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Abstract

Altered cellular metabolism and release of small extracellular vesicles (sEVs)
contribute to acquisition of invasive phenotypes that drive tumour dissemination
and metastasis, the main cause of cancer-related death. Both these processes
depend on membrane trafficking events that allow communication of cancer cells
with different microenvironments on the path to metastasis, and thus shape their
ability to colonise and outgrow in distant organs. To investigate these processes,
we have combined the MMTV-PyMT mouse model of mammary carcinoma with a
syngeneic transplantation and primary tumour resection approach to generate
isogenic cells from primary tumours and their corresponding lung
micrometastases. Phenotypic characterisation of these cell lines showed that,
despite similar growth rates, lung micrometastatic cells exhibited more
mesenchymal characteristics than primary tumour-derived cells. In particular,
gene set enrichment analysis (GSEA) of differentially expressed genes identified
an epithelial-to-mesenchymal transition (EMT) signature in micrometastatic cells,
despite the retention of some epithelial characteristics, such as E-cadherin
expression. Furthermore, when plated in 3D microenvironment, cells lines from

lung metastases were more invasive than those from primary tumours.

Liquid chromatography-mass spectrometry (LC-MS) analysis indicated that there
were significant differences between the steady-state metabolome of primary
tumour and micrometastatic cells - notably that glutathione levels were decreased
in micrometastatic cells and that they synthesised and secreted more proline than
their primary tumour counterparts. We also used LC-MS to compare the lipidome
of PyMT-derived cell lines and found that micrometastatic cells differed in lipid
composition. Notably, micrometastatic cells were enriched in certain sphingolipid
species, in particular (C16-, C18-) ceramide, which is known to influence sEV

biogenesis.

Using differential centrifugation in combination with nanoparticle tracking and
Western blotting, we found that cells from lung micrometastases secreted more
sEVs than their primary tumour counterparts, and these vesicles are highly
enriched in the sEV markers, CD63, CD81, and TSG101. We then explored the role
of ceramide in sEV release by generating neutral sphingomyelinase (nSMase)

CRISPR-knockout isogenic cell lines, and demonstrated that increased sEV release
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from micrometastatic cells, but not from their matched primary tumour cells, was
opposed following deletion of nSMase2. However, no significant differences were
found in the size or number of sEVs released from nSMase1-knockout PyMT-derived
cells. Furthermore, pharmacological depletion of glutathione led to upregulation
of CD63 positive sEVs released from primary tumour cells in a nSMase2-dependent
manner. Deletion of nSMase2 did not affect the invasive migration of PyMT-derived
micrometastatic cells on fibroblast-derived ECM, but abrogated their ability to
invade into a collagen-rich organotypic environment. Collectively, these data
indicate that increased sEV release by micrometastatic cells contributes to the

generation of microenvironment that supports invasiveness.

Taken together, these data provide evidence that metabolic rewiring, and in
particular glutathione and ceramide levels, influence production of sEVs in cells
from mammary carcinoma-derived lung micrometastases in a way that supports a

more invasive microenvironment.
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Chapter 1  Introduction

1.1 Metastasis as a systemic disease

Despite considerable progress in early detection and development of systemic
therapies for different types of cancer, metastatic disease accounts for the
majority of cancer-related deaths. This might seem paradoxical considering that
colonisation of distant organs by disseminated cancer cells is a highly inefficient
process, with clinical manifestation of overt metastases often occurring after
years of undetectable disease following surgery and/or therapy (Lambert et al.,
2017; Pollard, 2016). Advances in our understanding of disease progression have
partially resolved this paradox by establishing that systemic spread of cancer
occurs very early, challenging the traditionally held view of metastatic
dissemination being a late event in tumour progression (Hosseini et al., 2016;
Husemann et al., 2008; Rhim et al., 2012; Podsypanina et al., 2008). Furthermore,
it involves a complex interplay between disseminated tumour cells (DTCs),
immune and stromal cells. It is now clear that the presence of a primary tumour
leads to systemic changes that may elicit spatiotemporal responses, which
regulate tissue-specific processes (inflammation, angiogenesis,
immunosuppression, stromal and metabolic reprogramming) in distant tissues, to
promote the formation of pre-metastatic niches, colonisation, and eventual
outgrowth of previously latent metastatic cells (McAllister & Weinberg, 2014).
However, current therapies directed at minimal residual disease, which originates
from survival of local and/or disseminated cancer cells following treatment, are
mostly empirical, and target rapidly proliferating cells with little or no
consideration of the molecular characteristics of dormant cells and/or the niche
in which they reside (Ghajar, 2015). Thus, a deeper understanding of the cellular
and molecular events that discern primary tumours from their metastatic
descendants could be key to the development of future therapies targeting
elimination or prevention of systemic cancer spread (Klein, 2020; Lambert et al.,
2017).

1.2 Steps of the metastatic cascade

During the course of disease progression, a few clones of cells within the primary

tumour may display enhanced potential for seeding metastatic colonies in distant
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organs, but these founder cells first need to traverse different microenvironments
through a multi-step process, known as the invasion-metastasis cascade (Joyce &
Pollard, 2009; Lambert et al., 2017). For carcinoma cells to metastasise, the first
step in the cascade (Figure 1-1) involves breaching the basement membrane and
locally invading the surrounding stroma, followed by entrance into the circulatory
and/or lymphatic system, survival of tumour cells in the circulation and endurance
of shear stress in the vasculature. Subsequently, these circulating cells can
extravasate into the parenchyma of distant organs, adapt to new
microenvironments and seed small colonies (micrometastases) that will eventually
give rise to clinically detectable metastases (macrometastases) (Lambert et al.,
2017). These processes require cancer cells to acquire properties that foster
migratory and invasive phenotypes, and interact with non-tumour cell types that
help them survive this intricate journey, as briefly described below in the context

of carcinomas (with a particular focus on breast cancer studies).
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Figure 1-1 Overview of the metastatic cascade.

Cancer cell clones within the primary tumour need to complete several steps in order to metastasise
to distant sites through a process known as the ‘metastatic cascade’. Firstly, they need to breach the
basement membrane and locally invade into the surrounding stroma (1). Cancer cells mainly enter
the circulation via the capillary bed (2a) or the lymphatic system (2b), where adaptation strategies
are critical for cancer cells to survive in a highly inhospitable environment. Having successfully
escaped cell death signals, tumour cells reach the capillaries of distant organs via the circulation (3)
where their ability to extravasate into the parenchyma of metastatic target organs (4) depends on
interactions with other cell types in the circulation, as well as systemic changes (termed ‘metastatic
niche priming’) that had previously been induced in these organs by factors emanating from the
primary tumour. Metastatic colonisation (5) is the last step in the cascade, but the journey is not
complete until cancer cells adapt to the new microenvironment, escape immune surveillance and
settle in a favourable niche that supports their survival and maintains their tumour initiating capacity
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(5a). Even then, disseminated cancer cells may enter a state of quiescence (5b), which can last for
years before the appearance of frank metastasis (5c¢) in the target organ.

1.2.1 Invasion into surrounding stroma

Cell motility and invasion are crucial processes for metastatic dissemination as
they enable cancer cells to move into the surrounding tumour stroma, and are
highly orchestrated by responses to both cell-intrinsic and extrinsic cues present
in the microenvironment (Sahai, 2005). In particular, acquisition of mesenchymal-
like traits associated with elongated cell morphology, integrin-mediated cell
adhesion and proteolytic degradation of extracellular matrix (ECM) components
are key to cancer cell invasiveness, with the latter phenotype frequently displayed
by cancer cells invading alone (Giampieri et al., 2009), collectively (Haeger et al.,
2014) or in multicellular streams (Roussos et al., 2011). A well-studied biological
program that drives the acquisition of such characteristics is the epithelial-to-
mesenchymal transition (EMT) (Lambert et al., 2017), described in more detail in
1.4, with this term often being used synonymously with phenotypic plasticity
(Jehanno et al., 2022). Activation of programs regulating cell motility is not only
restricted to successful invasion of cancer cells into stroma, but can also shape
paracrine signalling interactions between macrophages and tumour cells

influencing the next step of the cascade, intravasation (Roussos et al., 2011).

1.2.2 Entry into circulation in clusters or single cells

At the primary site, tumour cells that have locally invaded the surrounding stroma
can enter into blood or lymphatic vasculature either in neighbouring tissues or
newly formed vessels within the tumour. Although haematogenous dissemination
of cancer is considered the main route towards metastatic seeding (Lambert et
al., 2017), the presence of cancer cells in the draining lymph nodes close to the
primary tumour has prognostic value since it is associated with poor disease-free
and overall survival (De Boer et al., 2010). Both cell clusters and single cancer
cells (Figure 1-2), escorted by immune cells, can be found in the bloodstream,
with the former being associated with a more aggressive disease progression
(Aceto et al., 2014; Szczerba et al., 2019). Intravital imaging studies have shown
that physical contacts between macrophages and tumour cells trigger invadopodia
formation in the latter promoting transendothelial migration, and thus enhancing
intravasation (Wyckoff et al., 2000; Roh-Johnson et al., 2014). Indeed, the initial
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pioneering work into the role of macrophages in intravasation (by Jeff Pollard’s
and John Condeelis’s groups) (Wyckoff et al., 2007) led to the discovery of micro-
doorways on endothelial cells, called Tumour Micro Environment of Metastasis
(TMEM) (Figure 1-2), through which breast cancer cells enter the circulation
(Harney et al., 2015; Ginter et al., 2019). Each functional doorway consists of
three different cell types in direct physical contact, a perivascular macrophage
(Tie2-high VEGFA-high causing transient vascular permeability), a tumour cell
(highly expressing Mena, which regulates actin polymerisation and cell migration)
and an endothelial cell (ANG2) acting as a doorway for haematogenous spread
(Harney et al., 2015; Ginter et al., 2019). Importantly, these micro-anatomical
structures have been identified both in mice and human mammary carcinomas,
and increased TMEM density positively correlates with development of systemic
metastases in breast cancer patients (Robinson et al., 2009; Rohan et al., 2014).
It is, therefore, conceivable that understanding the mechanisms involved in
intravasation of cancer cells into the circulation may uncover novel targets to
prevent systemic spread at the start of the metastatic cascade (Sznurkowska &
Aceto, 2021).

1.2.3 Survival of cells while in transit

Once in the bloodstream, circulating cancer cells must overcome major survival
bottlenecks on their way to seed the parenchyma of distant organs (Figure 1-2),
notably due to loss of integrin-dependent adhesion to ECM, shear stress in the
vasculature and/or immune attack, especially by natural killer (NK) cells (Labelle
& Hynes, 2012). To overcome these challenges, circulating tumour cells (CTCs)
interact with other cell types, namely neutrophils and platelets, which can
facilitate their journey to distant sites. For example, neutrophil extracellular
traps (NETs), which are web-like chromatin structures that combat pathogens
upon infection, can entrap circulating carcinoma cells via B1-integrin mediated
interactions (Najmeh et al., 2017), and NET formation has been associated with
the appearance of lung venous thrombosis in a mammary carcinoma model
(Demers et al., 2012). In addition, formation of clusters between CTCs and
neutrophils has been reported to support cell cycle progression in the former
leading to enhanced metastatic seeding in mouse and human mammary carcinoma
(Szczerba et al., 2019). Consistent with exerting a protective role against shear

forces and NK cell-mediated attack (Palumbo et al., 2005), platelets associate
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with CTCs and form aggregates which have been known to support metastatic
progression (Gasic et al., 1968; Gay & Felding-Habermann, 2011). Platelet-rich
thrombi around tumour cells are formed upon activation of platelets either by
direct contact with cancer cells (expressing tissue factor on their cell surface) or
via release of tumour-derived soluble factors (e.g. ADP, TXA2, thrombin)
(Schlesinger, 2018). Platelet coating can physically protect CTCs from recognition
and lysis by NK cells (Palumbo et al., 2005) or even grant them a pseudo-normal
phenotype (MHC | transfer onto cancer cells) (Placke et al., 2012), while platelet-
derived transforming growth factor B (TGF-B) activates TGF-8/Smad and NF-kB
signalling in tumour cells to sustain invasive mesenchymal-like traits (Labelle et
al., 2011), potentially substituting for the absence of stromal interactions
previously found in the context of primary tumour (Lambert et al., 2017).
Interestingly, it has been reported that carcinoma cell-derived mucins bind to
selectins on neutrophils and platelets promoting their physical interaction and
leading to release of cathepsin G from neutrophils that stimulates platelet
aggregation (Shao et al., 2011). Thus, neutrophils and platelets may display
synergistic action on supporting survival, or avoiding cell killing, of tumour cells

in the circulation.

1.2.4 Arrest and extravasation at distant sites

Following survival in the circulation, and prior to entry into the parenchyma of
distant organs, cancer cells can arrest in capillaries due to physical restrictions
and/or adherence to vessel walls. Transient entrapment of cancer cells into
capillary beds shortly after intravasation is mostly dictated by circulation
patterns, while sustained adhesion to the endothelium probably requires specific
adhesion molecules and the involvement of other cell types (Labelle & Hynes,
2012). For example, after intravasation, breast and colon cancer cells travel first
to the capillaries of the lungs and liver (sinusoids) respectively, where tumour-
host cell clusters (as described in 1.2.3) may initially arrest due to the small
diameter of the capillaries (Chambers et al., 2002). However, cancer cells can
also arrest in blood vessels of larger diameter (Al-Mehdi et al., 2000), suggesting
that adhesion to the endothelium is not merely a passive mechanical process, and
involves complex interactions with non-tumour cells, particularly platelets and
components of the innate immune system (immature myeloid cells, neutrophils,

monocytes) (Labelle & Hynes, 2012). These interaction networks influence the
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ability of tumour cells to pass through the endothelial walls via a process known
as transendothelial migration (TEM) (Figure 1-2). Mechanistically, tumour cell-
activated platelets enhance TEM by releasing several growth factors and
cytokines, which can promote invasive mesenchymal characteristics in cancer
cells (TGF-mediated signalling) (Labelle et al., 2011), increase vascular
permeability (endothelial P2Y2 receptor activation) (Schumacher et al., 2013) or
directly lead to the recruitment of bone marrow derived cells (BMDCs) (Massberg
et al., 2006). Likewise, neutrophils have been shown to facilitate TEM of tumour
cells through the secretion of IL-18 and matrix metalloproteinases (MMP9), which
activate endothelial cells and degrade the perivascular ECM respectively (Spiegel
et al., 2016). Furthermore, recruitment of classical (inflammatory) monocytes
(which may differentiate into metastasis-associated macrophages) to metastatic
sites depends on tumour- and stroma-derived CCL2, which is upregulated following
activation of NF-kB signalling pathway in cancer cells interacting with platelets
(Labelle et al., 2011), and promotes vascular permeability and extravasation of
cancer cells into the distant tissue parenchyma (Qian et al., 2011). Lastly,
extravasation efficiency depends on tumour cells’ intrinsic ability to express
factors involved in vascular and ECM remodelling, including epidermal growth
factor receptor ligand epiregulin, cyclooxygenase COX2, matrix
metalloproteinases, VEGF, and ANGPTL4 (Gupta et al., 2007; Padua et al., 2008;
Weis et al., 2004). Indeed, cancer cells expressing high levels of VEGF or Angptl4
are very efficient in metastasising to the lungs, since these factors disrupt
endothelial cell-cell junctions and enhance permeability of lung capillaries
facilitating extravasation (Padua et al., 2008; Weis et al., 2004). Overall, the
formation of cooperative interactions between cancer cells and different types of
host cells during metastasis shape the potential of CTCs to adhere and

transmigrate into the metastatic sites.
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Figure 1-2 Interplay between tumour, immune and stromal cells during intravasation, survival
in circulation and extravasation.

Intravasation involves physical contacts between perivascular macrophages and tumour cells (1)
that promote disruption of endothelial cell-cell junctions enabling transendothelial migration (TEM).
Cancer cells enter the bloodstream either as single circulating tumour cells (CTCs) or multicellular
clusters (2), which can be fragmented due to mechanical (shear) stress encountered in their journey
through the vasculature (3) or can be rapidly eliminated by natural killer (NK) cells (4). Following
intravasation, some cancer cells can survive by associating with platelets, which confer both physical
and immune protection (5), and/or neutrophils that either inhibit NK cell function (6a) or entrap cancer
cells following formation of neutrophil extracellular traps (NETs). Neutrophil-mediated physical
entrapment of cancer cells and release of matrix metalloproteinases (MMPSs) also contribute to
extravasation (6b), which is further enhanced by the coordinated action of activated platelets and
tumour cells once arrested in the capillaries. In particular, tumour-associated platelets activate
endothelial P2Y?2 receptor to induce vascular permeability, and release various growth factors (e.g.
TGFB) and cytokines (e.g. CCL2) to promote invasive mesenchymal traits in cancer cells, and
activate monocyte signalling respectively (7), leading to their recruitment to the metastatic site. These
effects promote TEM of cancer cells into metastatic target organs, which is further supported by
differentiation of the recruited inflammatory monocytes into metastasis-associated macrophages
(MAM) through growth factor secretion (8) in the target organ parenchyma. Adapted from (Lambert
etal., 2017).

1.2.5 Metastatic colonisation

A major rate-liming step for development of clinically detectable metastases is
the last stage of the metastatic cascade, which includes the foundation of
micrometastatic colonies and their outgrowth into overt tumours. Following
extravasation, the vast majority of disseminated cancer cells are not able to grow
in distant organ environments, with only 0.02% forming macroscopic tumours in a
metastatic melanoma model (Luzzi et al., 1998). Metastatic colonisation is highly

inefficient most probably due to elimination of DTCs by immune cells or entry of
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cancer cells into a quiescent state triggered by the absence of microenvironmental
signals that previously sustained their growth in the primary site (Aguirre-Ghiso,
2007). In fact, these dormant disseminated cancer cells can be present for years
or even decades before they form overt metastases (‘awakening’), which is
supported by clinical observations of patients (20-45%) with breast or prostate
cancer that will relapse with metastatic disease after long periods of remission
following primary tumour removal (Aguirre-Ghiso, 2007). Consistent with this, the
presence of DTCs in the bone marrow at the time of diagnosis of breast cancer is
associated with an increased risk of recurrence and poor disease-free survival in
a 10-year follow-up study (Braun et al., 2005). Despite their clinical relevance,
little is known about the nature of dormant disseminated cells and the
mechanisms (further described in 1.3) that enable them to sustain quiescence,
and evade immune surveillance, while retaining tumour initiating capacity and
eventually form macroscopic lesions (Massagué & Obenauf, 2016). It has been
demonstrated that, in the lung, stromal expression of bone morphogenetic protein
(BMP) or DKK1-mediated inhibition of WNT signalling (Figure 1-3) promotes
dormancy of disseminated breast cancer cells by inhibiting cancer stem cells traits
(self-renewal) or by downregulating ligands for NK cell activation respectively
(Malladi et al., 2016; Gao et al., 2012). Interestingly, another study has also shown
that DKK1 differentially regulates the metastatic tropism of breast cancer cells to
the lung and bone by inhibiting non-canonical and canonical WNT signalling
pathways respectively (Zhuang et al., 2017), but the exact relationship between
organ tropism and ‘awakening’ in proliferating metastatic lesions remains to be
determined (Zheng & Pollard, 2017). Understanding, therefore, the molecular
mechanisms that shape metastatic latency within different organ
microenvironments could be key to target the dormant niche that contributes to

disease recurrence.
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Figure 1-3 Mechanisms of metastatic cell latency.

Following extravasation at metastatic target organs (1), the majority of disseminated cancer cells
undergo apoptosis. This is triggered by NK cells, which are recruited to the target organ parenchyma
by patrolling monocytes, which recognise cancer cells and mediate their killing through ligand
stimulation of NK cell receptors (2). Recruitment of inflammatory monocytes, on the other hand, can
promote survival and proliferation of cancer cells by counteracting NK cell-induced cytotoxicity (3).
Infiltrating cancer cells can adopt stem cell-like programs (characterised by high expression of Sox2
and Sox9) and are able to enter a quiescence state (4) in a stochastic manner by upregulating
dickkopf-related protein 1 (Dkk1), a Wnt inhibitor (Sox2-mediated transcription), and thus preventing
-catenin driven proliferation in the presence of Wnt signals (5). This autocrine signalling leads to
downregulation of NK-cell activating ligands and allows latent cancer cells to evade NK cell-mediated
clearance and efficiently seed target organs (6). However, additional traits that latent cancer cells
acquire to break these stochastic cycles of proliferation-death, respond to Wnt signalling and promote
metastatic outgrowth (7). Adapted from (Malladi et al., 2016; Pollard, 2016).

1.3 Dormancy of disseminated tumour cells

It is now clear that disseminated cancer cells that persist as minimal residual
disease (MRD) following primary tumour removal and/or systemic treatment serve
as a substrate for tumour recurrence and manifestation of metastatic lesions,
which can become clinically evident years or decades after successful therapy
(Aguirre-Ghiso, 2007; Sosa et al., 2014). The notion of metastatic latency (Figure
1-3) and MRD is further supported by the persistence of DTCs, which are associated

with increased risk for disease relapse in breast cancer patients following
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neoadjuvant therapies, suggesting that DTCs are not immediately capable of
initiating growth in distant sites (Hartkopf et al., 2013). Despite the presence of
cancer-driver mutations, the inability of these cancer cells to reinitiate growth
can be controlled by microenvironmental and epigenetic mechanisms (Sosa et al.,
2014), similar to the concept previously introduced (Bissell et al., 1982; Parry et
al., 1980), in which host-derived microenvironmental cues regulating tissue
homeostasis might have a suppressive role in cell growth over cancer genetics.
Cancer dormancy refers to the paused growth of DTCs in distant tissues before the
outgrowth of overt metastases (Sosa et al., 2014; Risson et al., 2020), with two
forms being observed: tumour mass dormancy, where a balance between cancer
cell proliferation and death due to immune surveillance and/or impaired
angiogenic response maintains tumour mass constant with no significant change in
cell number, and cellular dormancy, in which DTCs or small cell clusters enter a
reversible mitotic arrest (GO phase) and are resistant to host defences and therapy
(Aguirre-Ghiso, 2007; Ghajar, 2015). The switch of DTCs from a dormant to a
proliferative state (‘awakening’), and vice versa, is under constant dynamic
control and can be mediated via cancer cell-intrinsic or extrinsic mechanisms in
response to changes in the surrounding microenvironment (Risson et al., 2020).
For example, recent work has shown that sustained inflammation results in
awakening of DTCs through ECM remodelling in mouse models of breast and
prostate cancer (Albrengues et al., 2018). In particular, inflammation-activated
neutrophils form NETs and release the proteolytic enzymes elastase (NE) and
MMP9; leading to remodelling of laminin, the cleavage of which triggers
proliferation of dormant cancer cells via activation of a3Bs integrin and
downstream signalling (Albrengues et al., 2018). Conversely, DTCs may reside in
niches that support their survival and induce dormancy programs, such as the bone
marrow microenvironment or the perivascular niche of different metastatic sites
(Ghajar, 2015). Indeed, it has been reported that NG2*/Nestin* mesenchymal stem
cells (MSCs) present in the bone marrow perivascular niche secrete TGF-82 and
BMP7 to signal through TGFBRIII and BMPRII on breast DTCs resulting in activation
of the SMAD, p38 and p27 pathways and subsequent dormancy (Nobre et al.,
2021). Similarly, another study demonstrated that dormant breast DTCs reside on
the microvascular endothelium of lung, bone marrow and brain, and endothelial-
deposited thrombospondin-1 is able to sustain quiescence of these cancer cells by

acting as an angiocrine tumour suppressor (Ghajar et al., 2013). Taken together,
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these studies reflect the ability of DTCs to enter or exit cellular dormancy
depending on the microenvironmental signals, thus highlighting their phenotypic

plasticity.

1.4 Phenotypic plasticity of metastasising cancer cells

As mentioned above (in 1.2.1), acquisition of highly motile phenotypes and
invasive characteristics is critical for carcinoma cells to leave the primary site and
disseminate to distant tissues. One centrally important concept encompassing
these steps is the phenotypic plasticity of cancer cells - which refers to the
reversible transition between cellular states over disease progression and is
shaped by the integration of both intrinsic factors (genetic, epigenetic changes)
and external stimuli (tumour microenvironment) (Jehanno et al., 2022). One of
the best studied examples of plasticity is the activation of EMT-like programmes
in carcinoma cells leading to transient and reversible acquisition of certain
mesenchymal traits, while resulting in loss of some epithelial features (Lambert
& Weinberg, 2021). During cancer progression, the tumour-associated stroma
(consisting of fibroblasts, myofibroblasts, endothelial and immune cells recruited
from host tissues) becomes ‘reactive’ resembling the type of stroma typically
observed during tissue-healing responses and is coupled with the release of various
paracrine signals (LeBleu & Kalluri, 2018). These secreted molecules, including
TGF-Bs and certain interleukins, activate multiple signalling pathways (Wnt/B-
catenin, Notch) and master transcription factors (Snail, Slug, Twist, Zeb1)
resulting in induction of EMT, which confers cancer cells tumour initiating capacity
and therapeutic resistance (Lambert et al., 2017; Lambert & Weinberg, 2021).
Although EMT-like processes might have occasionally been described to act as a
binary switch, with cancer cells residing in either an epithelial or mesenchymal
state, a recent study revealed distinct hybrid EMT states in skin and mammary
primary tumours (Figure 1-4A, B), with cancer cells in the hybrid state displaying
higher plasticity and metastatic potential compared with solely epithelial or
mesenchymal cells (Pastushenko et al., 2018). Interestingly, subpopulations of
cancer cells with various EMT transition states were detected in spatially distinct
areas within the tumour microenvironment, where macrophage infiltration was
associated with progression towards the mesenchymal phenotype (Pastushenko et
al., 2018). The requirement of hybrid EMT cell states, or partial EMT, for

metastasis formation is further supported by an independent study using lineage
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tracing in a model of metastatic breast cancer (Luond et al., 2021). In contrast,
induction of a fully mesenchymal phenotype (full EMT), which can be achieved
experimentally through upregulation of EMT transcription factors or complete loss
of epithelial features, results in cancer cells that have reduced both their tumour
initiating capacity and ability to form metastases (Ocana et al., 2012; Padmanaban
et al., 2019). Mechanistically, while loss of E-cadherin was shown to increase
invasion, it was able to trigger apoptosis in breast DTCs by influencing TGF-8
signalling and ROS accumulation, which ultimately led to decreased metastasis
(Padmanaban et al., 2019) (Figure 1-4C). Phenotypic plasticity can be extended
to other processes in addition to EMT-like transitions critical to metastatic
colonisation, where DTCs may acquire stem-like features, display altered
metabolism, mimic characteristics of the host organ or reside in dormant niches
to be reawakened later (Jehanno et al., 2022). This notion might not come as a
surprise considering evidence that supports a hierarchical model for metastasis
(Malanchi et al., 2012; Lawson et al., 2015). Indeed, it has been shown that a
small population of cancer stem cells is responsible for lung colonisation in a
model of metastatic breast cancer, and cross-talk with the stromal niche of the
target organ is required to allow cancer stem cell maintenance through enhanced
Wnt signalling (Malanchi et al., 2012). Consistent with this, single-cell expression
analyses have demonstrated that DTCs from low-burden metastatic tissues of
patient-derived xenograft (PDX) models of breast cancer display a distinctive
expression profile, relative to cancer cells from advanced metastatic lesions, that
was characterised by expression of stem cell, EMT and survival/dormancy-
associated genes (Lawson et al., 2015). Taken together, these studies implicate
EMT-like, stem cell and dormancy programs in metastatic dissemination, and
cellular state switches in these processes appear to be crucial for the

establishment and eventual outgrowth of metastases in distant organs.
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Figure 1-4 Disseminated tumour cells exhibit phenotypic plasticity in EMT programs.

(A) During disease progression, cancer cells undergo reversible transitions between cellular states
associated with EMT programs. Rather than residing in one state (epithelial or mesenchymal),
carcinoma cells can acquire mesenchymal traits in a dynamic and transient manner, while retaining
epithelial features, thus exhibiting hybrid phenotypes. (B) Tumour cells which display plasticity in
switching between EMT states have increased metastatic potential than cells found only in epithelial
or mesenchymal states, and this plasticity has been associated with immune infiltration in
subpopulations of cancer cells within the tumour microenvironment. (C) Genetic depletion of E-
cadherin (CDH1) in breast disseminated tumour cells results in TGFB-induced accumulation of ROS
and nuclear enrichment of SMAD2/3, leading to oxidative stress and increased apoptosis with
concomitant loss of tumour initiating and metastatic capacity. Adapted from (Jehanno et al., 2022).

1.5 Lung as a metastasis-permissive microenvironment

1.5.1 Formation of the pre-metastatic niche

Seminal observations by Stephen Paget in 1889 which reported preferential
patterns of metastatic colonisation in autopsies from breast cancer patients, led
him to postulate that metastasis is not a random process, but rather depends on
the interactions between disseminated tumour cells (‘seeds’) and the host
microenvironment (‘soil’) (Paget, 1889). Increasing evidence over the last two
decades suggests that, during disease progression, primary tumours release
factors, which condition distant organs before the arrival of tumour cells, thus
generating microenvironments permissive to cancer cell seeding and survival,
which are termed ‘pre-metastatic niches’ (PMNs) (McAllister & Weinberg, 2014;
Psaila & Lyden, 2009). Indeed, these factors can promote vascular leakiness,
which is followed by changes in resident stromal cells and the recruitment of non-
resident BMDCs helping to create a microenvironment receptive to colonisation by
circulating tumour cells (Peinado et al., 2017). During PMN formation, ECM
deposition and remodelling, with accumulation of fibronectin and collagen

crosslinking (via lysyl oxidase or LOX), is critical for the adhesion of BMDCs (Erler
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et al., 2009), likely providing a platform for sites of immune deregulation, due to
the presence of a tumour-derived inflammatory landscape in distant organs where
malignant cells are able to survive and proliferate escaping immune cell clearance
(McAllister & Weinberg, 2014; Peinado et al., 2017).

1.5.2 Neutrophils and macrophages can engender metastasis-
permissive niches

Myeloid-derived cells, recruited to distant sites through systemic signalling by
primary tumours, are crucial components of the PMN environment. During early
steps of the metastatic cascade, primary mammary tumours have been shown to
secrete inflammatory factors leading to the recruitment of neutrophils to the lung
PMN (Coffelt et al., 2015; Wculek & Malanchi, 2015). For example, a study in a
mouse model of spontaneous breast cancer metastasis showed that tumour-
induced expansion and polarisation of neutrophils, mediated by IL-17-producing
Yo T cells, promoted lung metastasis (Coffelt et al., 2015). The authors further
demonstrated that tumour-associated macrophages (TAMs) orchestrate
recruitment of neutrophils to the metastatic site by secreting systemic factors.
Specifically, mammary tumour-bearing mice showed elevated intratumoural and
serum levels of CCL2, which induced the expression of IL-18 by TAMs ultimately
leading to systemic production of y0 T-derived IL-17, IL-12 and G-CSF mediated
expansion of neutrophils, to create an immunosuppressive environment in the lung
by suppressing proliferation of cytotoxic CD8* T cells (Kersten et al., 2017; Coffelt
et al., 2015). Consistent with this, neutrophils were found to accumulate in the
pre-metastatic lungs of mammary tumour-bearing mice (PyMT genetically
engineered mouse model), and promoted metastatic colonisation by supporting
the tumour initiating capacity of cancer cells via leukotriene signalling (Wculek &
Malanchi, 2015).

While patrolling monocytes prevent the seeding of cancer cells that arrive in the
PMN (Hanna et al., 2015), macrophages, inflammatory monocytes (classical) and
bone-marrow derived cells are recruited to pre-metastatic sites favouring
metastasis. Indeed, an increase in Ly6C* monocytes has been observed in the pre-
metastatic lungs in a melanoma model (van Deventer et al., 2013), and the
recruitment of monocytes/macrophages to this site was required for homing and

survival of melanoma cells in a process involving clot formation (induced by
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tumour-expressing TF) (Gil-Bernabé et al., 2012). Similarly, it has been reported
that pre-metastatic clusters of bone marrow-derived cells (VEGFR1*
hematopoietic progenitors) are recruited to the lungs promoting adherence and
growth of cancer cells, which can display different metastatic tropism upon
conditioning with humoral factors secreted from different tumour types (Kaplan
et al., 2005). In addition, a unique population of macrophages (metastasis-
associated macrophages (MAMs)) derived from circulating Ly6C* monocytes has
been found in metastatic lungs, and is distinct from resident lung macrophages
(Qian et al., 2009). Interestingly, MAMs were reported to interact with CTCs at
the site of the vessel during extravasation, and depletion of MAMs significantly
reduced metastatic burden (Qian et al., 2009). Mechanistically, vascular cell
adhesion molecule 1 (VCAM-1)-expressing breast cancer cells can be tethered to
MAMs via a4 integrins, and clustering of VCAM-1 induces Akt activation protecting
cancer cells from proapoptotic cytokines (Chen et al., 2011). These heterotypic
interactions can be enhanced by a CCL2-triggered chemokine cascade in MAMs
further promoting metastatic seeding (Kitamura et al., 2015). Following
metastatic seeding, VEGFR1 signalling in MAMs has also been suggested to promote
survival of metastatic cells through the induction of CSF1 (Qian et al., 2015).
Lastly, an increase of inflammatory monocytes in the lungs of mammary-tumour
bearing mice has been associated with an increase of CD25*FoxP3* Tregs and a
decrease in NK cell numbers and activity (Eisenblaetter et al., 2017). Taken
together, neutrophils and macrophages can act through different mechanisms
towards the establishment of a supportive and immunosuppressive

microenvironment in the lungs favouring metastatic formation.

1.5.3 Lungs, a common site of metastatic spread

Lungs are among the most common sites of metastasis in a range of solid
carcinomas, with about 21% to 26% of malignant tumours successfully colonising
the lungs and forming clinically-detectable metastases (Riihimaki et al.,
2018).The high propensity of cancer cells to metastasise to the lungs has been
attributed to anatomical features of the organ, as well as cellular and molecular
components shaping the lung PMN microenvironment (Ewing, 1928; Paget, 1889;
Psaila & Lyden, 2009). Indeed, lungs possess unique characteristics, such as the
densest capillary beds in the body receiving the entire cardiac output every

minute, and are one of the first tissues encountered after lymphatic drainage into
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the venous system, thus providing favourable conditions that could, to some
extent, result in non-specific dissemination of cancer cells to this organ (Schueller
& Herold, 2003; Gerull et al., 2021). Recently, in an attempt to address this, a
study simulated cancer cell trajectories in a high-resolution humanoid model of
global blood circulation. Comparison of stochastic adhesion events with
metastatic patterns in human autopsies from different cancer types revealed that
blood circulation can account for approximately 40% of the variation in metastatic
distribution (Font-Clos et al., 2020). Interestingly, geometric and haemodynamic
factors were shown to be particularly relevant in the metastatic spread of lung
primary cancer cells, whereas variations in metastasis to the lung could be mostly
attributed to the seed-and-soil hypothesis (Font-Clos et al., 2020), pointing
towards the contribution of primary tumour-induced systemic changes in
metastatic tropism. Once disseminated, breast carcinoma cells can metastasise to
various organs, with lungs being one of the most common sites (Weigelt et al.,
2005; Kennecke et al., 2010). Notably, breast cancer patients with metastatic
disease exhibit reduced 5-year survival rate (18-36%) compared to non-metastatic
patients (>90%) (Jamil & Kasi, 2022; Hayman et al., 2020). Although mortality from
early breast cancer has declined substantially, due to advances in adjuvant
systemic therapies, metastatic breast cancer remains incurable with lung
metastases representing a significant burden and leading cause of cancer-related

complications (Hayman et al., 2020).

1.6 Metabolic reprogramming during metastasis

As our understanding of the complex processes involved in tumour progression
increases, so does our appreciation of the metabolic adaptations that allow cancer
cells to overcome fitness constraints on the path to metastasis. Progression from
locally aggressive solid tumours to metastatic lesions entails clonal expansion of
cancer cells with acquisition of additional mutations, and implementation of
migratory/invasive phenotypes as cancer cells navigate the changing
microenvironments of the metastatic cascade (previously described in 1.2).
Accumulating evidence supports that successful transition through the steps of
this cascade requires cancer cells to dynamically rewire their metabolism (Figure
1-5) maintaining cellular homeostasis in response to challenges imposed by the
(epi)genomic landscape and tissue-specific microenvironments (Faubert et al.,

2020). Although different metabolic pathways have been described to be
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important for metastatic colonisation (depending on the target organ), they all
converge to fuel energy production (Elia et al., 2018; Bergers & Fendt, 2021).
However, the reasons for these high energetic requirements of colonising
metastatic cells, which are distinct from those that support hyperplastic growth
and anabolism in the context of the primary tumour (Faubert et al., 2020), remain
unclear and recent studies point towards energy-consuming processes that involve
cytoskeletal reorganisation promoting cancer cell migration (Zanotelli et al.,
2018; Wu et al., 2021). It is, therefore, conceivable that metabolic plasticity is
intricately linked to invasive phenotypes exhibited by disseminating cancer cells,
and understanding the functional contribution of such metabolic pathways to
cancer progression is crucial for the identification of reprogrammed activities that

are most relevant to therapeutic vulnerabilities.
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Figure 1-5 Metabolic reprogramming of cancer cells during the metastatic cascade.

(A) The first step in the metastatic cascade requires breaching of the basement membrane and
invasion of cancer cells into the surrounding stroma. Extracellular acidification enables metabolically
active cancer cells to overcome such physical barriers though release of lactate, CO2 and other
organic acids leading to disruption of adherens junctions in the basement membrane and release of
proteolytic enzymes to degrade the ECM. In addition, cancer cells secrete glutamine-derived
glutamate that supports invasive behaviour by increasing recycling of a matrix metalloprotease, MT1-
MMP, to the cell surface and further promoting ECM degradation. Acquisition of a more
mesenchymal phenotype in epithelial cancer cells can be supported by incorporation of aspartate-
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derived asparagine into EMT-associated proteins to drive invasiveness. (B) Loss of ECM attachment
leads to cell death (anoikis) due to oxidative insults unless counteracted by NADPH production via
the pentose phosphate pathway (PPP) to provide reducing equivalents for glutathione synthesis and
detoxification. (C) Increased pyruvate levels in the lung microenvironment promote metastatic
colonisation through different mechanisms; (i) metastatic cells depend on pyruvate-carboxylase
anaplerosis to fulfil biosynthetic needs and support growth, (i) pyruvate levels influence the
enzymatic activity of prolyl-4-hydroxylase to create a collagen-rich ECM permissive to metastatic
seeding, (iii) Mct2-dependent pyruvate uptake boosts mTORCL1 signalling in breast cancer lung
metastases. Micrometastatic cells can also upregulate mitochondrial OXPHOS and oligomycin
treatment reduces metastatic seeding in the lungs. (D) During metastatic outgrowth, anabolic
processes are reactivated, to support proliferation. Adapted from (Faubert et al., 2020; Dornier et al.,
2017).

1.6.1 Invading cells at the primary site

The metastatic cascade starts with dissemination of tumour cells from the primary
site, which can be achieved by first overcoming physical barriers posed by the
ECM, such as the basement membrane underlying the epithelium and
endothelium, and the desmoplastic stroma that separates them. When
metabolically-active cancer cells invade into the stroma they can release CO,
lactate and other organic acids (Figure 1-5A), thus increasing extracellular
acidification, which in turn allows cancer cells to detach from adjacent cells
(decrease in abundance of adherens junctions) and promotes ECM degradation
through stimulation of proteolytic enzymes (Helmlinger et al., 2002). Of note,
glutamine-derived glutamate released by cancer cells in the extracellular milieu
(via Xc- antiporter system or xCT) can also drive disruption of the basement
membrane and promote invasive phenotypes by upregulating Rab27-dependent
recycling of the transmembrane matrix metalloprotease, MT1-MMP (Dornier et al.,
2017)(Figure 1-5A). Another example of metabolic reprogramming in cancer cells
is the oncogene (HER2, SRC)-induced activation of lactate dehydrogenase A
(LDHA), an enzyme catalysing the interconversion of pyruvate and lactate,
through phosphorylation, where inhibition of this modification results in anoikis-
induction, decreased invasiveness and low metastatic potential in breast cancer
xenograft mouse models (Jin et al., 2017). Interestingly, supplementation of
lactate and the antioxidant N-acetylcysteine (NAC) rescues this phenotype in

vitro, suggesting a redox homeostasis-related mechanism (Jin et al., 2017).

Other metabolic adaptations promote EMT and acquisition of mesenchymal-like
phenotypes to facilitate cancer cell invasion into the surrounding stroma. Indeed,
EGFR-induced activation of UDP-glucose 6-dehydrogenase (UGDH) depletes UDP-

glucose and increases production of SNAI1 (via enhanced mRNA stability), an EMT-
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TF, which promotes mesenchymal characteristics leading to increased cancer cell
migration and lung metastasis (Wang et al., 2019). In addition, the ability of
cancer cells to synthesise the nonessential amino acid asparagine from aspartate
(via expression of asparagine synthetase (Asns)) supports EMT due to the
disproportionately high asparagine content of EMT-associated proteins (Figure
1-5A). In this model of breast cancer, high asparagine levels promote cancer cell
invasiveness and lung metastasis, while its systemic depletion or Asns silencing
reduces metastasis by decreasing the ratio of epithelial-to mesenchymal-like
tumour cells both in primary and metastatic lesions (Knott et al., 2018). EMT
programs can also be induced by elevated intracellular levels of acetyl-CoA, which
is produced following pyruvate oxidation (via PDH) and further accumulated
through phosphorylation-induced inhibition (leptin, TGF-8/TAK1/AMPK signalling
axis) of its consuming enzyme acetyl-CoA carboxylase 1 (ACC1), resulting in the
acetylation and activation of the transcription factor Smad2, the nuclear
translocation of which is known to promote EMT expression patterns (Rios Garcia
et al., 2017).

Hypoxic regions within the primary tumour influence intrinsic characteristics of
cancer cells and vascular permeability increasing the risk of metastasis.
Specifically, transcriptional programs downstream of HIF-1 and HIF-2 enable
hypoxic breast cancer cells to intravasate and extravasate by disrupting
endothelial cell (EC)-cell interactions (via secretion of ANGPTL4) and promoting
adherence of cancer cells (expressing L1CAM) to ECs respectively (Zhang et al.,
2012). To enhance the entry into the vasculature, both perivascular stromal and
cancer cells can release permeability factors, such as VEGF and angiopoietin, thus
creating leaky and disorganised vessels, which are lined by hypermotile ECs with
excessive filopodia and deregulated EC rearrangements (Carmeliet & Jain, 2011).
Interestingly, glycolytic (PFKFB3-driven) production of ATP in ECs drives EC
rearrangements by promoting filopodia formation and intercellular adhesion,
while blocking glycolysis during vessel sprouting is sufficient to normalise EC

dynamics exhibiting an anti-angiogenic effect in vivo (Cruys et al., 2016).

Migratory and invasive traits of cancer cells can be further supported by enhanced
uptake of fatty acids, accumulation of lipids and upregulation of genes associated

with fatty acid transport and metabolism. For example, a subpopulation of cells
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in human oral carcinomas express high levels of the lipid transporter CD36 that
imports fatty acids for oxidation and confers a metastasis-initiating ability to these
cells (Pascual et al., 2017). Consistent with this, CD36 expression is induced in
breast cancer cells to facilitate fatty acid uptake in the presence of breast-
associated adipocyte secretome, which promotes cancer cell migration and
invasion in vitro (Zaoui et al., 2019), though the underlying mechanisms are not
clear or have been associated with EMT phenotypes in different cancer types
(hepatocellular, cervical) (Nath et al., 2015; Deng et al., 2019). Cancer cells are
also able to synthesise fatty acids de novo (via fatty acid synthase or FASN), with
recent evidence supporting that colorectal cancer cells upregulate FASN-mediated
sphingolipid metabolism (FASN/SPHK/S1P axis), which promotes the proliferation,
adhesion and migration of these cells by modulating focal adhesion signalling
(Jafari et al., 2019).

1.6.2 Circulating tumour cells

Circulating cancer cells can employ antioxidant defence strategies to avoid cell
death following detachment from the extracellular matrix (anoikis) (Figure 1-5B).
Mammary epithelial cells display altered glucose metabolism (reduction of glucose
uptake and concomitant ATP deficiency) upon loss of ECM-induced signals leading
to accumulation of reactive oxygen species (ROS), which results in cell death
unless counteracted via oncogene-induced (Erbb2 or Her2) production of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) through the pentose
phosphate pathway (PPP) (Schafer et al., 2009). This pathway contributes to
detoxification of oxidative insults by providing reducing equivalents to regenerate
reduced glutathione (Figure 1-5B), the most abundant antioxidant in the cytosol.
Indeed, it is because of its role in regenerating reduced glutathione that NADPH
shuttling from the cytosol into the mitochondria is required for efficient cancer
cell growth after loss of ECM attachment (Jiang et al., 2016). Moreover, this
survival mechanism is supported by an unconventional pathway of redox
regulation during anchorage-independent growth, in which cancer cells limit
mitochondrial ROS by promoting isocitrate dehydrogenase 1 (IDH1)-dependent
reductive carboxylation of glutamine into citrate (Jiang et al., 2016). Loss of
matrix attachment has been shown to influence mitochondrial morphology and
function in cancer cells, leading to increased production of mitochondrial ROS

levels. In this case, formation of cell clusters upon ECM detachment promotes
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survival by protecting from ROS-induced death via hypoxia-mediated mitophagic
clearance of damaged mitochondria. However, this adaptation renders cancer
cells metabolically inflexible due to their dependence on glycolysis for ATP
production and inability to utilise alternative nutrient sources that require
oxidative phosphorylation (OXPHOS) for energy production (Labuschagne et al.,
2019). Consistent with this, dynamic labelling of cancer cells during mammary
carcinoma progression reveals that the majority of CTC clusters escaping from the
primary site undergo hypoxia, whereas single CTCs are highly normoxic (Donato et
al., 2020). Specifically, hypoxic regions within the primary tumour retain
functional blood vessels and upregulate cell-cell adhesion proteins, leading to the
formation of CTC clusters with high metastatic potential, which can be targeted
using a pro-angiogenic therapy that reduces hypoxia and prevents CTC cluster

generation (Donato et al., 2020).

Antioxidant defence mechanisms that protect circulating tumour cells against the
oxidising environment of the bloodstream has been shown to influence their
metastatic efficiency (Piskounova et al., 2015; Gal et al., 2015; Ubellacker et al.,
2020). For example, in PDX and syngeneic models of melanoma, high expression
of monocarboxylate transporter 1 (MCT1) confers a subpopulation of circulating
tumour cells with enhanced metastatic efficiency (Figure 1-5B). Indeed, MCT1-
dependent lactate(/proton) transport influences intracellular pH and NAD+/NADH
ratio to support the pentose phosphate pathway and help metastasising cells cope
with oxidative stress (Tasdogan et al., 2020). In these melanoma models, an
independent study also demonstrated that cancer cells in transit through the
lymphatics are more likely to form distant metastases since they display reduced
levels of ROS-mediated ferroptosis compared with cells attempting to metastasise
through the circulation (Ubellacker et al., 2020). Reduced sensitivity of lymph-
circulating melanoma cells to lipid peroxidation (and the ferroptosis that results
from this) is due to acyl-CoA synthetase long-chain family member 3 (ACSL3)-
mediated membrane incorporation of oleic acid, which is enriched within ApoB+
vesicles in the lymph (by comparison with plasma), resulting in fewer
peroxidation-sensitive double bonds in membrane lipids (Ubellacker et al., 2020).
Similarly, another study has reported a link between imbalance in
monounsaturated to saturated fatty acids and reduced capacity of cancer cells to

metastasise to lymph nodes and lungs (Blomme et al., 2017). Mechanistically, this
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imbalance is caused by impairment of vesicular trafficking between the plasma
membrane and an endosomal compartment in cancer cells following depletion of
myoferlin (Blomme et al., 2017; Gupta et al., 2021). Intriguingly, the improper
function of the endosomal system (accumulation of vesicles near the plasma
membrane, reduction in frequency and size of late endosomes/lysosomes and
decrease in microvilli number) induces metabolic stress, characterised by
mitochondrial dysfunction, AMP activated protein kinase (AMPK) activation and
HIF1a stabilisation under normoxic conditions, leading to metabolic rewiring of
breast cancer cells towards glycolysis (Blomme et al., 2017), a phenotype similar
to the one observed after ECM detachment (as previously described) (Labuschagne
et al., 2019). These observations highlight a critical role for the endosomal system
in regulating cellular metabolism associated with invasive phenotypes, suggesting
that crosstalk between these processes can shape the metastatic efficiency of

cancer cells depending on the cancer type and metastatic route.

Over the last decade, it has become clear that alterations in the redox
homeostatic mechanisms of transformed cells, particularly those controlling
oxidative stress and ROS production, have a dual role in cancer progression
(Reczek & Chandel, 2017). ROS accumulation drives pro-tumourigenic signalling
pathways via genomic instability, cellular transformation, proliferation, and
adaptation to hypoxia, while it leads to oxidative stress-induced death unless the
stress can be mitigated by an increase in the antioxidant capacity of cancer cells
(Reczek & Chandel, 2017). In fact, administration of systemic antioxidants (e.g.
NAC, and Trolox (a vitamin E analogue)) to suppress oxidative stress or to activate
endogenous antioxidant pathways (e.g. NADPH generation, de novo glutathione
synthesis, mutations in Keap1 or Nfe2l2, the master transcriptional regulator of
antioxidant response) supports distant metastasis in PDX models of melanoma
(Piskounova et al., 2015), and in autochthonous mouse models of melanoma (Gal
et al., 2015) and lung cancer (Wiel et al., 2019; Lignitto et al., 2019). For example,
two independent studies provide complementary evidence supporting that
constitutive activation of endogenous antioxidant responses (loss of Keap1, Nrf2
accumulation) or chronic supplementation with pharmacological/dietary
antioxidants (NAC, vitamin E) promotes distant metastasis in mouse models of
KRAS-driven lung cancer by inhibiting the Ho1 (haem catabolising enzyme)-

induced degradation of the transcription factor Bach1, which stimulates
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glycolysis-dependent metastasis of mouse and human lung cancer cells (Wiel et
al., 2019; Lignitto et al., 2019). However, oxidative stress has been also shown to
promote metastasis in some models (Porporato et al., 2014; Ishikawa et al., 2008),
suggesting that the exact role of ROS in disease progression may depend on the

type and stage of cancer (Reczek & Chandel, 2017).

1.6.3 Metabolic rewiring during metastatic colonisation

Following extravasation into the parenchyma of distant organs, disseminated
cancer cells need to adapt to a microenvironment, which may differ in nutrient
and oxygen availability compared to the primary site, and create a permissive
niche that eventually allows reactivation of growth, leading to clinically
detectable macrometastases. For example, it has been shown that pyruvate
(Figure 1-5C), which is present at higher concentrations in lung interstitial fluid
than in plasma, results in increased intracellular levels of pyruvate in lung
metastases and this contributes to pyruvate carboxylase (PC)-dependent
anaplerosis (conversion of pyruvate to oxaloacetate to replenish TCA cycle
intermediates) (Christen et al., 2016). This mode of anaplerosis (as opposed to
glutaminolysis-mediated anaplerosis) is critical for cancer cell proliferation in
patients with early-stage non-small cell lung cancer and in a mouse xenograft
model (Sellers et al., 2015), suggesting that breast cancer cells undergoing
metastatic colonisation in the lung microenvironment utilise pyruvate to replenish
precursor intermediates required for anabolic biosynthesis (Christen et al., 2016).
Another study has confirmed that PC expression is required for growth of breast
cancer cells in the lung, while it is dispensable for growth of extrapulmonary
metastases (beyond the lung), further reinforcing the tissue-specific requirement
for PC activity (Shinde et al., 2018). In addition, extracellular pyruvate promotes
generation of a-ketoglutarate (a-KG) through alanine aminotransferase (ALT2)
conversion, and boosts the enzymatic activity of prolyl-4-hydroxylase (P4HA),
which is involved in collagen deposition (Gilkes et al., 2013), leading to the
generation of a supportive metastatic niche through ECM remodelling (Elia et al.,
2019). Indeed, inhibition of pyruvate metabolism impairs collagen hydroxylation
and subsequent growth of breast-cancer-derived lung metastases (Elia et al.,
2019). In these mammary cancer models it is thought that, pyruvate availability
in the mouse lung reflects that of the human lung, and this has been also shown

to support mTORC1 mediated growth signalling in breast-cancer derived lung
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metastases by increasing the activity of the serine biosynthesis pathway in the
former (Rinaldi et al., 2021). Mechanistically, Mct2-mediated pyruvate uptake
stimulates serine biosynthesis, which potentiates mTORC1 signalling through the
equimolar production of a-KG (via the phosphoserine aminotransferase 1 or PSAT -
1-mediated conversion of 3-phosphohydroxypyruvate and glutamate to 3-phospho-
serine and a-KG), and defines (through phosphoglycerate dehydrogenase or Phgdh
expression) the sensitivity of breast-cancer derived lung metastases, and not
primary breast tumours, to mTORC1 inhibition (through use of rapamycin) (Rinaldi
et al., 2021).

Metabolic adaptations associated with the biosynthesis and/or catabolism of non-
essential amino acids, such as serine, glycine and proline (Figure 1-5C), have been
reported to influence the metastatic propensity of mammary cancer cells
depending on the target organ. In particular, a breast cancer cell line variant with
enhanced bone metastatic efficiency has been reported to show increased levels
of all the enzymes involved in the serine biosynthesis pathway, namely
phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase 1
(PSAT1), and phosphoserine phosphatase (PSPH), with high expression of PHGDH
and PSAT1 in primary breast cancer being significantly linked to poor relapse-free
and overall survival of patients (Pollari et al., 2011). Similarly, positivity of PHGDH
and PSPH have been associated with reduced overall survival of patients with
breast cancer-derived liver and bone metastases respectively (Kim et al., 2014),
while high expression levels of serine hydroxymethyltransferase 2 (SHMT2), which
converts serine to glycine, are detected in lymph node metastases and correlate
with poor survival in breast cancer patients with metastatic recurrence (Li et al.,
2020). Conversely, the scarcity of serine and glycine in the brain
microenvironment has been shown to create metabolic inflexibility depending on
serine biosynthesis, and thus pharmacological or genetic inhibition of PHGDH
impairs their growth (Ngo et al., 2020). Another metabolic liability can be found
in the lung microenvironment, where formation of breast cancer-derived
metastases depends on proline catabolism via proline dehydrogenase (Prodh)
which supports their growth and ATP production, while recycling of pyrroline-5-
carboxylic acid (P5C) back to proline via P5C reductase 1 (Pycr1) sustains Prodh
activity (Elia et al., 2017) (Figure 1-5C). Accordingly, PRODH is more highly

expressed in metastases than primary tumours in breast cancer patients (Elia et
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al., 2017). Furthermore, high PYCR1 is frequently observed in invasive ductal
breast carcinoma (Loayza-Puch et al., 2016), and pharmacological inhibition of
Prodh impairs lung metastases formation in an orthotopic breast cancer mouse
model (Elia et al., 2017).

As previously described (in 1.3), disseminated tumour cells enter a dormant state,
which is influenced by the microenvironment of the target organ, and may endure
for years after the initial diagnosis before triggering metastatic relapse. The
mechanisms these cancer cells employ in order to survive, along with the
metabolic adaptations acquired during prolonged dormancy are not completely
known (Pollard, 2016). In a recent study, isolation and characterisation of latency-
competent cancer cells from early stage human lung and breast carcinoma lines
through in vivo selection have revealed that these cells display quiescent-like
traits, reminiscent of stem and progenitor cells (Malladi et al., 2016). In a similar
vein, an independent study has reported that minimal residual cancer cells
derived from conditional mouse models of recurrent mammary carcinogenesis,
exhibit a dormancy signature along with upregulation of OXPHOS, PPP, and altered
lipid metabolism (elevated fatty acid synthesis) leading to oxidative DNA damage.
These are features which have also been observed in tissues obtained from breast
cancer patients following successful neoadjuvant therapy (Havas et al., 2017).
Indeed, inhibition of oxidative stress by scavenging ROS or abrogation of hormone-
driven proliferation of mammary cells attenuated tumour recurrence in vivo
(Havas et al., 2017). Consistent with this, it has been recently reported that, in
human breast cancer PDX models, both primary tumours and micrometastases
display transcriptional diversity. However, only micrometastatic cells seem to
commonly upregulate mitochondrial OXPHOS (Figure 1-5C), and its
pharmacological inhibition (by oligomycin) is sufficient to attenuate metastatic
seeding in the lungs (Davis et al., 2020). It is, therefore, conceivable that once
dormant cancer cells begin to proliferate in the distant organ, anabolic processes
supporting macromolecule biosynthesis (Figure 1-5D) are presumably required for
metastatic outgrowth, and it will be interesting to determine whether these
processes differ from the ones observed in the context of primary tumour growth.
So far, at the single cell transcriptomic level, it has been demonstrated in PDX
models of metastatic breast cancer that micrometastatic lesions are more

enriched in stem-like traits than macrometastases; the latter displaying a more
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luminal differentiation state, akin to the primary tumour identity (Lawson et al.,
2015). All these observations depict specific metabolic adaptations in cancer cells
during their metastatic journey, with a paradigm emerging in which cancer cells
need to retain a degree of metabolic plasticity in order to switch between
different cellular states (e.g. dormant-proliferating, stem-like-differentiated,

epithelial-mesenchymal-like, migrating- proliferating) (Jehanno et al., 2022).

1.7 Crosstalk between cellular metabolism and
endosomal trafficking

1.7.1 An evolutionarily conserved relationship

From invertebrates to humans, the maintenance of metabolic homeostasis
requires proper sensing of nutrient availability and fine-tuning of distinct
integrated responses to such signals across different tissues. On a cellular level,
this implies a requirement for expression of plasma membrane nutrient sensors
and transporters whose surface expression may be dynamically controlled by
components of the endosomal system through vesicular trafficking between
intracellular compartments responsible either for its degradation (lysosomes) or
recycling back to the plasma membrane. Strikingly, genome-wide screens
performed in invertebrate model organisms (C. elegans, D. melanogaster or D.
rerio) to identify genes implicated in glucose or lipid metabolism have revealed
significant associations with more than thirty endocytic components belonging to
different endocytic pathways (as reviewed in (Gilleron et al., 2019)), though the
metabolic functions of these genes remain uncharacterised. In addition, changes
in the internalisation and/or recycling rates of several nutrient transporters,
namely transferrin receptor 1 (decreased TfR1 internalisation limits iron uptake),
GLUT family of transporters (endocytosis of GLUT limits the rates of cellular
glucose uptake), CTR1 (endocytosis and/or degradation of CTR1 stimulated by
increased copper levels to prevent excessive accumulation), have been reported
to influence cellular metabolism by determining the levels of these transporters
at the cell surface (Wang et al., 2011; Antonescu et al., 2014). One of the best
examples that demonstrate the critical contribution of endosomal transport to
metabolic homeostasis is membrane trafficking of GLUT4. In particular, insulin
(during the postprandial period) triggers redistribution of GLUT4, whose

expression is limited to insulin-responsive cells such as muscle and fat cells, from
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specialised intracellular compartments to the plasma membrane leading to
increased glucose uptake in these tissues (Foley et al., 2011; Rowland et al.,
2011). In contrast to insulin stimulation, metabolic stress in cardiomyocytes
treated with oligomycin (and thus shifting towards glycolysis) has been reported
to reduce the rate of GLUT4 endocytosis increasing the glucose influx (Yang &
Holman, 2005), a phenotype similar to the one observed in physiological
conditions, where muscle contraction increases surface GLUT4 levels through
AMPK- and Ca?*- dependent signals in order to support energetic demands (Douen
et al., 1990; Goodyear et al., 1991). Consistent with these data, defective
translocation of GLUT4 in response to insulin is an early step in the development
of insulin resistance and type 2 diabetes mellitus in humans (Lizunov et al., 2013;
Maianu et al., 2001). Altogether, these studies support an essential function of
the endosomal system in influencing metabolic responses depending on external
cues and different microenvironments, pointing to a reciprocal regulatory

relationship of endocytosis and metabolism.

1.7.2 Membrane trafficking and cell migration

Cell migration is essential to several physiological processes including tissue
homeostasis, wound healing, angiogenesis and morphogenetic movements during
embryonic development. As previously mentioned (in 1.2.1), acquisition of highly
migratory phenotypes is the first crucial step in metastatic dissemination (Sahai,
2005), with extensive evidence indicating an important regulatory role of
membrane trafficking in cell migration. In cancer cells, internalisation and
recycling of integrins (Figure 1-6A), which mediate interaction of cells with the
ECM, can influence cell migratory functions by controlling cell-ECM adhesion
dynamics at the cell front and rear, while cross-talk with other receptor classes,
for example co-trafficking of receptor tyrosine kinases (RTKs) with these adhesion
receptors, has also been reported to promote cell migration through
spatiotemporal regulation of growth factor signalling (Jacquemet, Humphries, et
al., 2013), as described below.

1.7.2.1 Integrin trafficking and invasive cell migration

Integrins are the major transmembrane receptors that cells use to bind and

respond to components of the surrounding ECM, and represent a diverse family of
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24 heterodimeric receptors that are composed of a non-covalently linked a and B
subunit, with each subunit possessing a large extracellular domain (ECM binding),
a single-spanning transmembrane domain, and a short cytoplasmic tail
(interacting with several cytoplasmic partners to link to the cytoskeleton or
membrane trafficking machinery) (Hynes, 2002). Integrins can be internalized
from the cell surface via clathrin-dependent or independent endocytosis,
caveolin-mediated or macropinocytosis (Gu et al., 2011; de Franceschi et al.,
2015). After internalisation, integrins are delivered to early endosomes for
recycling back to the cell surface or targeting for degradation, processes that are
regulated by small GTPases including members of the Ras superfamily, namely
those of the Rho, Rab (Figure 1-6A) and Arf groups, and can influence cell
migration. For example, members of the Rho family, Rho, Rac and Cdc42, affect
integrin trafficking and cell migration through regulation of actin polymerisation
dynamics (Ridley, 2006). By contrast, the Rab and Arf GTPases play a more direct
role in integrin trafficking by regulating the recycling and trafficking of
internalised receptors to the cell surface. Indeed, Rab-4 dependent pathway can
regulate rapid or short-loop recycling of integrins from early endosomes, while
integrins recycled through the slow or long-loop pathway are trafficked to
perinuclear recycling compartments (PNRC) in a Rab11- and Arfé-dependent way
(Caswell & Norman, 2006; Paul, Jacquemet, et al., 2015; de Franceschi et al.,
2015) (Figure 1-6A). For example, growth factor-induced autophosphorylation of
protein kinase D1 (PKD1) and its direct interaction with the cytoplasmic tail of B3,
as well as PKD1-dependent phosphorylation of Rabaptin-5 (Rab5 effector), are
required for the rapid recycling of integrin a,83 from early endosomes to the
plasma membrane via the Rab-4 dependent pathway (Roberts et al., 2001; Woods
et al., 2004; White et al., 2007; Christoforides et al., 2012). Integrin asB+, instead,
can be trafficked via the long-loop pathway from early endosomes to the Rab11
positive PNRC prior to recycling to the cell surface, and this trafficking pathway
can be regulated by several different kinases, including PKB/Akt (Roberts et al.,
2004) and PKCe (lvaska et al., 2005), as well as actin related proteins like
Arp2/3(Actin related protein 2/3) and WASH (WASP and SCAR homologue) (Duleh
& Welch, 2012; Zech et al., 2011).

Interestingly, an antagonistic relationship between a,83 and asBi has been

reported, and disruption of the rapid Rab4-dependent pathway (by inhibiting a,83
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integrin or through PKD1/Rabaptin-5 mutation) promotes increased recycling of
asB1 integrin to the plasma membrane via Rab-coupling protein (RCP; Rab11-FIP1)
(Figure 1-6B), and its mobilisation to dynamic ruffling protrusions at the cell front
(Caswell et al., 2008; Christoforides et al., 2012; Woods et al., 2004; White et al.,
2007). RCP promotes the fibronectin-dependent migration of cancer cells by
controlling the endosomal trafficking of asBs+ and RTKs. This RCP-driven increase
in cell invasion is not due to changes in adhesive function, but rather coordinated
recycling of asBs and EGFR1, which promote downstream RTK signalling and
activation of the pro-invasive kinase AKT and a RhoA-FHOD3 (Formin homology-2
domain containing 3) pathway leading to the formation of filopodia at the cell
front (Caswell et al., 2008; Paul, Allen, et al., 2015), with the latter pathway
driving actin spike formation and invasion both in vivo and in cell-derived 3D
matrices (Paul, Allen, et al., 2015) (Figure 1-6B). Notably, a,B83 recycling is
associated with slow and persistent migration through Rac activation and
promotes invasion into ECM containing low fibronectin concentrations, whereas
asB1 recycling can induce rapid and random migration through the Rho-ROCK-
Cofilin pathway and its compensatory increase following inhibition of a\B3 in
matrices with high fibronectin abundance drives increased migration (Danen et
al., 2005; Caswell et al., 2008; Christoforides et al., 2012). Integrin recycling,
therefore, influences invasive migration in 3D matrices depending on the

availability of ECM ligands (or matrix composition) for those integrins.

Gain-of function mutant p53 (mutp53) expression can also activate RCP-
dependent recycling of integrins and RTKs to promote migratory and invasive
phenotypes. In particular, mutp53-mediated inhibition of p63 function leads to
suppression of endoribonuclease Dicer and impairment of miRNA processing, which
in turn attenuates an inhibition of RCP-asBi association and stimulates asBq
trafficking from recycling endosomes to the plasma membrane (Muller et al.,
2009, 2014) (Figure 1-6B). RCP can also associate, through its N-terminus, with a
number of RTKs, including EGFR and cMET (Caswell et al., 2008; Muller et al.,
2009, 2014), and mutp53 can stimulate RCP-dependent co-recycling of adhesion
and growth factor receptors to the plasma membrane, which requires DGKa
(diacylglycerol kinase a)-mediated production of phosphatidic acid at the tips of
invasive protrusions (Rainero et al., 2012). Consistent with RTK trafficking

influencing their signalling, mutp53-driven increased recycling of EGFR and c-MET
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have been shown to activate the Akt and MAP kinase (MAPK) pathways respectively
(Muller et al., 2009, 2014). Indeed, RCP/DGKa-dependent recycling of asB8: and
RTKs leads to localised RTK signalling with activation of Akt, subsequent
recruitment of the RacGAP1/IQGAP1 complex that inhibits Rac1, and in turn
increases RhoA activity at the cell front (Jacquemet, Green, et al., 2013). RhoA
activates the formin FHOD3, which promotes nucleation of actin filaments to drive
the formation of filopodial spike-based protrusions and invasive migration into
fibronectin-rich ECM (Jacquemet, Green, et al., 2013; Paul, Allen, et al., 2015)
(Figure 1-6B). Further interrogation of this signalling network by computational
modelling reveals the presence of a MAPK (Raf/MEK/ERK signalling)-driven
feedback loop to maintain RhoA activity in the invasive protrusions by suppressing
Rac1 via inhibition of the Rac-activating Sos1-Eps8-Abi1 complex, which can be
rescued through MEK inhibition abrogating RCP-driven cancer cell invasion
(Hetmanski et al., 2016).

Rab25, a member of the Rab11 subfamily, displays a restricted expression profile
(epithelial tissues) (Goldenring et al., 1993), has been linked to tumour
aggressiveness and metastasis (Cheng et al., 2004), and can modulate asB+ integrin
recycling to promote invasiveness of cancer cells. In particular, Rab25 has been
shown to directly interact with the cytoplasmic tail of B¢ integrin, which drives
recycling of asB1 to the plasma membrane at the tips of cancer cells, as well as
retention of an actively cycling asBs at the cell front, during migration on a
fibronectin-rich 3D matrix to support pseudopod-driven migration (Caswell et al.,
2007). Interestingly, Rab25 expression does not affect 2D migration, suggesting
that this GTPase is not involved in processes like actin polymerisation or
recruitment of integrins to focal adhesions (Caswell et al., 2007). In Rab25-
expessing cancer cells, chloride intracellular channel 3 (CLIC3) (Figure 1-6A) is
upregulated and colocalises with asBs in late endosomes/lysosomes, where the
active conformation of this integrin (ligand-occupied) is trafficked in a Rab25-
dependent way, but is not degraded. Instead, CLIC3 mediates retrograde transport
and recycling of lysosomally-targeted asBs to the plasma membrane at the cell
rear, where subsequently localised Src activity promotes invasion by enabling
release of the cell rear during migration on 3D matrices (Dozynkiewicz et al.,
2012). In addition, CLIC3 has been reported to promote invasiveness in breast

cancer cells (lacking Rab25 expression), with little influence on integrin recycling,
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by controlling the recycling of the pro-invasive matrix metalloproteinase MT1-MMP
from late endosomes/lysosomes to sites of cell-ECM adhesion, and thus supporting
disruption of basement membrane (Macpherson et al., 2014). Membrane
trafficking control is therefore integral to cell migration and invasion, while the
nature of pro-invasive cargo (integrins, metalloproteinases) and the site to which
is trafficked within different subcellular compartments (from late endosomes to
plasma membrane of invadopodia or cell rear) can depend on the cellular
machinery involved in these processes and expression of membrane trafficking

regulators (e.g. expression of particular GTPases).
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Figure 1-6 Integrin trafficking control and invasive cell migration.

(A) Integrins can be internalised into Rab5-positive early endosomes (EEs) under control of Rab21.
Integrin trafficking from EEs to late endosomes (LEsS) can be controlled by Rab25, and integrin-
containing LEs can fuse with lysosomes for degradation. Integrins can be recycled back to the
plasma membrane from many endosomal compartments. asf: integrin can recycle from LEs in
Rab25-expressing cells under control of Chloride Intracellular Channel Protein 3 (CLIC3). Integrin
recycling back to the cell surface can be also mediated by the Rab-4 dependent short-loop pathway
or the long-loop pathway in which integrins are trafficked to and recycled from perinuclear recycling
compartments (PNRC) via Rabll-, RCP-mediated processes. Trafficking to multivesicular
endosomes (or bodies) (MVES) can further lead to their sorting into intraluminal vesicles (ILVs) and
secretion in small extracellular vesicles following MVE transport, docking and fusion with the plasma
membrane (Rab27-, Rabll-, Rab35- dependent). Adapted from (Caswell & Norman, 2006;
Bridgewater et al., 2012). (B) In fibronectin-rich ECM, inhibition of avf33 integrin or gain-of-function
mutant p53 (via inhibition of p63) expression leads to association of asp: integrin with Rab-coupling
protein (RCP) and its recycling to the cell surface. Receptor tyrosine kinases (RTKs), such as
EGFR1, are also recruited to RCP-positive vesicles which can be tethered to the front of migrating
cells (pseudopod tips) via RCP, which requires the production of phosphatidic acid (PA) from
diacyglycerol (DAG) catalysed by diacylglycerol kinase a (DGKa). This results in spatially restricted
EGFR signalling which locally activates PKB/Akt which in turn, suppresses Rac through recruitment
of phosphorylated RacGAP1 to IQGAP1 (not shown). The inhibition of Rac allows increased RhoA
activity and activation of the formin, FHOD3 that mediates actin filament nucleation to drive formation
of invasive protrusions. Adapted from (Rainero et al., 2012; Jacquemet, Green, et al., 2013; Paul,
Jacquemet, et al., 2015).

1.7.3 Extracellular vesicles

Although initially described as a way to export excess membrane during
reticulocyte maturation (Johnstone et al., 1987), extracellular vesicles (EVs) have
now been recognised as important mediators of intercellular communication.
Release of these membrane-bound vesicles into the extracellular space is an
evolutionarily conserved process from bacteria to humans (Deatheragea &
Cooksona, 2012), and their ability to transfer a variety of cargoes (nucleic acids,

proteins, lipids) from donor to recipient cells that may trigger phenotypic changes
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in the latter has placed EVs as part of the intercellular signalling network in
multicellular organisms. The compositional repertoire of EVs can, therefore,
reflect the physiological state of the cells contributing to the extracellular milieu
(Yanez-Mo et al., 2015), or in the case of pathological conditions, such as cancer,
the content of tumour-derived EVs can be used as biomarkers and may further
contribute to disease progression. Indeed, EVs are among the factors (described
in 1.5.1) that primary tumours release towards the generation of
microenvironments that either support local growth and survival (Li & Nabet,
2019) or favour metastatic dissemination and seeding though the formation of
PMNs (Peinado et al., 2012; Costa-Silva et al., 2015; Novo et al., 2018), as

discussed below.

1.7.3.1 EV classes

Despite controversy surrounding the nomenclature of EVs due to the presence of
heterogeneous populations of membrane vesicles and limitations in isolation
techniques (Théry et al., 2018), EVs can be broadly divided into two main
categories according to their biogenesis: microvesicles (or large EVs; LEVs, (here,
oncosomes refer to tumour-derived LEVs)) and exosomes (or small EVs; sEVs) (van
Niel et al., 2022) (Figure 1-7). The former comprises types of EVs that are
generated at the plasma membrane from its outward budding and fission, while
exosomes originate from intraluminal vesicles (ILVs) formed by inward budding of
maturating multivesicular endosomes (MVEs), followed by fusion of these with the
plasma membrane. Notably, exosomes are small having the same size as ILVs
(<200nm in diameter), whereas microvesicles range in size (50nm to 1,000nm in
diameter), and can be even larger in the case of oncosomes (up to 10pm) (Mathieu
et al., 2019; Van Niel et al., 2018).

1.7.3.2 EV biogenesis

EV biogenesis begins with the formation of microdomains, where membrane-
associated proteins and lipids form clusters through the action of several sorting
machineries, in discrete sites of the plasma membrane for microvesicles, and of
the MVE limiting membrane for exosomes (Figure 1-7). These microdomains,
together with additional machineries, participate both in the sequestration of

soluble components, such as nucleic acids and cytosolic proteins, and the



Chapter 1 51

promotion of membrane budding and fission processes at the plasma membrane
for microvesicle release or at the limiting membrane of MVE for ILV formation. Of
note, a common characteristic of plasma membrane-derived EVs and endosomal
ILVs (future exosomes) is that they bud away from the cytosol, and thus, the
orientation of transmembrane proteins sorted on these EVs is identical to that of
the plasma membrane (Van Niel et al., 2018). Despite the fact that biogenesis of
microvesicles and exosomes occurs at distinct sites in the cell, some of the sorting
machineries and mechanisms involved in the biogenesis of both EV classes are
common, as described in the following sections, and this makes it particularly
challenging to distinguish between different EV subpopulations (van Niel et al.,
2022).

1.7.3.3 Endosomal sorting complex required for transport (ESCRT)

The endosomal sorting complex required for transport (ESCRT) machinery consists
of cytosolic protein complexes (ESCRT-0, -1, -1l and -1ll) acting sequentially at the
limiting membrane of MVEs to modulate cargo sequestration leading to ILV
formation (Colombo et al., 2013) (Figure 1-7). The ESCRT-0 complex recognises
and sequesters ubiquitinated proteins on microdomains of the limiting MVE
membrane, followed by recruitment of ESCRT-I, which interacts with ESCRT-II
leading to membrane deformation into buds, and subsequent recruitment of
ESCRT-1ll which drives vesicle scission and ILV formation (Colombo et al., 2013;
Hurley & Hanson, 2010). Alternatively, syntenin, which binds to the cytosolic
domain of syndecan-1, can recruit the ESCRT-accessory protein Alix, which
together with an ESCRT-lIl member (VPS32; also known as CHMP4), allows
intraluminal budding of endosomal membranes (Baietti et al., 2012). However,
these pathways may not be specific for MVE-derived exosomes in all types of cells,
as syntenin is also detected in larger EVs (Durcin et al., 2017), and ESCRT factors
are involved in membrane budding and scission events at the plasma membrane
(Nabhan et al., 2012).

1.7.3.4 Cellular machineries other than ESCRT

In addition to the ESCRT machinery, cone-shaped lipids and proteins of the
tetraspanin family have been reported to influence ILV formation, and exosome

biogenesis. Specifically, ceramide, the catabolic product of sphingomyelin
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following hydrolytic removal of phosphocholine moiety by neutral
sphingomyelinases, promotes inward budding into the endosomal lumen (MVEs)
leading to increased ILV generation (Trajkovic et al., 2008) (Figure 1-7). Ceramide
can also be converted to sphingosine 1-phosphate (S1P), which has been shown to
influence cargo sorting into ILVs through activation of inhibitory G protein (Gi)-
coupled S1P receptors (Kajimoto et al., 2013). At the plasma membrane, Ca?*-
dependent enzymatic machineries, including aminophospholipid translocases
(flippases and floppases), can drive phospholipid translocation from the inner to
the outer leaflet leading to physical bending of the membrane, and subsequent
restructuring of the underlying actomyosin cytoskeleton which promotes plasma
membrane-derived vesicle budding and microvesicle biogenesis (Hugel et al.,
2005; Minciacchi et al., 2015). However, the effects of these mechanisms on
exosome secretion are yet to be defined. Furthermore, proteins of the tetraspanin
family, like CD63, CD81 and CD9 can influence either cargo sorting into exosomes
or ILV biogenesis (Van Niel et al., 2018), probably via clustering with other
proteins (tetraspanin members or different transmembrane and cytosolic
proteins) leading to the formation of microdomains that promote inward budding
(Charrin et al., 2014). Indeed, inward budding can be supported by a cone-like
structure present in some tetraspanin members. For instance, CD81 possesses a
cone-like structure with an intramembrane cavity for cholesterol binding which
can influence its trafficking within the cell (Zimmerman et al., 2016). Taken
together, EV biogenesis can be dictated by both ESCRT-dependent and alternative
mechanisms, while the relative contribution of these cellular machineries may

vary depending on the cell type and nature of the sequestered cargo.
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Figure 1-7 EV classes and exosome biogenesis.

Extracellular vesicles (EVs) are membrane-bound structures released by cells, and can be broadly
classified in two categories based on their site of biogenesis. Microvesicle biogenesis starts with
microdomain formation at the plasma membrane, whereas exosome formation is initiated upon
intraluminal budding of the limiting membranes of multivesicular endosomes (MVES). The biogenesis
mechanisms for these two EV classes involve coordinated action of several sorting machineries
consisting of membrane-associated proteins and lipids to control membrane budding and fission
processes. Exosome biogenesis may occur through the action of the endosomal sorting complex
required for transport (ESCRT) machinery (top pathway) or generation of ceramide (bottom pathway)
in the limiting membrane of MVEs. In the ESCRT-dependent pathway, ubiquitinated cargoes are
recognised and sequestered to the limiting MVE membrane by ESCRT-0 complex, which further
recruits ESCRT-I that interacts with ESCRT-II leading to membrane deformation into buds, and
further sequestration of ESCRT-IIl to promote vesicle scission and ILV formation. Intraluminal
budding of endosomal membranes can be, alternatively, achieved through the recruitment of an
ESCRT-accessory protein, Alix, which is recruited by syntenin. In the ceramide-dependent pathway,
ceramide induces budding of endosomal membranes towards the lumen of MVEs, thus increasing
ILV formation. In addition to ILV biogenesis, these pathways contribute to the sorting of different
cargoes into ILVs, and therefore shape the compositional repertoire (shown on the top right) of
exosome cargoes, which can vary from nucleic acids to proteins and lipids. Adapted from (Van Niel
et al., 2018).

1.7.3.5 Tumour-derived EVs participate in formation of pre-metastatic niches

As previously described in 1.5.1, primary tumours can release factors to support
the formation of PMNs, that is, microenvironments in distant organs that are highly
permissive to metastatic colonisation and outgrowth. EVs are amongst the factors
released by tumours which can contribute to establishment of PMNs. Indeed,
tumour cells release EVs which contribute to disruption of endothelial integrity of
the blood and lymphatic system, an important barrier to extravasation of cancer
and immune cells at distant sites. For example, metastatic melanoma-derived
EVs, but not EVs from non-metastatic cells, increase lung vascular permeability to

promote spontaneous lung metastasis, with minimal effects on primary tumour
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growth (Peinado et al., 2012). Similarly, increased permeability of the blood-brain
barrier resulting from highly invasive breast cancer-derived EVs leads to enhanced
brain metastasis of less invasive cells (Tominaga et al., 2015), with these EVs being
taken up by brain endothelial cells inducing endothelial cell branching and
inflammation in the perivascular niche (Rodrigues et al., 2019). Several studies
have reported that tumour-derived EVs mediate disruption of endothelial cell
junctions by transferring certain cargoes, and these often include microRNAs that
target factors controlling vascular integrity (Tominaga et al., 2015; Lucotti et al.,
2022).

Since tissue-resident immunity is typically inhibitory to metastatic colonisation,
generation of an immune permissive environment though recruitment of BMDCs or
activation of resident immune cells at distant pre-metastatic organs is considered
crucial for successful metastatic seeding and outgrowth (Kaplan et al., 2005;
Kaczanowska et al., 2021). When systemically introduced into mice, EVs from
highly metastatic tumour cells have been reported to modulate these processes
towards the formation of immune-suppressive environments in different PMNs
(Costa-Silva et al., 2015; Peinado et al., 2012; Hoshino et al., 2015). Indeed,
Rab27a-dependent EV secretion from invasive murine breast cancer cells,
together with release of cytokines and/or metalloproteinases, have been shown
to induce systemic mobilisation of neutrophils promoting metastatic
dissemination, with barely any effect on non-metastatic carcinoma (Bobrie et al.,
2012). Similarly, murine mammary carcinoma-derived EVs can induce an
immunosuppressive microenvironment supporting the formation of lung and liver
PMNs in naive mice. These PMNs are characterised by accumulation of granulocytic
myeloid-derived suppressor cells and reduced infiltration of CD8+ T cells, while
the mammary carcinoma-derived EVs can directly suppress CD4+/CD8+ T cell
proliferation and reduce the tumour-suppressive activity of NK cells (Wen et al.,
2016). Tumour-derived EVs can, therefore, modulate immunologic responses in
distant organs, while their ability to promote immune suppressive phenotypes

depends on the metastatic capacity of EV-releasing cells (Bobrie et al., 2012).

In addition to promoting mobilisation of BMDCs, release of systemic factors from
the primary tumour, and these include tumour-derived EVs, can promote

activation of stromal resident cells in pre-metastatic organ sites. ECM deposition
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and remodelling by such ‘educated’ fibroblasts contribute to the establishment of
PMNs and can determine the metastatic potential of a tumour (Peinado et al.,
2017). In the liver niche, for example, pancreatic cancer-derived EVs expressing
migration inhibitory factor (MIF) have been shown to educate Kupffer cells to
release TGFB which, in turn, induces hepatic stellate cell (HSC) activation and
fibronectin deposition (Costa-Silva et al., 2015). In the lung niche, breast cancer-
derived EVs promote upregulation of pro-inflammatory S100 proteins that activate
resident fibroblasts, and these authors suggested that it was the presence of the
laminin binding integrin, a¢B4 on the surface of these EVs that guided them to the
laminin-rich lung microenvironment (Hoshino et al., 2015). Moreover, the ECM-
rich microenvironments in both the liver and lung niches can enhance the
recruitment of immune-suppressive BMDCs, suggesting that changes in ECM
deposition and/or structure contribute to PMN formation and metastasis (Hoshino
et al., 2015; Costa-Silva et al., 2015; Kaplan et al., 2005). Consistent with this,
expression of mutp53 by pancreatic tumours alters the quantity of podocalyxin
present on EVs released by the cancer cell. This, in turn, influences RCP-
dependent trafficking of asB1 integrin in normal fibroblasts to promote deposition
of a highly pro-invasive ECM in the lung (Novo et al., 2018) and liver (D. Novo,

personal communication) microenvironments.

Given their ability to dispatch cargoes over long distances, it is not surprising that
tumour-derived EVs have emerged as messengers creating a favourable ‘soil’ for
the ‘seed’, but it is remarkable that they can accomplish this in an organ-specific
manner (organotropic metastasis) (Hoshino et al., 2015). Indeed, the protein cargo
of tumour-derived EVs has been reported to correlate with their metastatic
potential (Peinado et al., 2012; Costa-Silva et al., 2015; Novo et al., 2018), while
expression of different integrin heterodimers at the surface of EVs has been shown
to dictate the organs to which are targeted for the formation of PMNs (Hoshino et
al., 2015). For example, aeB4 and aeB1 integrins are upregulated in EVs which end-
up in the lungs, while a\Bs is enriched in EVs accumulating in the liver. In this
case, the pattern of EV uptake by the different tissue microenvironments reflects
the organotropism of donor cells, suggesting that EV-associated integrins can

mediate organotropic metastasis (Hoshino et al., 2015).
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1.7.4 Endo-lysosomal system as a metabolic regulator

Metabolic reprogramming of cancer cells is tightly linked to their enhanced ability
to take-up and utilise nutrients required for survival and increased biosynthetic
demands in adverse environments (Pavlova & Thompson, 2016). In particular,
glucose uptake is often dysregulated in cancer cells though altered expression and
trafficking of membrane transporters, mostly due to aberrant growth factor
signalling cues. For example, activation of PI3K/Akt signalling promotes
upregulation of GLUT1 mRNA levels and Rab11a-dependent recycling of GLUT1 to
the cell surface supporting glucose uptake (Barthel et al., 1999; Wieman et al.,
2007), indicating that proper function of the GLUT1 transporter depends on its
translocation to the plasma membrane. Indeed, the spatial organisation and
abundance of cellular cargoes, including nutrient transporters, signalling and
adhesion receptors, on the cell surface are determined by membrane trafficking
events within the endo-lysosomal network, which directs cargoes either for
degradation (within the lysosome) or cargo retrieval and recycling back to the
plasma membrane or the trans-Golgi network (TGN) (Cullen & Steinberg, 2018).
Similarly, during endosomal maturation, MVEs can be sorted for lysosomal
degradation or can be transported towards the periphery and fuse with the plasma
membrane to release exosomes (Van Niel et al., 2018), although the molecular
events that drive the degradative versus the secretory capacity of MVEs remain

largely unexplored.

1.7.4.1 Balancing lysosomal degradation and endocytic recycling towards
exosome secretion

The fine tuning of several intracellular trafficking events, together with
cytoskeletal rearrangements, within the endolysosomal system are required for
cargo sorting to the site of ILV biogenesis, and determining the subsequent fate
of MVEs (to lysosome or plasma membrane) from which these vesicles stem (Van
Niel et al., 2018). Mechanisms that promote or prevent degradation of MVEs in
lysosomes, the compartment to which they are primarily targeted, can lead to
downregulation or upregulation of exosome release respectively. For example, it
has been shown that a post-translational modification (PTM; ubiquitin-like) of an
ESCRT (-1) machinery component (TSG101) promotes its aggregation leading to

lysosomal degradation, decreased MVEs and inhibition of exosome release
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(Villarroya-Beltri et al., 2016). Conversely, impairment of lysosomal function or
endosome-lysosome fusion (via expression of a Rab7 dominant-negative mutant,
Rab7T22N) can rescue exosome secretion even in the presence of this PTM,
supporting its effect is mediated through lysosomal degradation (Villarroya-Beltri
et al., 2016). Similarly, cargo ubiquitination (probably recognised by ESCRT-
dependent machinery) of Major Histocompatibility Complex (MHC) class Il drives
its recruitment to MVEs destined for degradation, while non-ubiquitinated MHC-II
is targeted to the luminal vesicles in MVEs that are then secreted as exosomes
(Buschow et al., 2009). Consistent with the observation that syntenin function
may be restricted to exosome secretion, overexpression of tetraspanin-6 causes
impaired lysosomal degradation and upregulation of exosome release by recruiting

syntenin (Guix et al., 2017).

Autophagy is another degradative process that can affect exosome release.
Indeed, increased autophagic flux prevents exosome secretion due to the fusion
of MVEs with the autophagosome, and their subsequent degradation in the
autolysosome. Indeed, pharmacological or genetic inhibition of PIKfyve (kinase
generating PI(3,5)P2, which is localised to MVEs/late endosomes and lysosomes)
reduces autophagic flux and increases exosome generation, with a prominent
recovery of autophagic markers (NBR1,p62, LC3-Il) (but not exosome-related
proteins) in the exosomal pellet, indicating that ILVs are secreted via a pathway
distinct from that responsible for releasing MVE-autophagosome-derived vesicles
(Hessvik et al., 2016). Another study has demonstrated that expression of prion
protein (PRNP) promotes internalisation of caveolin-1 (CAV1) and subsequent
cytoplasmic inhibition of ATG12-ATG5 complex, leading to autophagic
impairment. This autophagic impairment is paralleled by increased exosome
release, further supporting a reciprocal relationship between exosome production

and autophagy (Dias et al., 2016).

During endosomal maturation, transport of MVEs to the lysosome for degradation,
or to the plasma membrane for release of ILVs as exosomes, entails the association
of these organelles with cytoskeletal elements (microtubules and actin) and motor
proteins (dynein, kinesin and myosin). These cytoskeletal-vesicle interactions and
the function of the motors and adaptors that mediate these are regulated by small

GTPases. Lysosomal targeting involves transport of MVEs towards the minus end
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of microtubules (retrograde) and this is mediated by recruitment of a dynein
motor via Rab7 and its effectors (Vanlandingham & Ceresa, 2009; Rocha et al.,
2009). Trafficking of MVEs to the plasma membrane, on the other hand, occurs by
kinesin-mediated transport towards the plus end of microtubules (anterograde).
Upon reaching the sub-plasmalemmal region, MVEs must detach from microtubules
and associate with the actin cytoskeleton so that they can dock and fuse with the
plasma membrane. This switch of allegiance from the microtubular to the actin
cytoskeleton requires the action of Rab27s (Rab27a and Rab27b), and their
effectors synaptotagmin-like protein 4, exophilin 5 and myosin Vb (Sinha et al.,
2016; Ostrowski et al., 2010). Notably, Rab27s are not expressed in all types of
cells, and the involvement of additional Rab members and their effectors, such as
Rab11 and Rab35, has been proposed to contribute to MVE transport towards the

plasma membrane and exosome secretion (Savina et al., 2003; Hsu et al., 2010).

All the processes described so far underline crosstalk between the endosomal and
lysosomal or autophagic system, indicating a dynamic balance between
degradative and secretory functions, and the last step towards exosome secretion
could not be a better example to reflect this. The fusion of MVEs with the plasma
membrane, and subsequent release of ILVs into the extracellular milieu as
exosomes, can be achieved through the action of SNARE and synaptotagmin family
members. Indeed, some cells employ the SNARE complex consisting of VAMP7,
plasma membrane syntaxin 7, and the lysosomal synaptotagmin 7, to promote
exosome secretion, while this complex is also known to be involved in lysosomal
exocytosis (Fader et al., 2009). Similarly, regulation of exosome secretion can be
mediated by Ca?* through activation of SNARE complexes (Savina et al., 2005) or
even by pyruvate kinase type M2 (PKM2) through phosphorylation and activation
of SNAP23 (Wei et al., 2017). Despite the diversity of SNARE proteins controlling
exosome release across different cell types, the similarities between MVE fusion
events and lysosomal exocytosis, which is under the transcriptional control of TFEB
(Medina et al., 2011), point towards the exciting possibility that exosome release
may represent an important node between catabolic and secretory processes

whose activity reflects responses to cellular metabolic needs.
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1.7.4.2 Nutrient sensing

In addition to its role in catabolic processes, the lysosome acts as a central hub
for metabolic signalling and nutrient sensing, and as such, performs critical
functions related to macromolecular recycling, vesicular trafficking, metabolic
rewiring and growth signal transduction. This requires dynamic recruitment and
activation of mTORC1 to the lysosomes in response to the presence of growth
factors and nutrients (Ballabio & Bonifacino, 2020; Lawrence & Zoncu, 2019).
mTORC1 is a protein complex consisting of mTOR (mammalian target of
rapamycin, a serine/threonine kinase, also part of the independent mTORC2
complex), RAPTOR (regulatory-associated protein of mTOR), and mLST8
(mammalian lethal with SEC13 protein 8) (Hara et al., 2002; Kim et al., 2002), and
its activation status depends on nutrient (especially amino acid) sensing and
growth factor abundance. In particular, a complex machinery, which is composed
of amino acid channels, the proton pump v-ATPase, and the Ragulator complex
(Lawrence & Zoncu, 2019; Ballabio & Bonifacino, 2020), is located on the cytosolic
leaflet of the late endosomal/lysosomal membrane. This allows sensing of amino
acids, and promotes activation of heterodimeric Rag GTPases that directly bind to
RAPTOR (Sancak et al., 2008) leading to lysosomal recruitment of mTORC1 and
allosteric activation by RHEB (another lysosome-bound small GTPase activated by
growth factors) (Menon et al., 2014). The nucleotide state of Rag GTPases in these
heterodimers (RagA/B bound to GTP, RagC/D bound to GDP) is crucial for mTORC1
recruitment to the lysosome (Sancak et al., 2008; Kim et al., 2008), and nutrient
depletion suppresses mTORC1, which remains inactive in the cytoplasm, by
promoting GTP hydrolysis on RagA by the GATOR1 complex (Bar-Peled et al., 2013;
Panchaud et al., 2013). When nutrients and growth factors are abundant, mTORC1
activation induces phosphorylation of substrates such as Sé6 kinase 1 (56K1) and
4E-binding proteins 1 and 2 (4EBP1,2) leading to phosphorylation of downstream
targets that regulate biosynthetic pathways (nucleotides, lipids, ribosomes),
translation and cellular growth, whereas these processes are inhibited upon
nutrient depletion due to inactivation of mTORC1 (Lawrence & Zoncu, 2019).
mTORC1 inactivation also leads to activation of catabolic pathways, such as
autophagy (through lack of phosphorylation of Unc-51-like kinase 1 (ULK1))
(Hosokawa et al., 2009)), and interestingly, during prolonged starvation mTORC1
signalling can be reactivated in an autophagy-dependent manner to maintain

lysosome (reformation) homeostasis (Yu et al., 2010). Since lysosome-mediated
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signalling pathways can sense cellular metabolism and are critical nodes for
switching between catabolic and anabolic processes, it is not surprising that
mTORC1 signalling is implicated in cancer, while its significance for amino acid
homeostasis extends to primordial functions of nutrient sensing to maintain cell

viability across different organisms (Lawrence & Zoncu, 2019; Li & Kane, 2009).

1.7.4.3 ECM, membrane trafficking and metabolism

Although integrin trafficking can partially mediate disassembly and reassembly of
focal adhesions that support migration, it is becoming increasing clear that it can
also influence intracellular signalling either directly or by co-trafficking of other
membrane receptors (Bridgewater et al., 2012; Paul, Jacquemet, et al., 2015;
Wilson et al., 2018)). Indeed, it has been recently shown that trafficking of ECM
ligand-bound integrins to late endosomes/lysosomes can support mTOR signalling
upon glucose starvation (Rainero et al., 2015). Specifically, glucose deprivation
promotes tensin-dependent centripetal movement of asBi integrins from focal
adhesions in the cell periphery towards fibrillar adhesions in the subnuclear zone
and subsequent endocytosis of fibronectin-bound asBi. This Arf4-dependent
internalisation pathway leads to mTORC1 activation by controlling its recruitment
to late endosomes/lysosomes. Conversely, mTORC1 inhibition promotes
internalisation of active asB1, indicating that nutrient availability modulates
ligand-engaged integrins (Rainero et al., 2015). Consistent with this, after dietary
restriction or growth factor starvation, mammary epithelial cells internalise
laminin-bound integrin B4, leading to mTORC1 activation which prevents
starvation-induced death (Muranen et al., 2017). Another study has demonstrated
that the major energy sensor AMPK, which is known to inhibit mTORC1 by
phosphorylating one of its components (Raptor) (Gwinn et al., 2008), inhibits asB1-
integrin activity preventing its centripetal translocation to fibrillary adhesions and
fibronectin remodelling by downregulating gene expression of the integrin-binding
protein, tensin (Georgiadou et al., 2017). In addition, there have been several
studies reporting (Steinberg et al., 2013; Kvainickas et al., 2017; Shinde &
Maddika, 2017) the involvement of retrieval machineries, especially the retromer
complex, in translocation of nutrient transporters from secretory vesicles or
recycling endosomes to the plasma membrane, thus maintaining their surface
levels and supporting nutrient demands. Taken together, these studies indicate

the presence of mechanistic links between trafficking of membrane receptors,
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nutrient sensing and the cell migration machinery. The likelihood that these links
may be important to the acquisition of invasive and metastatic behaviour in cancer
is now beginning to attract interest. Indeed, understanding the mechanistic
relationships between membrane trafficking, metabolism and cell
adhesion/migration will be critical to determining how cancer cells survive as they
move through the widely differing microenvironments that exist en route to
metastatic seeding and awakening of dormancy. We anticipate that a full
understanding of these mechanisms will expose the key vulnerabilities of

metastasising cells and reveal opportunities for targeting these therapeutically.

Using a murine model of metastatic mammary cancer, we have generated isogenic
cell lines from primary mammary tumours and their corresponding metastases in
the lung, and hypothesised that these isogenic pairs of cells differ in features that

contribute to the acquisition of invasive behaviour.
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1.8 PhD Objectives

Metastatic recurrence remains the main cause of cancer-related death, and
further understanding of the mechanisms that drive metastasis are crucial to
improve patient survival. Despite advances in systemic adjuvant therapies,
targeting the occult nature of disseminated cancer cells (that are the origin of
incurable metastatic disease) has proven challenging for two reasons. First, cancer
cells leave the primary site very early in the malignant progression of cancer, and
can enter a state of cellular dormancy that allows them to survive in distant sites,
sometimes for years before manifesting as clinically-detectable metastases.
Second, cancer cells navigate through different microenvironments on their
metastatic journey, and on the way must evolve strategies that promote cellular
fitness and characteristics that ultimately render them resistant to host defences
and therapy. Among these strategies, altered metabolism is a key characteristic
of cancer cells from early stages of tumour growth; with energy production,
biosynthesis of macromolecules and redox homeostasis being critical for
exponential growth and proliferation, while additional metabolic requirements
emerge as disease progresses. In addition, cancer cells release EVs, membrane
bound vesicles, through which they are able to communicate with other cell types
within the tumour microenvironment, and can support the formation of favourable
conditions in distant organs for future metastatic colonisation and outgrowth. EV
cargo composition usually mediates these functions and differs between
biogenesis pathways, which depend on membrane trafficking processes. A
relationship between membrane trafficking and cellular metabolism has recently
emerged, however it is currently unknown whether this also applies to EV
biogenesis programs, or if it plays any role in invasive behaviour of cancer cells.
The objective of this work is therefore to establish and phenotypically
characterise cancer cell lines derived from primary mammary tumours and
matched metastases in the lung, a common site of metastasis across a variety of
carcinomas, with a particular interest in understanding whether breast cancer-
derived lung metastatic cells rewire their metabolism in a way that could

influence the cellular machinery controlling EV production and invasive behaviour.
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2.1 Materials

2.1.1 Reagents

‘Reagent
0.02pM Whatman Anotop filter
0.2um PES Filter unit (Nalgene)
0.45pm PTFE filter
70um cell strainer
1.5mL microcentrifuge tubes
27G needle
gelatin
96 well PCR plate
Acetonitrile (HPLC grade)
Agarose
All blue protein standard
Ampicillin
BSA
BsmBI enzyme
Buthionine sulfoximine
CaCl,
Casyton
Cell lifter
Chloroform
Citric acid
DMSO
DNasel
DTT
Dulbecco’s Modified Eagle Medium(DMEM)
ECL Western blotting substrate
EGF
Ethanol
Foetal Calf Serum
Fungizone
Glass bottom 35mm dish
Glass bottom 6 well plate
Glucose
Glutaraldehyde
Glycerol
Halt Protease Inhibitor Cocktail, EDTA-free
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Materials and methods

Supplier

Merck

ThermoFisher Scientific
Gilson

Corning

Eppendorf

Becton Dickinson
Sigma

Bio-Rad
ThermoFisher Scientific
Sigma

Bio-Rad

Sigma

First Link

New England Biolabs
Sigma

Sigma

Roche

Corning

Sigma

Sigma

Fisher Scientific
Roche

Melford Laboratories
Life Technologies
Pierce

Life Technologies
VWR

PAA

Life Technologies
MatTek

MatTek

Sigma

Sigma

Fisher Scientific

Fisher Scientific
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Human epidermal growth factor
Hybond-P PVDF membrane
Hydrogen peroxide

Insulin

L-Glutamine

Matrigel

MesNa

Methanol (HPLC grade)

Milk powder

Na,CO;

Na,HPO,

Na;V0,

NaCl

NaF

NEBuffer 3.1

Nunc MaxiSorp plates

NuPage MOPS running buffer
NuPAGE pre-cast gel (4-12 % & 10%)
NuPage sample buffer

NuPAGE transfer buffer
Ortho-phenylenediamine
Paraformaldehyde (PFA)

PBS containing calcium and magnesium
Penicillin/Streptomycin
PerfeCTa SYBR Green Fast Mix
Polybrene

Propan-2-ol

RNase free water

Puromycin

SDS

Slc7a11 ISH probe (422518)
S.0.C medium

Splash Il lipidomix Mass Spec standard
Stbl3 competent cells
Streptavadin-conjugated HRP
Sulfo-NHS-SS-Biotin

Surgical scalpel blade (No.23)
T4 DNA ligase

T4 DNA ligation buffer

T4 polynucleotide kinase

T4 polynucleotide kinase reaction buffer

Thinwall Polypropylene Tube (38.5 mL)

Tissue culture dishes (10 and 15 cm)

Invitrogen

GE Healthcare
Sigma

Sigma

Sigma

BD Biosciences
Fluka

ThermoFisher Scientific

Marvel

Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Sigma

New England Biolabs
ThermoFisher

Life Technologies
Life Technologies
Life Technologies
Life Technologies
Sigma

Fisher Scientific
Sigma

Life Technologies
Quantabio

Sigma

Fisher Scientific
Sigma

Sigma

Fisher Scientific
Bio-Techne
ThermoFisher
Avanti
ThermoFisher

GE Healthcare
Pierce
Swann-Morton Ltd
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
Beckman

Corning
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Tissue culture plate (6 well)

Tris HCl Melford Laboratories

Triton-X100
Trizol
Trypsin
Tween-20

Vectashield mounting media + DAPI

Water (HPLC grade)
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Corning

Melford Laboratories
Sigma

Life Technologies

Life Technologies
Sigma

Vector laboratories
ThermoFisher Scientific

Table 2-1 Reagents and suppliers.

2.1.2 Solutions

‘ Solution
2x HBS

Biotin reduction buffer
buffer
ELISA coating buffer

ELISA development reagent

LB Broth
Non-denaturing lysis buffer

PBS-T
RIPA buffer

TBS
TBS-T

[ ‘
274mM NaCl, 10mM KCL, 1.4mM Na,HPO,, 15mM glucose,

42mM HEPES, pH 6.8

50mM Tris-HCl pH7.4, 10mM NaCl, pH 8.6 at 4°C

0.05M Na,CO3, pH 9.6 at 4°C

0.56 mg/mL ortho-phenylenediamine, 25.4mM Na,HPO,,
12.3mM citric acid, pH 5.4 with 0.003% H,0,

85mM NaCl, 1% bacto-trypton (w/v), 0.5% yeast extract (w/v)

50mM Tris-HCl pH 7.0, 150mM NaCl, 10mM NaF, 1mM Na;VQy,
5mM EDTA, 5mM EGTA, 1.5% Triton-X100 (v/v), 0.75% Igepal
CA-630 (v/v)

PBS, 0.1% Tween-20 (v/v)

10mM Tris-HCL pH 8.0, 1mM EDTA, 1% Triton X-100 (v/v), 0.1
% sodium deoxycholate (v/v), 0.1% SDS (v/v), 140mM NacCl,
1mM PMSF

10mM Tris-HCL pH 7.4, 150mM NaCl

TBS, 0.1% Tween-20 (v/v)

Table 2-2 Solutions and their components.

2.1.3 Kits

\ Kit
Calcium phosphate kit
Pierce BCA Protein Assay Kit
QIAquick Gel Extraction Kit

Quantitech Reverse
Transcription Kit Qiagen

Quick ligation kit

Table 2-3 Kits and suppliers.

Supplier ‘
Thermo Fisher

Thermo Fisher

Qiagen

Qiagen

New England Biolabs



Chapter 2

2.1.4 Primer pairs

Primer

ARPP PO Forward

ARPP PO Reverse

Gclc Forward

Gclc Reverse

LKO.1 forward

PyMT Forward

PyMT Reverse

SLC7A11 (xCT) Forward
SLC7A11 (xCT) Reverse
Smpd2 (nSMase1) Forward
Smpd2 (nSMase1) Reverse
Smpd3 (nSMase2) Forward
Smpd3 (nSMase2) Reverse
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Sequence
GCACTGGAAGTCCAACTACTTC
TGAGGTCCTCCTTGGTGAACAC
CCACAAGAGCTCATCCTCCCT
GGGTCGGATGGTTGGGGTT
GACTATCATATGCTTACCGT
CTGCTACTGCACCCAGACAA
GCAGGTAAGAGGCATTCTGC

CTTTGTTGCCCTCTCCTGCTTC
CAGAGGAGTGTGCTTGTGGACA

CATCCCCTACCTGAGCAAAC
CCAGGAGAGCCAGATCAAAGTT
TGGTGGTGTTTGACGTCATCT
GCGAGTAAAGAGCGAGTGCT

Table 2-4 RT-gPCR primer sequences.

2.1.5 Single guide RNA (sgRNA) oligos

Primer

Sequence

Smpd2 CRISPR Guide RNA F1
Smpd2 CRISPR Guide RNA R1
Smpd2 CRISPR Guide RNA F2
Smpd2 CRISPR Guide RNA R2
Smpd2 CRISPR Guide RNA F3
Smpd2 CRISPR Guide RNA R3
Smpd2 CRISPR Guide RNA F1

Smpd2 CRISPR Guide RNA R1
Smpd2 CRISPR Guide RNA F3

Smpd2 CRISPR Guide RNA R3
Smpd2 CRISPR Guide RNA F5
Smpd2 CRISPR Guide RNA R5

CACCGGCGGACCGCATGAAGCGCTT
AAACAAGCGCTTCATGCGGTCCGCC
CACCGCGCCCTATGTTTGCTCAGGT
AAACACCTGAGCAAACATAGGGCGC
CACCGCTTCTGAAGTAGTGTGCATC
AAACGATGCACACTACTTCAGAAGC
CACCGCACAAACGGTCTCTCTATGATG

AAACCATCATAGAGACCGTTTGTGC
CACCGCGATGTACCCAACAATT

AAACAAGAATTGTTGGGTACATCGC
CACCGGTGGTGTTTGACGTCATCTG
AAACCAGATGACGTCAAACACCACC

Table 2-5 Single guide RNA sequences.

2.1.6 Plasmids

Plasmid Supplier (catalogue number)

lentiCRISPR vector
pSPAX2
pVSVG

Addgene (#52961)
Addgene (#12260)
Addgene (#12259)

Table 2-6 Plasmids and suppliers.
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2.1.7 Primary antibodies

Antibody Host species Application (dilution) Supplier (cat.

Number)
CD63 rabbit WB (1/1000) Abcam (ab217345)
CD81 mouse WB (1/1000) Santa Cruz (sc-166029)
Ceramide mouse IF (1/100) Enzo(ALX-804-196)
E-cadherin mouse IF (1/300) BD Pharmingen (610181)
Integrin as Rat ELISA (1/100) BD Pharmingen (553319)
Integrin as rabbit WB (1/1000) Chemicon (AB1928)
Integrin B (9EG7) rat ELISA (1/100) BD Pharmingen (550531)
Integrin B4 (9EG7) rat WB (1/500) BD Pharmingen(553715)
Transferrin receptor  rat ELISA (1/100) BD Pharmingen (553264)
TSG101 mouse WB (1/1000) GeneTex (GTX70255)
Vinculin mouse WB (1/5000) Sigma (MAB3574-C)

Table 2-7 Primary antibodies.

2.1.8 Secondary antibodies

Antibody Host species Application (dilution) Supplier (cat.
Number)

Alexa Fluor 488 anti- = donkey IF (1/500) ThermoFisher

Mouse IgG (A-21202)

Alexa Fluor 488 anti- | goat IF (1/500) ThermoFisher

Mouse IgM (A-21042)

HRP-linked anti- horse WB (1/5000) Cell Signalling

Mouse 1gG (#7076)

HRP-linked anti- goat WB (1/5,000) Cell Signalling

Rabbit IgG (#7074)

IRDye 680RD anti- goat WB (1/10,000) LI-COR

rabbit IgG

IRDye 680RD anti- goat WB (1/10,000) LI-COR

rat 1gG

IRDye 800CW anti- goat WB (1/10,000) LI-COR

mouse IgG

Table 2-8 Secondary antibodies.

2.2 Methods

2.2.1 Mouse models of metastatic breast cancer
2.2.1.1 Autochthonous model of mammary carcinoma

All mice carrying a mouse mammary tumour virus (MMTV) promoter-driven
polyoma middle T (PyMT) transgene had been backcrossed >20 generations in
FVB/N background. The MMTV-PyMT mice have been described previously(Guy et
al., 1992). MMTV-PyMT mice (The Jackson Laboratory, ME, USA) were housed in
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individual cages with environmental proactive enrichment, ventilated in a barrier
facility (12-hour light/dark cycle). Monitoring of mice for tumour development
was performed two to three times per week. Tumour growth was monitored by
calliper measurement three times per week. The clinical endpoint was 15 mm
diameter, and once this was reached, mice were euthanised with rising
concentrations of CO,. Metastatic burden (number of metastases, metastatic
index) in the lungs was confirmed and further assessed by H&E staining (in
collaboration with Karen Blyth’s lab, CRUK Beatson Institute, Glasgow). All work
was carried out with ethical approval from CRUK Beatson Institute and University
of Glasgow under the revised Animal (Scientific Procedures) Act 1986 and the EU
Directive 2010/63/EU (PP6345023). All animal experiments were performed in

accordance with relevant guidelines and regulations (3Rs).

2.2.1.2 Syngeneic transplantation and resection model

For orthotopic transplantation experiments, 8-to-10-week-old female FVB/N mice
were obtained from Charles River (UK). 0.5 x10° cells (either from PyMT#1 or
PyMT#2 series) in 50ul PBS/matrigel were transplanted into the fourth mammary
fat pad of FVB mice. Following recovery from surgery, mice were housed in
individual cages and monitored for tumour development three times per week.
Once tumour was palpable, growth was assessed by calliper measurement three
times per week, and tumour was surgically removed when the diameter reached
~8-9mm. The tumour was kept in ice-cold PBS prior to downstream processing for
cell line generation (as described in 2.2.2.1). After surgical resection, mice were
closely monitored (three or more times per week) for clinical signs of metastasis,
which included weight loss, altered respiration or abdominal distension. All the
animals were scored based on these signs (mild, moderate, advanced) and were
euthanised in rising concentrations of CO2, if they displayed two or more moderate
signs (e.g. weight loss<20% and moderate piloerection). Of note, regrowth of
resected tumour might occur in the orthotopic site, and if that was the case, the
clinical endpoint was 15mm in diameter. At clinical endpoint, lungs were
harvested, kept in ice-cold PBS prior to further processing for generation of cell
lines (described in 2.2.2.1). Analgesia was used prior and after all surgical

procedures to minimise any pain/discomfort of the animals.
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2.2.1.3 Slc7allin situ hybridisation staining

Formalin fixed paraffin embedded (FFPE) tissues from MMTV-PyMT primary
mammary tumours and matched metastatic lungs, from a cohort of mice in which
tumour burden and metastatic index had already been assessed, were kindly
provided by Karen Blyth’s lab, CRUK Beatson Institute, Glasgow. All Haematoxylin
& Eosin (H&E), and in-situ hybridisation (ISH) staining for Slc7a11 (xCT) were
performed by Colin Nixon and the histology service, CRUK Beatson Institute,
Glasgow. H&E and ISH staining were performed on 4um formalin fixed paraffin
embedded sections which had previously been ovened at 60°C for 2 hours. H&E
staining was performed on a Leica autostainer, where sections were dewaxed,
taken through graded alcohols and stained with Haem Z (CellPath) for 13 minutes.
Sections were then washed in tap water, differentiated in 1% acid alcohol, washed
and the nuclei blued in scotts tap water substitute (in-house). After washing, the
sections were placed in Putt’s Eosin (in-house) for 3 minutes. ISH detection for
Slc7a11 mRNA was performed using RNAScope 2.5 LSx (Brown) detection kit (Bio-
Techne) on a Leica Bond Rx autostainer strictly according to the manufacturer's
instructions. To complete H&E and ISH staining, sections were rinsed in tap water,
dehydrated through graded ethanols and placed in xylene. The stained sections
were coverslipped in xylene using DPX mountant (CellPath). Following staining,
slides were scanned at 20x magnification using NanoZoomer NDP scanner
(Hamamatsu), and HALO software (Indica Labs) was used to quantify the average
optical density of the Slc7a11 stain in sections of primary mammary tumours and

corresponding lung metastases.

2.2.2 Cell culture
2.2.2.1 Generation of PyMT cell lines

Cell lines (‘parental’) from the MMTV-PyMT model were generated in-house by
Nicola Ferrari and Nick Rooney, CRUK, Beatson Institute, as previously described
(Ferrari, 2015). PyMT#1 and PyMT#2 cell lines were generated from two separate
mice. To generate cell lines from the transplantation and resection model, we
used a similar approach with slight modifications. Following surgical resection (as
described in 2.2.1.2), single primary mammary tumours were minced using sterile
surgical scalpels until a fine paste was achieved, and the finely chopped tissue

was added to culture media (DMEM), followed by centrifugation at 1000rpm for 5
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minutes at room temperature (RT). The cell pellet was resuspended in DMEM,
filtered using a 70um cell strainer (to eliminate remaining clumps) and added to
a 10-cm dish. The media was supplemented with 10% FBS, 2mM glutamine,
100U/ ml penicillin streptomycin, 20 ng/ml hEGF, 10 pyg/ml insulin and 0.25ug/ml
fungizone and cultured at 37°C/ 5% CO2 in a humidified incubator. The cells were
closely monitored during the first days of culture, PBS washes were performed in
case there were too many red blood cells in the culture (as they might compromise
mammary tumour cell growth), and media was changed every other day. To
establish an immortalised mammary tumour cell line, cells were passaged (once
reached around 90% confluence) for at least five generations and maintained in
culture for a maximum of twenty passages. The same protocol was used for the
generation of metastatic cells lines, with the exception that following

centrifugation, the resuspended cell pellet was seeded in 6 well plates.

For cell culture growth and maintenance, cells were kept in the aforementioned
conditions (without fungizone supplementation after the fifth passage; this is
hereby referred to as full (culture) media) and passaged every two days. Following
trypsinisation (0.25% trypsin) for 5 minutes at 37°C/ 5% CO., cells were
resuspended in full media and plated at the appropriate number in new TC dishes.
Long-term storage of our cell lines involved cryofreezing, where cells were
trypsinised, centrifuged at 1000rpm for 5 minutes at RT and the pellet was
resuspended in full culture media containing 10% DMSO. The cells were frozen at
-80°C within cryovials that were placed in a Mr Frosty freezing container,
according to the manufacturer’s instructions, and eventually transferred to liquid

nitrogen.

2.2.2.2 Cell lines

HEK293T cells (obtained from ATCC) and telomerase-immortalised human dermal
fibroblasts (TIFs; generated in-house, CRUK Beatson Institute, Glasgow) were
cultured in DMEM supplemented with 10% FBS, 2mM glutamine and 100U/ml
penicillin streptomycin, and kept in a humidified incubator at 37°C/ 5% CO. For
NMUMG (ATCC) cells, media were further supplemented with 10 pg/ml insulin.

Cells were passaged and cryopreserved as described above (in 2.2.2.1).
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All cell lines were tested for mycoplasma contamination on a regular basis using
the in-house mycoplasma testing (qPCR based detection, Venor GeM qOneStep kit
(ThermoFisher)) service (Jillian Murray, Molecular Technology Services, CRUK

Beatson Institute, Glasgow).

2.2.2.3 Cell proliferation assay

PyMT#1- and PyMT#2-derived cell lines were seeded at 2x10* and 3x10* cells per
well in 6-well culture plates and incubated at 37°C/ 5% CO2 in a humidified
incubator for 6 hours to adhere. Plates were transferred to a tissue culture
incubator equipped with IncuCyte ZOOM live-cell imaging system, and images
were acquired (10x objective) every 2 hours over a period of 120 hours (5 days).
At the end of the incubation, images were analysed using the Incucyte Base
Analysis Software, and confluence was measured using the same phase
segmentation parameters across all PyMT-derived cell lines. Confluence was
calculated as a % of the phase image area covered by cells (3 technical replicates
or fields of view/condition) corresponding to individual time points, and these
values (sixty time points) were plotted over the culture period to generate the
growth curves for each cell line. The time elapsed (t1/2) until half of the phase
image area per field of view was covered by cells (50% confluence) was also

plotted in these graphs.

2.2.2.4 Buthionine sulfoximine (BSO) treatment

PyMT#1-derived cells (parental, fat pad, micrometastatic) were plated at 3x103
cells per well in 24-well culture plates, and incubated at 37°C/ 5% CO; for 24
hours. The following day, cells were treated with increasing concentrations
(2.5pM, 5uM, 25pM, 50uM, and 100uM) of BSO or H,0 as control. For cell
proliferation experiments, cells were incubated for 48 hours in the presence of
the drug at 37°C/ 5% CO., and total cell nhumber was counted at the end of the
incubation time. To count cell number, cells were trypsinised in each well,
resuspended in full media (as described in 2.2.2.1) and total number of cells was
measured using a Casy Cell Counter according to the manufacturer’s instructions.
For metabolic or EV collection experiments, PyMT#1-derived parental cells were
treated with BSO for 24 hours (0.625uM, 1.25uM, 1.875uM, and 2.5uM in full media)


https://www.sartorius.com/en/products/live-cell-imaging-analysis/live-cell-analysis-software/incucyte-base-software
https://www.sartorius.com/en/products/live-cell-imaging-analysis/live-cell-analysis-software/incucyte-base-software
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or 48 hours (1.25uM or 1.88uM in EV-free media) respectively, and total cell

number was measured.

2.2.2.5 Generation of nSMase deficient PyMT cells using the CRISPR/Cas9
technology

First, oligos were designed considering the target sequences (single guide RNA
against non-targeting control(Wang et al., 2014), nSMase1 or nSMase2(Sanjana et
al., 2014)), need to be flanked on the 3’ end by a Protospacer Adjacent Motif (PAM
sequence 5’- NGG-3’). The cloning of these sequences into a lentiCRISPR vector,
formerly established by the Zhang lab(Shalem et al., 2014), was performed with
slight modifications(O’Prey et al., 2017). 5ug of lentiCRISPR plasmid were digested
with BsmBI for 2h at 37°C, and the digested plasmid was run on an agarose gel
followed by gel purification of the larger band (=11 kb) using the QlAquick Gel
Extraction Kit. Each pair of gRNA oligos (10uM) was phosphorylated and annealed
with 5 units of T4 Polynucleotide kinase in T4 DNA ligase reaction buffer, for 30
minutes at 37°C, followed by 5 minutes at 95°C and ramped down to 25°C at
5°C/minute. After diluting the annealed gRNA oligos using ddH0 (1:200), a
ligation reaction was performed for 1h at 25°C between the diluted oligo duplex
and the digested lentiCRISPR plasmid (50ng) using the Quick Ligation kit.

To amplify clones of these lentiviral constructs, we transformed Stbl3 competent
cells with 11pl of ligation reaction. After gentle mixing, cells were incubated on
ice for 30 minutes, followed by brief heat-shock (45 seconds at 42°C) and further
placed on ice for 2 minutes. Then, 250ul of pre-warmed S.0.C. medium was added
to the vials, which were shaken horizontally at 30°C for 1 hour at 225 rpm in a
shaking incubator. The entire transformation mix was spread onto ampicillin-
containing agar plates and incubated overnight at 30°C. Next day, several single
colonies were picked for each gRNA cloning, and grown overnight in ampicillin
(100 pg/ml) containing LB broth (10ml), at 30°C in a shaking incubator (225rpm).
To confirm successful gRNA cloning in these mini-cultures, plasmid purification
and sequencing using the LKO.1 forward primer were performed by the Molecular
Technology Service, CRUK Beatson Institute, Glasgow. CLC Genomics workbench
software (7.5.2 version) was used for alignment of the desired gRNA sequences

with the ones of the propagated clones. The positive clones for each of the gRNA
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sequences were amplified in larger cultures and the plasmids were purified for

long term storage (-20°C) and use.

To produce the lentivirus encoding Cas9, along with the desired gRNAs, HEK 293T
cells were used as the host packaging cell line. Prior to the transfection day, 1 x
10® HEK 293T cells were seeded in 10cm plates and cultured overnight at 37°C/
5% CO; in a humidified environment. Next day, cells were transfected using the
calcium phosphate kit as follows: DNA (10ug plentiCRISPR for each of the gRNAs,
7.5ug pSPAX2, and 4ug pVSVG) is diluted in sterile H,O (440ul), followed by
addition of 2x HBS (500 pl) and thorough mixing. Then, 2M CaCl, (60ul) were
added, immediately mixed up and down, and the mix was incubated for 30 minutes
at 37°C. At the end of this incubation time, the mixture was gently added to the
cell media and left overnight at 37°C. Next day, culture media was carefully
discarded (CL 2 disposal), and replenished with the appropriate media containing
20% FBS. On the same day, 0.4 x 10® PyMT cells (primary tumour and metastatic
lines) were seeded in 10cm plates (including an extra plate of cells to be used as
a control for antibiotic selection), and left to adhere and grow overnight at 37°C/
5% CO2 in a humidified incubator (so the cell confluence is <60% on the day of

transduction).

To transduce our target cells with the lentivirus-containing media, HEK 293T
supernatant was carefully collected 48 hours post transfection, and filtered
through a 0.45pum PTFE filter membrane (to prevent cell line cross contamination).
Then, polybrene was supplemented to the virus-containing media, to a final
concentration of 4ug/ml, to enhance transduction efficiency. After removal of
media from recipient PyMT cells, the lentivirus-containing media were added and
the cells were infected overnight at 37°C/ 5% CO2. 24 hours post infection, the
virus-containing media were removed from PyMT cells, which were further
passaged into appropriate culture media containing puromycin (2ug/ml). The
antibiotic selection media were replenished every 2 days, and the cells were
passaged according to their confluence to generate stable cell lines. Almost 7

passages post infection, cells were harvested for gPRC analysis of nSMase deletion.
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2.2.3 RNA extraction

Once reached ~80% confluence, PyMT-derived cells were washed twice with ice-
cold PBS, lysed into Trizol (1ml per 10cm dish), and the lysate was pipetted up
and down several times to achieve homogenisation, snap frozen on dry ice and
stored at -80°C until further use. On the day of RNA extraction, samples were
thawed and incubated for 5 minutes at RT to allow complete dissociation of the
nucleoprotein complexes, which was followed by chloroform addition (0.2ml per
1ml Trizol used), thorough mixing by vortexing and incubation at RT for 3 minutes.
Then, samples were centrifuged for 15 minutes at 12,000xg at 4°C, the upper
aqueous phase (which contains the RNA) was transferred to a new tube, and an
equal volume of isopropanol was added to precipitate the RNA. After brief
vortexing, the samples were incubated for 10 minutes at RT, and further
centrifuged at 12,000xg for 10 minutes at 4°C. The pellet was resuspended in 1ml
of 75% ethanol (to wash the RNA), vortexed briefly and centrifuged for 5 minutes
at 7600xg at 4°C. The supernatant was carefully aspirated, and the RNA pellet
was left to air dry for 10 minutes prior to resuspension in 40l of RNase-free water,
which was pre-warmed to 55°C. Samples were pipetted up and down, incubated
in a heat block set at 55°C for 15 minutes, and then transferred on ice. The RNA
was stored at -80°C, and on the day of cDNA synthesis (described in 2.2.5) RNA
yield was determined by calculating the Ao/A2s0 ratio using a NanoDrop

spectrophotometer (Thermo) according to the manufacturer’s instructions.

2.2.4 RNA-Sequencing

PyMT#1- and PyMT#2-derived cell lines were seeded at 0.5x10° and 1x10°¢ cells
respectively in 10cm dishes and incubated at 37°C/ 5% CO; in a humidified

incubator for 24 hours prior to sample preparation for RNA sequencing (RNA-Seq).

2.2.4.1 Sample preparation and sequencing

RNA was extracted from the above cell lines (as described in 2.2.3). Ribodepletion
of the samples and RNA-Seq were performed by Billy Clark, Molecular Technology
Service, CRUK Beatson Institute, Glasgow. Briefly, a RiboZero magnetic kit was
used per manufacturer’s instructions, and removal of ribosomal RNA was
determined by the lack of 18S and 28S rRNA peaks on the processed samples,
which were analysed by the RNA 6000 Pico Kit and Bioanalyzer (Agilent
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Technologies). Sample library preparation was, then, performed using the Illumina
TruSeq RNA Library Prep kit v2, and sequencing was conducted on the NextSeq500
platform using a High Output 75 cycle kit.

2.2.4.2 Data analysis

Analysis of the RNA-Seq data was performed by Ann Hedley and Ryan Kwan,
Bioinformatics, CRUK Beatson Institute, Glasgow. For RNA-Seq data analysis, the
mouse genome version GRCm39v105 was used and gene count normalisation was
performed using Deseq2 (which normalises gene counts after accounting for
sequencing depth, gene length and RNA composition). Gene-set enrichment
analysis (GSEA) of differentially expressed genes between primary tumour and
metastatic PyMT-derived cell lines was performed using the Molecular Signatures
Database (MSigDB) hallmark and/or curated gene sets. Following manual
inspection of gene expression signatures in these groups (heat maps; not shown),
normalised counts were extracted and plotted for the genes that contributed the

most to the enrichment score (leading edge subset of the enrichment plot).

2.2.5 cDNA synthesis

Following RNA extraction and determination of RNA yield (described in 2.2.3), 1ug
of RNA was used as template for cDNA synthesis using the Quantitech Reverse
Transcription Kit according to the manufacturer’s instructions. Genomic DNA
(gDNA) was eliminated by adding gDNA wipeout buffer (2ul) to the template RNA
in a total volume of 14pl per reaction. The samples were then incubated for 2
minutes at 42°C, and placed immediately on ice. Following preparation of a
reverse transcription (RT) master mix containing 1pl Quantiscript reverse
transcriptase, 4ul Quantiscript RT buffer, and 1ul RT primer mix, the mix was
added to each sample, which was then incubated for 15 minutes at 42°C, followed
by a 3 minute incubation at 95°C to inactivate the reverse transcriptase. To ensure
the absence of gDNA contamination, a negative control (without reverse
transcriptase) was also included in these reactions. The cDNA was used

immediately for qPCR or stored at -20°C for later use.
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2.2.6 RT-gPCR

Reverse transcription quantitative real-time PCR (RT-qPCR) reactions were
performed in 96-well plates (BioRad CFX platform) by using SyBr green in a total
reaction volume of 10pl per well. Each reaction contained a 1/20 dilution of cDNA
template, 1X PerfeCTa SYBR Green Fast mix, 0.5uM forward primer and 0.5uM
reverse primer (primer sequence details for the gene targets provided in 2.1.4),
and samples were plated in duplicate. In each run, standard curves were
generated using serially diluted cDNA from pooled samples to assess reaction
efficiency, and no template controls (without cDNA) were also included for each
target gene to check for potential primer dimer formation. Reactions were run on
the BioRad C1000 thermal cycler using a 3 step protocol, during which cDNA was
denatured for 3 minutes at 95°C, followed by 40 cycles of denaturation at 95°C
for 20 seconds, annealing at 60°C for 20 seconds, and extension at 72°C for 20
seconds, with a final extension step of 72°C for 5 minutes and a melting curve
from 65°C to 95°C in 0.5°C increments. Data acquisition and analysis were
performed in CFX Manager Software, and the AACt method was used to compare

gene expression levels between different cell lines.

2.2.7 Western blotting

Once PyMT-derived cells reached ~80% confluence, media was aspirated, cells
were placed on ice, washed twice in ice-cold PBS and lysed into RIPA buffer
supplemented with protease inhibitor cocktail (Fisher Scientific). 600ul of lysis
buffer was added per 15cm dish, cells were scraped using a cell lifter, and lysate
was transferred into a 1.5ml Eppendorf tube and centrifuged at 13,000rpm for 20
minutes at 4°C. The supernatant was carefully transferred into a new tube, and

used immediately for protein quantification (BCA assay kit) or stored at -20°C.

Samples were reduced in 1x NUPAGE sample buffer containing 0.1M DTT at 95°C
for 5 minutes. In the case of Western blotting for sEV markers, DTT was not added
in the sample buffer (non-reducing conditions). To resolve proteins by SDS-PAGE
electrophoresis, equal amounts of protein (15ug) were loaded onto 4-12% or 10%
pre-cast NUPAGE Bis-Tris gels, along with a protein ladder, and were run using
MOPs running buffer at 120V until separation of the all blue ladder was achieved.

The proteins were then transferred from the gel to PVDF membrane (after being
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activated with methanol) in NUPAGE transfer buffer at 120V for 90 minutes. The
membrane was blocked using 4% non-fat milk in TBS-T for one hour at room
temperature under gentle agitation. The membrane was incubated with primary
antibodies diluted in 1% milk, overnight at 4°C while gentle agitation was applied.
Next day, the membrane was washed three times with TBS-T, every 10 minutes,
under gentle rocking and after the final wash, the membrane was incubated with
the appropriate secondary antibody for 1 hour at RT under gentle agitation.
Following incubation, the membrane was washed three times for 10 minutes with
TBS-T under gentle shaking, and was developed using the Licor Odyssey DLx
imaging system. In the case of sEV markers, the secondary antibodies used were
HRP-conjugated and the blots were incubated with ECL substrate (SuperSignal
West Femto) for 1 minute and developed with Bio-Rad ChemiDoc imaging system.
For band densitometry analysis of CDé63, quantification was performed on blots at
non-saturating exposures, while applying the same background settings across the

samples, using the Image Lab software (Bio-Rad).

2.2.8 Recycling assay

1x106 PyMT cells (per 10cm dish) were cultured at 37°C, 5% COz (in a humidified
incubator) for 16 hours to achieve a confluence of 80-90%. Cells were transferred
to ice, washed twice with ice-cold PBS, and surface-labelled by adding 0.2mg/ml
Sulfo-NHS-SS-Biotin (in PBS) and gentle rocking at 4°C for 1 hour. To remove
excess biotin, plates were washed twice with ice-cold PBS, and the ones required
for measurement of total protein content and blank measurement were kept on
ice until cell lysis and MesNa treatment respectively. The remaining plates were
used to measure internalised biotinylated surface receptors recycled to the
surface. Cells were incubated with pre-warmed growth media at 37°C for 30
minutes to allow internalisation of tracer. Then, plates were returned to ice,
washed once with ice-cold PBS, and once with biotin reduction buffer. After
rocking the cells gently for 30 minutes at 4°C in the presence of 20mM MesNa (in
biotin reduction buffer) to remove biotin from proteins that remained in the cell
surface, plates were transferred to ice and washed twice with ice cold PBS. The
internalised biotin fraction was then chased by incubating the cells with pre-
warmed media at 37 °C for the indicated time points. Following each point, plates
were placed on ice, and a second reduction step with 20mM MesNa was performed

(gentle rocking for 1 hour at 4°C) to remove surface biotin from recycled



Chapter 2 78

receptors. The reaction was quenched by adding 20mM IAA and incubating the
cells at 4°C with gentle rocking for 10 minutes. Cells were washed with ice-cold
PBS and lysed in non-denaturing lysis buffer. Cell protein lysates were passaged
though a 27-gauge needle three times, centrifuged at 13,000rpm for 10 minutes
at 4°C and supernatant was kept on ice until incubation with antibody-coated

plates.

Recycled/biotinylated as, B1 and TfnR were quantified by capture-ELISA as
described below. One day prior to the recycling assay, 96-well Maxisorp plates
were coated with antibodies recognising mouse as, B1 or TfnR in Elisa coating
buffer, and incubated overnight at 4°C. Next day, plates were washed with PBS-
T and blocked with 5% BSA (in 0.1% PBS-T) at room temperature for 1 hour. After
removal of blocking buffer and two washes with PBS-T, plates were incubated with
cell protein lysates overnight at 4°C with gentle shaking. Plates were washed
three times with PBS-T to remove unbound protein, and incubated with
streptavidin-HRP (1/1000 dilution in 0.1% BSA/PBS-T) at 4°C for 1 hour while
gently shaking. Plates were thoroughly washed, three times with PBS-T and three
times with PBS, and incubated with ELISA developing reagent at room temperature
for 15 minutes. The reaction was stopped with 8M H2504 and absorbance at 490nm

was determined on a plate reader (Tecan). The % of recycled receptor was

Abs (MesNa #1)—Abs (MesNa#2)

, Where
Abs(MesNa#1)

calculated based on the following equation:

Abs(Mesna#1) and Abs(MesNa#2) correspond to the absorbance obtained upon the

first (internal pool) and second reduction steps with MesNa.

2.2.9 Metabolomics
2.2.9.1 Polar metabolite extraction

For polar metabolite extraction, a previously described method was used with
slight modifications(Voorde et al., 2019). PyMT#1-derived parental, fat pad and
micrometastatic cells were seeded in 6-well plates (3 technical replicates/cell
line) in full culture media (2ml) at 1.5x10* cells per well. After 24 hours (day 1),
2ml of culture medium was added to each well to prevent nutrient exhaustion. On
day 2, culture media was changed to 2ml or 7ml for medium metabolite
extractions (calculation of exchange rates) or intracellular metabolite extractions

respectively. The volumes of culture media used enabled measurement of
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exchange rates of nutrients with slow flux, while detecting intracellularly
metabolites that are rapidly consumed. In parallel, at this time point (day 2) cells
were harvested for determination of total cell number per condition. After 24
hours (day 3), media and intracellular metabolites were extracted. For media
metabolic extractions, 20ul of medium was added to 980 pl of an ice-cold polar
extraction solution (methanol, acetonitrile, and water in a 5:3:2 ratio), and the
samples were then shaken in a thermomixer at 1400rpm for 10 minutes (4°C). For
cell extracts, cells were quickly washed three times with ice-cold PBS, followed
by extraction with 600 pl of ice-cold extraction solution for 5 min at 4°C, whilst
gentle agitation was applied. To remove insoluble material, media and cell
extracts were centrifuged at 16000g for 10 minutes, and the supernatant was

transferred to glass vials, which were stored at -80 °C prior to LC-MS analysis.

All polar metabolite extraction experiments followed the aforementioned
timeline with minor adjustments (as stated in the corresponding figure legends).
In N-ethymaleimide (NEM) derivatisation experiments, additional steps were
added to this protocol as denoted in Figure 4-2A. In every instance, the volume of
extraction solution required was calculated from the total number cell count and

was in the range 1-2 x 10° cells/ml.

To allow estimation of consumption/secretion rates of nutrients and metabolites,
data normalisation was achieved by counting the total number (#) of cells on days

2 and 3, and the exchange rate per day for each metabolite was calculated

Ametabolite
(# cell day2+ #cell day3)/2

according to the following equation: x= ,where Ametabolite=

(detected peak area spent medium- detected peak area cell-free medium)(see
2.2.9.4 for detection and integration of peak areas), and whether the x value is
positive or negative indicates that the metabolite is secreted or consumed by the

cells respectively.

To generate calibration curves for both GSH, GSSH, increasing concentrations
(0.5uM, 1uM, 5uM, 10uM, 25uM, 50uM) of each standard compound (Sigma) was
added in the same volume of extraction solution and the samples were analysed
by LC-MS.
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2.2.9.2 Lipid extraction

For lipid extraction experiments, the same cell culture timeline was followed as
the one described in 2.2.9.1. Briefly, 1.5x10* PyMT#1-derived parental, fat pad
and micrometastatic cells were seeded in 6-well plates in full culture media. On
day 2 (see 2.2.9.1), culture media was changed to 2 ml and after 24 hours (day
3), lipids were extracted from cells using 600ul of an extraction solution composed
of butanol and methanol (1:1), supplemented with Splash Il standard. Lipid cell
extracts were centrifuged at 16000g for 10 minutes to remove insoluble material,
and the supernatant was transferred to glass vials, which were stored at -80 °C

prior to LC-MS analysis.

2.2.9.3 Liquid chromatography-mass spectrometry

All polar metabolite and lipid extracts were analysed by Liquid chromatography-
Mass Spectrometry (LC-MS). All analyses were conducted by David Sumpton and
Engy Shokry Abd Shokry (Metabolomics, CRUK Beatson Institute, Glasgow) using a
Q Exactive Plus Orbitrap Mass Spectrometer (Thermo Fisher Scientific), coupled
with a Thermo Ultimate 3000 high-performance liquid chromatography (HPLC)

system. All samples were run in both positive and negative ion mode.

2.2.9.4 Data analysis

Thermo Xcalibur was used for acquisition of raw data, which were stored on a
dedicated server and available for analysis using the TraceFinder software
(Thermo) in the case of polar metabolites. The peak areas of metabolites were
determined by using the exact mass of the singly charged ions, while the retention
time of metabolites was predetermined on the pHILIC column by analysing an in-
house built mass spectrometry metabolite library. For identification and
quantification of glutathione and other thiol-containing adducts of NEM, the
chemical formulas were manually imported into the software. Integrated peak
area values were then exported to excel files and plotted after normalisation to

total cell number.

Both untargeted and targeted lipid analyses were conducted by Engy Shokry Abd
Shokry, Metabolomics, CRUK Beatson Institute, Glasgow. Briefly, LC-MS raw data

were searched against LipiDex for identification. For the untargeted analysis,
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Perseus software was used for Principal Component Analysis (PCA) and generation
of scatter plots, while the percentage of lipid classes per total lipids was manually
calculated from the exported integrated areas of identified lipids. The targeted

approach involved sequential steps of data filtering, as described in 4.2.8.

2.2.10 Immunofluorescence

For E-cadherin immunofluorescence experiments, glass bottom 6-well plates were
coated with 0.2% gelatin and incubated at 37°C/ 5% CO; for 1 hour. After two
washes with PBS, plates were cross-linked with 1% glutaraldehyde at RT for 30
minutes, which was followed by two PBS washes and quenching in 1M glycine at
RT for 20 minutes. Following two PBS washes, plates were incubated in the
appropriate full culture media for each cell line at 37°C/ 5% CO; for 30 minutes.
1.5x10% PyMT#1-, 3x10* PyMT#2-derived cells and 6x10* NMuMG cells were seeded
per well, and incubated at 37°C/ 5% CO; for 48 hours before proceeding with the
staining protocol. For ceramide staining experiments, glass bottom 35mm dishes
were used, 3x10* cells were seeded per dish, and incubated at 37°C/ 5% CO: for
40 hours. In both cases, following the culture incubation period, media was
aspirated, and cells were fixed with 4% PFA (in PBS) at RT for 15 minutes. After
two PBS washes, cells were permeabilised with 0.1% Triton-X100 (in PBS) at RT for
15 minutes, followed by two PBS washes, and blocked in 1% BSA (in PBS) at RT for
1 hour. Cells were then incubated with primary antibody in blocking solution at
4°C overnight. For E-cadherin staining experiments, cells were incubated with
DAPI (1:1000) and CellMask (1:10,000) in PBS at RT for 90 minutes, followed by
two PBS washes and stored (in PBS) at 4° C prior to visualisation by an Opera Phenix
Plus High-Content screening confocal microscope. In the case of ceramide staining
experiments, after primary antibody incubation, cells were washed twice with
PBS, and secondary antibody and phalloidin stain- 1:1000 dilution in PBS- were
added in blocking solution at RT for 1 hour. Cells were then washed twice with
PBS, mounted using Vectashield with DAPI and visualised by confocal microscopy

using an Airyscan super resolution microscope.

Quantification of E-cadherin levels and cell morphological analysis are described
in 2.2.11. For ceramide levels, ImageJ software was used to quantify the mean

intensity of ceramide stain (sum of z-stacks, 10 stacks/field of view) as
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determined by the default method. This method was developed in collaboration

with David Novo, Francis Crick Institute, London.

2.2.11 High content image analysis

Quantification of cytoplasmic E-cadherin levels, and morphological analysis were
performed using the Columbus Image Data Storage and Analysis System
(PerkinElmer). Forty images per cell line were acquired at 20X magnification and
individual cells were identified using an automated segmentation protocol. An
unbiased automated analysis was then performed on a cell by cell basis to
generate individual cell data. The mean cytoplasmic intensity levels for E-
cadherin staining and the width to length ratio were calculated for each cell, in
order to quantify E-cadherin protein levels and generate a readout for cell
roundness respectively. Width and length measurements were taken at the widest
and longest points of the cell. A decrease in this ratio indicates a decrease in cell

roundness.

2.2.12 Cell-derived matrix (CDM) migration assay

Cell derived matrix (CDM) was generated from TIFs by Jillian Murray, Molecular
Technology Services, CRUK Beatson Institute, Glasgow. Briefly, TIFs (2x10°
cells/well) were seeded in 6-well plates coated with gelatin (as described in
2.2.10) and cells were incubated at 37°C/5% CO;. Once cells reached confluence,
the media was changed to full media supplemented with 50ug/ml ascorbic acid,
which were refreshed every other day for seven days. Matrices were denuded by
incubation with triton containing buffer (2 minutes at RT), residual DNA was
digested with DNase | (10pg/ml in PBS containing calcium and magnesium; D-PBS),
and CDMs were stored at 4°C. Before use, CDMs were washed twice in D-PBS and
incubated with full media for 30 minutes at 37°C/5% CO,. PyMT-derived cell lines
were seeded at 0.8x10° cells per well. After 4 hours, cells were imaged using a
time-lapse phase-contrast microscope (Axiovert S100, Carl Zeiss, 10x objective),
while kept at 37°C/ 5% CO; (6 fields of view per well were imaged every 10
minutes for 16 hours). After completion of image acquisition, images were
analysed using ImageJ software and the length of protrusions that cells extend in

the direction of migration (distance from the nucleus to cell front) was measured.
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2.2.13 Collagen organotypic assay

Organotypic plugs were generated from rat tail-derived collagen |, as previously
described in (Timpson et al., 2011). Briefly, 1x10° confluent fibroblasts (TIFs) were
mixed with collagen | (Zmg/ml) under neutral or slightly acidic conditions (MEM,
approximate pH=7.2 by using 0.22M NaOH) and the collagen/fibroblast matrix was
allowed to contract for approximately 3 days, until it fitted in a 24-well culture
dish. 3x103 PyMT#1-derived parental, fat pad and micrometastatic cells or
micrometastatic cells (NTC, nSMase1#2-KO, nSMase2#5-KO) were seeded on top of
these plugs (in duplicates) and cultured for 2 days. Plugs were then transferred
on top of a metal grid and cultured in full media by creating an air-liquid interface
(invasion day 0) for 3 days. At the end of the incubation time, plugs were fixed in
4% paraformaldehyde before paraffin embedding (proper orientation of cross
sections), and 4um sections were then cut and stained (haematoxylin and eosin)
by the histology service, CRUK Beatson Institute, Glasgow (as described in
2.2.1.3). Single cell tracking was performed manually using ImageJ software under
enhanced brightness/contrast settings (black and white mode) and a distance
value, along with an angle value (representing the orientation relative to the
invasion baseline; negative angle: cell entering the plug, positive angle: cell
residing on top of the plug) were assigned to each cell per field of view. Images
were acquired using a brightfield microscope and raw data were exported in

batches (.ome.tiff) using the Zeiss Zen lite software (blue edition).

2.2.14 Extracellular vesicle (EV) collection

EV-free media was prepared following overnight (16 hours) ultracentrifugation of
5% FBS-containing DMEM at 100,000g (4°C) and further filtration of the collected
supernatant using a 0.2uM PES filter unit. For extracellular vesicle collection, 0.3x
10 PyMT#1- and 0.6x10% PyMT#2-derived cells were seeded in 15cm dishes (three
15cm dishes/condition), and cultured in full media for 16 hours at 37°C/5% COa,.
Cells were then washed twice with PBS, media was changed to EV-free
(15ml/dish), and cultured for 48 hours at 37°C/5% CO; prior to EV collection. After
this incubation time, conditioned media (CM) was collected from ~80% confluent
PyMT-derived cells and subjected to sequential centrifugation steps to remove
live cells (300g for 10 minutes), dead cells (2,000g for 10 minutes) and finally to

remove cell debris and larger lipid membrane particles, including the majority of
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microvesicles (10,000g for 20 minutes). EVs were then pelleted in thinwall
polypropylene tubes after ultracentrifugation at 100,000g for 70 minutes using a
SW32 rotor (Beckman coulter). The EV pellet was then washed in filtered PBS
(0.2uM PES) and subjected to a final ultracentrifugation step at 100,000¢g for 70
minutes. All centrifugation steps were performed at 4°C. At the end of the last
spin, the supernatant was carefully aspirated by tilting the tube, EVs were re-
suspended in 150ul PBS, which was previously filtered using a Whatman Anotop
filter (0.02pM), and stored at 4°C until the next day.

2.2.15 Nanoparticle Tracking Analysis (NTA)

Nanoparticle tracking analysis (NTA) was performed using a NanoSight LM10
instrument (Malvern Panalytical) with a high sensitivity camera according to the
manufacturer’s instructions. Isolated EVs were diluted 1:50-1:200 in PBS (filtered
through 0.02uM) depending on the donor cells. Diluted EV samples were then
flushed through the chamber until vesicles were visible on the camera by using a
1ml syringe. The focus and gain settings were optimised for each run, and kept
consistent across the samples, which were injected into the flow cell and 5
recordings of 60 seconds each were acquired. The chamber was washed with
ethanol and deionised water between samples to ensure no residual particles
remained. The data were analysed using the NTA3.1 analysis software and average
of technical replicates were plotted per experiment following normalisation to

the total number of EV-releasing cells and the dilution applied per condition.

2.2.16 Statistical analyses and schematics

Statistical analyses were performed with GraphPad Prism 9 on all relevant
experiments using unpaired t-tests to compare two groups with normal data
distribution. ANOVA tests (one-way, two- way or repeated measures) were used
to compare more than two groups if the data were normally distributed, while a
Kruskal-Wallis test was performed for not normally distributed datasets. A
Friedman test (nonparametric repeated measures ANOVA) was used when no
assumptions were made for the data distribution. Statistical significance is
annotated in the figures (p-values are shown on the figures, with p<0.05
considered significant) and the associated tests are indicated in each figure

legend.
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All schematics were created with BioRender.com. Permission to use the BioRender
content, including icons, templates and other original artwork, appearing in this
thesis has been granted following BioRender’s Academic License Terms. The
schematics in Figure 3-7a (organotypic plugs), Figure 5-1a (EV collection
centrifugation steps), and Figure 5-12 (organotypic plugs) were created and kindly

provided by David Novo, Francis Crick Institute, London.
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Chapter 3 Generation and characterisation of
cells from MMTV-PyMT-driven
mammary tumours and metastatic
pulmonary lesions

3.1 Introduction

Despite ongoing efforts towards the development of early prognostic markers in
breast cancer, and early identification and treatment of primary disease,
metastasis to distant organs poses severe hurdles to disease eradication (Weigelt
et al., 2005). Breast cancer subtypes can partially dictate metastatic spread
patterns within various organs, including the bone, lungs, liver and brain
(Kennecke et al., 2010). In a 15-year follow-up study of patients with early stage
breast cancer, high rates (24-30%) of lung metastasis were observed in women
with oestrogen receptor-positive subtype, and in almost half (47%) of patients with
the HER2-positive, oestrogen receptor-negative subtype (Kennecke et al., 2010).
The latter group (HER2-enriched) was associated with marked decrease in survival
after relapse (Kennecke et al., 2010), indicating that lung metastases are a major
contributor to breast cancer morbidity and mortality. With this in mind, the
development of models to study metastatic recurrence and further understanding
of the mechanisms that drive breast cancer metastasis to the lung are crucial to

improve patient survival.

It remains technically challenging to study metastatic seeding in animal models
(Francia et al., 2011), and this is due to tumour heterogeneity, limited metastatic
tropism and scarcity of metastatic cells (Francia et al., 2011). Despite these
challenges, some promising advances have been made to model metastatic breast
cancer with the use of genetically engineered (transgenic) mouse models (GEMM)
(Francia et al., 2011; Kim & Baek, 2010; Jonkers & Derksen, 2007). The MMTV-
PyMT mouse is a well-characterised murine model of metastatic breast cancer in
which Polyoma Middle T-Antigen is expressed specifically in the mammary
epithelium leading to the development of tumours, and their ability to metastasise
is heavily influenced by the mouse genetic background (Guy et al., 1992; Davie et
al., 2007) (Figure 3-1, left panel). PyMT can be considered to be a constitutively
active analogue of a growth factor receptor (Ichaso & Dilworth, 2001), and its

insertion into membranes is an integral step of its transforming activity. It
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subsequently associates with cellular proteins to promote cell growth via signal
transduction pathways (ShcA, PI3K, PLCy-1) activated by receptor tyrosine kinases
(RTKs) (Ichaso & Dilworth, 2001). However, expression of PyMT in the mammary
epithelium leads to the formation of multiple primary tumours which form in an
asynchronous manner. This renders resection practically impossible, as is standard
clinical procedure in breast cancer patients, thus modelling post-surgical
metastatic recurrence is a challenge using the MMTV-PyMT model (Francia et al.,
2011).

To overcome this challenge, we used a mammary fat pad transplantation and
tumour resection model to study metastatic visceral disease (Figure 3-1, right
panel). This approach leads to the formation of a single primary tumour, which
can be cleanly resected, thus allowing sufficient time for manifestation of distant
metastases (Francia et al., 2011; Fidler, 2006). Thus, following resection, mice do
not succumb owing to primary tumour burden as observed in the autochthonous
models, but to metastatic disease which arises later, thus more effectively
modelling the manner in which breast cancer progresses, post-surgery, in humans
(Wexler et al., 1965). We are interested in the very early stages of metastatic
seeding, in particular how recently disseminated breast cancer cells adapt to
metastatic microenvironments. To develop tools to study this, we established cell
lines from resected mammary tumours that grew from MMTV-PyMT cells
transplanted into the mammary fat pad, and from the spontaneous metastatic

lesions that developed following resection of these primary tumours.

In this chapter, we have characterised the behaviour of cell lines derived from
transplanted MMTV-PyMT primary mammary tumours and their corresponding lung
metastases. In particular, we examined their morphological traits and growth
rates, and explored whether the observed phenotypic shifts may be attributed to
differences in transcriptomic profiles. Finally, we evaluated the migratory and
invasive capacity of the primary and metastatic breast cancer cell lines both in 2D
and 3D culture environments, and how this may be supported by trafficking of

membrane receptors.
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3.2 Results

3.2.1 Establishment of cell lines from transplanted MMTV-PyMT
mammary tumours and their corresponding lung metastases

A number of studies have established organ-specific isogenic metastatic cell lines
by using human breast cancer cell lines in either experimental models of
metastasis (Kang et al., 2003; Minn et al., 2005) or orthotopic xenograft models
(Winnard et al., 2017, 2020). As mentioned in the introduction to this chapter, we
are interested in the early events that occur as recently disseminated primary
tumour cells adapt to metastatic microenvironment. Moreover, we have a long-
standing interest in how metabolic landscapes might sculpt the early metastatic
microenvironment. Because we already have gathered a substantial body of data
on the circulating metabolome of the MMTV-PyMT model in the FVB mouse strain
(Cassie Clarke, personal communication), and we needed an immunocompetent
model which allows us to consider the role of the immune system in early
metastasis, we chose to establish organ-specific metastatic cell lines using a
syngeneic MMTV-PyMT transplantation-resection approach. PyMT cell lines
(hereafter referred to as ‘parental’) were established from spontaneous primary
tumours arising in MMTV-PyMT female mice (FVB strain), as previously described
(Ferrari et al., 2015) (Figure 3-1, left panel). This was performed in collaboration
with Nicola Ferrari and Nick Rooney (CRUK Beatson Institute, Glasgow). We then
transplanted these cells into the fourth mammary fat pad of wild-type recipient
mice, from the same genetic background (FVB), and allowed tumours to grow to
a defined size (8-9mm). Following surgical resection from the fat pad, these
‘primary’ tumours were used to establish PyMT positive cell lines (herein referred
to as fat pad) (Figure 3-1, right panel). Following recovery from surgery, mice
were monitored for signs of pulmonary metastases, which included weight loss,
altered respiration and/or abdominal distension. Lungs were harvested at clinical
endpoint, and metastatic cell lines (herein referred to as ‘metastatic’) were
generated and cultured under standard conditions until spontaneous
immortalisation occurred (>five serial passages) (Figure 3-1, right panel). We
successfully established PyMT lung metastatic cells lines from two independent
transplantation experiments (named PyMT#1 and PyMT#2 respectively, in
collaboration with Emmanuel Dornier, CRUK Beatson Institute, Glasgow), using

two independent parental PyMT cell lines. The majority of metastatic lines (5 out
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of 8) were derived from lung micrometastases (named ‘micrometastatic’); these
were from the lungs of mice which displayed clinical signs of metastasis (normally
weight loss), but in which no macroscopic metastases were visible. On the other
hand, only one cell line (1 out of 8) was obtained from a visible and manually-
dissected lesion (named ‘macrometastatic’, in collaboration with Anna

Koessinger, CRUK Beatson Institute, Glasgow).

Genetically engineered mouse model Syngeneic transplantation and resection model
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Figure 3-1 Schematic representation of the MMTV-PyMT model and the mammary fat pad
transplantation and tumour resection model.

In blue: FVB/N mice carrying a polyoma virus middle T antigen (PyMT) transgene, the expression of
which is restricted to the mammary epithelium under the control of mouse mammary tumour virus
(MMTYV) promoter. Four main stages of disease progression (time points at which the animals have
these pathologies in weeks) can be identified in PyMT mice, ranging from premalignant lesions
(hyperplasia) to late carcinoma, which can metastasise to the lungs. Parental tumour cell lines were
established from spontaneous tumours arising in MMTV-PyMT female mice. In pink: These parental
cells were transplanted into the fourth mammary fat pad of recipient mice, from the same genetic
background (FVB/N), and tumours were allowed to grow to a defined size (8-9mm). Following
surgical resection, tumours were used to establish fat pad cell lines, while mice were closely
monitored for signs of metastasis (laboured breathing, weight loss, and/or abdominal distension).
Metastatic lungs were harvested at clinical endpoint, and metastatic cell lines were generated and
cultured under standard conditions.

3.2.2 PyMT cells derived from primary mammary tumours are
morphologically distinct from their metastatic counterparts
in the lung

A plethora of phenotypic characteristics have been reported for cell lines isolated
from primary mammary tumours arising in the MMTV-PyMT model (Borowsky et
al., 2005; Waldmeier et al., 2012; Saxena et al., 2018). The general consensus of
these studies is that PyMT lines display an epithelial cell phenotype with varying
degrees of differentiation. Inverted phase-contrast microscopy was used to
compare the morphology between matched primary and metastatic cells grown in
vitro on standard plastic TC surfaces (Figure 3-2). Parental cells from the PyMT

GEMM exhibited a typical cobble stone-like epithelial morphology, as did cell lines
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derived from resected (fat pad) tumours of the transplantation model.
Interestingly, micrometastatic lines appeared to have a mesenchymal-like
phenotype with numerous cells being elongated with spindle characteristics
(PyMT#1, and to a lesser extent, PyMT#2), whilst the macrometastatic cells
appeared to be relatively more epithelial-like with few spindle cells. Taken
together, these data suggest that, when grown on plastic surfaces,
micrometastatic cell lines are morphologically different from primary tumour
cells, and these in vitro phenotypes are maintained over multiple successive

passages.

PyMT #1

PyMT #2

Parental Fat Pad Micrometastatic Marometastatic

Figure 3-2 Phase contrast micrographs of PyMT cells derived from primary mammary
tumours and matched lung metastases.

Phase contrast images of characteristic monolayer growth of PyMT-derived cell lines after 64 hours
of culture, corresponding to cells reaching <80% confluence. PyMT#1 parental, fat pad and
micrometastatic cells are shown on the top panel, while PyMT#2 parental, fat pad, micrometastatic
and macrometastatic lines appear in the bottom panel. These images were taken using a 4x
objective, scale bar Imm.

3.2.3 Primary tumour cell lines proliferate at similar rates to their
corresponding metastatic cells

Previous publications have, not only, highlighted morphological differences among
established organ-specific isogenic metastatic breast cancer lines, but also shown
differential growth rates of these cells (Winnard et al., 2017, 2020). Therefore,
we sought to determine at which rate our established PyMT-derived cell lines
proliferate. To achieve this, PyMT-derived cells were seeded on six-well plates,
and their growth was monitored in real-time using the IncuCyte live-cell imaging
system. After analysing the phase image area covered by cells (confluence mask)
over the indicated time, we generated growth curves for each cell line, as shown
in Figure 3-3. All PyMT-derived cells displayed a typical sigmoidal growth pattern

consisting of lag, exponential and stationary phases. During the exponential
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phases, cell lines coming from lung metastases proliferated only marginally faster
(Figure 3-3, top panel, PyMT#1; t1/2 = 58 hours) or at the same rate (Figure 3-3,
bottom panel, PyMT#2; t1,2 = 34 hours) than their matched counterparts from fat
pad transplanted sites (PyMT#1; t1/2 = 67 hours, PyMT#2; t1,2 = 32 hours). Parental
cells exhibited marginally slower growth rates compared with their metastatic
derivatives. Our data reinforce previous findings in orthotopic xenografts (Winnard
et al., 2017) that lung isogenic metastatic cells lines display similar proliferation

rates to those observed for primary tumour-derived cells.
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Figure 3-3 Growth curves of PyMT cells from primary tumour and lung metastatic sites.
PyMT-derived cell lines were seeded on six-well plates, and proliferation was monitored by
sequential image acquisition (once imaged every 2 hours over 5 days of culture) using the IncuCyte
ZOOM live-cell imaging system. Growth curves were generated by utilising a segmentation algorithm
(IncuCyte ZOOM Base analysis software) which calculates (as a %) the phase image area covered
by cells (confluence mask). Values are mean = SD, n=1 (3 technical replicates/cell line). The
acquisition of these images was performed using a 10x objective. For each of the PyMT-derived
lines, the time point (in hours), at which 50% of the area is covered by cells, is outlined in the graphs
(coloured boxes; ti2 was generated following confluence mask analysis and corresponded to the
time elapsed until cell confluence reached 50%).

3.2.4 Breast cancer-derived lung micrometastatic cells exhibit an
EMT gene expression signature

In our genetically engineered mouse model, transformation of the mammary
epithelium is driven by the expression of the polyomavirus middle T antigen, which
is under the transcriptional control of the mouse mammary tumour virus
promoter/enhancer (Guy et al., 1992). This means that only mammary epithelial
cells specifically express PyMT, and display enhanced metastatic potential. Since
the orthotopic transplantations were performed in wild-type syngeneic mice, we
would expect to detect PyMT expression only in cancer cells. Indeed, PyMT

expression was confirmed by gqPCR in cell lines derived from primary mammary
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tumours and metastatic lesions in the lung (Figure 3-4A). Quite surprisingly, we
noticed that micrometastatic cells expressed lower levels of the oncogene (5-fold
decrease) compared to parental cells in both sets of PyMT lines, whereas fat pad
cells showed variable expression (either a 2.5-fold decrease in PyMT #1 or no
change in PyMT #2). This observation was consistent over three consecutive cell
culture passages, while extended culturing was avoided to prevent loss of
transgene expression, as previously reported (Waldmeier et al., 2012). Therefore,
the presence of PyMT oncogene in the genome of our established isogenic lines

demonstrates their cancerous tissue-of-origin.

After observing the morphological differences between primary tumour and
metastatic cells (as described in 3.2.2), we were interested in assessing whether
changes at the transcriptional level could account for this phenotype. We used
RNA sequencing (RNA-Seq) to analyse the transcriptome profiles of both sets of
isogenic PyMT cell lines. Gene-set enrichment analysis (GSEA) of differentially
expressed genes between primary tumour (parental or fat pad) and
micrometastatic cells demonstrated enrichment (NES>2, FDR @<0.001) for
epithelial-to-mesenchymal transition (EMT) genes (using either the MSigDB
hallmark or curated gene sets) in the latter condition (in both sets of PyMT cell
lines; Figure 3-4B). Furthermore, GSEA performed for the differentially expressed
genes between micrometastatic and macrometastatic cells showed similar
enrichment for EMT in the former (data not shown). To illustrate the EMT gene
expression signature of micrometastatic cells, we extracted normalised counts of
top hits (|FC|>1.5 with positive core enrichment) belonging to the leading edge
subset of the enrichment plot (that is, the subset of genes that contribute most
to the enrichment score) from our RNA-Seq data. This showed a 2-450 fold increase
in expression of genes (Glipr1, Ddr2, Itga5) that have been shown to induce EMT
(Tiu et al., 2022; Kim et al., 2017) or mediate metastasis (Pantano et al., 2021),
in micrometastatic cells (by comparison with primary tumour derived lines)
(Figure 3-4C). Interestingly, with the exception of ITGA5, these genes were less
upregulated in macrometastatic cells, albeit their expression was considerably
higher relative to parental and fat pad cells. Conversely, we noticed that genes
regulating epithelial cell homeostasis and cytoskeleton remodelling (Cldn1, Ptprf,
Rhpn2) (Zhou et al., 2015; Young et al., 2021; LeVea et al., 2000; Danussi et al.,

2013) were expressed at lower levels (1.5-3 fold decrease) in micrometastastatic
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cells compared to primary tumour (and macrometastatic) cells (Figure 3-4D).
These data suggest that, despite controversy surrounding EMT during the
metastatic cascade (Williams et al., 2019), cells derived from lung
micrometastases display several EMT characteristics, while macrometastatic cells

more closely resemble those from the primary tumour.
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Figure 3-4 PyMT-derived micrometastatic cells display an EMT phenotype.

(A) Top panel: Relative mRNA levels of PyMT (RT-gPCR) in PyMT#1-derived micrometastatic cells
and primary tumour cells, all samples are normalised to ARPP PO and are presented relative to
parental, n=3 (coloured dots), mean + SEM. Bottom panel: Relative mRNA levels of PyMT (RT-
gPCR) in PyMT#2-derived micrometastatic, macrometastatic cells and primary tumour cells, all
samples are normalised to ARPP PO and are presented relative to parental, n=3 (coloured dots),
mean = SEM. (B) GSEA showing positive enrichment of Hallmark or curated gene set for EMT
signature (HOLLERN_EMT_BREAST_TUMOR_UP gene set) in PyMT#1-derived (top panel) or
PyMT#2-derived (bottom panel) micrometastatic cells as compared to primary tumour (parental, fat
pad) lines. In both enrichment plots, the enrichment score demonstrates the degree to which genes
upregulated in EMT are overrepresented at the top of the ranked list of genes present in our RNA-
Seq data when we compare micrometastatic cells to primary tumour lines. (C) Normalised gene
counts (RNA-Seq) of top hits (FC>1.5) belonging to the leading edge subset of the enrichment plot
in (B), n=3 (coloured dots), values are mean +SEM, one-way ANOVA, p-values are shown on the
graph. (D) Normalised gene counts (RNA-Seq) of top hits (FC>1.5) belonging to the leading edge
subset of the enrichment plot for genes downregulated in EMT (plots are not shown), n=3 (coloured
dots), values are mean £SEM, one-way ANOVA, p-values are shown on the graph.

3.2.5 Metastatic cells maintain E-cadherin expression, whilst
displaying mesenchymal-like traits

Given the mesenchymal gene expression profiles we observed in the lung
micrometastatic cell lines and the functional involvement of E-cadherin at
multiple steps of metastasis (Na et al., 2020), we sought to examine its protein
expression across the panel of PyMT-derived cell lines. To this end, we seeded
cells onto gelatin-coated plates and used immunofluorescence to visualise E-
cadherin. This indicated that the E-cadherin protein was expressed in both sets
(PyMT#1 and PyMT#2) of our established lines (Figure 3-5A). Quantitative analysis
of E-cadherin cytoplasmic levels showed that normal mammary epithelial cells
(NMuMG) expressed higher levels compared to PyMT-derived cell lines (Figure
3-5B), which is consistent with its well-known tumour suppressor role (Behrens et
al., 1989; Vleminckx et al., 1991). Micrometastatic cells maintained E-cadherin
expression at significantly lower levels compared to that observed in parental cells
(and marginally lower to the ones seen in fat pad derived cells). Intriguingly,
macrometastatic and parental cells had similar expression levels of E-cadherin
(Figure 3-5B). These observations reinforce the notion that lung micrometastatic
cells acquire a mesenchymal-like phenotype (partial EMT), while maintaining

some epithelial characteristics.

It has been recently shown that TGFB-induced EMT morphological changes of
PyMT-derived cells are accompanied by cadherin switching (Saxena et al., 2018).
Hence, we were interested in assessing cell morphology in an unbiased automated
manner. To achieve this, we stained our cells with HCS CellMask and found that

all PyMT-derived cell lines were less round than NMuMG (Figure 3-5C), which
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displayed a typical cobble stone-like epithelial morphology. In PyMT#1 cells, we
found that both fat pad and micrometastatic cells were less round than parental
cells, while both macro- and micro- metastatic PyMT#2 cells showed a reduction
in roundness relative to primary tumour derived lines (Figure 3-5C). Although
seemingly contradictory, these findings reflect the morphological heterogeneity
of our PyMT-derived lines on a cell population level, and are in line with a previous
report supporting that EMT related morphological changes precede

downregulation of E-cadherin (Maeda et al., 2005).
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Figure 3-5 PyMT cells maintain E-cadherin expression, while exhibiting mesenchymal-like
traits.

(A) NMuMg (normal mouse mammary epithelial cells), parental, fat pad, micro- and macro-metastatic
cancer cell lines (PyMT#1 and PyMT#2) were seeded on gelatin-coated glass bottom dishes and
fixed with 4% PFA following 48 hours of culture. E-cadherin (green) and CellMask (red) were
visualised by immunofluorescence (20X magnification, Opera Phenix Plus High-Content screening
confocal microscope). Scale bar, 100pum. Columbus Image Data Storage and Analysis System
(PerkinElmer) was used to quantify (B) the mean cytoplasmic intensity levels for E-cadherin staining
and (C) calculate the width to length ratio on a cell-by-cell basis. A decrease in this ratio indicates a
decrease in cell roundness. Values are mean £+ SEM, n=40 fields of view/cell line. Ordinary one-way
ANOVA, p values are depicted on the graphs, ns; not significant. The acquisition and analysis of
these images were performed in collaboration with Lynn McGarry and Madeleine Moore, CRUK
Beatson Institute, Glasgow.

3.2.6 Metastatic cells extend long invasive protrusions when
plated onto cell-derived matrices

The first crucial steps for metastatic dissemination are the breaching of the
basement membrane followed by invasive migration cancer cells into the
surrounding tissue, and this can be dictated by both cell-intrinsic and extrinsic
factors present in the microenvironment (Sahai, 2005). Previous experiments
focused on characterising intrinsic properties of our isogenic lines. To explore how
primary and metastatic cells behave in a 3D microenvironment that recapitulates
that of the fibrillar extracellular matrix (ECM) which surrounds tumours, we
seeded PyMT-derived cells onto cell-derived matrices (CDM) (Cukierman et al.,
2001) deposited by telomerase-immortalised fibroblasts (TIFs), and used time-
lapse microscopy to assess their migratory capacity (Figure 3-6A). We found that,
in both sets of PyMT-derived cells, those harvested from lungs extended longer

invasive pseudopods (50-60pum) as they migrated through CDM than did cells from
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primary PyMT tumours (35-40um) (Figure 3-6B, C). Of note, we observed increased
pseudopod length in PyMT#1 fat pad cells compared to parental, but still reduced
length relative to their matched micrometastatic cells (Figure 3-6B). These data
suggest that lung metastatic cells display enhanced migratory capacity on CDM

compared to cells from primary mammary tumours.

So far, we have shown that PyMT-derived macrometastatic cells share some
similarities with micrometastatic lines in regard to growth rate (Figure 3-3),
maintenance of epithelial characteristics (E-cadherin expression, Figure 3-5) and
enhanced migratory capacity (Figure 3-6), whereas they are transcriptionally
distinct from each other, a phenotype which is associated with programs of
epithelial-mesenchymal plasticity (Figure 3-4). We decided, though, to focus on
the micrometastatic lines for the remainder of our study. This was, in part,
dictated by the fact that we were only able to generate a single example of a
macrometastatic line. Moreover, we believe that micrometastatic cells may
possibly represent earlier events in the metastatic cascade that are important for

the establishment of clinically overt metastases.
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Figure 3-6 Lung metastatic cells extend long protrusions while migrating on cell derived
matrices.

(A) Schematic representation of the cell derived matrix (CDM) assay. Telomerase immortalised
fibroblasts (TIFs) were plated to confluence on gelatin-coated plates, and then cultured for 7 days to
produce ECM, followed by removal of cells using a triton containing buffer (CDM was generated by
Jillian Murray, Molecular Technology Services, CRUK Beatson Institute, Glasgow). Parental, fat pad,
micro- and macro-metastatic cells (PyMT#1 and PyMT#2) were seeded on CDM, which served as a
substrate for cell migration. Time-lapse microscopy was used to assess the migratory capacity of
these cancer cell lines, and ImageJ was used to measure the length of protrusions that cells extend
in the direction of migration. (B) Left panel: Representative bright-field images (scale bar, 30um) of
PyMT#1-derived parental, fat pad and micrometastatic cells indicating the rear and front of cells
according to the direction of movement. Right panel: The distance from the nucleus to cell front
(protrusion length) was measured using ImageJ software. Whisker plots (10-90 percentile), +
indicates the mean; n=96 cells assessed from 3-5 biological replicates (except fat pad cells where
the length was assessed from one replicate), one-way ANOVA with Tukey’s multiple comparison
test, p-values are shown on the graph. (C) Left panel: Representative bright-field images (scale bar,
30um) of PyMT#2-derived parental, fat pad, micro- and macro- metastatic cells indicating the rear
and front of cells according to the direction of migration. Right panel: The distance from the nucleus
to cell front (protrusion length) was measured using ImageJ. Whisker plots (10-90 percentile), +
indicates the mean; n=96 cells assessed from 3 biological replicates (except fat pad and
micrometastatic cells where the length was assessed from one replicate), one-way ANOVA with
Tukey’s multiple comparison test, p-values are shown on the graph, ns: not significant (p>0.05).

3.2.7 Micrometastatic cells are highly invasive in an organotypic
microenvironment

An excellent way to assess cancer cell invasiveness in complex microenvironments
is to use ‘organotypic’ plugs in which native type-I collagen has been conditioned
for several days by fibroblasts (Timpson et al., 2011). We generated plugs of type-
1 collagen containing telomerase-immortalised human fibroblasts (TIFs) and
allowed these to pre-condition for 3-4 days. We then plated our PyMT#1 cell lines
onto the top of these pre-conditioned plugs and allowed them to invade into the
plug, as depicted in Figure 3-7A. This indicated that parental and fat pad cells
were poorly and moderately invasive respectively, and largely remained on top,
or near the top, of the plug. Conversely, micrometastatic cells invaded extensively
into the plug 6 days post seeding (Figure 3-7B). We confirmed that the number of
cells present either in, or on, the plug did not differ among conditions (Figure
3-7C) indicating that the growth rate of primary tumour and micrometastatic cells
did not differ in these microenvironments. However, micrometastatic cells
appeared to invade much further into the plug (attaining a mean invasion distance
of 222um) than did parental (184.3um) or fat pad (202.6 pm) cell lines (Figure
3-7D). Consistently, the majority of parental (~-57%) and fat pad (-40%) cells
resided on the upper portion of the plug without being able to invade (distance
from invasion baseline<0), while this was not the case for micrometastatic (~27%)

cells that very efficiently invaded throughout the collagen (Figure 3-7E). These
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data indicate that lung micrometastatic cells are highly invasive into a collagen

organotypic environment.



Chapter 3

A

(plug contraction)

Fibroblasts + collagen type |

Cancer cell

invasion into the plug (+pm)

invasion baseline ---{

seeding

(Opm)

air-liquid =
interface

/ paraffin-

embedding

‘

3 w

P

{ —

- = L
‘. \5"
e
< 8 > e
c QreRE -t ;
S |5004 . s N
g - \“ = > -
N
~
2 == * Eso s
B . S = . f £ DL i
iy P NG - >
v = = Z S -~ -, / > x
1600 === iiada - e F-"‘\::w -
Parental Fat Pad Micrometastatic
ns
0.0355
ns ns - ,—|
C 200- D T 15004 . .
. 3
o 3 N ¥ .
3 8 17 S 2 1000 H
o2 vQ
5o : 52
= 6 1004 . . =6
g N | S5 500
EQ o W g2
AL I £
§ 0. = ;
0 T T T £ T T T
> d Lo > O WC
& &L & & &
& & P I G
Q & Q ¢
& &
< «
E & &
60— HM parental E& fatpad BE micrometastatic
<0.0001
(I
<0.0001 0.0131
Ml
40

% of cells
(per field of view)

0.0018

0.0631

distance from invasion baseline (pm)

<0.0001

<0.0001

0.0099

103



Chapter 3 104

Figure 3-7 Micrometastatic cells are highly invasive in a collagen organotypic environment.
(A) Schematic representation of the collagen | organotypic invasion assay. Organotypic plugs were
generated allowing polymerisation of collagen type | in the presence of TIFs. Once contracted well
enough to fit 24-well plates, PyMT#1-derived parental, fat pad and micrometastatic cells were seeded
on top of these plugs and cultured for 2 days. Plugs were then placed onto metallic grids to create
an air-liquid interface that promotes invasion of cancer cells into the collagen plugs towards the FBS-
containing media added below the grids. After 3 days of invasion, plugs were fixed in 4% PFA,
paraffin-embedded and stained for haematoxylin and eosin (H&E). Images of stained plug cross-
sections were acquired using a brightfield Leica microscope, and the distance between cancer cells
and invasion baseline was measured for each cell per field of view (ImageJ). (B) Organotypic plugs
overlaid with PyMT#1-derived parental (left panel), fat pad (middle panel) and micrometastatic (right
panel) cell lines. Following 72 hours post seeding, plugs were placed onto grids in separate culture
dishes containing full media (2 plugs/grid/condition). Tumour cells were allowed to invade for 3 days,
followed by fixation and H&E staining. (C) Total number of cells tracked (H&E) per field of view for
collagen plugs that were seeded with parental, fat pad and micrometastatic cells, n=36-52 fields of
view/cell line, ANOVA Kruskal-Wallis test, ns; not significant. (D) The mean distance (um) between
each cancer cell and the invasion baseline (depicted as dotted line at y=0) per field of view was
determined using ImageJ. Whisker plots (10-90 percentile), + indicates the mean; n=36-52 fields of
view/cell line, ANOVA Kruskal-Wallis test, p value is shown on the graph. (E) Distribution (expressed
as % of cells) of the distance between cancer cells and invasion baseline (0 um) per field of view for
collagen plugs overlaid with parental, fat pad and micrometastatic cells. A negative value in distance
intervals indicates that cells do not invade into the plugs and lag behind the invasion baseline, while
a positive value denotes the actual invasion distance into the plugs as measured by ImageJ. Values
are mean + SEM, n=36-52 fields of view/cell line (two biological replicates for fat pad and
micrometastatic cells and one replicate for parental cells). Mixed effects ANOVA with Tukey’s
multiple comparison test, p values are depicted on the graphs.

3.2.8 Elevated rates of receptor recycling in metastatic cells

Receptor trafficking, including the internalisation and recycling of integrins, is
central to the manifestation of migratory and invasive phenotypes in cancer cells
(Jacquemet, Humphries, et al., 2013; Paul, Jacquemet, et al., 2015; Wilson et
al., 2018; Hamidi & lvaska, 2018). Numerous studies have reported that Rab
GTPase dependent recycling of asB1 integrin promotes invasiveness via a number
of mechanisms including its mobilisation to and/or retention in cell protrusions
(Caswell et al., 2007; Rainero et al., 2012), altered growth factor signalling
(Caswell et al., 2008), as well as increased RTK recycling (Muller et al., 2009).
Transcriptional upregulation of ITGA5 in lung micrometastatic cells (in 3.2.4) led
us to examine the expression of asBs protein in PyMT#1 cell panel, and this
confirmed higher total protein levels of asin micrometastatic cells compared to
parental, while there were no differences in total B levels (Figure 3-8A). We
further assessed the rates of recycling of a number of membrane receptors, and
found the rates at which the internalised fraction of as, B1 and TfnR returned to
the plasma membrane in micrometastatic cells, were strongly increased compared
to the rates observed in parental cells (Figure 3-8B, C, D). These data show that
micrometastatic cells present enhanced receptor recycling, which is consistent

with their enhanced migratory and invasive phenotype.
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Figure 3-8 Breast cancer derived metastatic cells display increased rates of surface receptor

recycling.

(A) Parental and micrometastatic cells were plated to 80-90% confluence, lysed into RIPA buffer,
and subjected to western blotting to assess total protein levels of integrin as and B1(9EG7), and
vinculin was used as loading control. (B) Parental and micrometastatic cells were seeded in 10cm
dishes and cultured for 16 hours. Cells were then surface-labelled with Sulfo-NHS-SS-Biotin at 4°C,
warmed to 37°C for 30 minutes to allow internalisation of the tracer, while the remaining label at the
cell surface was reduced. The internalised biotin fraction was chased by incubating the cells at 37°C
for the indicated time points. The proportion of integrin as, (C) 1 and (D) transferrin receptor (TfnR)
were determined by ELISA. Values are mean + SD, n=1 (3 technical replicates), ANOVA, * p-
value<0.05, *** p-value<0.001, ****p-value<0.0001are shown on the graph.
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3.3 Discussion

Although the 5-year relative survival of breast cancer patients with localised
disease has drastically increased over the last four decades in the UK (Cancer
Research UK, 2014), metastatic recurrence remains the main cause of cancer-
related death (Eccles & Welch, 2007; Bray et al., 2018). Breast cancer subtypes
not only dictate metastatic organotropism (Kennecke et al., 2010), but also
predict the risk of relapse over time (Klein, 2020). If recurrence occurs,
metastases are generally observed within 5 years post-surgery in young hormone
receptor-negative breast cancer patients, and beyond 8 years after surgery in
patients with hormone receptor-positive subtype (Copson et al., 2013). These
findings, in combination with the previously reported (in 3.1) high incidence rates
of lung metastasis in breast cancer patients, highlight the pressing need to study
the mechanisms that mammary tumour cells employ to successfully colonise the
lungs. Transcriptome profiling indicates that PyMT tumours group with the luminal
B subtype (Pfefferle et al., 2013), while careful histopathological examination of
PyMT tumours revealed overexpression of Her2 and loss of oestrogen (ER) and
progesterone receptors (RP) during disease progression in the mice (Lin et al.,
2003). Taken together, these studies indicate that the MMTV-PyMT model can
faithfully recapitulate human mammary carcinoma progression analogous to
luminal/HER2 and HER2-enriched subtypes, and also other traits (such as loss of
steroid receptors) that have been attributed to human breast cancers with poor
prognosis (Lapidus et al., 1998). Using PyMT-derived cancer cells in a syngeneic
transplantation and resection model, we have established and characterised lung
metastatic cell lines, and compared them with their isogenic counterparts from
the primary tumours from which they were derived in order to understand cellular

changes that may occur during the process of metastasis (Figure 3-1).

The successful use of adjuvant systemic therapies in targeting disseminated
micrometastases (Klein, 2020) has led to substantial decrease in mortality from
early breast cancer (Abe et al., 2005; Albain et al., 2012). However, after
establishment of metastatic disease (macrometastases), these strategies usually
fail, and the differential response of primary tumours and distant metastases has
been partially attributed to a continuous evolution of heterogeneous cancer clones
resistant to therapy (Greaves & Maley, 2012). However, many studies indicate

little transcriptomic divergence between primary tumours and their metastases
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(Lawson et al., 2015), so the resistance of disseminated cells to therapies may be
owing to ‘cytological’ evolution that has been dictated by the microenvironments
of metastatic target organs. Thus, several efforts have been made to generate
organ-specific isogenic metastatic breast cancer cell lines and characterise these
phenotypic intricacies (Kang et al., 2003; Minn et al., 2005; Winnard et al., 2017,
2020). In one of these studies, researchers identified differential morphologies,
and similar growth rates for lung metastatic and primary tumour cell lines (MDA-
MB-435 derived metastatic cells) (Winnard et al., 2017). Likewise, we were able
to discern a morphological shift in micrometastatic cells towards a mesenchymal-
like phenotype when compared to parental and fat pad derived cells that
exhibited a more epithelial, cobblestone-like morphology (Figure 3-2). Also, we
did not observe pronounced and maintained differences in proliferation rates of
PyMT-derived lung metastatic cells compared to those derived from the primary
tumour (Figure 3-3). However, all the aforementioned published studies
established isogenic metastatic lines by using xenograft transplants, meaning that
tumour cells were grown in immunocompromised hosts. It has become clear that
primary tumours shape a favourable microenvironment, termed the pre-
metastatic niche, for future metastatic seeding through a complex interplay
between tumour, bone marrow-derived and lymphoid immune populations and
stromal cells (Kaplan et al., 2005; Liu & Cao, 2016). We, therefore, believe, that
our paired, isogenic primary tumour and micrometastatic cell lines generated
using an aggressive tumour-type in immunocompetent FVB mice will be useful in
identifying key adaptations to the early metastatic niche in which the immune

system plays such an important role.

Controversy surrounds the role of EMT transition in metastasis (Williams et al.,
2019). The first crucial step for metastatic dissemination is for cancer cells to
acquire migratory and invasive properties that enable them to leave the primary
site. These changes are usually accompanied by activation of transcriptional
programmes akin to those invoked by cells undergoing EMT (Chaffer et al., 2016),
although there is contradictory in vivo evidence depending on the cancer type and
mouse model under investigation. Some studies have reported that the incidence
of EMT-like events are very rare (0-5% of tumours) in tumours from MMTV-PyMT
mice, and dispensable for the establishment of lung metastases (Trimboli et al.,
2008; Fischer et al., 2015).Conversely, several studies have shown that MMTV-
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PyMT luminal tumours present EMT-like features (Van Keymeulen et al., 2015; Ye
et al., 2015, 2017; del Pozo Martin et al., 2015) associated with metastatic
potential. Indeed, one of these studies underscores the importance of selecting
appropriate Cre drivers for lineage tracing of carcinoma cells that have undergone
EMT (Ye et al., 2017). Our data support the presence of EMT-like features in early
metastasis, since GSEA analysis of differentially expressed genes identified an EMT
signature in the micrometastatic cell lines (Figure 3-4B, C). In one of the studies
that did not consider EMT-like phenotypes to contribute to metastases, authors
reported that ex vivo expansion of PyMT cells resulted in progressive loss of E
cadherin over ten consecutive passages, and shift into mesenchymal morphology
due to TFG-B coming from the serum containing culture media (Fischer et al.,
2015). However, we found that all our primary PyMT tumour and metastatic cell
lines maintain E-cadherin expression over a prolonged period in culture (<20
passages), while displaying some mesenchymal-like traits (Figure 3-5). This
observation is consistent with expression of E-cadherin in the distant metastases
of breast cancer patients (Kowalski et al., 2003). It has been previously shown
that morphological differences precede changes in expression of epithelial
markers (Maeda et al., 2005), suggesting that differential expression/positivity of
epithelial markers is feasible even if cancer cells have shifted towards a
mesenchymal-like phenotype, further reinforcing the notion of epithelial-
mesenchymal plasticity (Williams et al., 2019). Indeed, an independent study
showed that lung metastases in the MMTV-PyMT display positivity for both

epithelial and mesenchymal markers (Pastushenko et al., 2018).

One of the key characteristics of cancer cells is enhanced motility and invasion
through the ECM (particularly the basement membrane), and dysregulation of
genes modulating these processes correlates with metastasis (Sahai, 2005). Breast
cancer cells migrate on and into fibroblast-derived 3D ECMs, that somewhat
resemble the tumour stroma (Cukierman et al., 2001), by extending invasive
protrusions (Dornier et al., 2017; Rabas et al., 2021). Interestingly, we found that
metastatic lines from lung extended longer invasive protrusions, compared with
cells derived from primary mammary tumours (Figure 3-6), indicating that
metastatic cells generally display enhanced migratory traits. We further
demonstrated the highly invasive behaviour of metastatic cells by establishing

organotypic cultures in which native collagen | had been preconditioned by
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fibroblasts (Figure 3-7). As previously described (Timpson et al., 2011), this 3D
collagen plug assay closely resembles an in vivo ECM microenvironment, and
examination of these plugs implies that tumour cells invade them both as groups
and as single cells, perhaps reflecting continuous switching between more
collective and mesenchymal modes of cell migration (Figure 3-7B,D). Taken
together, all these findings suggest that micrometastatic cells have been selected
throughout the steps of metastatic cascade to be more migratory and invasive
compared to parental cells, and have acquired some more mesenchymal
characteristics while retaining epithelial properties. Of note, cells derived from
tumours resected from the fat pad tended to be slightly more invasive than
parental cells(Figure 3-7E), which is consistent with previous reports showing that
reintroduction of cancer cells into mice can render them more aggressive (Yano
et al., 2016).

Since cells invading into 3D collagen matrices become dependent on a particular
integrin receptor (adhesion-dependent B1 clustering at the points of attachment
with collagen fibres) (Friedl & Brocker, 2000), we tested the hypothesis that
altered integrin expression and trafficking might underlie the enhanced
invasiveness of metastatic cells . Indeed, we found that metastatic cells expressed
higher levels of ITGA5 mRNA and its product, as protein. Although B¢ integrin was
not different (Figure 3-8A), this is consistent with increased expression of the asB+
integrin heterodimer and in agreement with a previous study showing that
elevated asBs integrin expression in MDA-MB-231 subclones enhanced invasiveness
into a 3D collagen matrix through contractile forces (Mierke et al., 2011). We
further demonstrated that metastatic cells display elevated recycling rates of asB1
and TfnR compared to parental cells (Figure 3-8). This observation is consistent
with the well documented role of asBs integrin and its recycling to promote cell

migration and invasion in 3D microenvironments (Caswell et al., 2007, 2008).

In this chapter, we have phenotypically characterised a panel of isogenic matched
primary tumour and metastatic PyMT-derived breast cancer cell lines which were
established following resection of orthotopic mammary tumours and development
of spontaneous pulmonary lesions respectively. Despite similar proliferation rates,
lung metastatic cells display a range of mesenchymal-like characteristics by
comparison with primary tumour-derived lines which exhibit a cobble stone-like

epithelial morphology. Interestingly, this is predominantly evident in metastatic
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cells derived from lung micrometastases, while macrometastatic cells more
resemble their matched primary tumour-derived cells in epithelial characteristics.
We have also shown that metastatic cells exhibit highly migratory and invasive
phenotypes in physiologically relevant microenvironments (CDM and collagen-rich
organotypic environment), which is also paralleled by increased recycling rates of
integrin asB1 and other receptors. In addition to these processes that favour
metastatic dissemination, cancer cells can acquire metabolic adaptations that
further contribute to their invasive characteristics and/or help them counteract
adverse environments on their way to metastasise distant organs. The next
chapter will, therefore, explore whether lung micrometastatic cells have acquired
such metabolic traits that could discern them from matched primary tumour-

derived cell lines.
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Chapter 4 Metabolic adaptations of cells from
lung micrometastases of the MMTV-
PyMT model of mammary cancer

4.1 Introduction

Cancer cells change their metabolism to overcome limitations imposed by
(epi)genetic and microenvironmental cues during disease onset and progression
(Cairns et al., 2011). Almost a century after the seminal observation of the
‘Warburg effect’, where tumour cells are able to switch their energy production
from oxidative phosphorylation (OXPHQOS) to aerobic glycolysis (Warburg, 1925;
WARBURG, 1956), the role of glycolysis and glutaminolysis in providing metabolites
to fuel tumour growth has now been well established. These processes not only
shunt nutrients into metabolic pathways to support ATP generation and
biosynthesis of macromolecules in the face of rapid cell growth, but also
contribute to the fine tuning between redox status maintenance and
replenishment of TCA intermediates (anaplerosis) (DeBerardinis et al., 2008). A
growing body of evidence has revealed that cancer patients exhibit altered
profiles of circulating and intratumoural metabolites (Asiago et al., 2010; Jobard
et al., 2014; Terunuma et al., 2014; Dai et al., 2018), and this has led to intensive
efforts to identify targetable metabolic dependencies of cancer cells (Vander
Heiden, 2011). However, very little is known about the mechanisms linking these
observations to altered primary tumour metabolism (Dornier et al., 2017), and
how these metabolic changes could possibly affect cellular processes that drive

invasion and early metastatic events.

Only recently, systematic studies have helped us appreciate that metastasising
cancer cells continuously undergo metabolic adaptations to counteract adverse
environments along the various steps of the metastatic cascade (Bergers & Fendt,
2021). These adaptations are shaped by the tumour type and cancer cell-of-origin,
but also by differences in the metabolic microenvironments between primary and
metastatic sites; especially by factors that influence nutrient and oxygen
availability (Faubert et al., 2020). Moreover, the metabolic re-wiring acquired by
metastasising cells can influence invasive and metastatic behaviour in a number
of ways. For instance, glutamate derived from glutaminolysis of glutamine can be

secreted by primary breast cancer cells via the cystine antiporter xCT, leading to
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auto- and para- crine activation of the GRM3 metabotropic glutamate receptor
which, in turn, upregulates Rab27-dependent recycling of the transmembrane
matrix metalloproteinase (MT1-MMP) to promote invasiveness of breast cancer
cells (Dornier et al., 2017). On the other hand, when metastasising cells detach
from the ECM and enter the circulation, they encounter a more oxidative
environment, and they can counteract oxidative stress by clustering together. This
clustering behaviour is thought to generate a more hypoxic microenvironment and
assist with the clearance of damaged mitochondria (Labuschagne et al., 2019).
The ability of some cancer cells to cope with altering oxidative microenvironments
on the road to metastasis can increase their need to depend on glycolysis for
energy production, and this can limit their capacity to metastasise to the lungs
(Blomme et al., 2017; Labuschagne et al., 2019). Then, when cells leave the
circulation and reach their metabolic target organ, nutrient availability at this site
can dictate further metabolic re-wiring. In the lung, pyruvate availability is
increased whereas glutamine concentrations tend to be less than those found in
the circulation. Thus when metastasising breast cancer cells leave the circulation
for the lung, they have been found to deploy a pyruvate carboxylase-dependent
mode of TCA cycle function to efficiently perform anaplerosis (Christen et al.,
2016). Furthermore, increased pyruvate levels in the lung have been shown to
stimulate the activity of collagen prolyl-4-hydroxylase - an enzyme which is
essential for type-I collagen production - via transamination reactions to generate
a-ketoglutarate (Elia et al., 2019). Lastly, the availability of non-essential amino
acids, such as serine, glycine and proline, in the microenvironment can shape the
permissiveness of the metastatic niche. In particular, the scarcity of serine and
glycine in the brain environment has been shown to create a serine synthesis
pathway dependence for breast cancer-derived brain metastases, which can be
treated by targeting the rate limiting enzyme (PHGDH) of serine biosynthesis (Ngo
et al., 2020).

In chapter 3 we generated isogenic lines derived from primary mammary tumours
and matched lung metastases and demonstrated that they have different invasive
behaviour. In this chapter, we seek to determine whether cells from metastases
are metabolically distinct from those from the matched primary tumours, with the
aim of understanding whether the altered metabolism and invasive behaviour of

cells from metastases might be mechanistically linked.
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4.2 Results

4.2.1 Mapping the metabolic landscapes of cells from
micrometastases and primary tumours

To determine whether micrometastatic cells are metabolically different from
PyMT-derived primary tumour cells, we employed a targeted analysis of the
steady-state metabolome using liquid chromatography-mass spectrometry (LC-MS)
(method as previously described (Voorde et al., 2019)). A ranked heatmap of
differences in the intracellular metabolite abundances of primary tumour
(parental, fat pad) and micrometastatic cells indicated that a number of
metabolites significantly differed between the two (Figure 4-1A, B). Intracellular
levels of proline were substantially elevated in micrometastatic cells (Figure
4-1B), in line with a previous report showing that proline catabolism supports
metastatic outgrowth in vitro and in vivo (Elia et al., 2017). Most interestingly,
however, we found that glutathione levels (both the reduced - GSH - and oxidised
- GSSG - forms) were downregulated (by almost 40%) in metastatic cells (Figure
4-1B). At first glance, this was seemingly contradictory to published data reporting
that elevated glutathione promotes metastasis in melanoma and liver cancer
(Carretero et al., 1999; Huang et al., 2001). However, in the MMTV-PyMT model
the glutathione pathway has been shown to be essential only for tumour initiation,
and becomes dispensable after tumour establishment due to alternative
antioxidant pathways (Harris et al., 2015). We further noticed that the levels of
urea cycle intermediates (citrulline, ornithine, arginine, arginosuccinate) were
also consistently decreased in metastatic cells, a finding that is consistent with
the well-documented reprogramming of urea cycle in different types of cancer to
support anabolic needs (Keshet et al., 2018). Taken together, these data reveal
that lung micrometastatic cells have rewired their metabolism compared to the
cells derived from primary mammary PyMT tumours, and that two key feature of

this are reduced intracellular glutathione and increased proline concentrations.
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Figure 4-1 Targeted analysis of polar metabolites to compare the metabolic landscapes of
matched primary tumour and micrometastatic cells.

(A) Targeted metabolomics of intracellular metabolites in PyMT#1 cell lines derived from primary
mammary tumours (parental, fat pad cells) and lung metastases (micrometastatic cells). The
heatmap displays ranked logz fold change values of metabolite intensities (normalised to cell number)
relative to parental cells, n=5 biological replicates. (B) Abundance of polar metabolites (normalised
to cell number and expressed as a fold change relative to parental cells) significantly different in
micrometastatic cells and primary tumour derived cell lines, n=5 (coloured dots), values are mean
+SEM, repeated measures one-way ANOVA, p-values are shown on the graph.
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4.2.2 Reduced and oxidised glutathione levels are downregulated
in metastatic cells

Glutathione is an abundant antioxidant in the cytosol, with its reduced form (GSH)
being 10- to 100-fold higher in concentration than its oxidised form (GSSG) under
physiological conditions (Bansal & Celeste Simon, 2018). The ratio of GSH to GSSG
is widely used as an indicator of cellular redox state and is tightly regulated by
glutathione reductase (Townsend et al., 2003). In our targeted metabolomics
approach (described in 4.2.1), we found that total glutathione levels decreased in
metastatic cells. However, determination of glutathione levels is challenging as it
suffers from autoxidation of GSH at the sulfhydryl group leading to disulphide bond
formation and a consequent overestimation of GSSG (Sun et al., 2020). To
circumvent this problem, and further validate our findings, we added the thiol
alkylating agent N-ethylmaleimide (NEM) (Figure 4-2A), a highly cell-permeable
agent that reacts with GSH (but not GSSG), prior to metabolite extraction
(Giustarini et al., 2013; Sun et al., 2020). From this we found that GS-NEM (the
glutathione adduct of NEM) levels were lower in NEM-treated micrometastatic
cells, indicating that these cells likely display genuinely reduced levels of GSH.

(Figure 4-2B, right graph).

De novo glutathione biosynthesis involves two ATP-dependent enzymatic steps,
where ligation of cysteine to glutamate is catalysed by glutamate cysteine ligase
(GCL) the rate-limiting enzyme for glutathione biosynthesis to form vy-
glutamylcysteine. Subsequently, glycine is added to this dipeptide by glutathione
synthetase (GSS) to form the tripeptide, GSH (Bansal & Celeste Simon, 2018).
Although cysteine levels remained unchanged (Figure 4-2B, left graph), we found
that the levels of y-glutamylcysteine were reduced in metastatic cells (Figure
4-2B, middle graph). To determine whether expression of glutathione biosynthetic
enzymes might explain these reductions in GSH and GSSG levels, we used qPCR to
quantify the expression of Gclc, the catalytic subunit of Gcl (Lu, 2009). Gclc
expression was suppressed in micrometastatic cells, by comparison with cells from
primary tumours (fat pad) (Figure 4-2C), indicating that suppression of Gcl activity

may be one reason underlying reduced glutathione levels in micrometastatic cells.
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Figure 4-2 Glutathione levels are downregulated in lung micrometastatic cells.

(A) Schematic representation of polar metabolite extracted from PyMT#1 derived cells following
derivatisation with NEM. Parental and micrometastatic cells were seeded in 6-well plates and
cultured for 64 hours at 37°C/ 5% CO.. At the end of the incubation, cells were quickly washed three
times with ice-cold phosphate buffered saline (PBS), derivatised with NEM (200ug/ml) at 4°C,
followed by three sequential washes with NEM (50ug/ml). After the final wash step, excess
derivatisation solution was aspirated, and metabolites were extracted using LC-MS grade methanol,
acetonitrile and water in a 5:3:2 ratio. The samples were analysed using LC-MS, and identification
and quantification of metabolites was performed using the TraceFinder (Thermo Fisher Scientific)
software. The chemical reaction of GSH with NEM to form glutathione adduct of NEM (GS-NEM) is
depicted in the graph. (B) Abundance of intracellular thiol-containing metabolites, which were
derivatised with NEM, was normalised to cell number and expressed as fold change relative to
parental cells. Cysteine (left graph), glutathione (middle graph) and y-glutamylcysteine (right graph)
adducts of NEM were identified based on their retention time and m/z, n=1, values are mean +SD
(technical replicates), unpaired t-test, p-values are shown on the graph. (C) Relative mRNA levels of
Gclc (RT-gPCR) in PyMT#1-derived micrometastatic cells and primary tumour cells (parental, fat
pad). All samples were normalised to ARPP PO and expressed as fold change relative to parental,
n=3 (coloured dots), mean + SEM, paired t-test between parental-micrometastatic, fat-pad-
micrometastatic test, p-value is shown on the graph.

As we were interested in further pursuing the cell biological consequences of
altered GSH and GSSG, we needed to be confident that our estimates of the
incremental changes in these metabolites were precise. Therefore, we assessed
the linearity of the response of our assay to various dilutions of GSH and GSSG.
Calibration curves for standards of each metabolite were generated by plotting
the peak area of the detected analytes versus the corresponding nominal

concentration (Figure 4-3, left panels), and this indicated that the assay
responded linearly to GSH and GSSG within the range of 0.5uM to 50uM (r2=0.9858
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and r?=0.9878, respectively). We analysed the peak areas of GSH and GSSG
detected in samples coming from primary and metastatic PyMT cell lines, and
found that they fell within the linear range of detection (Figure 4-3, right panels).
Thus, these data indicate that the proportional reduction of both GSH and GSSG
levels in micrometastatic cells is 40% and 50% respectively, giving us confidence
in our ability to explore pharmacological strategies for recapitulating these

changes in MMTV-PyMT cells and determining how they influence their behaviour.
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Figure 4-3 Glutathione levels in MMTV-PyMT cells fall within the linear response of detection
by LC-MS.

(A) Left panel: A seven-point GSH calibration curve was generated over a concentration range O-
50uM, after plotting the peak area of the detected metabolite versus the corresponding nominal
concentration. Right panel: zoom-in (in yellow) of calibration curve (0-10uM) depicting the peak areas
of GSH detected in extracts coming from PyMT-derived cell lines. (B) Left panel: A seven-point
GSSG calibration curve was generated over a concentration range 0- 50uM, after plotting the peak
area of the detected metabolite versus the corresponding nominal concentration. Right panel: zoom-
in (in yellow) of calibration curve (0-1uM) depicting the peak areas of GSSG detected in extracts
coming from PyMT-derived cell lines.

4.2.3 xCT is downregulated in lung micrometastases compared
to matched primary PyMT tumours

Cysteine and glutamate are critical precursors for glutathione biosynthesis, and
xCT, the functional subunit of the cystine/glutamate antiporter system Xxc, is

responsible for equimolar antiport of cystine and glutamate across the plasma
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membrane (Bansal & Celeste Simon, 2018). xCT is upregulated in various human
cancers (Timmerman et al., 2013; Koppula et al., 2018) and previously published
work has highlighted the ability of PyMT-derived primary tumour cells to release
glutamate via increased xCT expression (Dornier et al., 2017). To assess whether
reduced glutathione levels in micrometastatic cells might be due to altered xCT,
we checked its expression by qPCR. This indicated that micrometastatic cells
express almost 50% less xCT than parental or fat pad cells (Figure 4-4A). To further
assess the (patho)-physiological relevance of our finding, we used RNAScope to
compare xXCT expression in primary tumours and matched metastatic lungs of
MMTV-PyMT mice. RNAScope is a commercially available RNA in situ hybridization
(ISH) assay used for detecting and visualising gene expression (single RNA
molecules) within individual cells in samples including formalin fixed paraffin-
embedded tissue (Duncan et al., 2019). This indicated that primary tumours
express substantial amounts of xCT, whereas this was significantly reduced in lung
micrometastases from the same animals (Figure 4-4B, C). Importantly, the
surrounding lung parenchyma expressed more xCT than the micrometastases
indicating that RNAScope detection was effective in this tissue (Figure 4-4B, C).
These data indicate that xCT is specifically downregulated in lung

micrometastases and that this is maintained in cell lines cultured from these.
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Figure 4-4 Lung micrometastases in the MMTV-PyMT mouse exhibit decreased xCT
expression.

(A) Relative mRNA levels of xCT (RT-gPCR) in micrometastatic cells and primary tumour cells, all
samples were normalised to ARPP PO and presented relative to parental, n=3, £+ SEM, one-way
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ANOVA, p-values are shown on the graph. (B) Representative H&E staining and RNAScope (xCT
probe) in MMTV-PyMT primary mammary tumours and matched metastatic lung tissues (>10
metastases) of PyMT mice. Each brown dot is highlighted with small arrowheads in these images
(boxed regions outlined in red on the bottom right represent zoom-in areas of primary tumour and
lung parenchyma) and represents copies of the xCT probe, bar 100pum. (C) Quantification of xCT
probe (RNAScope) in primary mammary tumours (whole tissue), matched metastatic lungs (whole
tissue) and micrometastases (alone) using the HALO software (Indica Labs), Kruskal-wallis with
Dunn’s multiple comparisons test, n=6 mice/group (colour-coded).

4.2.4 Micrometastatic cells display increased sensitivity to
glutathione depletion

Several studies have reported that increased expression of GSH biosynthetic
enzymes, or elevated GSH production, in different types of cancer can confer
resistance to oxidative stress and chemotherapeutic drugs to promote disease
progression (Lien et al., 2016; Fujimori et al., 2004; LI et al., 2014; Lu, 2009). For
example, oncogenic PI3K mutant breast cancer cells upregulate glutathione
biosynthesis by activating and stabilising NRF2 to cope with cellular stress (Lien
et al., 2016). Thus, modulation of GSH levels, by inhibiting its biosynthetic
enzymes, may enhance sensitivity to targeted therapies (Bansal & Celeste Simon,
2018). Depletion of glutathione by the use of buthionine sulfoximine (BSO), an
irreversible inhibitor of GCL, promotes ferroptosis in breast cancer cells upon
glucose deprivation (Andringa et al., 2006). We were therefore interested in
assessing how sensitive our PyMT-derived isogenic cell lines were to glutathione
depletion. To this end, we cultured PyMT-derived cells in increasing
concentrations of BSO and counted the total cell number after 48 hours of
incubation. We found that micrometastatic cells were the most sensitive in high
doses of BSO (50puM, 100uM), which is in agreement with their basal low levels of
glutathione, while parental and fat pad cells were more tolerant (Figure 4-5). In
particular, parental cells seemed to tolerate glutathione depletion better than
those derived from the fat pad in high BSO concentrations (50uM, 100uM), while

this was not the case in lower amounts (5uM) (Figure 4-5).
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Figure 4-5 BSO treatment reduces cell number of PyMT-derived cell lines.

(A) Parental, fat pad and micrometastatic PyMT#1-derived cells were seeded in 24-well plates and
treated with the indicated concentrations of BSO for 48 hours. At the end of the incubation, total cell
number was counted using a Casy Cell Counter, n=1, values are mean * SD (technical replicates,
blue dots), one-way ANOVA, p-values are shown on the graph.

4.2.5 Use of BSO to manipulate glutathione levels

BSO has been extensively used in experiments to extensively deplete GSH reserves
leading to severe oxidative stress (Wang et al., 2021; Lushchak, 2012). However,
we wished to determine whether it was possible to identify a dosing regimen for
BSO that would reduce GSH and GSSG levels in parental cells to recapitulate those
identified in micrometastatic ones, and to do so without catastrophically
disturbing redox balance and the overall cellular metabolic landscape. To explore
this, we used LC-MS to characterise metabolic changes in parental cells following
treatment for 24 hours with increasing concentrations of BSO, remaining within a
range (between 0.0 and 2.5 pM) that did not compromise cell viability, as
previously determined (in 4.2.4). We were able to confirm that both GSH and GSSG
levels proportionally decreased in a dose dependent manner with increasing doses
of BSO, with 1.25 and 1.88uM yielding reductions in GSH levels akin to that
observed in micrometastatic cells (Figure 4-6B). Despite the reduction in
glutathione levels, a ranked heatmap of log, fold change of intracellular
metabolite abundance between untreated and BSO treated cells (0.625uM,
1.25uM, 1.88uM and 2.5pM) showed that BSO treatment did not result in any
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dramatic shifts of intracellular metabolites (Figure 4-6A). Indeed, none of the
metabolic differences we reported previously (in 4.2.1) to exist between
micrometastatic and primary tumour derived cells were observed, suggesting the
previous metabolic changes (such as altered proline levels) were not specifically
attributed to glutathione depletion. However, we did find that that lactate and
PEP decreased in a way similar to glutathione (Figure 4-6A), which might suggest
an increased flux towards the pentose phosphate pathway to meet NADPH
requirements for GSH reductase, as previously reported (Zhang et al., 2016).
Taken together, these data emphasise that treatment of primary tumour cells with
defined concentrations of BSO leads to moderate glutathione depletion without

precipitating substantial metabolic changes, noticeable redox stress or cell death.
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Figure 4-6 Acute BSO treatment of primary tumour cells leads to glutathione depletion, and
does not depict the altered metabolism in metastatic cells.

(A) Targeted metabolomics of intracellular metabolites in PyMT#1-derived parental cells either left
untreated or treated with the indicated concentrations of BSO. Heatmap of ranked log: fold change
values of different metabolite intensities (normalised to cell number) relative to parental cells, 3
technical replicates/ condition. (B) The abundance of polar metabolites was normalised to total
number of cells and expressed as fold change relative to untreated cells, 3 technical
replicates/condition, values are mean £SD (technical replicates, blue dots); one-way ANOVA with
Dunnett’s post hoc test, p-values are shown on the graph. (C) Parental PyMT#1-derived cells were
treated with the indicated concentrations of BSO for 24 hours. At the end of the incubation, total cell
number was counted using a Casy Cell Counter, 3 technical replicates/condition, values are mean +
SD (technical replicates, blue dots).

4.2.6 Micrometastatic cells secrete proline, while primary tumour
cells consume it

Having characterised the landscape of cellular metabolites in primary tumour and
micrometastatic PyMT cells and highlighted the significant differences between
these (as described in 4.2.1), we were interested in building on this body of data
by determining the nutrient and metabolite exchange rates between cells and the
media (Voorde et al., 2019). Calculation of the exchange rate per day for each
metabolite showed that glutamine was one of the most consumed, whilst lactate
was consistently the most released, metabolites in the PyMT-derived cell lines,
(Figure 4-7A). Interestingly, the only metabolite whose exchange differed
between metastatic and non-metastatic cells was proline (Figure 4-7A). Indeed,
proline was consumed by cells derived from primary mammary tumours (i.e. the
parental and fat pad lines), but was released by micrometastatic cells (Figure
4-7B), and this is interesting given previous reports highlighting the importance of
de novo proline synthesis in the metastasis of mammary cancer to the lung (Elia

et al., 2017). Given the now well-documented association between proline
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metabolism and redox homeostasis (Vettore et al., 2021; Zhu et al., 2021;
Schworer et al., 2020; Westbrook et al., 2022), we considered whether modulation
of glutathione levels in parental cells could affect proline exchange rates.
However, treatment of parental cells with BSO (1.88uM) for 48 hours did not affect
proline exchange rates, with primary tumour cells consuming proline from their
media, which was still evident 24 hours post BSO incubation (Figure 4-7C). Taken,
together, these data indicate that micrometastatic cells secrete proline, while
primary tumour cells consume it, and the use of BSO to moderately reduce GSH

levels in cells from primary tumours does not affect this.
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Figure 4-7 Micrometastatic cells secrete proline whilst primary tumour cells consume it.

(A) Secretion and consumption rates of amino acids and metabolites in parental, fat pad and
micrometastatic PyMT#1-derived cell lines cultured under standard conditions (DMEM, 10%FBS),
n= 3 biological replicates, values represent mean +SEM, two-way ANOVA, **p-value <0.005, **** p-
value <0.0001. (B) Proline abundance (normalised to cell nhumber) in conditioned media from
PyMT#1-derived primary tumour and metastatic cell lines cultured under standard conditions. For
the same culture period, cell-free conditioned media were used as control to assess the
secretion/consumption of proline levels by PyMT-derived cell lines, n= 3, values represent mean
+SEM, one-way ANOVA with Tukey’s multiple comparison test, p-values are shown on the graph.
(C) Parental cells were either left untreated (black line) or treated with BSO (1.88uM) (orange line)
for 48 hours, and proline levels were quantified in their conditioned media. In parallel, cell-free
conditioned media were used as control (t=0, t=48 hours) for the secretion/consumption of proline
levels in the presence of BSO.
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4.2.7 Micrometastatic cells exhibit a distinct lipidomic profile

Altered lipid metabolism is being increasingly recognised as an acquired feature
of cancer cells which enables them to meet anabolic and catabolic needs in the
face of rapid cell growth (Cairns et al., 2011). Accumulation of lipids, increased
uptake of fatty acids and upregulation of genes encoding fatty acid biosynthesis
or fatty acid transporters have been shown to enhance migratory and invasive
traits of cancer cells and to be associated with metastatic progression in many
cancers (Antalis et al., 2011; Pascual et al., 2017; Nath & Chan, 2016). Thus, we
performed a single-phase lipid extraction and employed untargeted and targeted
LC-MS approaches to compare the lipid profiles of PyMT-derived cancer cell lines.
Principal component analysis (PCA) of normalised log; peak areas of identified
total lipids clearly showed that PC component 1 (x-axis) is able to separate
micrometastatic cells from the parental and fat pad cells, suggesting that the
lipidome profile of lung micrometastatic cells has features that discriminates it
from that of the cells from the primary tumour site (Figure 4-8A). Comparison of
lipid classes expressed as a percentage of total lipids did not reveal differences
among the three cell groups (Figure 4-8B), with the majority of lipids detected
(>75%) representing major structural lipid classes; phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (Pl) and phosphatidylserine
(PS). This is in agreement with the well-documented lipid composition of cell
membranes in most eukaryotes, where PC accounts for >50% of the membranous
phospholipids (Van Meer et al., 2008). To look in more detail at what might explain
the distinct lipidome of micrometastatic cells, we generated a scatter plot
showing the mean difference of peak areas for all detected lipid classes between
micrometastatic and parental (x-axis) and fat pad and parental (y-axis) (Figure
4-8C). From this plot, we were able to see that, besides the aforementioned lipid
classes, sphingomyelin (SM) and ceramide (Cer) were upregulated in
micrometastatic cells by comparison with parental cells (t-test difference >1.2, q
value<0.05, black circles). Our untargeted lipidomic approach therefore suggests
that micrometastatic cells do differ in lipid composition when compared to
primary tumour cell lines and that increased levels of SM and Cer lipid classes

make a key contribution to this difference.
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Figure 4-8 Micrometastatic cells are lipidomically distinct from primary mammary tumour
cells.

(A) Principal component analysis (PCA) of normalised logz peak areas of identified total lipids among
PyMT-derived cell lines. Each point represents a biological repeat and samples corresponding to
parental, fat pad and micrometastatic cells are coloured in black, blue and red, respectively. (B)
Percentage of lipid classes per total lipids (peak area) was calculated in parental, fat pad and
micrometastatic cells, n=3 biological repeats. (C) Scatter plot showing the relationship between the
mean differences of peak areas (lipid classes) when we compare fat pad cells to parental (y axis)
and micrometastatic cells to parental (x axis). The dotted line represents all the lipid classes that
display no difference across the conditions, while the t-test difference between micrometastatic and
parental cells is colour coded (SM and Cer lipid classes are shown in black circles, t-test diff >1.2, g
value<0.05), n=3 biological replicates. These graphs were generated in collaboration with Engy
Shokry Abd Shokry, CRUK Beatson Institute, Glasgow.

4.2.8 Targeted lipidomic analysis reveals enrichment of
sphingolipids in metastatic cells

As our untargeted lipidomic analysis indicated that sphingolipids are upregulated
in micrometastatic cells, we sought to develop a targeted approach to further
interrogate alterations to these lipid species. To this end, raw data files were
imported to LipiDex, an open-source software for automated lipid identification
utilising in silico libraries (fragmentation data and MS/MS spectral matching)

(Hutchins et al., 2018). This process yielded considerable number of sphingolipid
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species, namely ceramide (Cer), ceramide phosphate (CerP), hexosylceramide
(HexCer) and sphingomyelin (SM), as shown in Figure 4-9 (top row). At this stage,
we applied sequential steps of data filtering by first removing lipid species that
were present in the ‘blank’ samples (cell-free samples that were taken through
the extraction protocol) that we included in LC-MS runs with our samples of
interest. Of the remaining species, we removed ones that were missing in > 40%
across biological repeats (3 technical replicates/repeat) or those whose peak area
was at or near the detection limit (< 10%), thus proceeding only with robustly
identified species. Lastly, we retained the species with the highest sum or means
(unless their retention time<2 min), removed outliers after manual inspection,
and filtered-out species with a relative standard error >20%. Collectively, these
cut-off criteria resulted in a small number of sphingolipid species (0.75%- 3%
relatively to the initial number of identified species) that we were able to identify
with sufficient confidence to determine which ones were specifically enriched in

micrometastatic cells.

No of species in each step Cer CerP HexCer SM
Species Measured 1579 1654 1092 904
After removal of IDs in blanks 776 950 764 553
After removing IDs = 40% missingness 133 151 214 177
Removing duplicates, keeping only IDs 62 140 127 102
with the highest sum or means of all
samples
RSE (<20%) filter 20 80 28 58
FC yz2vsp >1.2 or <0.8 12 46 16 28

Figure 4-9 Number of sphingolipid species detected following targeted lipidomic analysis in
isogenic PyMT-derived cell lines.

Each row indicates the number of sphingolipid species remaining after each step of data filtering.
This analysis was performed in collaboration with Engy Shokry Abd Shokry, CRUK Beatson Institute,
Glasgow.

It has been recently shown that increased sphingolipid metabolism enhances
metastatic potential of colorectal cancer cells by promoting their proliferative,
migratory and invasive behaviour (Jafari et al., 2019). Although the bioactive
sphingolipid ceramide has been predominantly studied in the context of growth
arrest and cell death (Hannun & Obeid, 2008), it is now clear that various ceramide
species at different (sub-) cellular compartments are involved in diverse biological

processes (Hannun & Obeid, 2011). We thus took advantage of our targeted
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lipidomics approach to focus on ceramide species that displayed differential
abundance (fold change >1.2 or <0.8) in metastatic cells (Fig. 4-9). We found that
four C16- and C18- ceramide species were enriched by at least 1.7-fold in
micrometastatic cells compared to parental (but not fat pad-derived) cells
(highlighted in red; Figure 4-10A, B). These findings not only reinforce the
suitability of our targeted method to examine lipid changes across our cell lines,
but also show that certain C16-, C18- ceramide species are specifically enriched
in metastatic cells. Moreover, it was notable that we were unable to detect any

ceramide species that were specifically depleted in micrometastatic cells.
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Figure 4-10 C16- and C18- ceramide species which are specifically enriched in
micrometastatic cells.

(A) Differentially abundant ceramide species showing a fold change of >1.2 or <0.8 when we
compare micrometastatic cells to parental cells. The species significantly changing in abundance in
metastatic cells compared to parental (but not fat pad) cells are highlighted in red. (B) Normalised
(to cell number) peak areas of ceramide species that are significantly enriched in metastatic cells.
Whiskers are the 10th-90th percentiles; + represents the mean. P-values are shown on the graphs,
one-way ANOVA with Tukey’s comparison test, n=3 independent experiments. This analysis was
performed in collaboration with Engy Shokry Abd Shokry, CRUK Beatson Institute, Glasgow.

We next sought to visualise ceramide in PyMT-derived cell lines using an anti-

ceramide antibody, monoclonal antibody MID 15B4, a mouse IgM previously used
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for studies of sphingomyelin metabolism and ceramide signalling (Parashuraman
& D’Angelo, 2019; Vielhaber et al., 2001; Choezom & Gross, 2022). Airyscan super
resolution confocal microscopy of cells stained with the anti-ceramide antibody
(counterstained with phalloidin to visualise the actin cytoskeleton) revealed a
punctate distribution of ceramide which was localised both in the cytoplasm and
at the plasma membrane, with the staining appearing brighter in micrometastatic
cells (Figure 4-11A). Indeed, quantitative analysis of mean fluorescence intensity
revealed significantly higher ceramide levels in micrometastatic cells compared
to the primary tumour ones (Figure 4-11B). In agreement with our targeted
lipidomic approach, these data confirm that metastatic cells show enrichment for

ceramide species compared to parental and fat pad cells.
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Figure 4-11 Immunofluorescence reveals increased levels of ceramide in micrometastatic
cells.

(A) Parental, fat pad and micrometastatic cells were seeded on glass bottom dishes and fixed
following 48h of culture. Ceramide (green) and phalloidin (red) were visualised by
immunofluorescence (63X magnification, Zeiss LSM 880 Airyscan confocal microscope). Bar, 10um.
(B) ImageJ was used to quantify the mean intensity of ceramide (sum of z-stacks, 10 stacks/field of
view) as determined by the default method. Values are mean + SEM. n=6 fields of view. P values
are depicted on the graph, ordinary one-way ANOVA. The acquisition of these images were
performed in collaboration with Luis Pardo, CRUK Beatson Institute, Glasgow.

A key metabolite of ceramide is ceramide-1-phosphate, which is formed following
phosphorylation of ceramide by ceramide kinase (CerK) (Morad & Cabot, 2012),
and has been recently shown to promote migration and invasion of cancer cells
(Rivera et al., 2016; Schwalm et al., 2020). To determine its levels in PyMT-
derived cells, we focussed-on the ceramide phosphate species that displayed

different abundances (fold change >1.2 or <0.8) in metastatic cells (Figure 4-12A).

This yielded a considerable number of species, and although only four were
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significantly upregulated in metastatic cells relative to parental and fat pad cells

(Figure 4-12B), the data strongly identify an enrichment of specific ceramide

phosphate species (C20-) in the metastatic cell lines.
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Figure 4-12 (C20-) Ceramide phosphate species are enriched in micrometastatic cells.

(A) Differentially abundant ceramide phosphate species showing a fold change of >1.2 or <0.8 when
we compare micrometastatic cells to parental cells. The species significantly changing in abundance
in metastatic cells compared to parental and fat pad cells are highlighted in red. (B) Normalised (to
cell number) peak areas of ceramide phosphate species that are significantly enriched in metastatic
cells. Whiskers are the 10th-90th percentiles; + represents the mean. P-values are shown on the
graphs, one-way ANOVA with Tukey’s comparison test, n=3 independent experiments. This analysis
was performed in collaboration with Engy Shokry Abd Shokry, CRUK Beatson Institute, Glasgow.
Sphingomyelin is one of the major sphingolipids in mammalian cells, mostly found
on the plasma membrane (outer leaflet), in the Golgi (luminal side) and
endosomes (luminal leaflet) (Van Meer et al., 2008). Ceramide can be catabolised
from sphingomyelin following hydrolytic removal of its phosphocholine moiety by
sphingomyelinase enzymes, which are characterised according to their subcellular
localisation and optimum pH activity (acid, neutral, alkaline) (Morad & Cabot,
2012). To test whether sphingomyelin levels were altered in metastatic cells, we
focussed-on these species in the same way as previous (fold change >1.2 or <0.8)
(Figure 4-13A). Indeed, we were able to detect four sphingomyelin species (C18-,
C20-) that were specifically enriched in micrometastatic cells (but not fat pad
cells) by comparison with primary tumour cells. Taken together, our data from
untargeted lipidomic analysis indicate that metastatic cells are lipidomically
distinct from parental and fat pad cells, with certain ceramide and sphingomyelin
lipid classes being upregulated. When we specifically looked into these classes in
a targeted way, we found an enrichment for distinct species of ceramide,
ceramide-1-phosphate and sphingomyelin in metastatic cells compared to their

matched primary tumour lines.
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Figure 4-13 Metastatic cells are more enriched in sphingomyelin species compared to their
matched primary tumour lines.

(A) Differentially abundant sphingomyelin species showing a fold change of >1.2 or <0.8 when we
compare micrometastatic cells to parental cells. The species significantly changing in abundance in
metastatic cells compared to parental and fat pad cells are highlighted in red. (B) Normalised (to cell
number) peak areas of sphingomyelin species that are significantly enriched in metastatic cells.
Whiskers are the 101-90™ percentiles; + represents the mean. P-values are shown on the graphs,
one-way ANOVA with Tukey’s comparison test, n=3 independent experiments. This analysis was
performed in collaboration with Engy Shokry Abd Shokry, CRUK Beatson Institute, Glasgow.
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4.3 Discussion

Disseminated cancer cells dynamically re-wire their metabolism to survive
throughout the course of the metastatic cascade (Bergers & Fendt, 2021). As our
understanding of the biology of tumour recurrence continues to grow we are
beginning to appreciate the intricate processes that confer metastasis-initiating
properties to cancer cells which allow them to seed distant organs (Oskarsson et
al., 2014). However, metastatic dissemination is a highly inefficient process,
mainly due to the programmed death of cancer cells after entering the circulation,
in addition to the transition into a quiescent state (dormancy) following
subsequent extravasation (Lyon et al., 2006). Understanding the metabolic
changes that cancer cells acquire to overcome these bottlenecks could be key to
developing approaches that sensitise metastases to therapies by targeting these
adaptations (Klein, 2020). Using isogenic PyMT-derived cancer cells, which were
phenotypically characterised in the previous chapter, we aimed to investigate the
metabolic differences between primary mammary tumour and lung metastatic cell
lines. Principally, we show that glutathione (reduced and oxidised) is reduced,
and proline is increased in micrometastatic cells. Reduced glutathione is
consistent with the reduced expression of xCT cystine-glutamate antiporter
system that we detect in these cells and in lung metastases from these mice.
Sensitivity of PyMT-derived cell lines to pharmacological inhibition of glutathione
biosynthesis is increased in metastatic cells relative to primary tumour-derived
cells, and this correlates with their reduced levels of GSH. Furthermore,
modulation of glutathione levels in parental cells to mimic that observed in
metastatic lines cannot solely account for the full gamut of metabolic differences
found in the latter. Notably, artificially reducing glutathione levels to the same
extent as found in micrometastatic cells does not lead to increased proline
synthesis or secretion. In addition to these alterations in polar metabolites, we
find that metastatic and primary tumour cells also differ in lipid composition such
that certain sphingolipid species are enriched in micrometastatic cells. These
findings are compelling since several of the metabolic changes we observe in
metastatic cells have been closely linked to the metastatic potential of breast

cancer cells, as discussed below.

In the face of increased proliferation rates, cancer cells depend on the availability

of nutrients and amino acids to support cell growth, while employing redox
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cytoprotective programs, such as glutathione biosynthesis, to cope with
metabolically stressful microenvironments (Zhu & Thompson, 2019). Glutathione
is a tripeptide that consists of glutamate, cysteine and glycine, and cysteine
availability can be limiting for glutathione production in normal tissues. The
requirement for glutathione for survival and proliferation of cancer cells depends
on the surrounding microenvironment (Combs & Denicola, 2019). Indeed, a recent
study has reported that the glutathione pathway is required for MMTV-PyMT
tumour initiation, but becomes dispensable following tumour establishment and
disease progression due to the activation of other antioxidant pathways, such as
those dependent on thioredoxin (Harris et al., 2015). Consistent with this, we find
that primary mammary tumour cells have higher GSH and GSSG levels than
matched cells from lung micrometastases (Figure 4-1& Figure 4-2), suggesting that
glutathione biosynthesis may be downregulated to allow other antioxidant

pathways to protect the metastasising cells.

Outside the cells, the oxidising environment promotes the formation of disulphide
bonds between two cysteine residues leading to generation of cystine, a dipeptide
which is the predominant form of cysteine taken up by the tissues (Combs &
Denicola, 2019). The xCT cystine-glutamate antiporter (SLC7A11) system is key to
glutathione synthesis since it allows import of cystine and equimolar export of
glutamate from the cells (Bansal & Celeste Simon, 2018). This is of special interest
as several studies have reported that many cancer cells need to overexpress xCT
to cope with oxidative stress (Gu et al., 2017; Sayin et al., 2017; Lanzardo et al.,
2016) and promote invasive programs (Dornier et al., 2017), rendering xCT a
promising pharmacological target for the treatment of multiple cancer types
(Lanzardo et al., 2016; Conti et al., 2020). However, we show that lung
micrometastases and the micrometastatic cells that we have generated from
these downregulate xCT expression (Figure 4-4). Consistently, glutathione levels
are downregulated in micrometastatic cells. Although our finding initially appears
contradictory to the published literature, the aforementioned studies describe
upregulation of xCT in the context of oxidative insults at the primary site without
addressing xCT expression status in established metastatic lesions. Recently, an
insightful study revealed that breast cancer cells bearing oncogenic
phosphatidylinositol 3-kinase (PI3KCA) mutations (E545K or H1047R) can suppress

xCT activity via protein kinase B (AKT)-mediated phosphorylation at xCT’s serine-
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26 (Lien et al., 2017). Two independent groups have further validated this
posttranslational regulatory site in other types of cancer (glioblastoma and
pancreatic cancer) showing that suppression of xCT activity through
phosphorylation involves mTORC2 signalling (Gu et al., 2017) and its subcellular
localisation is controlled by basal autophagy (Mukhopadhyay et al., 2021). Thus,
xCT expression and activity can be modulated by multiple metabolic and
posttranslational inputs. Indeed, pharmacological inhibition of xCT by
sulfasalazine, which induces ferroptosis (Bansal & Celeste Simon, 2018), had to be
terminated early in a clinical trial of patients with malignant gliomas due to
detrimental effects on survival (Robe et al., 2009), highlighting the pressing need
for further mechanistic dissection of xCT role in cancer progression (Li et al.,
2022).

Our studies indicate that maintenance of redox homeostasis in lung metastatic
cells is finely tuned. Marked depletion of total glutathione levels by
pharmacological inhibition of its rate limiting biosynthetic enzyme (glutamate-
cysteine ligase) using BSO results in reduced cell number (likely owing to inhibition
of cell growth and/or increased cell death by ferroptosis (see below)) (Figure 4-5)
in a way that is dictated by their basal glutathione levels. Reduced xCT and
glutathione levels have been previously reported to induce the non-apoptotic cell
death mechanism, ferroptosis (Stockwell et al., 2017). It has been highlighted that
glutathione depletion leads to ferroptosis, even though BSO treatment does not
necessarily induce this form of death (Combs & Denicola, 2019). This discrepancy
has been attributed to the differential rate of GSH exhaustion by Gpx4 which is
dictated by mitochondrial activity (Gao et al., 2019). Indeed, we have previously
seen that micrometastatic cells have higher basal and maximal oxygen
consumption rates than parental cells (data not shown), an observation that
supports the notion of rapid GSH exhaustion in the former leading to ferroptosis
and increased sensitivity to BSO treatment. Conversely, increasing concentrations
of the inhibitor (up to 2.5uM) can be well-tolerated by parental cells without
compromising cell viability or evoking further metabolic changes (Figure 4-6), akin
to that which we observe in metastatic cells under similar glutathione depleted

conditions.
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A recent study has described a novel role for oxidative TCA cycle activity and
mitochondrial respiration in thiol redox homeostasis which affects de novo proline
biosynthesis (Ryan et al., 2021). In particular, inhibition of TCA cycle and
respiration led to increased glutathione synthesis and impairment of proline
synthesis (by triggering an Atf4-dependent integrated stress response) (Ryan et
al., 2021). However, we find that micrometastatic cells produce increased
quantities of proline (Figure 4-1) and secrete it in into the medium (Figure 4-7),
whilst decreasing total glutathione levels. Nevertheless, our findings do not
necessarily contradict the involvement of TCA cycle and oxidative
phosphorylation, which are both functional in primary tumour and metastatic cells
(as assessed by targeted metabolomics, Figure 4-1, and Seahorse flux analysis,
data not shown), in proline biosynthesis. In fact, glutaminolysis is crucial for
cancer cells to utilise glutamine-derived glutamate into several metabolic
pathways, including TCA cycle (anaplerosis), and GSH and proline biosynthesis
(Zhu&thompson, 2019). Previous work has shown that breast cancer cells rely on
proline metabolism to sustain ATP production allowing them to efficiently colonise
the lungs in the orthotopic 4T1 and EMT6.5 mouse models (Elia et al., 2017). Thus,
it would be interesting to characterise the rewiring of glutamine metabolism
associated with glutathione depletion by employing stable isotope tracing of U-
13C-glutamine with LC-MS analysis of our PyMT-derived panel of cell lines. Indeed,
one possibility that could be addressed is that the selection pressures imposed by
the lung microenvironment has forced micrometastatic cells to use so much of
their glutamate pool to synthesise proline that there is insufficient remaining for

glutathione production.

In addition to the altered polar metabolite profiles, we also show that
micrometastatic cells differ in lipid metabolism and are enriched in certain
sphingolipid species (ceramide, ceramide-1-phosphate and sphingomyelin) (Figure
4-10 - Figure 4-13). This finding is of importance as differences in sphingolipid
composition can affect the physicochemical properties of cellular membranes,
such as fluidity and subcellular organisation and this is likely to be mediated via
the generation of lipid microdomains or ‘rafts’ (Van Meer et al., 2008). These
properties, in turn, influence signal transduction pathways, and the sorting and
transport of membrane cargoes within different subcellular compartments (Van

Meer & Lisman, 2002). Recently, a mechanistic study showed that fatty acid
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synthase (FASN)-mediated upregulation of sphingolipid metabolism-dependent
signalling was involved in migration and invasion in colorectal cancer cells.
Moreover, expression of FASN was higher in cells from liver metastases than those
from patient-matched colorectal primary tumours (Jafari et al., 2019), and this is
consistent with our observations that sphingolipid species are enriched in cells

from lung micrometastases.

Taken together, here we provide evidence indicating that cells from the lung
micrometastases of MMTV-PyMT driven mammary tumours downregulate
glutathione production (Figure 4-14). We propose that, through reduced
expression of the xCT cystine-glutamate antiporter system, micrometastatic cells
cannot support so much y-glutamyl-cysteine synthesis leading to decreased levels
of both reduced and oxidised forms of glutathione. In addition, sphingolipid
metabolism, and particularly ceramide, is altered in metastatic cells relative to
primary tumour lines, a finding that can influence the biogenesis of small
extracellular vesicles (sEVs), as previously reported (Trajkovic et al., 2008).
Previous work from our lab has shown that metabolic stress can activate release
of sEVs that transfer invasive characteristics to recipient cells (Rabas et al., 2021).
The next chapter will, therefore, explore whether cells from primary tumours and
lung micrometastases differentially release sEVs, and investigate the effects of

glutathione and sphingomyelin metabolism on these processes.
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Reduced expression of the cystine-glutamate antiporter, XCT, leads to decreased y-glutamyl-
cysteine levels in micrometastatic cells. This, in turn, lowers total glutathione levels affecting both
reduced (GSH) and oxidised form (GSSG) without affecting the ratio of GSH to GSSG.
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Chapter 5 Glutathione and sphingomyelin
metabolism influence small
extracellular vesicle release

5.1 Introduction

Extracellular vesicle (EV) release is an evolutionarily conserved process (Margolis
& Sadovsky, 2019). EVs are lipid-bilayered vesicles that can be of endocytic
(exosomes, subset of small EVs or sEVs) or plasma membrane origin (microvesicles,
apoptotic bodies), and transfer cargoes mediating cell-to-cell or cell-to-stroma
communication within or between tissues (Tkach & Théry, 2016). Indeed, EVs
have emerged as pivotal mediators of intercellular communication that regulate
tissue homeostasis. EVs mediate communication between organs, such as between
the liver and adipose tissue, in a way that influences the ability of these tissues
to maintain metabolic homeostasis at a systemic level (Zhao et al., 2020). The
capacity to mediate long-distance communication between tissues ideally places
EV-mediated communication to be subverted by cancers to influence local and
systemic microenvironments in a way that favours metastasis. Several
independent studies have reported correlations between circulating levels of
tumour derived EVs and cancer progression (Kim et al., 2003; Baran et al., 2010;
Galindo-Hernandez et al., 2013; Nanou et al., 2020). Importantly, tumour-derived
sEV cargoes have been shown to contribute to the generation of pre-metastatic
niches either by influencing extracellular matrix deposition (Novo et al., 2018) or
by modulating metabolism of resident cells in metastatic target organs (Fong et
al., 2015; La Shu et al., 2018). However, thus far there are no studies, to our
knowledge, comparing the sEV biogenesis/release pathways in primary tumour

and matched metastatic cells.

Although the cellular and molecular mechanisms for the generation of EVs at the
plasma membrane are still not clear, the machineries governing the biogenesis of
sEVs within the endosomal pathway are well-studied (Van Niel et al., 2018).
Indeed, sEVs are formed as intraluminal vesicles (ILVs) within the endosomal
lumen during endosome maturation into late or multivesicular endosomes (MVEs)
and this involves fine-tuning of intracellular membrane trafficking and
cytoskeletal rearrangements. Furthermore, the cellular machineries controlling

these processes dictate the cargo composition of sEVs, and govern the fate of MVEs



Chapter 5 142

towards lysosomal degradation or transport to cell periphery for fusion with the
plasma membrane (Van Niel et al., 2018). Recently, two independent studies have
shown that sphingolipid metabolites are important both for maturation and
trafficking of MVEs affecting cargo sorting (Kajimoto et al., 2013) and sEV

production (Choezom & Gross, 2022) respectively.

Published work from our lab has recently established a link between cancer
metabolism and upregulation of sEV release from breast cancer cells (Rabas et al.,
2021). Indeed, depolarisation of mitochondria activates the PINK1 kinase to
promote physical interaction of endosomes with late endosomes/MVEs. This leads
to production of mitochondrial DNA (mtDNA)-containing sEVs that can, in turn,
influence pro-invasive endosomal trafficking in recipient cells (Rabas et al., 2021).
In the previous chapter, we found that lung micrometastatic and primary
mammary tumour-derived cells have metabolomes which indicate that their
glutathione and sphingolipid metabolism are distinct. This therefore raised the
possibility that the metabolic re-wiring in micrometastatic cells might influence
sEV release, and if this were to occur, it may involve cellular machineries

influenced by glutathione and/or sphingolipid levels.

In this chapter, we have characterised the effect of cellular metabolism on the
release of sEVs from PyMT-derived cells, with a particular focus on the stV
biogenesis pathway that discerns metastatic cells from matched primary tumour
lines. We have interrogated the extent to which modulation of glutathione levels
affects sEV release from primary tumour cells, and whether this is linked to
altered sphingolipid metabolism. Finally, we have used CDM and organotypic
collagen assays to assess whether disrupting the sEV biogenesis pathway in
metastatic cells could affect their migratory capacity and invasiveness in complex

microenvironments.
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5.2.1 Cells derived from lung micrometastases display

increased sEV release

To test whether EV release differs in primary tumour derived and matched

metastatic cell lines, we used differential centrifugation to isolate EVs from the

conditioned media of PyMT-derived cells (Figure 5-1A, top panel). The isolated

EVs were further processed by nanoparticle tracking analysis (NTA) to define the

concentration and size of these extracellular vesicles (Figure 5-1A, bottom panel).
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Figure 5-1 Cells from micrometastases release more sEVs than their counterparts from
matched primary tumour cells.

(A) Schematic representation of SEV collection protocol and downstream NTA analysis. Conditioned
media were collected from PyMT-derived cell lines and differentially centrifuged to remove live cells
(300q), dead cells (2000g) and cell debris and larger lipid membrane fragments (10,000g). Then
SEVs were pelleted at 100,000g, the pellet was washed in PBS before a final pelleting centrifugation
at 100,000q, after which sEVs were re-suspended in PBS. Concentration and size distribution of
these particles were determined using a NanoSight LM10 microscope. The sEV pellet was further
diluted in PBS, and the light scattered by individual particles was collected, allowing direct
visualisation and video capture of their Brownian motion. NTA software was used to track these
movements and measure the particle size and concentration. (B, C) NTA analysis of particle number
and size distribution of sEVs purified from PyMT#1 (B) or PyMT#2 (C) parental, fat pad and
micrometastatic cells (left panels). Total particle concentration was normalised to the number of
secreting cells and then expressed as fold change relative to the appropriate parental cells (right
panels). Values are mean + SEM, n=7 (PyMT#1 series (B)) or n=5 (PyMT#2 series (C)) independent
experiments (coloured dots), one-way ANOVA, p-values are shown on the graph.

Strikingly, NTA showed that micrometastatic cells (PyMT#1 and PyMT#2)
consistently secrete more EVs than their matched primary tumour lines (1.5-3-fold
increase in metastatic/primary tumour-derived EVs, Figure 5-1B, C-right panel).
Of note, this analysis revealed that more than 60% of EVs in all preparations were
smaller than 200nm in particle diameter (Figure 5-1B, C-left panel), which is
consistent with the size that is canonically attributed to exosomes (Van Niel et
al., 2018). According to the recent ISEV guidelines (Théry et al., 2018) and

appreciating the limitations of the EV isolation protocol used in our studies, we

hereafter refer to exosomes as small extracellular vesicles (sEVs, size <200nm).

5.2.2 EV pellets from micrometastatic cells have increased
tetraspanin and ESCRT-I protein content

Although exosomes and microvesicles originate from different cellular

compartments (MVEs and plasma membrane respectively) and differ in size, their
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overlapping range of EV cargoes makes the identification of proteins specifically
enriched in sEVs challenging (Van Niel et al., 2018). For instance, several members
of the tetraspanin family, including CDé63, CD81 and CD9, have been extensively
used as markers of exosomes, but with the latter two also being described to be
present in microvesicles (Zhang et al., 2018; Mathieu et al., 2021). However,
accumulation of CD63 in MVEs, and its strong enrichment in exosomes (Escola et
al., 1998), renders it a reliable marker for sEVs (Mathieu et al., 2021). We
therefore used western blotting to evaluate the expression of a panel of bona fide
sEV markers in our preparations. We were able to detect the presence of the
membrane-associated tetraspanins CD63, CD81, as well as the ESCRT-I associated
protein TSG101 in sEVs pellets isolated from the conditioned media of PyMT-
derived lines (Figure 5-2A, B-left panel). Quantitative analysis of protein levels
revealed that the CD63 content of EV pellets from micrometastatic cells was 6-
fold higher than that found in EV pellets from the corresponding primary tumour
cells (Figure 5-2A, B-right panel). Taken together, these data indicate that

metastatic cells release more CD63-containing sEVs than primary tumour derived

lines.
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Figure 5-2 EV pellets from micrometastatic cells have increased tetraspanin (CD63, CD81) and
ESCRT-I protein (TSG101) content.

SEV pellets were purified by differential centrifugation from parental, fat pad and micrometastatic
cells from the PyMT#1 (A) and PyMT#2 (B) series and analysed by western blotting for the presence
of EV markers (CD63, CD81 and TSG101). Sample loading was normalised to the number of SEV
donor cells (left panels). Quantification of western blots for CD63 pellets was performed using the
Image Lab software (Bio-Rad) (right panels). Values are mean + SEM, n=4 (A) or n=5 (B)
independent experiments (coloured dots), one-way ANOVA, p-values are shown on the graph.

5.2.3 Generation of nSMase CRISPR-KO PyMT-derived cell lines

EV biogenesis is tightly linked to cellular membrane dynamics, and the
sphingomyelin pathway has been previously shown to regulate sEV biogenesis
independently of the endosomal sorting complex required for transport (ESCRT)
machinery (Trajkovic et al., 2008). Ceramide, the catabolic product of
sphingomyelin following hydrolytic removal of phosphocholine moiety by neutral
sphingomyelinases (nSMases), promotes inward budding into the lumen of
endosomes (MVEs) and is enriched in sEVs (Trajkovic et al., 2008). Lipidome
profiling revealed pronounced differences in ceramide and sphingomyelin levels
between metastatic and primary tumour cell derived lines (see chapter 4). We,
therefore, generated parental, fat pad and micrometastatic cells (from the
PyMT#1 series) deficient for nSMase isoforms previously reported to contribute to
the formation of sEVs (Trajkovic et al., 2008; Menck et al., 2017). We used the
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CRISPR-Cas9 system to delete regions of the Smpd2 gene, which encodes nSMase1,
and this was achieved by designing three sets of single guide RNAs (sgRNA) against
the target sequences (Figure 5-3A), as previously described (Sanjana et al., 2014).
Following lentiviral infection and positive selection of Cas9-expressing cells, we
determined nSMase1 expression by qPCR using primer pairs that were specifically
designed to anneal outside of the deleted regions (in collaboration with Louise
Mitchell, CRUK Beatson Institute, Glasgow). Although nSMase1 was the first
identified and cloned mammalian nSMase, both its functional role and enzymatic
specificity in sphingolipid metabolism remain ambiguous (Airola & Hannun, 2013).
However, by mapping its sequence onto the Smpd2 gene (NCBI primer blast) and
extracting the encoded peptide sequence (UniProt blast) we were able to show
that the region of nSMase1 which is deleted by sgRNA#2 is part of the catalytic
domain of the enzyme, as previously reported (Airola et al., 2017) (Figure 5-3B).
Indeed, we found that sgRNA #2 resulted in 95% deletion of nSMase1 (but not
nSMase2; Figure 5-3C, right panel) expression (Figure 5-3C, left panel) across all
three cell lines (without any further clonal selection) compared to their respective
controls (NTC). On the other hand, sgRNAs #1 and #3 led to less efficient cleavage
(65%, 75% deletion) of the target sequences (data not shown). Thus, we proceeded
with the set of CRISPR-knockout (CRISPR-KO) cell lines derived from sgRNA #2,
named hereafter as nSMase1#2, to study the effect of nSMase1 on sEV biogenesis

and sphingolipid metabolism.
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Figure 5-3 Generation and validation of nSMasel CRISPR-KO cells.

(A) Schematic workflow for generating nSMasel CRISPR-KO parental, fat pad and micrometastatic
cells. First, oligos were designed based on the target sequences, and then cloned into a lentiCRISPR
vector. HEK293T cells were used as the host packaging cell line, and target PyMT-derived cells were
transduced with the lentivirus-containing media. 24 hours post infection, cells were cultured in
puromycin-containing (2ug/ml) medium and were selected for seven consecutive passages. (B)
Domain architecture, as previously reported in (Airola et al., 2017), of nSMasel (Smpd2) highlighting
in red the sequence and position of the peptide fragment encoded by part of the gene, the deletion
of which was validated in (C) using a specific pair of primers.(C) gPCR was used to validate the
Cas9-mediated deletion of nSMasel (left graph) and assess nSMase2 expression (right graph). All
data were normalised to ARPP PO and presented relative to expression in parental NTC cells, values
are mean = SEM, n=3 independent repeats (coloured dots). These cell lines were generated in
collaboration with Louise Mitchell, CRUK Beatson Institute, Glasgow.

In a similar manner as Figure 5-3A, genomic deletion of Smpd3, which encodes
nSMase2, regions were also accomplished following infection with lentivirus
encoding Cas9, along with gRNAs against the target sequences. We again used
gPCR to validate the lack of nSMase2 mRNA expression by designing primers that
specifically annealed outside of the regions designed to be deleted (in
collaboration with Louise Mitchell, CRUK Beatson Institute, Glasgow). We
confirmed that sgRNA #5 generated 95% cleavage of the target sequence (Figure
5-4B, right panel), while the efficiency of sgRNA (#1, #3)-mediated deletions were
not consistent across the PyMT-derived cells (data not shown). Surprisingly, we
noticed that metastatic cells, and to a lesser extent fat pad cells, showed
decreased levels of mRNA encoding nSMase2 compared to parental cells (Figure

5-4B, right panel). Consistent with this, a number of studies have reported hyper
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methylation of Smpd3 gene leading to suppression of its expression in aggressive
breast cancer cells (Demircan et al., 2009; Clarke et al., 2016). RT-qPCR showed
that there were no significant differences in the levels of mRNA encoding hSMase1
following nSMase2 deletion in PyMT-derived cells (Figure 5-4B, left panel). After
aligning the sequence of the deleted region with the Smpd3 gene and extracting
the encoded peptide sequence, we found that sgRNA #5 disrupted nSMase2 close
to its C-terminal domain that encompasses the catalytic domain of the enzyme
(Figure 5-4A). Collectively these data indicate the successful generation and
establishment of nSMase2 deficient PyMT-derived lines, named hereafter as
nSMase2#5.
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Figure 5-4 Generation and validation of nSMase2 CRISPR-KO cells.

(A) Domain architecture, as previously reported in (Airola et al., 2017), of nSMase2 (Smpd3)
highlighting in red the sequence and position of the peptide fragment encoded by part of the gene,
the deletion of which was validated in (B) using a specific pair of primers. (B) gPCR was used to
assess nSMasel expression (left graph) and validate the Cas9-mediated deletion of nSMase2 (right
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graph) in PyMT-derived cell lines. All data were normalised to ARPP PO and presented relative to
expression in parental NTC cells, values are mean + SEM, n=3 independent repeats (coloured dots).
These cell lines were generated in collaboration with Louise Mitchell, CRUK Beatson Institute,
Glasgow.

5.2.4 nSMase2 deletion leads to decreased ceramide levels in
metastatic cells

Since data presented in Chapter 4 specifically suggest an enrichment of ceramide
species in micrometastatic cells, we proceeded to assess whether deletion of
nSMase1 or nSMase2 affects ceramide subcellular localisation and/or levels. To do
this, we performed immunofluorescence staining of ceramide in control (NTC),
nSMase1#2 and nSMase2#5 CRISPR-KO micrometastatic cells and visualisation using
Airyscan super-resolution confocal microscopy. We detected punctate staining of
ceramide both at the cytoplasm and plasma membrane in control (NTC) metastatic
cells and quantitative analysis of mean fluorescence intensity indicated that
nSMase2 depletion significantly reduced cellular ceramide levels, whilst CRISPR-
KO of nSMase1 was less effective in this regard (Figure 5-5). These findings
indicate that nSMase2 is the isoform of neutral sphingomyelinase which is primarily

responsible for regulating ceramide levels in metastatic cells.
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Figure 5-5 Immunofluorescence reveals decreased cellular ceramide levels following
CRISPR-KO of nSMase2.

(A) Control (NTC), nSMasel1#2 and nSMase2#5 CRISPR-KO micrometastatic cells were seeded on
glass bottom dishes and fixed with 4% PFA following 48h of culture. Representative z-stack
projections of confocal images showing ceramide (green) and phalloidin (red) that were visualised
by immunofluorescence (63X magnification, Zeiss LSM 880 Airyscan confocal microscope). Scale
bar, 10um. (B) Imaged was used to quantify the mean intensity of ceramide (sum of z-stacks, 10
stacksf/field of view). Values represent mean + SEM. n=5 fields of view, p values are shown on the
graph, ordinary one-way ANOVA. The acquisition of these images was performed in collaboration
with Luis Pardo, CRUK Beatson Institute, Glasgow.
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5.2.5 CRISPR-KO of nSMase1 does not affect sV release

A recent study has shown that depletion of nSMase1 has differential effects on the
secretion of sEVs and larger EVs from breast cancer cells (SK-BR-3, Her2 amplified)
(Menck et al., 2017). Though lacking a comprehensive characterisation of EV
markers upon transient knockdown of nSMase1, the authors reported a decrease
in sEV (<100nm) concentration, while the number of larger EVs (>100nm) was
increased (Menck et al., 2017). First, we confirmed that nSMase1 knockout did not
affect cell number across our panel of isogenic cell lines indicating that it does
not play a significant role in cell proliferation (Figure 5-6A). To investigate
whether nSMase1 affects sEV release in PyMT-derived mammary cancer cell lines,
we collected conditioned media from control (NTC) and nSMase1#2 CRISPR-KO
cells, and isolated EVs by differential centrifugation. NTA and western blotting of
EV pellets indicated that nSMase knockout did not significantly alter the size
(Figure 5-6B), number (Figure 5-6C) or CD63 (and other EV markers, including CD81
and TSG101) content (Figure 5-6D, E) of EVs released by parental, fat pad and

micrometastatic cells.
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Figure 5-6 nSMasel knockout does not influence sEV release.

(A) Control (NTC) and nSMasel#2 CRISPR-KO PyMT-derived cells (parental, fat pad, and
micrometastatic) were seeded in 15cm culture dishes and cell number counted 72 hours post
seeding (day of EV collection), corresponding to cells reaching <80% confluence. Values are mean
+ SEM, n=3 independent experiments (coloured dots). NTA analysis of (B) size distribution and (C)
particle concentration of sEVs purified from NTC and nSMasel#2 KO parental, fat pad and
micrometastatic cells. Total particle concentration was expressed as fold change relative to parental
NTC cells. Values are mean + SEM, n=3 independent experiments (coloured dots), one-way ANOVA,
p-values are shown on the graph, ns; not significant. (D) sEVs were purified from NTC and
nSMasel#2 KO cells and analysed by western blotting for the presence of established EV markers
(CD63, CD81, and TSG101). Sample loading was normalised to the number of SEV donor cells. (E)
Quantification of CD63 levels in sEV pellets was performed using the Image Lab software (Bio-Rad).
Values are mean + SEM, n=6 independent experiments (coloured dots), one-way ANOVA, p-values
are shown on the graph, ns; not significant.

5.2.6 nSMase2 knockout reduces sEV release from
micrometastatic cells

nSMase2 is one of the most studied mammalian neutral sphingomyelinases and has
been established to be a critical regulator of cellular stress-induced generation of
ceramide and secretion of sEVs (Airola & Hannun, 2013). Unlike nSMase1 whose
role in sphingolipid metabolism is unclear, nSMase2 has been readily shown to
hydrolyse sphingomyelin to ceramide, which promotes sEV biogenesis (Trajkovic
et al., 2008) either via generation of membrane subdomains (Goni & Alonso, 2009)
and/or receptor mediated cargo-sorting into ILVs (Kajimoto et al., 2013). To study
whether nSMase2 affects release of sEVs, we used differential centrifugation to
isolate sEVs from the conditioned media of control (NTC) and nSMase2#5 CRISPR-
KO PyMT-derived cells. Since intracellular ceramide levels may influence
programmed cell death (Airola & Hannun, 2013), we assessed total cell numbers
and showed that nSMase2 depletion did not compromise cell viability in any of our
cell lines (Figure 5-7A). Strikingly, NTA revealed that nSMase2 deletion specifically
inhibited secretion of sEVs from metastatic cells, whilst it did not oppose sEV
release from primary tumour-derived lines (fat pad or parental) (Figure 5-7B, C).
We further validated this by western blotting and found that nSMase2 deletion
reduced the level of sEV markers in EV pellets from conditioned medium of
micrometastatic (but not parental or fat pad) cells (Figure 5-7D). Indeed,
quantitative analysis of western blots revealed an almost 2-fold decrease in CD63
content of EV pellets from micrometastatic cells following CRISPR-KO of nSMase2
(Figure 5-7E). Taken together, these data indicate that nSMase2 (and not nSMase1)
controls EV release from micrometastatic cells, but not from cells derived from

primary tumours.
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Figure 5-7 nSMase2 knockout decreases sEV release from micrometastatic, but not primary
tumour cells.

(A) Control (NTC) and nSMase2#5 CRISPR-KO PyMT-derived cells (parental, fat pad, and micro
metastatic) were seeded in 15cm culture dishes and total cell number was counted 72 hours post
seeding (day of EV collection), corresponding to cells reaching <80% confluence. Values are mean
+ SEM, n=5 independent experiments (coloured dots). NTA analysis of (B) size distribution and (C)
particle concentration of sEVs purified from NTC and nSMase2#5 KO parental, fat pad and
micrometastatic cells. Total particle concentration was expressed as fold change relative to parental
NTC cells. Values are mean + SEM, n=5 independent experiments (coloured dots), one-way ANOVA,
p-values are shown on the graph, ns; not significant. (D) sEVs were purified from NTC and
nSMase2#5 KO PyMT-derived cells and analysed by western blotting for the presence of established
EV markers (CD63, CD81, TSG101). Sample loading was normalised to the number of sV donor
cells. (E) Quantification of CD63 levels in sEVs was performed using the Image Lab software (Bio-
Rad). Values represent mean + SEM, n=4 independent experiments (coloured dots), one-way
ANOVA, p-values are shown on the graph, ns; not significant.

5.2.7 Assessing the use of BSO to stably suppress cellular
glutathione levels

A growing number of studies have focused on the effect of redox status (mainly
oxidative stress) on EV release, but very few of them have provided mechanistic
insights into the link between redox homeostasis and EV biogenesis pathways
(Chiaradia et al., 2021). Recently, a study reported that sEVs possess antioxidant
activity that mediates amelioration of senescence-associated phenotypes,
including increased glutathione levels in recipient cells, without
examining/targeting the underlying EV secretion routes (Fafia N-Labora et al.,
2020). In micrometastatic PyMT cells, glutathione levels are approximately 50-60%
of those in PyMT cells derived from primary tumours, and we were interested in
understanding whether this reduced glutathione could be linked to increased stV
release. We collect sEVs by allowing PyMT cells to condition EV-free medium over
a 48-hour period. We, therefore, needed to determine whether reductions in
cellular glutathione observed following incubation with BSO were maintained
during this EV collection period. We treated parental PyMT cells with two
concentrations of BSO (1.25uM and 1.88uM) that were previously (in Chapter 4)
shown to reduce glutathione levels by approximately 40-50%. We then employed
LC-MS to analyse the levels of reduced and oxidised glutathione over a 48-hour
timecourse, thus mimicking the protocol used for EV collection (Figure 5-8A-
schematic). This revealed that BSO treatment decreased GSH levels in parental
cells as early as 3 hours (1.88 pM) and 6 hours (1.25 pM) post treatment
respectively (Figure 5-8B, top graphs) and that these reductions were maintained
for 48hr following addition of the inhibitor. GSSG levels were reduced with similar
dynamics, but to a slightly greater extent than GSH levels (Figure 5-8B, middle
graphs).
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Figure 5-8 Dynamics of glutathione depletion following BSO treatment.

(A) Schematic representation of the time-course used for BSO treatment (1.25 or 1.88uM) of PyMT-
derived parental cells which corresponds to the one used in our EV purification protocol. (B)
Intracellular abundance (normalised to cell number) of GSH (top graphs) and GSSG (middle graphs)
in parental cells treated with BSO (1.25 (left graphs) or 1.88 (right graphs) uM) or left untreated
(vehicle) for the indicated times. (C) Parental PyMT cells were seeded in 6 well plates. After 24 hours,
media were changed to EV-free media, treated with BSO (1.25 (left graph) or 1.88 (right graph) uM)
or left untreated (vehicle) for the indicated time. Total cell number was counted at the indicated time
points following BSO treatment. Values are mean = SD, n=1 (3 technical replicates/condition).
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We also counted the total nhumber of parental cells (untreated and treated with
BSO) for the indicated time points (Figure 5-8C, bottom graphs), and confirmed
that inhibition of GSH synthesis did not compromise cell viability, and cells were
able to grow exponentially up to the day of EV collection. Taken together, these
data indicate that moderate and sustained depletion of glutathione may be evoked
by treatment with BSO (at 1.25 or 1.88uM) thus allowing us to study its effect on

EV release from PyMT-derived cells without compromising cell viability.

5.2.8 Glutathione depletion leads to upregulation of CD63
positive sEV release

To determine whether glutathione depletion affects sEV release, we treated
primary tumour cells with various concentrations of BSO and collected EVs by
differential centrifugation. We confirmed that, as before, pharmacological
inhibition of GSH did not affect total number of sEV releasing cells (Figure 5-9A).
NTA of EV preparations showed that there were no significant changes in the size
(Figure 5-9B) or number (Figure 5-9C) of sEVs released following BSO treatment.
However, western blotting revealed that the EVs pellets collected from cells
treated with BSO contained increased levels of the EV markers, CD63 and TSG101
(Figure 5-9D). Quantification of these western blots indicated that the 48-hour
treatment with 1.88uM BSO led to an approximately 4-fold increase in the CD63
content of EV pellets collected from parental PyMT cells (Figure 5-9E). These data
imply that glutathione depletion does not influence the quantity of sEVs released
by primary tumour cells, but it is sufficient to upregulate the release of CD63

positive sEVs from primary tumour cells.
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Figure 5-9 BSO treatment upregulates release of CD63-positive SEVSs.

PyMT-derived parental cells were seeded in 15cm culture dishes and cultured for 24 hours in
complete media. Following PBS washes, media were changed to EV-free, and cells were either left
untreated (vehicle) or treated with increasing concentrations of BSO (1.25uM, 1.88uM, 2.5uM). (A)
Total cell number was counted 72 hours post seeding (day of EV collection), corresponding to cells
reaching <80% confluence. Values represent mean + SEM, n=4 independent experiments (coloured
dots). NTA analysis of (B) size distribution and (C) particle concentration of SEVs isolated from
parental cells cultured in EV-free media without or with the indicated concentrations of BSO. Total
particle concentration was expressed as fold change relative to untreated cells. Values are mean +
SEM, n=4 independent experiments (coloured dots). (D) sEVs were purified from untreated or BSO
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treated (1.25uM, 1.88uM, 2.5uM) PyMT-derived parental cells and analysed by western blotting for
the presence of established EV markers (CD63 and TSG101). Sample loading was normalised to
the number of sEV donor cells. (E) Quantification of CD63 levels in EV pellets was performed using
the Image Lab software (Bio-Rad). Values represent mean + SEM, n=4 independent experiments
(coloured dots), Friedman ANOVA with Dunn’s multiple comparison, p-values are shown on the
graph.

5.2.9 BSO-driven release of CD63-positive sEVs is nSMase-
dependent

Earlier in this chapter, we showed that nSMase2 regulates ceramide production
(5.2.4) and is required for sEV release (5.2.6) by micrometastatic cells. It has been
reported that nSMase2 activity can be reversibly inhibited by GSH (Rutkute et al.,
2007; Liu & Hannun, 1997), whereas reducing agents, like dithiothreitol and B-
mercaptoethanol do not, suggesting that reduction of disulphide(s) might not play
a role in nSMase2 inhibition by GSH (Liu & Hannun, 1997). We reasoned that
nSMase2 activity could act as a potential link between downregulated GSH levels
and upregulated sEV release in metastatic cells. We were therefore interested in
understanding whether nSMase activity is required for upregulation of CD63
positive sEVs in primary tumour cells upon glutathione depletion. To test this, we
used differential centrifugation to isolate sEVs from the conditioned media of
control (NTC), nSMase1#2 and nSMase2#5 CRISPR-KO parental cells, which were
either treated with BSO (1.88uM) or left untreated. As modulation of glutathione
and ceramide levels might affect cell viability, we confirmed that there were no
changes in total cell number between untreated and BSO-treated cells when using
this concentration of BSO (Figure 5-10A). nSMase2 (and, to a lesser extent,
nSMase1) deletion opposed the BSO-driven increase in the CD63 content of EV
pellets purified from the medium conditioned by PyMT-derived parental cells
(Figure 5-10B). Consistent with our previous observations, NTA did not reveal any
differences in the number (Figure 5-10C) or size distribution (Figure 5-10D) of sEVs
secreted from NTC, nSMase1#2 and nSMase2-KO parental cells following treatment
with BSO. Collectively, these preliminary findings support the notion that GSH
exerts an effect on sEV release via regulation of nSMase2 activity, indicating a
novel regulatory axis (GSH/nSMase2/ceramide) for the release of CD63-positive
SEVs.
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Figure 5-10 Deletion of nSMase2 opposes the BSO-driven increase in the CD63 content of EV
pellets from primary tumour cells.

(A) Control (NTC), nSMasel#2 and nSMase2#5 CRISPR-KO PyMT-derived parental cells were
seeded in 15cm culture dishes and grown for 24 hours in complete media. Following PBS washes,
media were changed to EV-free medium, and cells were either left untreated (vehicle) or treated with
BSO (1.88uM). Total cell number was counted 72 hours post seeding (day of EV collection),
corresponding to cells reaching <80% confluence. Values represent mean + SEM, n=3 independent
experiments (coloured dots). (B) seVs were purified from untreated or BSO treated (1.88uM) PyMT-
derived parental cells (NTC, nSMasel#2 and nSMase2#5 CRIPSR-KO) and analysed by western
blotting for the presence of CD63. Sample loading was normalised to the number of sEV-releasing
cells. NTA analysis of (C) particle concentration and (D) size distribution of SEVs isolated from
parental cells (NTC, nSMasel#2 and nSMase2#5 CRIPSR-KO) cultured in EV-free media without
or with the indicated concentration of BSO. Total particle concentration was expressed as fold
change relative to untreated cells. Values are mean + SEM, n=3 independent experiments (coloured
dots).
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5.2.10 nSMase deletion does not affect the protrusion length of
metastatic cells as they migrate on CDM

Recently published work has highlighted the ability of a specific ceramide pool
(C16, C18, C24, C24:1) at the plasma membrane, which is generated via nSMase2,
to influence cancer cell adhesion and migration (Canals et al., 2020).
Interestingly, the effects of ceramide on loss of cell adhesion and increased
migration of cancer cells were observed only upon chemotherapeutic drug-
mediated activation of nSMase2 activity (Canals et al., 2020). To address whether
the enhanced invasive behaviour of PyMT-derived metastatic cells (described in
chapter 3) might be associated with nSMase expression, we seeded NTC,
nSMase1#2 and nSMase2#5-CRISPR KO metastatic cells on CDM and assessed their
subsequent ability to extend invasive protrusions into this physiologically-relevant
matrix (Cukierman et al., 2001). Using time-lapse microscopy, we found that
deletion of neither nSMase1 nor nSMase2 was sufficient to decrease the extension
of invasive protrusions by metastatic cells (Figure 5-11). We confirmed that
metastatic CRISPR control cells extended longer invasive protrusions (50-60um)
than their matched primary tumour counterparts (35-40um) (Figure 5-11),
indicating that selection of Cas9-expressing cells did not affect the original
migratory phenotype we previously observed (in chapter 3). Our findings
demonstrate that expression of neutral sphingomyelinases is not required for

metastatic cells to extend invasive protrusions while migrating on CDM.
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Figure 5-11 The extension of invasive protrusions by cells from lung micrometastases is not
affected by deletion of nSMasel or nSMase2.

(A) PyMT-derived parental (NTC) and micrometastatic cells (NTC, nSMasel#2 and nSMase2#5
CRISPR-KO) were plated onto fibroblast (TIF)-derived ECM and imaged using time-lapse video
microscopy. Representative bright-field images (bar, 30um) indicating the rear and front of cells
according to the direction of movement. (B) The length of protrusions that cells extend in the direction
of migration (distance from the nucleus to cell front) was measured using ImageJ. Whisker plots (10-
90 percentile). The cross indicates the mean; n=96 cells assessed from 1 biological replicate, p-value
is shown on the graph, ns: no significant (p>0.05), two-way ANOVA with Dunn’s multiple comparison
test.

5.2.11 nSMase2 deletion reduces invasion of micrometastatic
cells into collagen plugs

In addition to cell autonomous mechanisms that foster tumour progression, the
release of diffusible factors between cancer cells and other non-tumour cell types
is critical for metastatic dissemination. Among these factors, sEVs have been
shown to transfer cargoes through which they are able to influence the tumour
stroma (Kosaka et al., 2013) or educate other cells in distant tissues (Peinado et
al., 2012; Costa-Silva et al., 2015; Zhang et al., 2017; Novo et al., 2018) towards
phenotypes that favour the formation of premetastatic niches (PMNs). As
previously described (in chapter 3), organotypic collagen | plugs provide an
excellent model of such complex microenvironments where ECM has been
conditioned by fibroblasts for several days (Timpson et al., 2011). We were
therefore interested in understanding whether deletion of nSMases could affect
invasiveness of PyMT-derived metastatic cells when plated on organotypic plugs.
We found that NTC and nSMase1#2-CRISPR KO metastatic lines were highly
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invasive, with most cells invading into the plug and few of them residing on the
upper portion (Figure 5-12, left, middle panels). Despite their ability to extend
invasive protrusions whilst migrating on CDMs (Figure 5-11), nSMase2#5 CRISPR-KO
metastatic cells were poorly invasive when plated onto fibroblast-conditioned
collagen plugs. Indeed, barely any nSMase2-KO cells invaded into the collagen,
with the majority of cells forming a thick layer on top of the plug (Figure 5-12,
right panel). One possibility for the discrepancy between the requirements for
nSMase2 in invasiveness in CDM (Figure 5-11) and organotypic assays (Figure 5-12)
is that EVs (released by micrometastatic cells) can influence the
microenvironment of the collagen by altering the behaviour of the fibroblasts in
the plug.

A NTC 4 # nSMase2#5
C CRISPR-KO

m:

=

invasion

nSMase2#5
B c = NTC = ™ CRISPR-KO
0.0002 0.0019
ns -
1 60 <0.0001 ‘QEM
ns ns e 0.0478
0.0066
8047 1l 006 L
- : 2 40
S 60 2>
T 3 %5
o2 & 4 O
5 > 55 00361
- 6 404 :. & RE <0.0001 0.0004
2o = = 8 20 0.0010
[ F__’ & # = 0.0001 0.0002 _
3 - ¥ ES .
g 20 [ 0.0286
0 T T T T T = n T
CRISPRKO «& 4% & & & ® & S &S oy
guide: = & Kid 8 & R S & &
& o invasi
& 2 pm of invasion

Figure 5-12 nSMase?2 deletion opposes invasion of cells from lung micrometastases in an
organotypic microenvironment.

(A) Organotypic plugs overlaid with NTC (left panel; red), nSMasel#2 CRISPR-KO (middle panel;
orange) and nSMase2#5 CRISPR-KO PyMT#1-derived micrometastatic cell lines. Following 72
hours post seeding, plugs were placed onto grids in separate culture dishes containing full media (2
plugs/grid/condition). Tumour cells were allowed to invade for 3 days, followed by fixation and H&E
staining. (B) Total number of cells tracked (H&E) per field of view for collagen plugs that were seeded
with NTC, nSMasel#2 CRISPR-KO and nSMase2#5 CRISPR-KO PyMT#1-derived micrometastatic
cells, n=39-47 fields of view/cell line, ANOVA Kruskal-Wallis test, ns; not significant. (C) Distribution
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(expressed as % of cells) of the distance between cancer cells and invasion baseline (0 um) per field
of view for collagen plugs overlaid with NTC, nSMasel1#2 CRISPR-KO and nSMase2#5 CRISPR-
KO PyMT#1-derived micrometastatic cells. A negative value in distance intervals indicates that cells
do not invade into the plugs and lag behind the invasion baseline, while a positive value denotes the
actual invasion distance into the plugs as measured by ImageJ. Values are mean + SEM, n=39-47
fields of view/cell line (one biological replicate for each cell line). Mixed effects ANOVA with Tukey’s
multiple comparison test, p values are depicted on the graphs.
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5.3 Discussion

Cellular membrane dynamics coordinate cargo-shuttling between the cell surface
and intracellular endosomal compartments, thus allowing communication of
cancer cells with surrounding microenvironment and contributing to acquisition of
highly invasive characteristics. Trafficking (endocytosis, exocytosis/recycling) of
ECM receptors of the integrin family has proved fundamental in dictating their
roles in different steps of the metastatic cascade (Caswell et al., 2009; Hamidi &
Ivaska, 2018). Consistent with this, we previously showed (in chapter 3) that cells
derived from lung micrometastases, which are highly invasive, display increased
asB1 and TfnR recycling rates compared to cells derived from the primary tumour
that engendered them. As early endosomes mature into MVEs, disruption of
endosomal recycling regulators and retrograde transport from endosomes to the
Golgi can affect cargo sorting into ILVs and the composition of sEVs released from
cells (Van Niel et al., 2018). For instance, it was recently shown that deletion of
caveolin-1, which regulates endomembrane trafficking, increases sEV release and
affects cargo sorting (ECM components) across several cell types by acting as a
cholesterol rheostat in MVEs (Albacete-Albacete et al., 2020). However, in this
case, sEVs can be transferred to distant organs mediating stroma-tumour
communication and priming of PMNs for subsequent colonisation and metastatic
outgrowth (Peinado et al., 2012; Costa-Silva et al., 2015; Albacete-Albacete et
al., 2020). Understanding the molecular mechanisms for sEV biogenesis could shed
light on their pathophysiological relevance to disease progression, and help
develop strategies to specifically interfere with machineries regulating cargo
sorting and vesicle release. In this chapter, we report that cells derived from lung
micrometastases release more sEVs by comparison with cells from their
corresponding primary mammary tumour (Figure 5-1), and these vesicles are
highly enriched in sEV markers (CD63, CD81, and TSG101) (Figure 5-2). We now
discuss compelling evidence suggesting that metastatic cells derived from primary
breast tumours rewire their metabolism in a way that influences the cellular

machinery controlling sEV production.

Initial proof of ESCRT-independent mechanisms for MVE biogenesis, and thus sEV
formation, came after showing that MVEs, highly enriched in CDé3-positive ILVs,
are still formed followed depletion of components of all four ESCRT complexes

(Stuffers et al., 2009). This finding was corroborated by the seminal study showing
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that ceramide formation generated by nSMase2 activity, promotes inward budding
of endosomes to produce ILVs, which are subsequently secreted as sEVs (Trajkovic
et al., 2008). In agreement with this, we found that increased release of sEVs by
cells from lung micrometastases (but not from their corresponding primary tumour
cells) was opposed following deletion of nSMase2 (Figure 5-7B, C). Similarly,
expression of CD63 protein levels were significantly downregulated in these
metastatic-derived sEVs upon nSMase2 loss (Figure 5-7D, E), which strongly
supports their endocytic rather than plasma membrane origin (Escola et al., 1998;
Mathieu et al., 2021). Certain studies have also reported a role for nSMase1 in EV
biogenesis and cargo sorting (Guo et al., 2015; Albacete-Albacete et al., 2020;
Menck et al., 2017). However, we were not able to find any significant differences
in the size, number or composition of sEVs released from PyMT-derived cell lines
following nSMase1 deletion (Figure 5-6). Intriguingly, the differential effect of
nSMase expression on sEV biogenesis correlated with the intracellular levels of
ceramide. Indeed, both ceramide levels and the CD63 content of EV pellets were
reduced by nSMase2-KO, but nSMase1-KO was ineffective in both these regards
(Figure 5-5). Moreover, data presented in the previous chapter revealed that
metastatic cells are enriched for certain ceramide and sphingomyelin species.
These findings are of interest for three reasons: Firstly, because they show that
sphingolipid metabolism, and specifically ceramide generation, is altered in cells
from lung micrometastases; Secondly, they suggest that ceramide levels are
tightly linked to the biogenesis of CD63-positive sEVs released from
micrometastatic cells; Thirdly, they provide the first evidence that mammary
cancer cells switch-on a nSMase2-dependent mechanism of sEV release when they

relocate from the mammary gland to the lung.

Although we cannot rule out that deletion of other regions of nSMase1 might be
involved in ceramide formation and EV biogenesis in PyMT-derived cells, our data
strongly suggest that the mechanism by which metastatic cells upregulate their
sEV release requires ceramide generated by basal expression levels of nSMase2.
Thus, it would be tempting to speculate that modulation of nSMase2 activity,
besides its expression, in primary tumour cells could have an impact on the profile

of sEVs secreted from these cells.
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Although nSMase2 was cloned and identified almost 20 years ago (Hofmann et al.,
2000; Marchesini et al., 2003), only recently a structural study deciphered its
complete catalytic domain revealing an interdomain allosteric activation
mechanism for ceramide formation. The proposed mechanism entails
conformational change of a highly conserved structural element, the DK switch
(named after two conserved aspartate (D) and lysine (K) residues), due to
interdomain interactions promoting sphingomyelin hydrolysis to ceramide (Airola
et al., 2017). Interestingly, the same research group has previously shown that
nSMase2 activity can be reversibly inhibited by GSH (Liu & Hannun, 1997), a finding
that was further supported by an independent study reporting an inverse
correlation between GSH levels and nSMase activity in cellulo (Rutkute et al.,
2007). Given the reduced glutathione levels in lung metastatic cells (as described
in chapter 4), and their switch to nSMase2-dependent mechanism of sEV release,
we hypothesised that there may be a link between these two phenotypes. With
this in mind, we treated primary tumour cells with concentrations of BSO that we
found to mimic (Figure 5-8) the alterations in GSH levels previously detected in
micrometastatic cells. Indeed, we were able to show that glutathione depletion
in parental cells leads to upregulation of CD63 positive sEVs (Figure 5-9),
supporting our hypothesis that altered GSH metabolism can influence sEV
secretion. Strikingly, preliminary data revealed that loss of nSMase2 was sufficient
to oppose the increase in CD63 positive sEVs released from primary tumour cells
upon glutathione depletion (Figure 5-10), further implying that GSH levels affect
the secretion of CDé63 positive sEVs in a nSMase2-dependent manner. Interestingly,
neither glutathione depletion nor loss of nSMase2 expression influenced the
number or size of sEVs released from primary tumour cells (Figure 5-9 & Figure
5-10). These observations point to the possibility of there being a sEV
subpopulation with distinct composition (CD63 positive) that reflects the action of
specific sorting machineries on the MVE compartment (van Niel et al., 2011; Van
Niel et al., 2018). Another possible explanation for CD63 enrichment in parental-
derived sEVs upon GSH depletion could also be the nSMase2-induced generation of
ceramide, which could be further catabolised to sphingosine 1-phosphate
promoting the maturation of MVEs and CD63 cargo sorting via receptor-mediated
signalling, as previously reported (Kajimoto et al., 2013). Furthermore,
stimulation of nSMase2 activity has been recently demonstrated to increase sEV

secretion by decreasing vacuolar H*-ATPase (V-ATPase)-mediated endosome
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acidification (Choezom & Gross, 2022), and thus these additional mechanisms
could be further investigated by studying the relationship between nSMase2
activity (modulation of intracellular GSH levels using BSO and validation of its
effect on ceramide levels) and the dynamics of CD63 (fluorescently labelled)
sorting into ILVs (using fluorescence recovery after photobleaching, FRAP, as

previously described in (Kajimoto et al., 2013)).

With regard to invasive characteristics, we found that depletion of nSMase1 or
nSMase2 did not affect the ability of metastatic cells to extend invasive
protrusions as they migrate on CDM (Figure 5-11). This is in contrast with the
recently reported role for ceramide in regulating cell adhesion and migration in
HelLa cells (Canals et al., 2020). In this study, sublethal doses of chemotherapy
drugs (doxorubicin and vorinostat) led to nSMase2-dependent generation of
specific pool of ceramide at the plasma membrane, which was sufficient to drive
cell migration by regulating acute signalling programs. However, because we have
not examined the effects of chemotherapy drugs, these findings cannot be
extrapolated to our experimental conditions. Another study has reported that
modulation of nSMase2 levels in 4T1 cells (mouse mammary tumour cells with high
metastatic ability) did not affect migration and invasion in vitro (Kosaka et al.,
2013), which is in agreement with our observations. Interestingly, these
researchers found that, following orthotopic transplantation of these cells into
the mammary fat pad, nSMase2 overexpression or silencing respectively led to
increased and decreased lung metastatic burden by influencing angiogenesis in
the transplanted tumours via release of microRNA (miRNA)-containing sEVs
(Kosaka et al., 2013). Similarly, we noticed that loss of nSMase2 prevented
metastatic cells from invading into collagen | organotypic plugs, while control or
nSMase1-depleted cells were highly invasive with most cells entering the plug
(Figure 5-12). This exciting finding cannot be explained by a cell autonomous
mechanism by which nSMase2 expression promotes the invasive capacity of
metastatic cells, raising the possibility that cancer cell invasion might be
indirectly mediated by the effect of EVs on fibroblasts that are also present in the
organotypic environment. This hypothesis could be further tested by pre-treating
fibroblasts with sEVs from nSMase2-depleted and control metastatic cells,

allowing them to generate ECM, which could then be decellularised and parental



Chapter 5 169

cells then plated onto these ECM to assess their migration, as previously reported
in (Novo et al., 2018).

In conclusion, we have found compelling evidence indicating that altered
glutathione levels in mammary cancer-derived lung metastatic cells influence the
(Figure 5-13). Through

downregulating cellular glutathione levels, lung micrometastatic cells are able to

cellular machinery controlling sEV production
upregulate the release of CD63 positive sEVs in a nSMase2-dependent manner. And
finally, we have shown preliminary data suggesting a requirement of nSMase2 for
metastatic cells to exhibit invasive phenotypes in a collagen-rich organotypic
environment, a phenomenon which appears to be mediated via a non-cell

autonomous mechanism and warrants further mechanistic investigation.
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Figure 5-13 Schematic representation of the effects of glutathione levels and neutral
sphingomyelinase 2 activity on sV production.

(1) Metastatic cells with downregulated levels of GSH, which has been previously shown to inhibit
nSMase2 activity(Liu & Hannun, 1997; Rutkute et al., 2007), increase production of ceramide (2)
which is mediated by nSMase2. (3) In turn, they switch to a nSMase2-dependent EV biogenesis
pathway leading to the upregulation of CD63 positive SEV release. (4) nSMase2 promotes
invasiveness of metastatic cells in an organotypic environment. It is currently unknown whether this
is due to effects of metastatic-derived sEVs on fibroblasts present in this complex microenvironment,
and/or whether it is related to the ability of the fibroblasts to influence ECM deposition/remodelling to
support invasion. (5) GSH depletion (BSO treatment) in primary tumour cells (to levels that mimic
those detected in metastatic cells) can promote upregulation of CD63 positive SEV release in a
nSMase2-dependent manner.
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Chapter 6 Final Discussion

Metabolic reprogramming enables cancer cells to overcome challenges
encountered on the path to metastasis and drives their potential to seed distant
organs. We show here that cells from mammary cancer lung metastases display
increased invasive behaviour, and rewire their metabolism, possibly to adapt to
the microenvironment of the lung. These metabolic adaptations are manifest in
reduced cellular glutathione - which we show leads to upregulation of sEV release
- and increased levels of sphingolipids, particularly ceramide. Moreover, both sEV
release and invasiveness of micrometastatic cells is dependent on the action of
neutral sphingomyelinase 2, a key enzyme for generation of ceramide. (Figure

6-1).
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Figure 6-1 Proposed model for metabolic control of sEV production in cells from primary
tumours and lung micrometastases.

Lung micrometastases and cells derived from these, have reduced levels of the xCT antiporter
system. This reduces synthesis of y-glutamyl-cysteine and, in turn, glutathione. nSMase?2 is inhibited
by glutathione. Therefore, we propose that reduced glutathione levels lead to activation of nNSMase?2.
Increased nSMase?2 activity then generates ceramide which drives the biogenesis and release of
CD63-containing sEVs. We propose that increased sEV release contributes to the generation of a
more invasive microenvironment.

A recent study demonstrated that although glutathione production is required for

tumour initiation in mammary carcinogenesis, it becomes dispensable later in
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disease progression (Harris et al., 2015). These authors showed that both genetic
depletion of Gclm - the modifier subunit of glutamate-cysteine ligase (Gcl; Figure
6-1) that supports Gclc (catalytic subunit) in de novo GSH synthesis - and
administration of BSO, decrease tumour burden. Moreover, BSO treatment only
decreases tumour burden when administered prior to tumour onset. Gclm-
knockout (which leads to an 80% decrease in GSH levels) in primary mammary
epithelial cells evokes Nrf2-mediated antioxidant response leading to upregulation
of the thioredoxin pathway which enables GSH-depleted cells to scavenge ROS.
Thus, it is clear that cells may need to adjust the amount of glutathione they make
to overcome various hurdles encountered throughout disease progression - indeed,
high glutathione levels are likely key for tumour initiating cells to overcome
oncogene-induced senescence (Nogueira et al., 2008; Harris et al., 2015) during
very early tumorigenesis, and our study indicates that low glutathione levels might
be necessary during the early stages of metastatic seeding. It is interesting to
speculate what selection pressures might lead to establishment of a
micrometastatic cell population with reduced glutathione levels. We are currently

considering two possible factors that might contribute to this:

1. The role of ROS in acquisition of reversible senescence-like states.
Senescence-like states are driven by cellular damage and stresses, including
oncogenic mutations, and are thought to play a role in tumour suppression
by taking damaged cells out of the cell cycle (Takasugi et al., 2022).
However, it is now clear that in some cancers, such as hepatocellular
carcinoma (HCC), senescence-like states contribute to establishment of
fibrotic microenvironments which favour tumour initiation. This is because
the secretome associated with senescence-like states, the senescence-
associated secretory phenotype (SASP) is highly pro-inflammatory and rich
in ECM proteins (Takasugi et al., 2022). Oxidative stress and ROS play a key
role in the establishment/maintenance of senescence (Reczek & Chandel,
2017). Indeed, it is the antioxidant properties of certain senolytic drugs
that imbues them with the capacity to reverse senescence (Zhu et al.,
2020). Given its association with inflammation and ECM deposition, it is
possible that assumption of a senescence-like state is also important in
metastatic seeding. If so, then it may be advantageous for micrometastatic

cells to reduce their glutathione levels to permit ROS levels to be sufficient
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to support the acquisition of senescence and the generation of a SASP-like
secretome. Indeed, increased EV production, which we show here that is a
key characteristic of lung micrometastatic cells, has previously been
reported following induction of senescence phenotypes, with EVs not only
mediating the transfer of SASP components to recipient cells, but also being
a part of the SASP themselves (Wallis et al., 2020).

2. Competition between proline and glutathione synthesis pathways for
glutamate. We know that micrometastatic cells synthesise more proline
than their primary tumour counterparts, and glutamate is an important
precursor for both proline and glutathione synthesis. Moreover, as discussed
in chapter 4, large amounts of proline are required for collagen production
and this ECM component is known to be important for generating the
appropriate microenvironment for metastatic colonisation (Elia et al.,
2017). Thus, it may be that the demand for glutamate to synthesise proline
for collagen production, may reduce the amount available for glutathione

synthesis.

Another factor that needs to be considered is the possibility that, if scenario 2
(above) is applicable, then cells which have reduced their glutathione levels to
maintain  proline  synthesis may need to invoke alternative
antioxidant/cytoprotective strategies, and EV production may contribute to this.
Reduced glutathione can provoke a form of non-apoptotic cell death, termed
ferroptosis. This is due to accumulation of reactive hydroperoxides in
polyunsaturated fatty acid (PUFA)-containing phospholipids, which can generate
toxic alkoxy radicals, ultimately compromising the integral properties of cellular
membranes (Dixon et al., 2012; Agmon et al., 2018). Glutathione peroxidase 4
(GPX4) can convert these potentially toxic hydroperoxides to non-reactive lipid
alcohols by utilising glutathione. However, when GPX4-mediated lipid peroxide
detoxification (which occurs when glutathione levels are low) is compromised,
ferroptotic cell death can be triggered (Stockwell et al., 2017). Ferroptosis is iron-
dependent and cellular uptake of iron is mediated by transferrin and its receptor.
It is, therefore, of interest that lung micrometastatic cells have increased
transferrin receptor recycling which, in combination with reduced glutathione,

may sensitise metastatic cells to ferroptosis. Indeed, we have shown that
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micrometastatic cells have increased sensitivity to BSO-mediated glutathione
depletion and it will be interesting to determine whether this could be reversed
by treatment with inhibitors of ferroptosis, such as the ferristatin-1 inhibitor or
the iron chelator deferoxamine. Interestingly, sEVs have been recently shown to
increase ferroptosis-resistance following ECM detachment by controlling the
secretion of iron-containing ferritin to reduce intracellular iron overload (Brown
et al., 2019). Therefore, it is tempting to speculate that increased stV release by
lung micrometastatic cells could reflect an adaptation mechanism which counters

pro-ferroptotic stimuli.

Although the relevance of nSMase2-dependent sEV release in cancer progression
is only beginning to be appreciated, there are several studies reporting altered
expression of nSMase2 in different types of cancer. Notably, the association of
nSMase2 with carcinogenesis was implicated by its chromosomal localisation at
16g22.1, which is a common site of loss of heterozygosity (LOH) in breast cancer,
and this suggested that nSMase2 might have tumour suppressor function (Driouch
et al., 1997). Indeed, hyper methylation of the Smpd3 gene, which encodes
nSMase2, has been reported in aggressive breast cancer (Demircan et al., 2009;
Clarke et al., 2016), clear cell renal carcinoma (Wang et al., 2015), and HCC
(Revill et al., 2013), whilst low nSMase2 expression has been associated with high
tumour grade and early recurrence (Revill et al., 2013; Wang et al., 2015). We
find low mRNA expression levels of nSMase2 in cells from lung micrometastases,
consistent with their more invasive behaviour compared to cells derived from
primary tumours, although EV release by these cells is still nSMase2-dependent.
Conversely, nSMase2 has also been shown to promote metastasis of mouse and
human mammary carcinoma cells though release of miRNA-containing sEVs which
induce angiogenesis in the tumour microenvironment (Kosaka et al., 2013). It is
clear from our data that only a subset of ceramide species (particularly C16- and
C18-) are increased in micrometastatic cells. Particular ceramide species have
been shown to partition into distinct subcellular compartments depending on the
cellular context (Hannun & Obeid, 2011). Thus, it would be interesting to examine
the lipid composition, both intracellular and stV specific, of lung micrometastatic
cells upon nSMase2 depletion, to not only shed light on their biological function,
but also help uncover characteristics that may be unique to metastatic cells,

potentially yielding biomarkers for metastatic disease.
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We have shown that treating cells from primary tumours with BSO, to recapitulate
the decrease in glutathione levels displayed by micrometastatic cells, upregulates
nSMase2-dependent release of CD63 positive sEVs. However, we know that sV
release from cells derived from primary tumours is not nSMase2-dependent, and
it is interesting to consider how the pathways that control release from primary
and metastatic cells might differ. Rab27 has a well-established role in controlling
the plasma membrane-delivery and exocytosis of MVEs and, therefore, sEV release
(Bobrie et al., 2012; Ostrowski et al., 2010). Indeed, previously published work
from our lab has shown that Rab27 knockdown reduces plasma membrane delivery
of late endosomal cargoes and release of mtDNA/CD63-positive sEVs from breast
cancer cells (Dornier et al., 2017; Rabas et al., 2021). Moreover, we have recently
generated cells from primary tumours of MMTV-PyMT; Rab27a knockout mice and
find that these have markedly reduced ability to release CD63 positive sEVs (J.
Peters, personal communication). It will be interesting to determine whether the
nSMase2-dependent sEV release from micrometastatic cells is also dependent on
Rab27s (Rab27a and/or Rab27b), and whether PyMT cells switch to a nSMase2-
dependent/Rab27-independent mode of sEV release when they are colonising the

lung.

The deletion of nSMase2 in lung micrometastatic cells impaired their ability to
invade into a collagen-rich organotypic environment, but did not influence their
invasive migration on CDM. The difference between these two approaches in
assessing invasive cell behaviour is the presence of fibroblasts in the organotypic
environment, as opposed to the absence of them within the denuded CDM. This
points to the possibility that sEVs released from micrometastatic cells might
influence fibroblast behaviour to alter the collagen microenvironment and
promote invasiveness. A non-cancer cell autonomous role for nSMase2 in
metastasis has previously been described (Kosaka et al., 2013). Indeed, this study
reported that nSMase2-depleted mammary cancer cells displayed reduced ability
to metastasise to the lung following orthotopic transplantation into the mammary
fat pad, and that the metastatic capacity of these cells could be restored following
administration of sEVs from nSMase2-expressing cells. Importantly, this study
indicated that sEVs from nSMase2-expressing cells likely promote metastasis by
influencing the behaviour of endothelial cells (Kosaka et al., 2013). This indicates

that nSMase2’s contribution to invasive phenotypes extends beyond cell
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autonomous processes, and it would be interesting to determine whether sEVs
from nSMase2-expressing cells are able to restore the invasive behaviour of
nSMase2-knockout cells in organotypic plugs and, if so, whether this is mediated

via influencing the behaviour of fibroblasts in the plugs.

On the journey to metastasis, cancer cells need to undergo reversible and dynamic
transitions between cellular states. Maintaining such phenotypic plasticity is
crucial for adaptation in target organs and efficient metastatic outgrowth
(Jehanno et al., 2022). The degree to which these transitions are reversible, and
how this reversibility can depend on the tissue microenvironment, has just begun
to be investigated. Recent studies have shown that complete transition to a
mesenchymal phenotype with concomitant loss of epithelial traits renders cancer
cells unable to form primary tumours or support metastatic colonisation (Ocana
et al., 2012; Padmanaban et al., 2019). Consistent with this, preliminary in vivo
studies in our lab indicate that cells from lung micrometastases, which exhibit
primarily mesenchymal characteristics, display low efficiency in forming tumours
following orthotopic transplantation (data not shown). Also, when injected into
the tail vein, micrometastatic cells grow slowly and form small ‘metastases’ in
the lung (data not shown). Interestingly, however, we found that mice bearing
these small ‘metastases’ experience a degree of weight loss (>10% of body weight)
that would normally be associated with a much larger metastatic burden in the
lung. Cancer-associated weight loss, or cachexia, is a poorly-understood process,
but it is now known to be driven, at least in part, by the systemic inflammation
associated with cancer; In particular, by increased levels of inflammatory
cytokines, such as TNFa (Biswas & Acharyya, 2020). It is likely, therefore, that
micrometastatic cells are particularly potent in evoking systemic inflammatory
responses and this may be EV-mediated. We plan to further investigate this by
injecting control and nSMase2-knockout micrometastatic cells into the tail vein of
mice and deploying immunophenotyping approaches to characterise how they
influence the immune landscapes of the lung and various other organs, including

the bone marrow and spleen.

Taken together, the data presented in this thesis highlight how metabolic
reprogramming of lung micrometastatic cells in mammary cancer influences the

cellular machinery controlling sEV production. Both altered metabolism and sEVs
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can contribute to cancer progression and acquisition of invasive behaviours to
drive metastatic dissemination and outgrowth in distant organs. Here, we provide
mechanistic insights that further our understanding of how changes in cellular
metabolic programs can coordinate membrane trafficking processes to influence
cancer progression, and a deeper appreciation of these links may uncover cancer

cell dependencies that could be targeted therapeutically.
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