

hBGN

Supplementary Figure S6. Plasmid map for the ubiquitin C promotor-controlled
human biglycan lentiviral expression vector, pFUW_hBGN. Major components
key: cytomegalovirus (CMV), Human Immunodeficiency Virus 1 (HIV-1), Rev
response element (RRE) , central polypurine tract (cPPT), human biglycan (hBGN)
insert, Woodchuck Hepatitis Virus (WHP) posttranscriptional regulatory element
(WPRE), long terminal repeat (LTR).
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CMV promoter

pFUGW

9954 bp

WPRE

Supplementary Figure S7. Plasmid map for the ubiquitin C promotor-controlled
enhanced green fluorescent protein (eGFP) lentiviral expression vector, pPFUGW.
Major components key: cytomegalovirus (CMV), Human Immunodeficiency Virus
1 (HIV-1), Rev response element (RRE), central polypurine tract (cPPT),
Woodchuck Hepatitis Virus (WHP) posttranscriptional regulatory element (WPRE),
long terminal repeat (LTR), enhanced GFP (eGFP).
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CMV promoter
HIV-1 5-LTR (truncated)

Psi packaging signal
/

pFUW

9224 bp

cPPT

~
Ubiquitin C promotor

WPRE

Supplementary Figure S8. Plasmid map for the ubiquitin C promotor-controlled
lentiviral expression vector, pFUW (empty vector). Major components key:
cytomegalovirus (CMV), Human Immunodeficiency Virus 1 (HIV-1), Rev response
element (RRE), central polypurine tract (cPPT), long terminal repeat (LTR).
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4

TetO
lreto
Ll’etO

LretO
[Teto
l_!jl_’l’eto

)

pTREAutoR3

~ Minimal CMV promotor

9466 bp

Sacll

Supplementary Figure S9. Plasmid map for the doxycycline-inducible (Tet-ON)
enhanced green fluorescent protein (eGFP) lentiviral expression vector,

pPTREAutoR3. Major components key: tetracycline-ON (TetO) long terminal repeat
(LTR), enhanced GFP (eGFP).
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5 LTR (truncated)

TetO

TetO
etO

;TTetO

|TetC:

reto

|Minimal CMV promotor

lsacll

pTREAuto_hBGN_NeoR
11052 bp

hBGN
3'LTR (truncated)

Sacll

I|Fs,e|
EcoRI

Supplementary Figure S10. Plasmid map for the doxycycline-indicble (Tet-ON)
human biglycan lentiviral expression vector, pTREAuto_hBGN_NeoR
(pTREA_BGN). Major components key: long terminal repeat (LTR),

cytomegalovirus (CMV), human biglycan (hBGN), phosphoglycerate kinase (PGK),
neomycin resistance (NeoR).
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CAP binding site
Lac promotor
Lac operator

RSV promotor
5'LTR (truncated)

AmpR

RRE

AmpR pro motor___ pLenti_BGN_

8078 bp

1 ori

SV40 poly(A) signal o S
|tet operator 1

tet operator

Kozak sequence

Supplementary Figure S11. Plasmid map for the doxycycline-inducible (Tet-OFF)
human biglycan lentiviral expression vector, pLenti_BGN. Major components
key: Catabolite activator protein (CAP), lactose (Lac), Rous sarcoma virus (RSV),
long terminal repeat (LTR), Rev response element (RRV), cytomegalovirus (CMV),
tetracycline (tet), human biglycan (hBGN), puromycin resistance (PuroR),
ampicillin resistance (AmpR).



198

CAP binding site

’ Lac promotor
Lac operator

RSV promotor

5 LTR (truncated)
y

AmpR

pLenti Puro RRE

AmpR promotor
7066 bp

f1 ori

SV40 poly(A) signal

N C
| tet operator 1
|

‘ tet operator

V5 tag

SV40 promotor

Supplementary Figure S12. Plasmid map for the doxycycline-inducible (Tet-OFF)
lentiviral expression vector, pLenti Puro (empty vector). Major components key:
Catabolite activator protein (CAP), lactose (Lac), Rous sarcoma virus (RSV), long
terminal repeat (LTR), Rev response element (RRV), cytomegalovirus (CMV),
tetracycline (tet), puromycin resistance (PuroR), ampicillin resistance (AmpR).
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