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Introduction

l. INTRODUCTION

Foreword
Dear reader,

My doctoral work focused on cancer and its most dreaded form, metastasis. Cancer
is a major health issue, with millions of patients around the world being diagnosed
every year. Unfortunately, as a cancer lesion progresses, cancer cells progressively
acquire the capacity to leave the primary tumor and colonize new organs in a process
called ‘metastasis’. Despite treatment advances, metastatic dissemination still
worsens the prognosis of patients, as it often marks the transition from curative to
palliative care and causes millions of deaths every year. Therefore, preventing
metastasis is a priority in cancer research. More specifically, brain metastasis is a
particularly feared outcome, remaining highly difficult to treat and rapidly affecting
patients’ quality of life.

Recent advances in cancer research have shown that metastatic cells display
preferences for which organ to colonize, a concept known as ‘organotropism’. My
thesis addresses the question of metabolism as a possible driver of metastatic
organotropism, following the idea that circulating cancer cells possess certain
metabolic preferences and search for an organ of destination that meets desired
criteria. Metabolism refers to the processes by which cells utilize nutrients and obtain
their energy, and it has been established that cancer cells rewire their metabolism
during cancer development. At the beginning of my thesis work, whether metabolic
properties could be responsible for organotropism was still an open question.

During about four years, | investigated the metastatic process from a metabolic point
of view, with a special focus on breast cancer brain metastasis as an example for
metastatic organ selectivity. This model was chosen because most breast cancer
patients are diagnosed at a premetastatic stage, providing an opportunity for
metastasis prevention. | focused on triple-negative breast cancer based on the
morbidly high frequency of metastases and on the severity of brain colonization
observed in this subtype of breast cancer, as well as on the availability of two
independently generated cellular models/assets. Our approach was intended to
design and establish a strategy for the study of organotropism, while aiming for a
possible treatment clue for this life-threatening outcome. We further hoped to
generalize our findings to brain metastases associated to other cancer types, and to
broaden the experimental strategy for the study of organ-specific metastasis in
general.
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In the introductory section, | will first address the general cancer notions of
metastasis, metabolism and stemness, required to understand my work.
Metastasis and metabolism are core concepts of this thesis, since they are at the
basis of our working hypothesis. Then, we will dive further into the breast cancer
subtype used as a model, and subsequently discover the brain environment - the
specific destination of the metastatic cells under focus. Finally, we will discuss the
existing knowledge on metabolic traits of brain metastatic progenitor cells.
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CHAPTER 1 - CANCER METASTASIS

To understand the major health issue related to the cancer disease, we will first
address the concept of ‘metastatic dissemination’, when cancer cells acquire
the capacity to colonize distant organs.

1.1 Metastatic dissemination of cancer cells is the main cause of cancer-
related fatalities. Clinically, it is estimated that about 90% of cancer-related deaths
are due to a metastatic disease (Chaffer and Weinberg 2011, Lambert 2017).
Indeed, once cancer cells leave the tumor of origin and start invading remote tissues
and organs, it becomes much more complex — sometimes even impossible — to cure
the patient. Understanding the precise mechanisms controlling the metastatic
process is a key determinant in developing more efficient anticancer therapies and
a priority for improved patient outcome. Indeed, preventing metastatic dissemination
would allow to keep cancers localized and more easily curable. In that case, cancers
could also be managed as chronic diseases, being under control for long-term

survival, with patients still carrying the disease.

1.2 The metastatic cascade, through which cancer cells develop the ability to
colonize distant sites, is a multi-step process requiring specific skills (Chaffer
and Weinberg 2011, Obenauf 2015, Steeg 2016, Lambert 2017, Singh 2017)
(Figure 1). Due to its complexity, the metastatic cascade, which will be detailed
below, is a very inefficient process. Every single step must be completed for a
secondary tumor to establish and develop, and only a tiny percentage of circulating
cancer cells (CTCs) eventually succeed to colonize a secondary organ among the
millions that exit the primary site every day (Fidler 1970, Chambers 2002,
Vanharanta 2013). This minority of cells are called metastatic progenitor cells
(Patrawala 2006).

The acquisition of necessary traits for successful metastasis is consensually
believed to be the result of harsh environmental conditions in the primary tumor,
including inflammation, hypoxia (low level of oxygen), nutrient scarcity, and local
acidosis (Jang 1997, Vaupel 2004, Lunt 2009, DeClerck 2010, Gilkes 2014, Rankin
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2016, Payen 2016, Porporato 2016). These hostile areas, the distribution of which
may fluctuate in time and space, promote the metastatic switch by forcing the cancer
cells to adapt and to develop strategies to overcome unprecedented challenges
(Pietila 2016). For instance, that a high expression of cathepsin S (a specific
protease required for brain invasion) at the primary site correlates with increased
brain metastasis incidence supports the concept of a subset of cancer cells acquiring
metastatic prerequisites to colonize specific organs rather than a later adaptation
during metastatic dissemination (Sevenich 2014).

Harsh
environmental
conditions

\ ( : \‘ non-resident cell
\‘" - > \ /‘ mobilization (e.g. BMDCs)
N \/-/ vascular leakiness

N altered stromal cells
Secreted factors ™~ - fibronectin, TIMP1, MMPs, LOX

and vesicles

2° organ preconditioning

Figure 1. The metastatic cascade consists of five sequential steps and is preceded by the

establishment of pre-metastatic niches (Step 0). Cancer cells leave the primary tumor through local
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invasion and detachment (Step 1). Harsh environmental conditions promote the development of
metastatic progenitor cells through a loss of epithelial markers (black bars) and a gain of mesenchymal
markers, motility properties and proteolytic enzyme secretion (all represented in white). Intravasation into
blood or lymphatic vessels requires invasive properties and the action of chemoattractants (Step 2).
Circulating cancer cells (CTCs) must then resist to several stresses to survive in the systemic circulation,
and platelets can be used as a protective shield (Step 3). The expression of selectin ligands allows the
initial tethering and rolling of cancer cells on the endothelium, and the expression of additional ligands by
cancer cells (integrins, MUC1) and additional receptors by endothelial cells ICAM, VCAM) are important
for subsequent arrest and CTC extravasation (Step 4). Metastatic progenitor cells colonize a distant organ
and develop micrometastases then macrometastases, triggering angiogenesis for adequate blood supply
(Step 5). Secondary organ preconditioning includes non-resident cell mobilization, vascular leakiness,
altered stromal cells, a modified extracellular matrix (ECM) and released homing molecules (Step 0).
Other abbreviations: BMDC — bone marrow-derived cells, TIMP1 — tissue inhibitor of metalloproteinase
1, MMPs — matrix metalloproteinases, LOX — lysyl oxidase, uPA — urokinase plasminogen activator,
PSGL-1 - P-selectin glycoprotein ligand-1, CD — cluster of differentiation, ESL-1 — E-selectin-ligand-1,
DR3 — death receptor 3, MUC1 — mucin 1, ICAM — intercellular adhesion molecule, VCAM — vascular cell

adhesion molecule.

1.2.1 Detachment from the primary tumor. First, cancer cells at the primary tumor

site must escape the organ of origin, starting with local invasion (Figure 1 Step 1).
To acquire a metastatic phenotype and start to invade the tissue, cells must (1)
detach from the neighboring cells in the primary tissue, (2) degrade the surrounding
tissues to make their way towards the bloodstream, and (3) acquire migration and
invasion properties. The epithelial-to-mesenchymal transition (EMT) is a biological
phenomenon occurring naturally during embryonic development, which is hijacked
by cancer cells to lose their epithelial features and gain mesenchymal ones for
migration and metastasis (Chaffer and Weinberg 2011, Savagner 2015). Losing
epithelial features mainly translates in losing cell-cell adhesion by downregulating
the expression of intercellular junction proteins, such as E-cadherin, occludin and
claudins (Lu and Kang 2019). Gaining mesenchymal characteristics provides cells
with motility abilities and proteolytic enzymes to digest the extracellular matrix (ECM)
and the basal membrane, which includes matrix metalloproteinases (MMPs) and
urokinase plasminogen activator (UPA) (Lu and Kang 2019, Kessenbrock
2010). EMT occurs through the activation of EMT transcription factors (like Snalil,
Slug, Zeb1 and Twist), subsequently inducing a downregulation of the expression of

the epithelial markers listed above and an upregulation of the expression of
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mesenchymal markers like N-cadherin, vimentin and fibronectin. EMT is a
recognized facilitator of the early stages of metastasis; however, it has been
challenged as an absolute necessity for cancer cells, arguing that it may act more
as a catalyst than as a driver of metastasis (reviewed by Jolly in 2017). Alternative
mechanisms to EMT-mediated single cell dissemination have been suggested, since
collectively migrating cancer cells with intact cell-cell contacts, ea. preserved E-
cadherin expression, were observed (Clark and Vignjevic 2015). Despite the
possibility of other pathways than EMT to alter invasion properties, the answer to the
necessity or not of EMT for cancer metastasis may reside in a hybrid state or
spectrum view of EMT, or in the idea that leading cancer cells of collective migration
groups may harbor EMT traits (Westcott 2015). With these considerations arises the
concept of the non-binary nature of EMT: a hybrid epithelial/mesenchymal state,
which nuances a strict and total transition, or a spectrum of phenotypes along
different axes (including motility, cell-cell adhesion, etc.) that cumulatively define
EMT (Nieto 2016, Jolly 2017). Partial transitions, or positions along the spectrum,
allow to retain epithelial traits that may yield a maximal efficiency for the tumor-
initiating potential (Grosse- Wilde 2015, Ruscetti 2015).

1.2.2 Intravasation. Cancer cells must next undergo intravasation to enter the
vasculature, either directly or via the lymphatic system (Figure 1 Step 2). The same
proteolysis and motility abilities acquired earlier are employed, as well as
chemotactic abilities. Chemotaxis is defined as directed migration in response to an
external gradient of chemoattractants. It is mediated by the expression of adequate
sensors (Roussos 2011). For example, it has been reported that chemotactic
migration and intravasation of gastric cancer cells was enhanced by the upregulation
of chemokine (C-X-C motif) receptors 1 and 2 (CXCR1/2) (Lin 2007), that chemokine
(C-C motif) receptor 7 (CCR7)-expressing cells responded to the chemokine (C-C
motif) ligand 21 (CCL21) (Hayasaka 2022), and that neutralizing the interaction
between CXCR4 and chemokine (C-X-C motif) ligand 12 (CXCL12) impaired breast
cancer metastasis (Muller 2001). The authors also showed that the chemotactic and
invasive responses upon ligand-receptor interaction was mediated by actin

polymerization and pseudopodia formation.
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1.2.3 Survival in the systemic circulation. Once in the bloodstream, cancer cells

need to survive to a multitude of lethal challenges, including anoikis (death by
detachment), reoxygenation/redox stress, host’s immune response, and mechanical
destruction due to hemodynamic shearing forces within vessels (Joyce 2009)
(Figure 1 Step 3). This particularly severe transition forces CTCs to develop defense
mechanisms. A well-recognized strategy is to use platelets as a protective layer, both
to evade immune surveillance (particularly natural killer [NK] cell-mediated lysis) and
to reduce shear stress (Palumbo 2007, Joyce 2009, Goubran 2014). For this
process, the expression of tissue factor (Tf) and the subsequent expression of
thrombin by cancer cells trigger platelet activation and coagulation, leading to
platelet aggregation around the CTCs. The binding between platelets and CTCs is
achieved via fibrin filaments and specific integrins, or trough P-selectin on activated
platelets binding to P-selectin ligands expressed on the surface of CTCs (Goubran
2014). For collectively migrating cancer cells, less prevalent but more efficient CTC
clusters provide similar protection as platelet shields in addition to offering anoikis
resistance (Aceto 2014, Jolly 2017).

Cancer cells are faced with high levels of oxygen in the bloodstream as compared
to hypoxic areas in the primary tumor. Redox homeostasis mechanisms are required
for CTCs to survive to the elevated oxidative stress induced by reoxygenation as
well as loss of matrix adhesion and nutrient deprivation upon entry in blood vessels
(Schafer 2009, Jeon 2012, Piskounova 2015, Zheng 2017, Tasdogan 2020,
Bartkowiak 2020). They activate antioxidant mechanisms to counteract oxidative
damage, mainly the glutathione (GSH) system, a tripeptide comprising cysteine,
glutamate and glycine. GSH serves as a redox buffer: its reduced form reacts with
oxidizing substances to neutralize them, which generates glutathione disulfide
(GSSG) (Wu 2004). GSH can be regenerated from its oxidized form by glutathione
reductase, with reducing equivalents from NADPH-generating pathways (Fan 2014).
Cancer cells increase GSH synthesis and regeneration, including by increasing the
uptake of the rate-limiting precursor cysteine mediated by cystine-glutamate
transporter xCT (Lewerenz 2013), by increasing the expression of the rate-limiting

enzyme glutamate-cysteine ligase (GCL) (Lu 2013), and by increasing the activity of
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NADPH-generating pathways (Fan 2014, Tasdogan 2020). They were also reported
to hijack the specialized blood-restricted B-chain of hemoglobin (B-globin), a

molecule naturally designed to interact with oxygen (Zheng 2017).

1.2.4 Arrest & extravasation. The virtual inexistence of intravascular metastases

(Tilkorn 2010) indicates that CTCs must extravasate to colonize the organ of
destination (Figure 1 Step 4). Cancer cells arrest at the site of metastasis through
homing mechanisms and physical restraints, and they employ similar mechanisms
than leucocytes for adhesion and extravasation (Ramakrishna 2013, Labelle 2012,
Reymond 2013) using selectins, i.e., transmembrane glycoproteins involved in
vascular cell adhesion between leucocytes (L-selectin), activated platelets (P-
selectin) and endothelial cells (P-selectin and activated E-selectin). Accordingly,
CTCs reroute vascular adhesion mechanisms and express carbohydrate selectin
ligands, such as P-selectin glycoprotein ligand-1 (PSGL-1), CD44, E-selectin-ligand-
1 (ESL-1), mucins, CD24 and death-receptor 3 (DR3), to interact with E-selectin on
endothelial cells (Aigner 1997, Kim 1997, Hollingsworth 2004, Dimitroff 2005,
Burdick 2006, Gout 2006, Kang 2015). Selectin-mediated tethering events induce
cancer cell rolling along the endothelium, followed by cell arrest and adhesion
(Vestweber 2002, Ley 2007, Laubli 2010). In addition, the vascular endothelium is
activated by proinflammatory stimuli that increase the expression of tethering
proteins, and thus plays an active role in cancer cell transendothelial migration (Miles
2008). CTCs breach the endothelial barrier at the site of adhesion, still employing
ligands typically expressed by leucocytes (McEver 1997, Kannagi 1997, Laubli
2010). Cell adhesion molecules, like mucin 1 (MUC1) and intercellular adhesion
molecule (ICAM)-1, or integrin a41 and vascular cell adhesion molecule (VCAM)-
1, establish further cell-cell contacts, and thus strengthens the adhesion between
cancer and endothelial cells (Geng 2012, Soto 2014). Moreover, cells in the
bloodstream modulate the efficiency of CTC extravasation. For example, monocytes
can increase CTC transendothelial migration via L-selectin-dependent recruitment
(Qian 2009, Laubli 2009). Platelets are also more than physical shields against
immune cells and shear stress, as they aid endothelial attachment and extravasation

via platelet P-selectin, induction of endothelial P-selectin expression and secretion
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of molecules inducing endothelial cells opening (Erpenbeck 2010, Reymond 2013,
Goubran 2014),

1.2.5 Colonization of distant sites. Once in the organ of destination, cancer cells

must survive in the new microenvironment, interact with resident cells, and initiate
tumor growth to create a secondary tumor (Figure 1 Step 5). Just as EMT enables
dissemination, cancer cells undergo a process of differentiation (MET) to regain
epithelial properties and form pre-angiogenic micrometastases (Gunasinghe 2012,
Banyard 2015, Lu and Kang 2019). Adequate blood supply, resulting from the
development of a tumor-associated vascular network (neoangiogenesis) and the
recruitment of a supporting stroma, is required for the successful transformation of
micrometastases in macrometastases (Chambers 2002, Chaffer and Weinberg
2011).

1.3 Metastatic cells display distinct preferences in organ colonization, a
concept named ‘organotropism’, at the basis of the seed and soil hypothesis.
The last two stages of the metastatic cascade (entry and survival in a secondary
organ, Figure 1 Steps 4&5) are non-random phenomena, owing to differences in
organ targeting (Paget 1889, Nguyen 2009, Obenauf and Massague 2015). Indeed,
different types of cancers preferentially metastasize to specific secondary sites,
creating distinct metastatic patterns and distribution frequencies. For example,
prostate cancers preferentially spread to the bones, pancreatic cancers to the liver
and malignant melanomas to the lungs (Obenauf and Massague 2015, Tas 2012).
Distinctly, luminal breast cancers mainly colonize the bones whereas triple negative
breast cancer (TNBC) has increased incidence of lung and brain metastases (Lin
2008, Smid 2008, Kennecke 2010, Sihto 2011, Harell 2012, Wu 2017, Darlix 2019).

The concept of the organ specificity of metastases, also called ‘metastatic
organotropism’, was introduced in 1889 by the English surgeon Stephen Paget with
the Seed-and-Soil theory (Paget 1889). He postulated that the ‘seed’ (the

metastatic progenitor cell) must find its appropriate ‘soil’ (the microenvironment of a

secondary site) to successfully establish a metastasis. This theory was challenged

by Ewing in the 1930s, who believed that metastasis was solely dependent on the

27


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5889305/?report=reader#R42

Introduction

dynamics of hematogenous flow (Ewing 1928). Later, the importance of both the
mechanical properties of the vasculature and the compatibility of the “seed” with the
“soil” in the new organ were recognized (Fidler 1976, Azevedo 2015). Revisited
several times since then (Fidler 2003, Langley 2011, Liu 2017), the seed and sail
hypothesis brings forward the notion that the formation of metastases is finely tuned
by features of the metastatic progenitor cells, features of the microenvironment at
destination and, more importantly, interactions between the two. For example,
compared to exiting the peripheral vasculature, CTC extravasation into the brain
requires the expression of specific proteins to process the specialized brain
vasculature (see 5.2.1 Crossing the blood brain barrier). An additional interpretation
of Paget’s postulate proposes that different primary cancer types may develop
common mechanisms to colonize the same (distant) metastatic site (Mashimo 2014,
Gao 2019). It further suggests the existence of concomitant populations of metastatic

progenitor cells in the same primary tumor, with different organotropisms.

1.4 Prior to the metastatic cascade arises the paradigm of the pre-metastatic
niche. Before the onset of metastases, soluble factors and extracellular vesicles are
secreted and released in the blood stream by the primary tumor, which modify distant
organs towards a permissive environment for future metastatic cells (extensively
covered in Peinado 2017) (Figure 1 Step 0). Tumor-derived factors, like pro-
angiogenic factors and inflammatory cytokines (e.g. VEGF-A, PLGF, G-CSF, CCL2,
TGFB, TNF), drive the preconditioning of the microenvironment by acting on

endothelial cells to increase vascular leakiness, by altering resident cells such as

fibroblasts and macrophages, and by mobilizing non-resident cells. As such, soluble
factors including VEGF were shown to upregulate the expression of E-selectin in a
focal adhesion kinase (FAK)-dependent manner on endothelial cells to create

hyperpermeability regions and to promote CTC adhesion (Hiratsuka 2011).

The first proof-of-principle study regarding the pre-metastatic niche (PMN)
demonstrated that soluble factors produced by a primary tumor activate resident
fibroblasts, which stimulate fibronectin deposition in the ECM and mobilize bone
marrow-derived cells (BMDCs). BDMCs are recruited to the PMN by high levels of
fibronectin, and they express MMP9 to further alter the ECM, as well as CXCL12 to
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attract CXCR4-expressing CTCs (Kaplan 2005). In a general manner, ECM
remodeling is mediated by altered host cells producing new ECM components and
expressing and/or secreting specific enzymes to modulate the existing ECM (such
as tissue inhibitor of metalloproteinase-1 [TIMP1], MMPs and lysyl oxidase [LOX]).
Subsequently, vascular leakiness, a modified ECM and resident cell-derived

attractants collectively help the recruitment of activated non-resident cells (such as

BMDCs and neutrophils) to further shape the PMN in a pro-inflammatory and
immunosuppressive milieu supporting tumor growth. Not only is a pro-tumorigenic
environment created, but the remodeling of PMN blood vessels and the release of

attracting molecules during PMN formation also facilitate the homing of metastatic

progenitor cells. For example, collagen IV-derived peptides released by the MMP2
activity of BMDCs were shown to promote the homing of additional BMDCs, and later
CTCs, to lung PMNs (Erler 2009). This phenomenon exemplifies the fact that
proteolytic remodeling, such as collagen IV degradation, does not only remove a
physical matrix barrier with collagen IV being the main component of the vascular
basement membrane (Hudson 1993), but it also releases previously sequestered
(cryptic) factors and signals. For example, aside from homing factors, Davis and his
team demonstrated that MMP-mediated proteolysis of collagen IV in the basement
membrane exposes a normally hidden cryptic epitope (Xu 2001). Epitope exposure
induces novel integrin interactions (loss of integrin a131 binding and gain of integrin
av3 binding), which activates endothelial cell adhesion and migration (Xu 2001).
This matrix-immobilized epitope within collagen IV thus functions as a cryptic
regulatory signal that initiates an integrin-mediated signaling cascade resulting in

altered cellular migratory behaviors.

Beside tumor-derived factors, exosomes were also evidenced to drive PMN
formation. For example, it was reported that pancreatic cancer exosomes can target
macrophages in the liver to produce transforming growth factor § (TGFB), which
induces hepatic stellate cells to produce fibronectin, subsequently recruiting bone
marrow-derived macrophages (Costa-Silva 2015). In addition, breast cancer cells
were found to produce microRNA-122-containing vesicles that suppressed glucose

metabolism in stromal cells of lung and brain PMNs, allowing enhanced glucose
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availability in the tissue (Fong 2015). Furthermore, PMN formation has been
proposed as a driver of organotropism, due to the precise targeting of exosomes to
specific host cells. Kaplan et al. (Kaplan 2005) showed that melanoma-conditioned
medium is capable of redirecting lung cancer cells to organs usually associated with
melanoma metastasis. In line with this notion, a recent landmark study reported that
exosomes could dictate organotrophic behaviors by distinct integrin expression
patterns: integrin a6B4 promotes exosome uptake in lung PMNs, whereas avp5
promotes homing to liver PMNs (Hoshino 2015).

The rationale of this work starts with the concept that organ-specific
metastases may possess specific metabolic properties adapted to the
distant metabolic microenvironment. We will therefore address the concept of
cancer metabolism in the next chapter.
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CHAPTER 2 - CANCER METABOLISM

To unite the vast complexity of neoplastic diseases, cancer was conceptualized
using common biological traits, or hallmarks, of cancer phenotypes. Six original
cancer hallmarks defined the acquired characteristics supporting tumor
development (Figure 2). In the last two decades, two enabling characteristics
and two emerging hallmarks were added due to research progress. As their
names indicate, these emerging hallmarks have gained tremendous momentum
in their fields. One of them, termed ‘deregulating cellular energetics’, consists
in the reprogramming of energy metabolism in cancer cells. This chapter covers
what lies behind this major concept in cellular functions; what cancer cells
consume and how they transform nutrients in energy. Metabolic reprogramming
is indeed a key feature of tumor development, being crucial for cancer cells due
to their increased bioenergetic and biosynthetic demands. As such, further in-
depth understanding of cancer metabolism is paramount to develop new
therapeutic strategies targeting deregulated metabolic pathways specific to
cancer cells.

Sustaining proliferative Emerging Hallmarks
signaling

Evading growth Deregulating cellular
suppressors energetics

Genome instability
and mutation

:;- .
Enabling replicative - —
imrT?onglny l Enabling Characteristics

Figure 2. Cancer hallmarks. On the left, the six original hallmarks of cancer (figure from Hanahan a

Avoiding immune
destruction

Tumor-promoting

nd

Weinberg 2000). On the right, emerging hallmarks and enabling characteristics (figure from Hanahan

2011).

2.1 Metabolic reprogramming was first thought to merely reflect the ability of

cancer cells to use aerobic glycolysis, the so-called “Warburg effect”. In 192

5;

Otto Warburg observed that cancer cells could ferment glucose to lactate at a high

rate even in the presence of oxygen (Warburg 1925, 1956). This medical
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breakthrough allowed the development of a widely used imaging technique for the
detection and monitoring of tumors: FDG-PET scanning. By exploiting the high
avidity of tumors for glucose, [*®F]-fluorodeoxyglucose (FDG) positron emission
tomography (PET) can highlight areas of elevated glucose uptake (Vander Heiden
2009, Almuhaideb 2011, Zhu 2011). However, Warburg also formulated the
hypothesis that mitochondria were not functional in tumors, which has wrongly let

mitochondria apart from core tumor metabolism for a long time.

2.2 In the recent years, extensive research has shown that cancer metabolism
cannot be summarized by the Warburg effect and that the situation is much
more complex. Our understanding of tumor metabolism has radically evolved as
new metabolic characteristics of cancer cells were discovered (Paviova 2016,
Pavlova 2022). Not only are some tumors more oxidative than others, but
intercellular heterogeneity can also arise both in space and time due to the
progressive acquisition of additional mutations, and to the incredible metabolic
flexibility and plasticity of cancer cells (Danhier 2017). The new vision of cancer
metabolism is beyond the Warburg Effect and the strict view of dependance on
aerobic glycolysis. Although cancer cells can rely on increased aerobic glycolysis to
maintain sufficient energy production during biosynthesis, portraying tumor
metabolism as this sole phenomenon is reductive and incorrect. Most often, cancer
cell mitochondria are functional and play a pivotal role in tumor development and
progression (Porporato 2014, Zong 2016). Mitochondria first regained focus through
their role in regulated cell death, and their subsequent targeting in chemo- and radio-
sensitization (Fulda 2010). From a metabolic standpoint, the production of oncogenic
metabolites and the remarkable adaptability of mitochondrial pathways for metabolic
plasticity (Dang 2009, Fendt 2013, Wise 2011) supported a critical role of
mitochondrial metabolism in cancer, which was eventually given proper recognition
(Wallace 2012, Vyas 2016).

2.3 Mitochondria are subcellular organelles with multiple essential functions:
providing energy, supporting biosynthesis, producing reactive oxygen
species, and regulating apoptosis. According to the well-established

endosymbiotic theory of mitochondrial evolution (Margulis 1975, Zimorski 2014,
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Degli Esposti 2014), these organelles originate from the symbiotic relationship of an
aerobic probacteria engulfed by eukaryotic cells approximately 1.5 billion years ago.
Mitochondria are best known for their role as powerhouses of the cells. Indeed, their

central bioenergetic function is to produce energy in the form of adenosine

triphosphate (ATP), for which they are the main source in normal cells, and by
hosting important metabolic pathways like the tricarboxylic acid (TCA) cycle (detailed
in 2.6 - 2.8) (Mitchell 1961) (Figures 3 & 6). TCA cycle metabolites also provide
building blocks for anabolic reactions and the biosynthesis of nucleotides, amino
acids, lipids, heme, and others. Furthermore, mitochondria are a major site of

reactive oxygen species (ROS) production, and they are key to many crucial

biological processes in the cells: regulated cell death (by hosting regulators of the
apoptotic pathway like cytochrome c), signaling pathways, stress sensing, redox and
calcium homeostasis (Gaude and Frezza 2014, Sabharwal 2014, Porporato 2018,
Vyas 2016, Payen 2019). A specific autophagy process, termed mitophagy, ensures
mitochondrial fithess by recycling damaged and inefficient mitochondria for a

continuous, proper functioning of the organelles (Galluzzi 2017).

2.4 Due to their roles in bioenergetics and biosynthesis as well as in the
control of cell death and oxidative stress, mitochondria are now considered to
be key players in cancer pathophysiology. Mitochondrial involvement can start
early during tumorigenesis, with a contribution to malignant transformation via
mitochondrial ROS (mtROS)-generated DNA defects, oncometabolites (fumarate,
succinate and 2-hydroxyglutarate [2-HG]) acting on DNA methylation and gene
expression, and/or deficits in senescence mechanisms (Gaude & Frezza 2014,
Sciacovelli &Frezza 2016). The importance of mitochondria is highlighted by the
phenomenon of mitochondrial transfer, where mtDNA-depleted cancer cells recover
the ability to form tumors by importing mitochondria from the host (Dong 2017, Tan

2015). The impact of mitochondrial bioenergetics is further underlined by

mitochondria-targeting therapies used to target cancer cells (Weinberg 2015,
Denisenko 2019, Huang 2021). Mitochondria inhibitors, like electron transport chain
(ETC) Complex | inhibitors metformin and phenformin (Wheaton 2014, Birsoy 2014,
Griss 2015, Weinberg 2015), and specific antioxidant drugs aiming at the
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mitochondria, like MitoQ and MitoTEMPO (Kalvanaraman 2017, Porporato 2014,
Capeloa 2022a/b/c), can efficiently inhibit tumor growth and progression. Note that
mitochondria-targeted drugs often consist of a bioactive molecule attached to a
lipophilic and positively charged moiety, generally triphenylphosphonium (TPP*), to
direct the agent to the strongly negative potential of tumor mitochondria (Forrest
2015, Zielonka 2017).

2.5 Glycolysis breaks down glucose (six carbons) in 2 molecules of pyruvate
(three carbons) that can subsequently be converted to lactate or enter into the
TCA cycle. In the preparatory phase of glycolysis (5 steps), glucose is
phosphorylated by hexokinase (HK), which traps glucose in the cells in the form of
glucose-6-P (G6P), isomerized to fructose-6-phosphate (F6P) and phosphorylated
again by the rate-limiting enzyme phosphofructokinase (PFK) to generate fructose-
1,6-bisphosphate (F1,6BP) (Figure 3). This molecule is cleaved to obtain two 3-
carbon fragments, yielding two glyceraldehyde 3-phosphate (G3P) molecules by the
concerted action of two enzymes. In the payoff phase (5 steps), G3P is
oxidized/dehydrogenated and dephosphorylated, generating energy in the form of
both NADH and ATP. The last step is performed by pyruvate kinase (PKM) that
converts phosphoenolpyruvate (PEP) to pyruvate. Pyruvate is a key metabolite, as
it is the branch point between glycolysis and mitochondrial respiration (Figure 6): it
can be further oxidized in the mitochondria or reduced to lactate by NADH-
dependent enzyme lactate dehydrogenase 5 (LDH5; NADH itself being generated

by glycolysis), a process known as ‘lactic fermentation’.
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Figure 3. Canonical glycolysis. Allosterically regulated glycolytic enzymes are shown with red arrows.
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triosephosphate isomerase. Figure from Payen 2015.

Glycolysis is faster but less efficient than mitochondrial respiration in generating
energy from glucose, as it yields 2 ATP molecules per glucose, as compared to 36
through mitochondrial respiration (Yetkin-Arik 2019). The pathway is regulated by
the three enzymes catalyzing irreversible reactions: HK, PFK and PKM. High energy
metabolites exert a negative feedback loop on these enzymes: HK is inhibited by
G6P (its product); PFK is allosterically inhibited by ATP, citrate and F2,6BP; and
PKM is inhibited by ATP. This is called ‘the Pasteur effect’ (Wu 1959), and it is
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alleviated when low energy compounds (adenosine diphosphate [ADP], adenosine
monophosphate [AMP], and inorganic phosphate [Pi]) activate glycolytic regulatory
enzymes. PKM is also allosterically activated by upstream F1,6BP, through the

stabilization of its active tetrameric conformation.

Glycolytic intermediates can be diverted from glycolysis to fuel alternate/branched
pathways, like the pentose-phosphate pathway (PPP), the biosynthesis of
phospholipids and the serine biosynthesis pathway feeding the folate/one-cycle
pathway (see section 2.10). PKM is a crucial enzyme to orient the fate of glucose
derivatives: it opens the glycolytic flow when active and shunts glycolytic

intermediates to the branching pathways when inactive (Mazurek 2011).

2.6 The TCA cycle is an important metabolic hub occurring in the matrix of
mitochondria. Pyruvate entry in the mitochondria is mediated by mitochondrial
pyruvate carriers (MPCs) (McCommis 2015) (Figure 6). Once inside mitochondria,
the gatekeeper enzyme pyruvate dehydrogenase (PDH) transforms and traps
pyruvate in acetylCoA. The fate of acetylCoA can be dual. On the one hand, the TCA
cycle can serve as an oxidizing wheel to break down pyruvate into CO2 and produce
reducing equivalents used later for ATP/energy production (see 2.7). Sequentially,
acetylCoA (e.g. derived from pyruvate) is added to oxaloacetate to form citrate,
citrate is converted to isocitrate, which is decarboxylated twice to successively form

a-ketoglutarate and succinyl-CoA, and succinyl-CoA is then further reduced to yield

succinate, fumarate, malate and finally oxaloacetate, closing the circle. During this

process, reducing equivalents are produced in the form of 3 molecules of NADH,

1 molecule of FADH2 and 1 molecule of GTP. On the other hand, several TCA cycle
intermediates can serve as precursors for the biosynthetic processes required for
cell maintenance, division and during cell growth, such as lipogenesis for membrane
construction. The TCA cycle can also be fueled by acetylCoA derived from other
sources than pyruvate, e.g. fatty acid oxidation, and by metabolites entering into the
circle at different entry points by means of anaplerotic pathways, e.g. glutamine via

glutamate and a-ketoglutarate (Owen 2002, DeBerardinis 2010).
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2.7 Oxidative phosphorylation uses the reducing equivalents generated in the
TCA cycle to fuel the electron transport chain located in the mitochondrial
inner membrane, generating a transmembrane proton gradient, and finally
producing ATP. Oxidative phosphorylation (OXPHQOS) consists in sequential redox
reactions in specific ETC complexes that release energy to pump protons from the
mitochondrial matrix into the mitochondrial intermembrane space (MIS) (Figure 4).
This proton gradient is subsequently used for ATP synthesis. Electrons derived from
reduced cofactors NADH and FADH: are fed into the ETC through Complex | (NADH
dehydrogenase) and Il (succinate dehydrogenase [SDH]), respectively. Both
complexes shuttle their electrons to Complex 1l via ubiquinone (coenzyme Q10),
but, of Complexes | and Il, only Complex | pumps protons into the MIS. Complex I
(ubiquinone-cytochrome c¢ reductase) pumps proton as well and reduces 2

molecules of cytochrome ¢ to shuttle the electrons to Complex 1V (cytochrome ¢

oxidase [COX]), where Oz serves as the final electron acceptor to produce water.

Like Complexes | and Ill, Complex IV pumps protons into the MIS. The proton-motive
force resulting from the gradient generated by ETC Complexes I, Il and IV is at the
basis of ATP production by Complex V (ATP synthase). There, protons (H*) follow
their gradient and pass through the ATP synthase, which acts as a windmill
harvesting the mitochondrial membrane potential (AWm) (Nicholls 2001). This
rotational energy is converted in chemical energy when an inorganic phosphate
molecule (Pi) is combined with ADP and a proton to produce ATP (Stock 1999).
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Figure 4. The electron transport chain. Located in the inner mitochondrial membrane, Complexes I-IV
of the electron transport chain (ETC) shuttle electrons from reduced cofactors NADH and FADH, to
molecular oxygen (O,), and Complexes |, Il and IV pump protons (H*) from the mitochondrial matrix into
the mitochondrial intermembrane space. Complex V (ATP synthase) converts the energy of the proton
gradient into ATP production. Superoxide (O;”) is produced when a single electron leaking from the ETC

reacts with O,. Figure from Dirty Medicine 20192,

2.8 Fatty acids are processed in mitochondria through fatty acid B-oxidation.

Fatty acid (FA) shuttling into mitochondria depends on the carnitine system (Melone

2018) (Figure 6). In the process, carnitine palmitoyltransferase-1 (CPT1) links the
acyl groups of FAs to carnitine for their transport across mitochondrial membranes
facilitated by carnitine-acylcarnitine translocase (CAT). Then, once inside the
mitochondrial matrix, CPT2 releases FAs from carnitine. FAs are subsequently
oxidized in a cyclic metabolic pathway where acyl-CoAs are shortened by 2 carbon
atoms to produce 1 acetylCoA unit at each round (Houten and Wanders 2010). Each
cycle also yields 1 NADH and 1 FADH: reducing equivalents. AcetylCoA can then
fuel the TCA cycle, whereas NADH can fuel the ETC.

2.9 By shuttling electrons, mitochondria generate ROS. Physiologically,
mitochondrial a-ketoglutarate dehydrogenase, pyruvate dehydrogenase and
glycerol-3-phosphate dehydrogenase, as well as the ETC, can produce mtROS

2 Available at https://www.youtube.com/@DirtyMedicine (Accessed last on 13/02/2023)
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(Payen 2019). While oxygen is usually fully reduced by Complex IV to form water at
the ETC, Complexes | and Il can prematurely shunt single electrons to molecular
oxygen, which creates superoxide (O2"") (Murphy 2009, Zhao 2019). This happens

mostly through electron leakage under normal conditions (Figure 4). It can, however,

also occur via bottlenecks in the respiration chain (limited respiration rate but high

NADH/NAD" ratio fueling the ETC), reverse electron transfer from ubiquinone to

Complex | (high H* gradient and abundant reduced ubiquinone) and under hypoxia
(paradoxical increase in ROS production at Complex Il due to a yet poorly
understood altered flux of electrons) (Murphy 2009, Selivanov 2011, Sabharwal
2014). Highly reactive Oz~ can be detoxified to hydrogen peroxide (H202) by
superoxide dismutases (SODs), a reaction mainly rate-limited by the diffusion speed
of superoxide (Zhao 2019, Hsu 1996). At lethal (high) ROS levels, if the protective
antioxidant machinery is overwhelmed, cytochrome c is oxidized, which inhibits the
binding of cytochrome ¢ to the IMM, triggering its release, apoptosome formation in
the cytosol and, subsequently, cell apoptosis (Zamzami 1995, Ott 2002) (Figure 5).
Apart from apoptosis, mtROS generation is also involved in redox signaling at non-
lethal levels, including induction of autophagy, mitochondrial biogenesis, hypoxia
response and mitohormesis (Brunelle 2005, St-Pierre 2006, Dewaele 2010, Sena
2012). Mitohormesis designates the process by which moderate levels of mtROS
activate antioxidant cell defenses, paradoxically enhancing oxidative stress
resistance (Yun 2014, Ristow 2014, Barcena 2018). For instance, mtROS activate
p38 nuclear factor-like 2 (NRF2), which induces the transcription of several
antioxidant proteins (DeNicola 2011, Zarse 2012, DeNicola 2015, Ye 2014).
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Figure 5. Cytochrome ¢ mediates cellular apoptosis at high mtROS levels. When not efficiently
counterbalanced by antioxidant mechanisms, mtROS (mainly produced by the ETC) trigger cytochrome
¢ oxidation, inhibiting its binding to the inner mitochondrial membrane (IMM), causing its subsequent

release and the formation of the apoptosome.

2.10 Cancer cells display extensive rewiring of cellular metabolism,
characterized by a high degree of plasticity. Cancer cells often possess the
capacity to interchangeably use glycolysis coupled to lactic fermentation, glycolysis
coupled to the TCA cycle and to OXPHOS, fatty acid oxidation (FAO) and
glutaminolysis for energy production (metabolic plasticity), in adaptation to

fluctuating environmental conditions encompassing hypoxia, local acidosis, and
nutrient deprivation (DeNicola 2015, DeBerardinis 2016) (Figure 6). Cancer cells

also exhibit a remarkable metabolic flexibility in their use of nutrients. They can

further reprogram their metabolism to fulfill their aberrantly elevated bioenergetic and

biosynthetic needs.
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Figure 6. Cancer cell metabolic pathways. Glycolysis (in red) breaks down glucose to glycolytic
intermediates for branching pathways (in light blue) or to pyruvate, which is converted to lactate in the
cytosol (for fermentation) or acetylCoA inside the mitochondrion. The tricarboxylic acid (TCA) cycle
generates reducing equivalents and/or biosynthesis precursors. The electron transport chain (ETC)
composed of 5 complexes (I to V) produces ATP and is a major source of reactive oxygen species (ROS).
Fatty acid (FA) oxidation produces acetylCoA for the TCA cycle. New FAs are generated from citrate (or
from imported acetate) by de novo FA synthesis. Glutaminolysis allows the use of glutamine to fuel
biosynthesis or the TCA cycle. Cancer cells can use alternate carbon and nitrogen sources. Other
abbreviations: GLUT - glucose transporter, G-6-P — glucose-6-phosphate, F-1,6-P — fructose-1,6-
bisphosphate, PEP — phosphoenolpyruvate, HK — hexokinase, PFK — phosphofructokinase, PKM —
pyruvate kinase, PPP — pentose phosphate pathway, PHGDH — phosphoglycerate dehydrogenase, e” —
electrons/reducing equivalents, LDH — lactate dehydrogenase, MCT — monocarboxylate transporter,

VDAC - voltage-dependent anion channel, MPC — mitochondrial pyruvate carrier, PDH — pyruvate
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dehydrogenase, OAA — oxaloacetate, oKG — a-ketoglutarate, succ-CoA — succinyl-CoA, ATP —adenosine
triphosphate, CAT — carnitine-acylcarnitine translocase, CPT - carnitine palmitoyltransferase, CiC — citrate
carrier, ACLY — ATP-citrate lyase, ACC — acetylCoA carboxylase, FASN — fatty acid synthase, ACSS2 —
acetylCoA synthetase 2, SLC1A5 var — solute carrier family 1 member 5 variant, GLS — glutaminase,
GDH - glutamate dehydrogenase, GOT — glutamate-oxaloacetate transaminase, red — reductive

carboxylation, ox — oxidative decarboxylation, BCAA — branched-chain amino acid..

2.10.1 High rate glucose uptake enhances glucose-dependent OXPHOS, high-

rate lactic fermentation, or an increased activity of side-branch pathways of
glycolysis, like the pentose phosphate pathway (PPP) and the serine pathway
(Figure 6). Coupling glycolysis to lactic fermentation is essential for cancer cells to
survive in a low oxygen environment (hypoxia) or when they experience
mitochondrial defects. In tumors in vivo, many cancer cells reside in hypoxic areas.
Short-term survival is ensured by alleviation of the Pasteur effect, as less allosteric
feedback inhibition is exerted by high energy metabolites and more allosteric
activation is exerted by low energy compounds on key glycolytic enzymes, thus
accelerating the glycolytic flux (Figure 7 left). Cancer cells adapt to long-term
hypoxia by further activating hypoxia-inducible factors-1 and -2 (HIF-1 and HIF-2),
i.e., transcription factors increasing the expression of glycolytic enzymes and
transporters, as well as lactate dehydrogenase-1 (LDH-1) converting pyruvate to
lactate (Papandreou 2006, Payen 2015, Lee 2020) (Figure 7 right). However, cancer
cells can also employ a pleiotropy of mechanisms to constitutively activate HIF-1
under normoxic conditions (Kaelin 2008) and increase glucose uptake (the Warburg
effect). Multiple oncogenic signaling pathways indeed facilitate glucose entry and
metabolism by upregulating the expression of glucose transporter, especially GLUT1
and GLUT3, and glycolytic enzymes (Murakami 1992), or triggering the re-
expression of embryonic enzymes HK2 (trapping glucose inside cells) and/or PKM2
(controlling pyruvate production), which, compared to adult isoforms, have higher
catalytic activities and are resistant to feedback Pasteur inhibition due to the absence
of allosteric sites (Lee 2019, Christofk 2008).
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Figure 7. Metabolic adaptations to hypoxia. The early cellular response to hypoxia is the inhibition of
the Pasteur effect by low energy metabolites that activate glycolytic regulatory enzymes (left). Long-term
hypoxia further triggers the upregulation of hypoxia-inducible factor-1 and -2 (HIF-1 and HIF-2), which

increase the expression of glucose transporters (GLUTS) and promote the expression of glycolytic

enzyme isoforms (such as hexokinase 2 [HK2] and pyruvate kinase 2 [PKMZ2]) that are resistant to the
Pasteur effect. HIF-induced glycolytic enzymes and transporters are represented in green (right). Other
abbreviations: ALDA, aldolase A; ANT, adenine nucleotide transporter; CiC, citrate carrier; CS, citrate
synthase; CytC, cytochrome c; ENO1, enolase 1; F2,6BP, fructose-2,6-bisphosphate; FH, fumarate
hydratase; GAPDH, G3P dehydrogenase; GLUT, glucose transporter; IDH, isocitrate dehydrogenase;
isomerase;

LDHS5, lactate-dehydrogenase 5; MCT4, monocarboxylate transporter 4, MDH2, malate dehydrogenase
2; MPC, mitochondrial pyruvate carrier; OGDC, oxoglutarate dehydrogenase; PGI, phosphoglucose
PGK1, phosphoglycerate kinase

phosphofructokinase 2; SCS,

1, PGM,
triosephosphate isomerase. Figure from Payen 2015.

phosphoglycerate mutase;
succinyl-CoA synthetase; SDH,

PFK2,
succinate dehydrogenase; TPI,
In addition to the bioenergetic contribution of glucose to lactic fermentation and to

OXPHQOS, an increased glycolytic flux further provides glycolytic intermediates for

subsidiary pathways (like one-carbon metabolism), as well as carbon precursors (via
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the TCA cycle) and nucleic acids (via the PPP) to meet the biosynthetic needs of
proliferating cells (Lunt 2011, Ahn 2015, Pavlova 2016, Shukla 2017, Pavlova 2022).
Under the control of PKM2 that can switch on an off through alternating from an
active tetrameric to an inactive dimeric state (Keller 2012, Keller 2014), glycolytic
intermediates can serve to fuel branching pathways for biosynthesis purposes: the

pentose phosphate pathway (PPP) involved in nucleic acid synthesis for RNA

production and DNA replication, the generation of glycerol-3-phosphate for

phospholipid biosynthesis (a major cell membrane component), and serine

biosynthesis fueling the one-carbon folate cycle, which can redirect as much as

50% of glucose-derived carbons in cancer cells (Locasale 2011, Possemato 2011).
The folate cycle creates one-carbon species used for nucleotide synthesis,
methylation reactions, and/or further oxidation to produce reducing equivalents,
sometimes up to 50% of all cellular NADPH (Tibbetts and Appling 2010, Locasale
2013, Fan 2014, Ye 2014). These branched pathways to glycolysis are particularly
important in cancer, as evidenced by PPP enzymes being frequently overexpressed
(Wang 2011, Xu 2009), and the one-carbon pathway enzyme
methylenetetrahydrofolate dehydrogenase (MTHFD2) being one of the top three

overexpressed metabolic enzymes in cancer (Nilsson 2014).

2.10.2 The ability to process glutamine provides a glucose-independent route for
energy production and biosynthesis (Figure 6), especially if pyruvate oxidation is

compromised by hypoxia or defective mitochondria (DeBerardinis 2010). Glutamine

is a building block for amino acid and nucleotide synthesis. Cancer cells not only

accelerate glutamine uptake for this purpose, but they also engage in glutamine

metabolism as alternate source of acetylCoA to fuel the TCA cycle and/or as a
biosynthetic precursor (DeBerardinis 2007). The oxidative metabolism of glutamine
is rather employed by cells for harnessing the energy contained in the molecule,
whereas reductive glutamine metabolism aims to generate citrate, the branch point

between mitochondrial metabolism and de novo fatty acid synthesis (see 2.10.3).

Glutaminolysis starts with glutamine uptake facilitated by alanine-serine-cysteine
transporter 2 (ASCT2), followed by glutamine deamination by glutaminases (GLSs)
to yield glutamate. Glutamate can then fuel the TCA cycle through its conversion to
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TCA intermediate a-ketoglutarate, a reaction catalyzed by glutamate

dehydrogenase (GDH) or by glutamate-oxaloacetate transaminase (GOT).
Glutamine-derived citrate is generated when acetylCoA is added to glutamine-
derived oxaloacetate at the last step of the TCA cycle. However, glutamine also
provides citrate through reverse canonical TCA reactions, with the carboxylation of
a-ketoglutarate in citrate (reductive carboxylation of glutamine) (Yang 2017, Metallo
2011, Mullen 2012, Wise 2011). The reductive metabolism of glutamine was
reported to be particularly important in the cases of TCA cycle defects (Mullen 2012),
hypoxia (Wise 2011, Metallo 2012) and in the presence of ETC inhibitors (Fendt
2013). Of note, reductive carboxylation still requires oxidative decarboxylation
occurring in parallel to create the reducing equivalents needed for synthesis (Mullen
2014). Of further note, similarly to labelled glucose imaging techniques, several
studies have shown that labelled glutamine imaging is efficient for detecting cancers,
based on the existence in most solid tumors of areas of elevated glutamine uptake
(Lieberman 2011, Venneti 2015).

2.10.3 The ability to exploit lipid metabolism is a crucial metabolic feature of cancer

cells, which can upregulate FAO and/or lipogenesis (Figure 6). Increased energy

demands can thus be fueled by FAO. FAs are highly energetic molecules that
provide acetylCoA and reducing equivalents. Rapidly proliferating cells need building
blocks for membrane production, which are mainly constituted of FAs. They
therefore rely on a high FA bioavailability to survive and proliferate (Mashima 2009,
Maan 2018, Broadfield 2021). While normal cells typically use dietary lipids and

display low levels of de novo lipogenesis, cancer cells preferentially make their

own lipids to fulfill their needs and, therefore, exhibit a dramatic increase in lipid
production (Li and Cheng 2014, Menendez and Lupu 2007). De novo lipogenesis

converts acetylCoA to fatty acids, which is mediated by acetylCoA carboxylase

(ACCQ) and fatty acid synthase (FASN) (Figure 6). In the cytosol, the acetylCoA pool

for de novo lipogenesis can be fueled by ATP-citrate lyase (ACLY) converting citrate

(exiting the TCA or produced through reductive carboxylation of glutamine) to
acetylCoA (Bauer 2005). Reducing equivalents used for FA synthesis are suggested

to come primarily from the PPP (Fan 2014, Lewis 2014). Overall, FA metabolism has
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been closely linked to the growth of primary cancer lesions (German 2016, Svensson
2016), cellular reprogramming in acidic microenvironment (Corbet 2016), and
metastasis (detailed in 2.13 Metabolism and Metastasis). The expression of the
three key enzymes of FA synthesis (ACLY, ACC and FASN) is commonly
upregulated in cancers, and their inhibition retards tumor growth and progression

(Milgraum 1997, Hatzivassiliou 2005, Migita 2008, Chajes 2006, Flavin 2010, Icard
2019, Fhu 2020).

2.10.4 The flexibility to use a variety of carbon and nitrogen sources including

acetate, lactate, serine, ammonia and branched-chain _amino acids allows

cancer cells to efficiently fuel upregulated bioenergetic and biosynthetic pathways,

and to deal with nutrient depletion using substitute resources (Figure 6).

Acetate (derived exogenously from the diet, mainly from gut microbiome metabolism,
or endogenously through hydrolytic reactions of protein/histone deacetylases and
acetylCoA hydrolase [Knowles 1974]) can serve as an alternate carbon source for
the mitochondrial acetylCoA pool through the action of acetylCoA synthetase 2
(ACSS2). Acetate-derived acetylCoA can subsequently fuel the TCA cycle for
energy production (breakdown pathway), de novo FA synthesis (biosynthesis

pathway), as well as for acetylation reactions that regulate processes like
transcription and autophagy (Wellen 2009, Marino 2014, Comerford 2014, Mashimo
2014, Schug 2015).

Long considered as a mere metabolic waste, lactate, produced by glycolytic cancer
and host cells, can serve as a main nutrient for oxidative cancer cells (Sonveaux
2008, Kennedy 2013, Goodwin 2015, Sharma 2022). Our team demonstrated that
lactate fuels OXPHOS in cancer cells, resulting from monocarboxylate transporter 1
(MCT1)-mediated uptake and the subsequent conversion of lactate to pyruvate by
LDH-1 (Sonveaux 2008). A lactate tracer is now under development to improve

cancer imaging techniques (Van Hée 2017).

As aforementioned, serine has a key role as major substrate of the highly

upregulated one-carbon/folate cycle (Nilsson 2014), supporting the anabolic needs
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of cancer cells. Extracellular serine can be employed by cancer cells, and serine

starvation was shown to impair tumor growth (Maddocks 2013).

Ammonia, originating mostly from the catabolism/deamination of amino acids and
other nitrogen-containing compounds like purine and pyrimidine (Mohiuddin &
Khattar 2022), can be recycled in cancer cells by glutamate dehydrogenase for

amino acid synthesis to support cancer cell proliferation (Spinelli 2017).

Branched-chain _amino _acids (BCAAs) leucine, isoleucine and valine can be

converted to e.g. acetylCoA to be oxidized in the TCA cycle (Ananieva 2018).

2.11 Fuel choice is influenced by cell-intrinsic and cell-extrinsic factors.
Intrinsically, epigenetics and the tissue of origin affect cancer cell bioenergetics but,
more importantly, oncogenic and tumor suppressor alterations are the major events
triggering metabolic reprogramming (Ward 2012). Changes in cellular energetics can
occur through a deregulation of master regulators, alterations of transcription factors
and metabolic enzymes (such as c-Myc mutations), mitochondrial alterations, and a
modification of non-coding RNA production (DeNicola 2015). Cancer metabolism is
also regulated by external factors, since it must fit environmental cues and
limitations, like the presence of surrounding cells and the availability of specific
nutrients. Oxygen availability greatly impacts metabolism, as hypoxia induces the
expression of a multitude of proteins, including glycolysis-related enzymes (Payen
2015, Lee 2020), ACSS2 for acetate metabolism (Schug 2015) and serine
hydroxymethyltransferase 2 (SHMT2) for serine metabolism (Ye 2014). Hypoxia
affects cancer cells that are located beyond the diffusion distance of oxygen (> 100-
200um from blood vessels), which can be on the lower end due to a high oxygen
consumption rate, to the proliferation rate exceeding angiogenesis rate, and/or to
abnormal, disorganized and less functional blood vessels compared to normal
tissues (Thomlinson 1955, Tannock 1972, Olive 1993, Jain 2002, Vaupel 2004, Sorg
2008, Grimes 2014a/b). Neighboring cells can also compete for nutrients or, on the
contrary, be rerouted by cancer cells to supply them with nutrients (e.g. cancer-
associated fibroblasts and adipocytes) (Nieman 2011). Furthermore, a metabolic

symbiosis can occur with other cancer cells present in the tissue, as unraveled by
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our team in 2008. Indeed, Sonveaux et al. (Sonveaux 2008) identified a lactate-
based metabolic symbiosis, where cancer cells in normoxic areas use lactate to fuel
OXPHOS and spare glucose for lactate-producing, hypoxic cancer cells. The
importance of the local microenvironment is further highlighted by cancer cells
displaying different in vivo and in vitro metabolic phenotypes (Davidson 2016), and
by gliomas and brain metastases of different origins exhibiting similar metabolic
patterns (Mashimo 2014). Following the Seed and Soil hypothesis, a match should

exist between intrinsic and extrinsic factors for successful metastasis.

2.12 The apparent dichotomy of carbon utilization can be unified through a
mtROS hypothesis. It is still controversial whether increased or decreased
mitochondrial activities are required for cancer cells, since there is a considerable
heterogeneity in the reliance on fermentative versus respiratory metabolisms. Aside
from metabolic plasticity and different temporal necessities for lactic fermentation
and OXPHOS, a hypothesis has been raised to unify the findings of both increased
and decreased OXPHOS impeding (or promoting) cancer progression: both have
protumoral consequences explained by mtROS overproduction. Indeed, a moderate

increase in mtROS levels, kept under control by efficient antioxidant defenses, is

beneficial for cancer cells by contributing to transformation, survival and growth
(Payen 2019, Sabharwal 2014) (Figure 8). In these circumstances, increased
OXPHOS promotes the production of subcytotoxic levels of mtROS owing to
increased electron leak, just as malfunctioning mitochondria pathologically generate
mtROS (Sabharwal 2014, Hsu 2016, Poporato 2014) (see 2.9 mtROS). ROS can
support cancer growth and survival through a variety of mechanisms, including
cysteine residue oxidation leading to inactivation of tumor-suppressor PTEN (Lee
2002), activation of the MAPK/ERK pathway (Gorrini 2013), possible cytoskeleton
remodeling (Jiang 2017), degradation of ECM components (Galadari 2017), and
HIF-1 stabilization (Comito 2011) acting on EMT-inducing transcription factors (Jiang
2017).
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Figure 8. mtROS unification hypothesis. A moderate increase in mtROS levels kept under control by
efficient antioxidant defenses is beneficial for cancer cells. Physiological levels of ROS are involved in
numerous signaling pathways. Increased levels of ROS induce several pro-tumorigenic features. High
levels of ROS are detrimental as they cause oxidative damage and cellular apoptosis (Figure from Payen
2019).

Tumors maintain a definite and adequate ROS level, enough to sustain tumor growth
and survival but below cytotoxicity, by a right balance between ROS production and
antioxidant mechanisms (Denisenko 2019, Vyas 2016, Payen 2019). Local ROS
overproduction needs to be buffered to prevent lethal ROS concentrations. A slight
elevation of ROS levels primes the antioxidant machinery, consequently increasing
cellular resistance to oxidative stress through the aforementioned process of
mitohormesis. Above a lethal threshold, ROS however inhibit cancer progression by
inducing cellular damage and senescence. Anticancer approaches thus attempt to
take advantage of this distinct mtROS production, by either using mitochondria-
targeted antioxidants like MitoQ and MitoTEMPO (Porporato 2014, Kalvanaraman
2017, Capeloa 2022a/b/c) or, on the opposite, pro-oxidant molecules inducing more

oxidative damage (Berndtsson 2007, Townsend 2008, Sassi 2014, and reviewed in
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Huang 2021). Of note, compared to mitochondria-targeted antioxidants, the use of
general antioxidants can be inefficient or even detrimental for cancer patients, for
instance by reducing p53 activation (Klein 2011, Sayin 2014), which is argued to be
due to a lack of specificity for mtROS (Sullivan and Chandel 2014). In contrast,
mitochondria-targeted antioxidants have proven beneficial effects (Porporato 2014,
Capeloa 2022a/blc).

2.13 Metabolism & (organ-specific) metastasis

2.13.1 Research has shown that metabolism is associated to, or could even
drive, metastasis. Metastasis requires the activation of the glycolytic program and
the PPP (Smallbone 2007, Sottnik 2011, Santidrian 2013, Payen 2016). However,

optimal mitochondrial metabolism and biogenesis have been reported to be equally

important for metastatic dissemination (LeBleu 2014, Porporato 2016, Porporato
2018). Our team has indeed reported that a mitochondrial switch to elevated
OXPHOS activity is linked to a high metastatic potential (Porporato 2014). A high
(sublethal) mtROS production in highly oxidative cancer cells indeed activates the
TGFB pathway and triggers prometastatic behaviors (Porporato 2014). In a hostile
microenvironment, mitochondria thus act as a metabolic sensor to activate
metastasis. In addition, the seminal work of Ishikawa et al. (Ishikawa 2008) showed
that the transfer of ROS-producing mitochondria from metastatic to nonmetastatic
cancer cells also transferred the metastatic phenotype, thereby transforming
recipient cells in metastatic progenitor cells. Hence, in their study, specific mtDNA
mutations inducing mtROS production were sufficient to trigger metastasis. Similarly,
mitochondria null cancer cells can recover mtDNA from host cells to support
metastasis, with a concomitant elevation of mtROS production (Tan 2015).
Furthermore, targeting mtROS with mitochondria-targeting agents MitoTEMPO and
MitoQ inhibited cancer metastasis as a whole in preclinical models of human breast
cancers in mice (Porporato 2014, Capeloa 2022a/b/c).

Taken together, these studies demonstrate that the ambivalent effects of
mitochondrial respiration regarding metastasis can also be rationalized under the
mtROS unification hypothesis (see 2.12) (Figure 8), with mtROS as a common
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mediator of metastasis for highly glycolytic and highly oxidative cancer cells.

Moderate mtROS levels can activate signaling transduction cascades corelated to
the metastatic process, including at the level of the proto-oncogene SRC and focal
adhesion kinase Pyk2 (Porporato 2014, Park 2016). Hence, two opposite metabolic
phenotypes (elevated or dysfunctional mitochondrial activities) equally promote an
invasive phenotype (Ishikawa 2008, Porporato 2014). On the one hand, overloading
the ETC by enhanced rate of TCA cycling results in electron leak and elevated
sublethal mtROS production, promoting tumor metastasis. On the other hand,
several types of partial mitochondrial dysfunction, mitophagy defects and/or partial
ETC inhibition can also promote metastasis by favoring mild mtROS overproduction
due to ETC bottlenecking. In this context, the work of our team (Porporato 2014)

demonstrated that targeting mtROS production, by experimentally inducing a

complete loss of mitochondrial functions or by the use of mitochondria-targeted

antioxidants, abolished metastatic progression. A contrario, severe oxidative stress

(excessive ROS production and/or a saturated/dysfunctional antioxidant machinery)
oversteps the lethal threshold and inhibits metastatic dissemination by impeding
cellular fitness and survival (Piskounova 2015; see 2.12) (Figure 8). Besides mtROS
production, mtDNA mutations are also associated with invasiveness through the
accumulation of mitochondrial oncometabolites that promote EMT and metastasis
(Frezza 2017, Sciacovelli 2016).

Metastatic cells also need lipid metabolism, with mitochondrial (-oxidation

supporting the high energy needs of metastatic progenitor cells (Park 2016). Park et
al. (Park 2016) further showed that FAO activates SRC kinase in the TGFf pathway.
In patients, FA uptake and metabolism have been strongly correlated to metastatic
progression and poor prognosis in multiple cancer types (Nath and Chan 2016,
Pascual 2017, Ladanyi 2018, Pan 2019). An intricate relationship between FA
oxidation and ROS production has been suggested in these studies. Indeed, besides
providing energy, FAO promotes ROS and NADH production, pointing at mtROS as

potential mediators of the prometastatic effects of FAO.
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On the biosynthetic part of lipid metabolism, silencing experiments of ACLY (Wen
2019) and FASN (De Piano 2020) demonstrated the requirement of de novo

lipogenesis for metastasis. Cancer cells can store lipids in vesicles, called ‘lipid
droplets’, to constitute energy reserves to be summoned during the metastatic
course (Corbet 2016). This discovery further underlines the importance of de novo
lipogenesis for cancer cells, as well as it explains this requirement by linking it to the
high FA demand for oxidation in metastatic cancer cells. Anti-metastatic strategies
targeting lipid metabolism are emerging, with the objective to inhibit lipid utilization

or synthesis (Pascual 2018).

2.13.2 Metabolism and Organotropism. During my PhD thesis, we aimed to go a
step further and investigated the emerging concept of a metabolic control of
metastatic organotropism. We initially hypothesized that the metabolic preferences
of metastatic progenitor cells would drive the organ specificity of metastasis.
Metabolism is essential for cell survival and stress resistance, but each secondary
organ has a distinct metabolic composition and presents distinct metabolic
challenges to overcome, which may impose unique metabolic states for CTC
colonization. Metabolic differences amongst metastatic sites include e.g. nutrient
availability, oxygen concentration and oxidative stress. Metastatic cell fithess in
given organs could therefore be dictated by compatible metabolic profiles. This
concept proposes a deeper connection between cancer metabolism and metastasis,
and entails the idea that subsets of metastatic progenitor cells have a specific
metabolic signature, or some kind of metabolic sensor, driving them to colonize a
given organ. For instance, Dupuy et al. (Dupuy 2015) reported that bone and lung
metastases of breast cancer cells displayed OXPHOS reliance, whereas liver
metastases showed a fermentative metabolism. Other metabolic pathways for organ
colonization have been reported (Schild 2018, Pascual 2018, Wang 2021), with
specific metabolic phenotypes promoting brain tropism being covered later in

Chapter 6. Understanding the ability to establish tissue tropism profiles has an
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important therapeutic potential, especially since CTCs are directly accessible to

pharmacological agents.

The existence of a metabolic control of metastatic organotropism would signify
that the metabolic state of metastatic progenitor cells needs to be compatible
with the metabolic microenvironment of distant organs to ensure cancer survival
and growth. In line with this notion, gaining a deeper understanding of cancer
metabolism at secondary sites is crucial to unveil new therapeutic strategies
aiming at disrupting the metabolic concordance between metastatic progenitor
cells and secondary sites, thus preventing the metastatic colonization of specific
organs. In this work, we focused our attention on the brain tropism of breast
cancer cells. Chapters 4 and 5 first introduce breast cancers and the brain
environment, respectively. We then address the precise topic of metabolic
phenotypes in brain-trophic cancer cells in the last chapter. Chapter 3 will
address one last cancer concept proposed to be involved in metastasis, the new
and evolving cancer stem cell model.
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CHAPTER 3 - CANCER STEMNESS

Stemness, or possessing stem cell characteristics, is a relatively recent notion in
the cancer field. Cancer stem cells are associated with numerous traits of cancer
pathophysiology, including tumorigenesis, chemoresistance and - more
importantly for the scope of this study - metastasis.

3.1 Stem cells are undifferentiated cells at the origin of all cell lineages; they
possess the ability to generate differentiated daughter cells and to maintain
the stem cell pool through self-renewal. Possessing stemness characteristics
implies possessing the underlying mechanisms conferring stem cell properties,
notably through the expression of stemness transcription factors, such as cellular
myelocytomatosis oncogene (c-Myc), SRY-Box transcription factor 2 (SOX2),
Krippel-like factor 4 (KLF4), octamer-binding transcription factor 4 (OCT4),
homeobox protein Nanog (Nanoq), and sal-like transcription factor 4 (SALL4) (Zhao
2017). The importance of these factors is demonstrated by their use to generate
induced pluripotent stem cells (iPSCs). The expression of the first 4 factors (known
as the Yamanaka factors) can convert differentiated somatic cells to an embryonic
undifferentiated state, with similar gene expression profiles and epigenetic properties

as embryonic stem cells (Takahashi 2006).

3.2 The concept of cancer stem cells is a new and evolving model of tumor
evolution. The cancer stem cell (CSC) concept proposes that a subpopulation of
cancer cells possesses a stemness phenotype with self-renewal abilities and a
multilineage differentiation potential, and that these cells are imputable for tumor
growth, metastasis, resistance to therapy and recurrence (Zhao 2017, Peitzsch
2017, Shen 2021) (Figure 9). Just like stem cells generating daughter cells to

populate an organ, they generate the bulk of cancer cells and are able to generate

secondary tumors. In addition, their ability to shift to a quiescent phenotype renders

them generally resistant to conventional anticancer therapies targeting rapidly
dividing cells or metabolically active cells (Phillips 2006, Diehn 2009, Touil 2014,
Kumar 2020). After dormancy, CSC reactivation can cause cancer recurrence
(Freedland 2007, Li 2015, Wang 2021, Xi 2022). CSCs can also actively counteract
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anticancer treatments by expelling drugs through ATP-binding cassette (ABC)
transporters and/or by maintaining low levels of ROS (Hadnagy 2006, Shen
2021). Efficient targeting of CSCs is considered to be a top priority for anticancer

therapy by many research groups (Shen 2021).
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Figure 9. The cancer stem cells concept and mitochondria-targeting drugs negatively affecting
CSC fitness. CSC features, transcription factors and major biomarkers are indicated.

Recently, a discovery has reinforced the idea that cancer is a disease arising through
the formation of CSCs, described as ‘stemness gone wrong’ (Tomasetti and
Vogelstein, 2015). The authors stated that cancers are mainly driven by accumulated
somatic mutations in tissue stem cells. While some tissue types develop cancer a

million times more often than others (called the ‘cancer lifetime risk’), they showed
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that differences in tissue-specific cancer risks cannot be fully explained by genetic
and environmental factors, but by a third one: the lifetime number of divisions of
tissue-specific stem cells. The strong correlation of 0.8 indicates that about 65% of
cancers would be due to random mutations arising in stem cells, whereas only about
one third would be attributed to inherited genetic predispositions or well-known
factors (smoking, alcohol, UV exposure, etc.), making of stem cell divisions within a
tissue the major contributor to human cancers (Tomasetti and Vogelstein, 2015).

The conclusion of this correlative study is, however, still an open debate.

3.3CSCresearch is complexified by the lack of consensually accepted surface
biomarkers for their identification and isolation, and by their possible
differentiation in culture. CSC isolation is generally based on the expression of
surface markers CD34, CD38, CD133, CD44 and CD24 (Zhao 2017, Shen 2021).

Many studies rely on the representative CD133 biomarker, while others use the

documented high CD44/CD24 ratio indicating both the tumorigenicity and cancer cell
proliferation status (Dou 2010, Li 2017, Shen 2021). In breast cancer, the most
common use of CSC biomarkers relies on the CD44*/CD24- and aldehyde
dehydrogenase 1 (ALDH1)* phenotype (Li 2017, Zhang 2020) first described in 2003
(Al-Hajj 2003) and in 2007 (Ginestier 2007), respectively. Additional biomarkers used
for characterizing breast CSCs include CD133, CD49f, CD61, PROCR, CD90,
CD70, ABCG2, LGR5, SSEA-3, and ESA (zZhang 2020). Figure 10 shows the

important findings related to breast CSC identification. However, the expression of

CSC surface markers may fluctuate, and functional assays are thus necessary to
assess stemness properties. Tumorigenicity can be assessed through sphere-
formation assays in non-adherent and serum-free culture conditions to maintain the
stemness status (Bahmad 2018). Transplantation assays in animal models can

assess self-renewal capacities (Rycaj 2015).

57



Introduction

CD44+ cell specific BRAC1-breast tumor

lated contains distinct L
Wih patint survival, CD44+/CD24-and sl
Shipitsin et al., 2007 Sﬁ;h:ﬁ’t g associaon ~ mesenchymal SSEA-3+ CSC
" " A with BC while ALDH1+ in BC. Cheung
,cm é/scgz E CD44+/CD24 subtypes. is epithelial et al, 2016
identifed n foundtobe | cpgq.icp24- Rcadostaly: YPe R0 Lo menkainal i
; 2011 reverse grS maintains|  Nectin-4+ CSC
breast cancer. ennclhlt_ed n /ALDH1+ shows A between the stemness in inBC.
Al-Hajj etel., :asa n:ketB? highest BCSC activity two types. Liu BC. Yang et Siddharth et
2003 2&;‘; et al.l crokeretal., 2009 ot ol fw al., 2015 al., 2017
A y i y

] l ‘ ‘ '

ALDH1 identified Muc{ +CSC BC cell lines contain CD44+WICDZ4- l Introduction of

as a marker for from MCF7 ALDH+ BCSCs with are more | oncogenic PIKSCA into

normal and side metastatic capacity abundant in mammary progenitor

malignant breast  |population. and distinct molecular TNBC and cells, induced

stem cells. Engelmann signature. Charafe- associates with dedifferentiation in BC.

Gainstier et al., etal. 2008. Jauffret et al. 2009 poor outocome. Koren et al, Van

2007 Idowu et al. 2012 Keymeulen et al., 2015 ;
Human BC cell BC hetero - »L . CD7(:+ CSC_th
lines contain geneity ABCG2+ CSC in cofrolales. wi
CD44+/CD24- correlates with BRCA1-mutated lung met. Liu et
ESA+ BCSCs. their CSC basal cell line. al,, 2018.
Fillmore et al., coftient. Pece et Leccia et al.
2008. al.2010. 2014

Figure 10. Timeline of major findings regarding breast cancer stem cells (CSCs) since they were
initially identified in 2003. Figure from Zhang 2020. BC — breast cancer

3.4 CSC metabolism is characterized by a quiescent phenotype and a high
metabolic plasticity inherent to their stemness status. Some studies have shown
a predominant glycolytic metabolism in osteosarcoma, glioblastoma, lung cancer,
colon cancer and breast cancer CSCs, in line with the glycolytic switch in the
reprogramming process of iPSCs; whereas others have reported a predominant
OXPHOS metabolism in ovarian, lung and pancreatic cancer CSCs (reviewed in
Porporato 2018 and Shen 2021). Furthermore, distinct CSCs from the same cancer
were observed to have different preferences in their use of glucose, which further

highlights their metabolic plasticity and heterogeneity (Gammon 2013).

3.5 Despite metabolic heterogeneity and plasticity, mitochondrial functions
and biogenesis appear as key players of CSC fitness, and several
mitochondria-targeting drugs negatively impact CSCs. Inhibitors of
mitochondrial complexes have been used experimentally to selectively target
pancreatic, breast and ovarian CSCs through inducing mitochondrial dysfunctions
(Hirsh 2009, Alvero 2011, Jung 2011, Rattan 2012, Yeh 2013, Janzer 2014, Fiorillo
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2016, Ozsvari 2017, Fiorillo 2020, reviewed in Shen 2021 and Suarez-Rivero 2021)
(Figure 9). Mitochondria-inhibiting molecules being tested in clinical trials (Hadad
2011, Bonanni 2012, Niraula 2012, Janku 2021) are yet mainly under the scope of
targeting cancer cell metabolism, rarely as anti-CSC strategies specifically (DeVito
2014). Lisanti and his team (Lamb 2014, De Luca 2015) further aimed to identify
global phenotypic characteristic of CSCs, and they pinpointed mitochondrial
biogenesis at the basis of CSC maintenance, driving both their anchorage-
independent survival and propagation. The same group later reported that FDA-
approved antibiotics impairing mitochondrial biogenesis as an “off-target” effect
(caused by the evolutionary relationship between bacteria and mitochondria) could
be repurposed to target CSCs in several tumor models (Lamb 2015, Fiorillo 2019).
In addition, clinical trials for the treatment of cancer-associated infections showed
that these antibiotics, albeit not intending to aim at cancer cells, compromised
mitochondrial biogenesis and displayed antitumor potential, with up to 1.7-fold
increase in 1-year patient survival (Han 2015, Chu 2014). Recent advances provided
in vivo functional evidence of the selective inhibitory effects of mitochondrial
inhibitors on cancer metastasis (Ozsvéri 2020). The authors also reported that both
a CSC-based mitochondrial 4-gene signature and a mitochondrial ribosomal gene
signature predicted distant metastasis and tumor recurrence in breast cancer
patients, further supporting a role of mitochondria and, more specifically,

mitochondrial biogenesis, in the maintenance of the CSC phenotype (Ozsvéri 2020).

CSCs may well be at the basis of cancer development and metastasis. Stemness
transcription factors profoundly rewire cellular metabolism. Even if metabolic
changes are still odd-described and may vary in function of the cancer type,
mitochondrial biogenesis and function are reported to play a crucial role in CSC
maintenance.
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CHAPTER 4 - BREAST CANCER

Our work focuses on breast cancer as a model, due to its high prevalence and
early diagnosis. Hence, patients with cancers detected at the premetastatic stage
could potentially benefit from metastatic prevention therapy. The high frequency
of breast cancer brain metastasis and the availability of two breast cancer brain-
specific cell lines further directed our study to this specific cancer type.

4.1 Breast cancer is the most frequent malignant tumor diagnosed worldwide.
Breast cancer has been the leading malignancy amongst women (24.5%) and the
leading cause of cancer-associated mortality in women (15.5%) worldwide for many
years (Siegel 2016, Siegel 2017, Ferlay 2018, Bray 2018). It now has become the
most prevalent cancer all genders combined, as uncovered by a study of 36 cancer
types over 185 countries (GLOBOCAN 2020, Sung 2020). In this study, breast

cancer (11.7%; 2.3 million of new cases per year) surpassed lung cancer in

incidence rate (11.4%) and represented the leading cause of cancer deaths in 110

countries. The highest rates were observed in Australia/New Zealand, Northern
America, and Europe. Importantly, Belgium — our country — is displaying the highest
global rate of breast cancer worldwide (GLOBOCAN 2020).

4.2 CLASSIFICATION

4.2.1 Breast cancer is diagnosed using five stages (O-I-ll-lll-IV). Staging
combines information about the tumor size at the primary site (the largest diameter
measured, T), the nodal involvement (extent of cancer at the regional lymph nodes,
N) and the spread to distant metastatic sites (M) (Table 1). This system, called the
TNM system, was jointly published by the American Joint Committee on Cancer
(AJCC) and the Union for International Cancer Control (UICC) (Brierley 2017,
Giuliano 2017, Harbeck 2019). It summarizes the extent of regional and distant

disease, with stage IV corresponding to metastatic breast cancer.
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Table 1. The 5-stage classification of breast cancer using the TNM system.

STAGES T (1° tumor) N (regional LNs) M (metastasis)
0 in situ Tis Absence (NO) Absence (MO0)
| Localized Tl<2cm Absence (NO) Absence (MO0)
limited T2 <5cm
T3 >5cm
] Localized T4 invasion Absence (NO) Absence (MO0)
advanced of chest wall
and/or skin
11 Regional Presence* Absence (MO0)
limited / N1 <3 LNs
extensive N2 >3 LNs
N3 > 10 LNs or level
Il involvement
\% Metastatic/ Presence (M1)
distant

T: extent of primary (1°) tumor, the greatest diameter is measured. N: absence/presence and extent of
regional lymph node involvement/metastasis. M: presence or absence of distant metastasis, including
distant lymph nodes. Bold underlines the defining characteristics for higher stage classification. LNs —
Lymph nodes. *Broadly summarized here, for more details see Giuliano 2017.

4.2.2 Breast cancers can be categorized according to their degrees of invasion
and histopathologic appearances (histologic subtypes). Breast cancers can be
confined to the epithelial compartment (in situ) or invading the stroma (invasive); in
situ carcinomas are not life-threatening, but are precursors of invasive carcinomas.
Breast cancers were originally classified as ductal or lobular, considered to originate
from cells lining the milk ducts or in the lobules producing the milk. However,
cytoarchitectural features (histologic subtype) or specific biomarkers like E-cadherin
(Singhai 2011, Pai 2013) now dictate their placement in ductal/lobular category
(Rosai 2011, Sinn 2013, Makki 2015). Lobular carcinoma in situ (LCIS) is a benign

condition and is not considered to be a true breast cancer, but it can lead to both

ductal and lobular invasive carcinomas. Ductal carcinoma in_situ (DCIS) is a

potentially malignant intraductal proliferation of epithelial cells diagnosed in about
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16% of all breast cancers. Invasive carcinoma is a heterogenous group comprising
many histological subtypes (tubular, cribiform, mucinous, etc.) with distinctive

features, and a main one called invasive carcinoma of no special type (NST) for

invasive carcinomas lacking characteristic features (about 75%). Invasive lobular

carcinoma (ILC), comprising variants such as solid, alveolar and tubulolobular,

accounts for around 10% of invasive carcinomas and are characterized by E-
cadherin loss (Singhai 2011, Pai 2013).

4.2.3 Breast cancer is a heterogenous disease that can be subcategorized
according to molecular features. Biological markers are used to classify breast
cancers in molecular subtypes, but different markers and classifications exist
(Figure 11). Breast cancer was first classified using the expression levels of 50
cancer-related genes (prediction analysis of a microarray of 50-gene set, PAM50) in

5 intrinsic subtypes: Luminal A, Luminal B, HER2-enriched, Basal-like and Normal-

like breast cancer (Perou 2000). To note, studies have considered this last subtype
as an artefact due to low cancer cellularity and, thus, a high presence of normal
breast cells (Parker 2009, Peddi 2012, Harbeck 2019).

Clinical practice does not routinely use microarray-based gene expression profiling,
but rather a surrogate classification based on histological and molecular
characteristics. Breast cancer can feature an activation of hormone receptors
(estrogen receptor [ER] and progesterone receptor [PR]) and/or of the human
epidermal growth factor receptor 2 (HER2/ERBB2). Theses molecular features allow
to categorize breast cancers in surrogate intrinsic subtypes and are viewed as
biomarkers for prognosis and treatment choice (Figure 11). On the molecular level,
the disease can therefore be divided in 5 main subtypes: Luminal A-like (50-70%),
Luminal B-like(HER2-) (10-20%), Luminal B-like/HER2+ (11-13%), HER2-
enriched non-luminal (5-6%), and Triple Negative (surrogate for basal-like, 10-
15%) tumors (Harbeck 2019, Acheampong 2020, Morra 2021). Luminal tumors are

characterized by the expression of ER and/or PR, whereas HER2+ and HER2-
enriched tumors are distinguished by the expression of HER2, and the TNBC
subtype by the absence of all three receptors. It is important to note that different

groups (3 to 5) can also arise in the literature from this classification: Luminal A-like
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and B-like tumors can be grouped in “luminal tumors” (hormone receptor-positive
tumors) and/or luminal&HER2+ and HER2-enriched (non-luminal) can be grouped

in “HER2-positive tumors”. Cell proliferation marker Ki67 is an additional biomarker

of breast cancer prognosis, used mainly to distinguish between luminal A-like and B-
like (HER2-) tumors (Cheang 2009). Some studies simplify the luminal B tumor
definition as ER+/HER2-/Ki67high or ER+/PR+/HER2+ (Sperduto 2013,
Acheampong 2020). It is however important to note that luminal B tumors can be
HER2+ (hence the subtype luminal&HER2+) or not, or have a low expression of
hormone receptors (Prat and Perou 2011). Trying to bring a consensus between the
different subtype definitions, the 2013 St. Gallen International Breast Cancer
Conference issued a new definition based on clear percentages of
immunohistochemical staining results: luminal A (ER/PR+, HER2-, Ki67 <20%),
luminal B (ER+, HER2-, PR <20% and/or Ki67 =220%); HER2+ luminal B (ER+,
HER2 overexpression, any PR and Ki67), HER2 overexpression (ER-, PR-, HER2
overexpression), basal-like TNBC (ER-, PR-, HER2-), and other special
histological subtypes (Goldhirsch 2013).

64



Introduction

Can be grouped as N Can be grouped as
Luminal (ER+ and/or PR+) | HER2-positive
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Figure 11. Molecular classification of breast cancers. The five (surrogate) intrinsic subtypes and the
claudin-low phenotype, as well as their molecular features and incidence (in percentages), are
represented. The different ways of grouping the categories are indicated by dashed rectangles. The great
majority (about 80%) of TNBC present basal-like features and vice-versa. Ki67 is a cell proliferation
marker. ER — estrogen receptor, PR — progesterone receptor, HER2 — Human epidermal growth factor
receptor 2, GES — gene expression signature, CK — cytokeratin, BRCA — tumor suppressor gene breast

cancer, TNBC - triple negative breast cancer.

4.2.4 Prognosis is closely associated with breast cancer subtype, rationalizing

the need for classification. Luminal A-like tumors are at the low-risk end of the

prognosis spectrum (Figure 11), with features such as low grade, low proliferation

(low Ki67 index), a low-risk gene expression signature (GES) and a high expression
of ER and PR (Harbeck 2019). The luminal B-like group can be distinguished from
the luminal A-like subtype by its higher grade/proliferation/GES and potential lower

expression of ER and PR. These luminal types (hormone receptor-positive) can be

65



Introduction

treated with endocrine (hormonal) therapies, due to their dependency on pathways
downstream of ER and PR. However, Luminal B-like tumors display a poorer
prognosis due to higher-risk features, a lower sensitivity to endocrine therapy and
possible chemoresistance. HER2-enriched tumors display high grade and high
proliferation features, but an intermediate prognosis: these tumors are aggressive
but can respond to anti-HER2 therapy (Harbeck 2019). By contrast, TNBC does not

show expression of ER, PR and HER2 and display aggressive features (high grade,
high proliferation) and a poor prognosis due, in part, to the inefficacy of endocrine
and targeted therapies (Harbeck 2019).

4.2.5 TNBC is used as a surrogate for the PAM50 basal-like subtype, even if
these groups do not exactly superimpose each other. Not all basal-like breast
cancers are triple-negative, and not all TNBC tumors display a basal-like phenotype
(Bertucci 2008, Parker 2009, de Ronde 2010, Bastein 2012, Marra 2020).
Nevertheless, both subgroups share many clinical and molecular features, and
overlap for approximately 80% (Lin 2008, Prat and Perou 2011, Chen 2018, Garrido-
Castro 2019). The use of the common pathological markers is thus considered to be
a reasonable surrogate for the basal-like classification, and they are often used
interchangeably in the literature and in the Clinics. Aside low expression of ER, PR
and HERZ2, the basal-like phenotype includes a high expression of basal epithelial
genes (like cytokeratins [CKs] 5, 6 and 17) (Perou 2000, Nielsen 2004, Rosai 2011),
and inactivating mutations of the tumor suppressor genes breast cancer 1 (BRCA1)
and 2 (BRCA2) (Turner 2006, Jung 2016, Lim 2009), or a BRCAness phenotype
characterized by homologous recombination deficiency without BRCA mutations
(reviewed in Turner 2004). Some studies use additional surrogate markers
(epidermal growth factor receptor [EGFR] and CK5/6) to distinguish TNBC-non basal
(Voduc 2010).

4.2.6 HER2-enriched intrinsic subtype includes HER2- tumors. ER, PR and the
HER?2 status, although useful in the Clinics, have their limitations as surrogate
markers for the HER2-enriched subtype, since using the ER-/HER2+ definition does
not fully recapitulate the intrinsic classification (Prat & Perou 2011). HER2-enriched

tumors that are clinically HER2- could be explained by mutational events of the
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HER2 pathway phenocopying HER2 amplification, hence the name of ‘HER2-
enriched’ and not ‘HER2-positive’. The question remains about the benefit of anti-

HER?2 therapies for these tumor subtypes.

4.2.7 Breast tumors can carry a claudin-low status as an added phenotype to
the intrinsic subtype while these tumors were previously categorized in a sixth
intrinsic subtype or later as a subcategory of the TNBC group (Fougner 2020). This
claudin-low phenotype (Figure 11) first emerged in 2007 after the onset of intrinsic
subtyping. Studies reported ‘claudin-low’ tumors, for which the PAM50-based
assignation was overwritten for a new ‘claudin-low’ category (Herschkowitz 2007,
Prat 2010, Sabatier 2014, Dias 2017). Tumors with a claudin-low status are
aggressive and present a low expression of critical cell adhesion components
(including claudins 3, 4 and 7, occludin and E-cadherin), hence their name. They
show enrichment in mesenchymal and stemness features (Taube 2010, Lim 2009).
They are also characterized by genomic stability, a low mutational burden, and a
high immune and stromal cell infiltration (Prat 2010, Dias 2017). This last
characteristic has led to the misidentification of tumors in the claudin-low group due
to their pronounced stromal infiltration (Fougner 2020). Claudin-low tumors are
typically negative for ER, PR and HER2, which is why they were later considered as
a subgroup of the TNBC group (Dias 2017, Prat 2010). However, Fougner et al.
(Fougner 2020) recently uncovered a more complex phenotype, where the claudin-
low status is a parallel feature to the intrinsic subtype. When claudin-low tumors were
stratified by intrinsic subtypes, their genomic, transcriptomic and clinical features
reflected their intrinsic subtype. This included gene expression patterns, proliferation
levels and survival. Indeed, the poor prognosis initially associated to the claudin-low
group was dissolved once claudin-low tumors were subdivided into their intrinsic
subtypes. The survival patterns were similar for patients with claudin-low and non-
claudin-low tumors for each intrinsic subtype, indicating that the claudin-low status
does not affect patient survival. Nevertheless, it could still be clinically relevant for
EMT-targeted therapies, chemotherapy resistance and/or immunotherapy efficacy

due to their high immune infiltration, low mutational burden and high programmed
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death-ligand 1 (PD-L1) expression (Prat 2010, Sabatier 2014, Nieto 2016, Morel
2017, Fougner 2019).

As a distinct group of claudin-low tumors, they were originally thought to
originate from mammary epithelial stem cells due to their stem cell properties (Prat
2010, Prat & Perou, 2011). However, Pommier et al. (Pommier 2020) reported that
claudin-low tumors could be divided in 3 main subgroups according to their
tumorigenesis: two groups seem to originate from luminal and basal-like tumors via
an EMT activation process, and one group is associated to mammary stem cells with
low genomic alterations and tumor protein 53 (TP53) mutations. This is consistent
with the perspective of Fougner et al. (Fougner 2020) that the claudin-low status is

a phenotype that breast cancers can carry in addition to their intrinsic subtype.

4.3 Breast cancer treatment is based on multimodal therapies. The molecular
subtype of breast cancers is currently the most important criterium for prognosis and,
consequently, for therapy choices (Table 2). Following the emergence of molecular
markers, the clinical management of the disease indeed changed from a tumor

burden approach to a biology-centered strateqy. It is important to note that advanced

breast cancer is not considered to be curable but is treatable. Therapies thus aim to

prolong patient’s survival and quality of life (palliative care).

*For premenopausal women, an aromatase inhibitor has to be combined with ovarian function
suppression by ovariectomy or a GnRH analogue (in the cases of high-risk early BC or advanced BC).
Bone-modifying agents bisphosphonates can be added to improve the outcome in (true or induced)
postmenopausal women with early BC. **High risk of recurrence is defined as >10% over 10 years
(mammaprint genetic test), or as tumor size > 2 cm and/or positive lymph nodes, or as LN*> 4 or LN* =
1-3 combined with tumor size > 5 cm, grade 3 or Ki67 > 20% (for CDK4/6 use). ***Use of anthracycline
or taxane (if no prior use or if rechallenge possible), or the following compounds. ET — endocrine therapy,
ABC - advanced breast cancer, ER — estrogen receptor, HER2 — human epidermal growth factor receptor
2, (TN)BC — (triple negative) breast cancer, Neo — Neoadjuvant, Adj — Adjuvant, GnRH — gonadotropin-
releasing hormone, T-DM1 — trastuzumab emtansine, pCR — pathological complete response, CDK —
cyclin-dependent kinase, PARP — poly ADP-ribose polymerase, BRCA — tumor suppressor gene breast
cancer, T-DXd — trastuzumab deruxtecan, PD-L1 — programmed death-ligand 1, AR — androgen receptor,
LAR — luminal androgen subtype. Main references: Harbeck 2019, Derouane 2021, Gennari 2021, ESMO
Metastatic Breast Cancer Living Guidelines, v1.0.0 May 2022". There is no worldwide consensus; this
table is based on European Guidelines.

b Available at https://lwww.esmo.org/living-guidelines/esmo-metastatic-breast-cancer-living-guideline
(accessed last on 13/02/2023)
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Table 2. Breast cancer treatment according to molecular subtype and disease progression

+ Adj CDK4/6
inhibitor
(abemaciclib) for
Luminal non-pCR patients /
A-like high risk of
recurrence**

If high risk of
recurrence**:
switch to adjuvant
anthracycline and a
taxane, or
docetaxel and
cyclophosphamide
(for low tumor
burden or cardiac
complications risk)

Luminal
B-like

Luminal/

HER2 Anthracycline
and a taxane,
or docetaxel
and carboplatin

Adj paclitaxel if
low tumor burden]

HER2-
enriched

[Ad] treatment escalation
of non-pCR patients: T-DM1]

Anthracycline and
a taxane, or
docetaxel and
cyclophosphamide
+ platinum agent
(carboplatine)

+ immunotherapy
(pembrolizumab) if
PD-L1+

[Adjuvant
capecitabine for
non-pCR patients]

TNBC
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Breast cancer treatment consists in locoregional and systemic approaches.
Locoregional strategies include surgical removal and postoperative radiation therapy

targeting the primary tumor and/or proximal lymph nodes. Surgery remains the
cornerstone of early BC treatment. Radiation therapy is prescribed with an
individualized approach depending on multiple factors, including the severity of the

cancer. Systemic therapies can be administered preoperatively (neoadjuvant) and/or

postoperatively (adjuvant), and mainly include endocrine therapy, anti-HER2
therapy, chemotherapy, cyclin-dependent kinase (CDK)4/6 inhibitors,
immunotherapy and poly ADP-ribose polymerase (PARP) inhibitors (Gennari 2021).
In early HER2+ and TNBC subtypes, the neoadjuvant setting is the standard of care,

but adjuvant therapy can also be administered. Endocrine therapies targeting ER+

and/or PR+ luminal tumors encompass the standard use of tamoxifen (ER inhibitor)
or fulvestrant (ER degrader), and in the case of high risk early BC or advanced BC,
an aromatase inhibitor (estrogen synthesis inhibitor), used alone in post-menopausal
women or combined with ovarian function suppression (ovariectomy or
gonadotropin-releasing hormone [GnRH] analogue) in premenopausal women
(Cardoso 2018, Rugo 2016, Harbeck 2019). Bone-modifying agents
bisphosphonates can be added in adjuvant therapy to improve the outcomes of (true
or induced) postmenopausal women with early BC. Chemotherapy can be added to
the endocrine therapy in luminal tumors, whereas it is the standard of care for HER2+
and TNBC patients. Chemotherapeutic drugs include agents that damage DNA
(anthracyclines, cyclophosphamide, platinum agents) or the microtubules required
for mitosis (taxanes). The chemotherapy regimen in early breast cancer is typically
a sequence of an anthracycline and a taxane, but other options may be used, like
docetaxel and cyclophosphamide (as effective in TNBC), or a platinum agent such
as carboplatin may be added (Mackey 2016, Harbeck 2019). In advanced BC, the
preferred first line treatment consists of anthracyclines, taxanes, capecitabine,
vinorelbine or eribulin (if the first two have already been used to treat early BC, then
there is the option of an anthracycline and/or taxane rechallenge or of the use of the
other three compounds). Only systemic chemotherapy, but no targeted therapy, is
available for TNBC, and a platinum agent is preferred to treat advanced TNBC. In

HER2+ breast cancers, a dual HER2 blockade using the HER2-targeting antibodies
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trastuzumab and pertuzumab, in parallel to chemotherapy, is standard. Treatment
de-escalation at the adjuvant setting (early BC with low tumor burden) or in
later/heavier lines of treatment (advanced BC) can be applied by using only
trastuzumab. On the contrary, treatment escalation for non-pathological complete
response (PCR) patients is implemented with the trastuzumab-emtansin agent,
where the HER2-targeting antibody is linked to the cytotoxic agent DM1 (T-DM1)
(Barok 2014, Conte 2020). PARP inhibitors can be employed for BRCA mutation
carriers, and are in trials for BRCAness phenotypes, using the principle of synthetic
lethality with homologous recombination deficiency (Lord 2016, Geenen 2018).
Immunotherapy through immune checkpoint blockade inhibitors has provided
encouraging responses for some patients (Schmid 2018, Garrido-Castro 2019,
Heeke 2021), anti-PD-L1 immunotherapy is now used against PD-L1-expressing
tumors (Cortes 2020, Schmid 2020). Resistance to treatment can arise. For
example, tamoxifen needs the metabolic enzyme CYP2D6 to be active, and
resistance occurs in CYP2D6-low cells (Jin 2005). CDK4/6 inhibitors (to block the
cell cycle downstream of ER signaling), mTOR inhibitors (to block another pathway
upstream of CDK4/6) and PIK3 inhibitors (under trials for bearers of PIK3CA

mutations) are used to target endocrine resistance (Johnston 2020, Derouane 2021).

In luminal advanced BC, the preferred first lines of treatment are thus a combination
of endocrine therapy and CDK4/6 inhibitors, with chemotherapy used only after
several lines of treatment or in case of visceral crisis. The strategy relies on the
sequential use of different endocrine therapies or chemotherapies. Many options
exist for second/later lines of treatments in advanced BC (if not used previously):
anthracyclines, taxanes, capecitabine, vinorelbine, eribulin, as well as platinum
agents, the novel anti-HER?2 tyrosine kinase inhibitor tucatinib (Curigliano 2022) and
new antibody-drug conjugates (HER-targeting antibody and cytotoxic agent) like T-
DM1 (Diéras 2017) and trastuzumab deruxtecan (T-DXd) (Modi 2020, Cortés 2022).
The optimal sequence is unknown, and the choice thus depends on the toxicity and

efficacy of the previous agent(s) used (Harbeck 2019, Gennari 2021).

4.4 TNBC is characterized by the absence of ER, PR and HER2. Despite this

common characteristic, tumors belonging to the TNBC subtype still have marked
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heterogeneity and can further be subcategorized for prognosis and therapy
(reviewed in Marra 2020 and Yin 2020) (Figure 12 top). Lehmann’s initial
classification identified six clusters: basal-like 1 (BL1), basal-like 2 (BL2),
immunomodulatory (IM), mesenchymal-like (MES), mesenchymal/stem-like (MSL),
and luminal androgen receptor (LAR) (Lehmann 2011). However, it was later
recognized that Lehmann’s IM and MSL subtypes were due to the presence of
infiltrating lymphocytes and tumor-associated stromal cells (Lehmann 2016). This
classification was refined in 4 TNBC molecular clusters: BL1, BL2, MES and LAR
(Lehmann 2016, Bareche 2018, Wang 2019) (Figure 12 left). BL1 has alterations of
cell cycle genes and DNA repair mechanism genes (BRCAL, BRCA2, TP53 and
retinoblastoma 1 [RB1]). BL2 also has alterations of cell cycle genes, added to an
overexpression of growth factor signaling pathways, like AKT1, and
myoepithelial/basal markers. MES shows enrichment for genes involved in cell
motility, invasion and EMT. LAR displays overexpression of luminal differentiation
genes and an overactivation of the androgen receptor (AR) signaling pathway,
combined with a higher mutational burden. Subsequently, other research groups
have also categorized TNBCs in 4 molecular clusters (Marra 2020): BLIA (basal-like
immunoactivated), BLIS (basal-like immunosuppressed), MES and LAR (Burstein
2015); or IM (immunomodulatory), BLIS, MES and LAR (Liu 2016, Jiang 2019)

(Figure 12 right). Each subtype displays discrete gene expression profiles and,

importantly, distinct prognoses (e.g. BLIS has a worse prognosis than BLIA) and
response rates to therapies (e.g. AR could be targeted in the LAR subtype).
However, these different classifications do not exactly superimpose each other (Yin
2020, Figure 12 bottom), according to a detailed comparison of the classification
provided by Ahn in 2016.
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Figure 12. TNBC molecular subclassification. According to Lehmann (2011, 2016), Burstein (2015)
and the Fudan University Shanghai Cancer Center (FUSCC) classification (Liu 2016, Jiang 2018). On
top, the comparison provided by Marra et al. (Marra 2020). On the bottom, the comparison provided by
Yin et al. (Yin 2020).

4.5 Breast cancer brain metastasis is a devastating diagnosis for patients.
Metastatic breast cancer can spread to multiple organs: mainly bones, lungs, liver,
and brain (Lin 2008, Smid 2008, Kennecke 2010, Sihto 2011, Harell 2012, Wu 2017,
Darlix 2019) (Figure 13 left). The breast cancer subtype influences the propensity to
invade these organs: luminal tumors have the highest rate of bone metastases,
HER2+ tumors are prone to liver and brain metastases, and TNBCs are associated
with increased lung and brain metastases. This latter metastatic site, however less
frequent in breast cancer overall, is a dreaded prognosis, as it rapidly decreases life
expectancy and life quality due to neurological defects (Klos and O’Neill 2004, Witzel

2016). Despite the existence of various therapeutic strategies, most patients rapidly
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face a palliative situation, with a median survival time ranging from 8 to 14 months
(see 4.5.2). The risk to develop a brain metastasis and the prognosis after brain
metastasis occurrence have both been shown to correlate with the breast cancer
subtype (Figure 13).

MOLECULAR SUBTYPES BRAIN METASTASES SURVIVAL
‘ BRAIN Triple-negative 1 .
°« . Il
Hl HER2+
h Bl LuminalB . . o
OTHER B Luminal A HERZS }
METASTATIC BREAST CANCER [ Normal-like
> HR+ LA | .
s Breast Cancer Brain Metastases Months of survival after diagnosis of

BONE Incidence Brain Metastases

Figure 13. Increased risk and poorer prognosis of brain metastatic breast cancer for the TNBC
subtype. HR — hormone receptor, HER2 — human epidermal growth factor receptor 2, TN(BC) — triple

negative (breast cancer). Figure from Carvalho 2020.

4.5.1 The TNBC subtype displays the highest probability of breast cancer brain
metastasis. TNBC has an incidence of 25% to 46% for patients to eventually

develop brain metastasis, whereas 5-18% of luminal and 12-40% of HER2+ tumors
develop brain metastasis, despite their main tropism for bones (Bendell 2003, Smid
2008, Lin 2008, Kennecke 2010, Jin 2018, Darlix 2019, Lin 2020). A higher incidence
in HER2-enriched tumors is sometimes documented, which may be due to increased
survival rates resulting from progresses with anti-HER2 therapies. Compared to
other breast cancer subtypes, TNBC also presents a reduced time for the occurrence
of brain metastases (Hines 2008, Sperduto 2013, Niikura 2014).

4.5.2 The TNBC subtype exhibits the poorer prognosis in the presence of brain
metastases, with a median patient survival time of only 4 to 7 months. Focusing
solely on TNBC brain metastasis patients, median survival times of 4.9 months (53
patients, Lin 2008) and 7.3 months (433 patients, Jin 2018) have been reported. The
divergent survival times reported in distinct studies are due to different inclusion

criteria and treatment strategies, which include the impact of cancer therapy
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improvement. Comparing TNBC brain metastasis with breast cancer brain
metastasis (other subtypes and overall) helps to put in perspective the divergent
numbers, and reveals a reduced survival time following brain metastasis diagnosis
for TNBC-bearing patients. As such, the survival expectancy of patients with breast
cancer brain metastasis is in the order of months and further decreased for the TNBC
subtype. Niwinska et al. (Niwinska 2010b) reported a median overall survival time
after brain metastasis diagnosis of 10 months among all subtypes, 12 to 15 months
for the other subtypes and only 4 months for the TNBC subtype (420 patients).
Sperduto et al. (Sperduto 2013) reported higher median survival times of 14.4
months (breast cancer brain metastasis overall), 10 to 23 months (other subtypes)
and only 7.3 months for TNBC (383 patients). Higher numbers may be explained by
the fact that all patients included in the second study received radiotherapy, as data
came from a radiation oncology department. A same overall breast cancer brain
metastasis survival of 14 months was observed in a subset of patients who
underwent craniotomy (140 patients; Shen 2015). Despite some variability, the
median survival time of TNBC patients was decreased by half in both studies when
compared to the overall survival time of patients with breast cancer brain metastasis.

Two larger studies including 1,256 and 4,033 breast cancer brain metastasis
patients support the previous data (Niikura 2014, Darlix 2019). They reported a
median survival time of ~ 8 months for breast cancer brain metastasis in general,
and only 4.4-4.9 months in the case of TNBC brain metastasis, as compared to 7-9
months (luminal), 11-13 months (HER2-enriched) and 16-19 months (luminal-HER?2)
for the other subtypes (Niikura 2014, Darlix 2019). To note, a rare case described a
median survival of 1.15 year for TNBC brain metastasis as compared to 2.11 years
for breast cancer brain metastasis (McKee 2015). Albeit patients survived strikingly
longer, the numbers, however, followed the same trend as the other clinical reports:
the median survival time was decreased by half in the case of TNBC brain
metastasis, as compared to all breast cancer brain metastasis patients. Niwinska et
al. (Niwinska 2010b) also reported that systemic therapy could prolong the survival
of breast cancer brain metastasis patients with luminal and HER2-enriched tumors

(to 14 and 11 months, respectively), but could barely extend the survival (to 4
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months) of TNBC-bearing patients. Collectively, these studies illustrate that survival
times and rates after brain metastasis diagnosis are dramatically shorter for TNBC

patients.

4.5.3 The incidence of breast cancer brain metastasis has increased over the
years with advances in neuroimaging (increased detection of brain lesions)
and anticancer therapy (longer patient survival). Clinical numbers were shown to
be underestimated due to inadequate detection: brain metastases were diagnosed
in up to 16% of metastatic breast cancers, while autopsy studies revealed an
incidence as high as 34% (Lee 1983, Tsukada 1983, Boogerd 1993, Lin 2004, Kirsh
2005). Before biomarker-based therapy and at the beginning of neuroimaging, the
incidence of breast cancer brain metastasis had been estimated to be around 10%
(Distefano 1979), increasing to 16% in the following decades, and reaching 24% to
34% in later retrospective studies (Niikura 2014, Rostami 2016, Genre 2017). The
increased occurrence is attributable to progress in cancer therapies prolonging
patient survival, thus granting more time for the development of brain metastases,
as well as to improvements in detection methods, including the more frequent use
of magnetic resonance imaging (MRI) (Crivellari 2001, Dawood 2008, Brufsky 2011,
Pestalozzi 2013).

In conclusion, the TNBC subtype has a tropism for the brain microenvironment
and is associated with a poorer prognosis than any other breast cancer subtype
developing brain metastases. TNBC is already difficult to treat due to the
absence of ER, PR and HER2 (rendering mostly futile the use of endocrine and
anti-HER?2 therapies), and is in addition more prone to develop a very lethal form
of metastasis with a very short survival prognosis for patients. Due to the general
treatment unresponsiveness of TNBC, no adequate strategy exists to date to
prevent and manage TNBC brain metastasis.
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CHAPTER 5 — THE BRAIN ENVIRONMENT

The destination of the metastatic progenitor cells of interest in this work is the
brain. It embodies the control tower of our body and mind. As such, unlike any
other parts of the human body, it displays exclusive features, including a
specialized barrier to ensure its protection. Brain colonization is a life-
threatening outcome, as it compromises this delicate and crucial machinery.

5.1 Brain anatomy, parenchyma & anatomical barriers

5.1.1 The central nervous system, composed of the brain and spine, is
encapsulated in three layers of membranes, the meninges, or leptomeninges
when focusing on the two inner layers. The dura mater is the thick and strong outer

layer. It is followed by the arachnoid mater with its spiderweb-like structure of

connective tissue. The pia mater is the thin and nourishing innermost layer, which
supplies the brain tissue with blood. Underneath the arachnoid mater is the
subarachnoid space filled with cerebrospinal fluid (CSF) that flows from the
ventricles (Lei 2017, Chatterjee 2019, Shetty and Zanirati 2020). This vital liquid
cushions both brain and spine, being however mainly hypoxic and nutrient-deficient
(Boire 2020).

5.1.2 The brain parenchyma is composed of different types of neural cells and
contains mainly astrocytes. Neurons (5-10 um in body diameter) are the cells
responsible for the fundamental neurocognitive functions of the brain, through the
transmission of nerve impulses (Figure 14). Their projections, called ‘axons’, can
extend up to 1 m to form intricate networks of connections (synapses) with other
neurons. Neurons are mainly classified in glutamatergic and y-aminobutyric
according to the neurotransmitters released: glutamate (excitatory) or y-aminobutyric
acid (GABA, inhibitory), respectively. Even if fundamental, neural cells are greatly
outnumbered by glial cells (Thorne 2006, Pelvig 2008, Azevedo 2009), among which
astrocytes (10 um in diameter and significantly more when activated) are the most
abundant, outnumbering the neurons by over 5-fold (Sofroniew 2010). Their star-
shaped morphology, hence their name, is due to the massive number of arborescent

protrusions necessary for their important functional and structural roles as carers of
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neurons (Wolak and Thorne 2013). Oligodendrocytes (1-3 um in body diameter) are

the cells forming the myelin sheath around the axons, accelerating the propagation
of electrical nerve impulses (EI Waly 2014). The microglia ensures
immunosurveillance, as immune cells from the body are not allowed inside the
central nervous system (CNS). The brain is thus considered to be a safe haven from

circulatory immune cells.

5.1.3 Brain cells are surrounded by an extracellular matrix and a brain-specific
fluid called ‘the brain interstitial fluid’, together forming the brain interstitial
system. Long thought to be an inert structural space, the brain interstitial system
(ISS) is, instead, a dynamic space connecting the vasculature to neural networks.
Notably, it accounts for a large fraction of the brain: 15-20% of its total volume (Lei
2017, Chatterjee 2019). The importance and function of the ISS has been detailed
in a recent review paper (Shetty and Zanitari 2020). The interstitial fluid, in which
brain cells are soaked, is believed to originate from the CSF, the vasculature and
brain cell metabolism (Abbott 2004, Iliff 2012, Brinker 2014, Magdoom 2019). By
providing the necessary nutrients from the vasculature to brain cells, as well as
eliminating cellular waste products, its role is essential in maintaining a stable
environment for the CNS. The appropriate composition of the brain interstitial fluid
(ISF) is of utmost importance for brain homeostasis and optimal functioning of the

neurons.

5.1.4 Different molecules are found in the brain interstitial fluid, e.g.,
neurotransmitters, nutrients, metabolic by-products and signaling molecules

(cytokines, growth factors). As aforementioned, GABA and glutamate are the

common neurotransmitters released by neurons at synapses to activate GABAergic
and glutamatergic receptors, respectively. After their release, they are rapidly
absorbed by (other) neurons and astrocytes to ensure precise, time-wise effects of
synaptic conduction and to avoid any toxicity that would arise at high concentrations
(Danbolt 2001). Because of its neurotransmitter role, glutamate is the most abundant
amino acid in the brain. Apart from glutamate, the brain interstitial space displays
high levels of glutamine (Yudkoff 1993) and BCAA (Yudkoff 1997, Daikhin 2000), but
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lower levels of glucose than in the blood due to its rapid consumption by brain cells
(Gruetter 1992, Shestov 2011).

Glucose is the major energy source for brain cells and is massively imported
by GLUTSs, mainly GLUT1 and GLUT3 (Vannucci 1997). This energy source is mostly
used to restore the electric potential of neural cells, discharged during the conduction
of nerve impulses. Blood flow is crucial to sustain the brain with its needs of glucose
and oxygen, in order to insure the continuous oxidative metabolism of glucose in
neurons. Permanent brain damage would occur rapidly if blood would stop flowing
to the brain. Conversely, the time to reach irreversible damage is longer in the case
of hypoglycemia. Indeed, upon glucose restriction, neurons metabolize other fuels
to maintain energy generation for proper brain activities: ketone bodies, like
acetoacetate and B-hydroxybutyrate (formed by FA catabolism in the liver), and

metabolic by-products of glycolysis, like pyruvate and lactate, building up after

intense exercise or prolonged starvation (Gjedde 1975, Nybo 2004, Pierre 2005,
Hawkins 2005). Like FAs, ketone bodies can be used to fuel the TCA cycle via their
transformation in acyl-CoA.

Lipids constitutes around 50% of the brain, making it the highest FA-rich
organ of the body (Katz 2007). However, metabolite profiling of mouse brain tissue
and mass spectrometry analyses of the brain extracellular fluid showed lower levels
of triacylglycerols and other storage lipids (Jain 2014, Jin 2020, Ferraro 2021). The
lipid-rich brain microenvironment seems to accumulate specialized lipids instead of
storing FAs as triacylglycerols (O’Brien &Sampson 1965). The brain FA
compartment is particularly enriched in polyunsaturated fatty acids (PUFA),
essentially derived from FAs obtained from the environment (Benatti 2004, Katz
2007, Liu 2014).

5.1.5 The unique brain environment is separated from the blood circulation by
a highly specialized barrier located at brain capillaries: the blood-brain barrier.
The BBB maintains intact brain lipid bilayers and a well-controlled composition of the
ISF, despite physiological fluctuations in plasma composition and possible contacts
with harmful blood-borne substances and pathogens (Eichler 2011, Wilhelm 2013)
(Figure 14). The BBB is a dynamic tissue with a highly selective permeability: it
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impedes the free diffusion of molecules between the blood and the brain, but still
allows the passage of a limited number of molecules (e.g. Oz and CO3). Alongside,

it provides adequate carrier-mediated transcellular transport for required nutrients,

signaling molecules and metabolic waste products (Redzic 2011). It includes an
active efflux of lipophilic molecules, metabolic by-products and toxins, which helps

to protect the lipid bilayers of brain cells. In addition, enzymes like peptidases and

nucleotidases metabolize substances to counteract their entry into the brain
environment (Abbott 2006). The BBB therefore physically and metabolically restrains
the passage of molecules that could interfere with brain homeostasis, hence
protecting the delicate neural tissue and providing a stable environment for
neurotransmission. Consequently, the integrity of the BBB is crucial for brain

function. The BBB is formed by a specialized endothelium composed of brain

microvascular endothelial cells (BMECSs), and supported by pericytes and end-foot
processes of astrocytes (Redzic 2011, Fidler 2011, Wilhelm 2013) (Figure 14).
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Figure 14. The brain parenchyma and anatomical barrier. The brain is composed of different types of
neural cells, including neurons, astrocytes, oligodendrocyte and microglia, and of the interstitial system
(ISS). The blood-brain barrier is a highly specialized structure at the interface of brain capillaries and the
brain parenchyma, and is formed by brain microvascular endothelial cells (BMECSs) displaying unique

features, pericytes and the end-foot processes of astrocytes. TJ — tight junction, AQP1 — aquaporin 1.

5.1.5.1 The unique features of the BBB are primarily due to the specialized
endothelium of brain capillaries, which are structurally and functionally different
from capillaries of the peripheral vasculature (Brightman 1969, Brightman 1992,
Hawkins 2005, Weiss 2009). Common capillaries have a leaky structure due to their

fenestrated membranes, whereas brain capillaries lack fenestrations. In addition,

brain microvascular endothelial cells (BMECS) are sealed together by tight junctions

(TJs) that render them impermeable to the vast majority of substances (including

water). They, express a wide variety of specific transporters and efflux pumps and

display a reduced rate of endocytosis. To pass across the endothelial layer (i.e., to

enter or leave the brain), substances need to translocate through the cells, whether
through membrane permeability or specific transport mechanisms. Small
hydrophobic molecules, like oxygen and COg2, can diffuse through the plasma
membrane of the endothelial cells. Most molecules are, however, transferred by
dedicated transporters located on both basal and apical sides of the cells. This allows
for a highly selective transport (Gloor 2001, Brasnjevic 2009, Filey & Stroman 2011).
In addition, some efflux transporters can reverse the entry of unwanted lipophilic
molecules permeating the membranes.

A low rate of endocytosis restricts the transcellular route. The reduced pinocytic

activity of BMECs limits the transcellular passage of macromolecules (Rubin 1991).

Tight junctions interconnecting BMECSs restrict the paracellular route. TJs seal
the brain vascular endothelium and block the intercellular passage of
macromolecules, including water (Begley 2003). As a core structure of the BBB, they
are responsible for the extremely high transendothelial electrical resistance (TEER)
of 1,500 — 2,000 Qcm? (Gloor 2001, Petty 2002, Pereira & Furlan 2010). Besides
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their sealing role, TJs also maintain the structural integrity of the BBB, albeit in a very
fluidic manner described as ‘bending without breaking’ (Huber 2001, Dalvi 2014). TJ
complexes consist of both transmembrane proteins (claudins, occludin and
junctional adhesion molecules-A/B/C) and cytoplasmic adapter proteins for linkage
to the actin cytoskeleton, like zona occludens proteins (ZO)-1/3 (Redzic 2011, Dalvi
2014, Wrobel 2016). These complexes are arranged in multiple bands for higher
efficiency. Their positions on the cell surface shapes the polarity of BMECs (Lippoldt
2000, Gloor 2001).

Specific transporters and efflux pumps regulate the transcellular route. Water

channel aquaporin-1 (AQP-1) is absent from the endothelium of brain capillaries,

whereas it is abundant on peripheral capillaries (Nielsen 1993, Dolman 2005). The
BBB is thus essentially impermeable to water. Lipid-soluble non-polar molecules can
easily diffuse through lipid bilayers; however, these molecules can represent toxic
substances for the brain and can disturb the lipid bilayers of brain cells. Their
abundance in the brain is lower than what might be expected from their lipophilicity,

which is explained by the active efflux of lipophilic molecules to preserve lipid bilayers

in the brain and avoid a detrimental impact on brain functions (Dean 2001).

Enhanced levels of ABC efflux transporters, like P-glycoprotein (P-gp) and ABCG2

(also known as ‘breast cancer resistance protein’), counteract the entry of harmful
substances into the brain (reviewed in Dalvi 2014). Due to different substrate
specificities, their combined expression allows a synergistic effect and further efflux
efficiency: P-gp transports hydrophobic compounds, and ABCG2 transports both

hydrophobic and hydrophilic-conjugated organic anions.

5.1.5.2 The permeability of the BBB is further restricted by pericytes and
astrocytes in the brain parenchyma. Both are closely associated with BMECs, with
astrocytic foot processes even ensheathing 99% of the surface of BMECs (Haseloff
2005, Lai 2005). In addition, pericytes are involved in BBB differentiation and in the
maintenance of TJs (Lai 2005). Astrocytes can modulate BMEC properties, since

coculture experiments with astrocytes have shown elevated BBB-related enzymatic
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activities, glucose transporter expression, TJ abundance, TEER and BBB tightening
(Janzer 1987, Haseloff 2005),

5.2 Invasion of the brain microenvironment

To establish in the brain parenchyma, metastatic progenitor cells must breach the
BBB and interact with brain cells. For the rarer case of leptomeningeal metastasis
(in the subarachnoid space), they rather infiltrate the CFS and travel in the meninges
(Achrol 2019). Numerous research groups have therefore focused their
investigations on mediators of cancer cell passage through the BBB and on
interactions between invading cancer cells and host cells, especially astrocytes
(Figure 15).

5.2.1 Metastatic cells must overcome an additional challenge for their
extravasation in the brain: they must migrate through the BBB. The absence of
a classic lymphatic drainage system renders the vascular circulation the only entry
route for metastatic progenitor cells into the brain (Wilhelm 2013). Several
mechanisms and adhesion molecules controlling this process have been identified,

classified here in two main categories: BBB disruption and infiltration (Figure 15 left).

5.2.1.1 BBB disruption. To cross the BBB, metastatic progenitor cells disrupt
endothelial TJs and migrate between adjacent endothelial cells. Most cancer cells
use the paracellular route for transendothelial migration (Wrobel 2016). Various
factors secreted by cancer cells can stimulate TJ opening. Integrin avs activation,
which occurs subsequently to cancer cells binding to the BBB, was shown to induce
elevated levels of VEGF and to promote the recruitment of supporting blood vessels
within the brain microenvironment (Lorger 2009). A close association with cerebral
microvessels is indeed essential for colonization (Kienast 2010, Valiente 2014).
Apart from its role in angiogenesis, VEGF can also enhance vascular permeability
by disrupting TJs and adherent junctions of the endothelium (Li 2013, Fan 2011).
Angiopoietin-2 (Ang-2) impairs the structure of TJ proteins ZO-1 and claudin-5 for

brain colonization by metastatic breast cancer cells (Avraham 2014). Neuropeptide

substance P secreted by breast metastatic progenitor cells enhances this process
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by inducing BMEC-mediated Ang-2 secretion (Rodriguez 2014). MMPs, which can
be expressed on the cancer cell membrane or secreted in the extracellular space,
can degrade TJ proteins by proteolytic processing (Yang 2007). MMP-1, 2 and 9
were reported to be overexpressed in breast cancer brain metastatic cells (Mendes
2005, Xie 2006, Mendes 2007, Stark 2007, Hu 2010, Liu 2012, Momeny 2015, Wu
2015, Wang 2013, Conrad 2018). Among MMPs, cathepsin S was shown to mediate
the BBB transmigration of breast cancer cells via the degradation of junctional
adhesion molecule (JAM)-B (Sevenich 2014). Interestingly, both cancer cells and
macrophages produce cathepsin S, and depletion of both production is necessary

to reduce brain metastasis in vivo (Sevenich 2014).

Besides secreted factors, cancer cells can also produce vesicles carrying, e.g., hon-
coding RNAs, such as micro-RNAs (miRNAs) and long non-coding RNAs (IncRNAS)
that conspire to destroy the endothelial integrity of the BBB. Tumor-derived
exosomes were shown to enhance BBB permeability: miR-105 disrupts ZO-1 (Zhou
2014), IncRNA GS1-600G8.5 downregulates ZO-1, claudin-5 and N-cadherin
expression in the brain endothelium (Lu 2020), and miR-181c impairs the dynamics

of intracellular actin in endothelial cells (Tominaga 2015). These BBB-disrupting

vesicles can be secreted by the cancer cells in the context of PMN formation.

5.2.1.2 BBB infiltration. Metastatic progenitor cells express general mediators of
extravasation across non-fenestrated capillaries, supplemented by specialized
enhancers of BBB penetration. The seminal work of Bos et al. (Bos 2009) identified
a breast cancer brain metastasis signature including brain-specific sialyltransferase
ST6GALNACS, cyclooxygenase-2 (COX2, also known as prostaglandin-
endoperoxide synthase 2 [PTGS2]), and EGFR ligand heparin-binding EGF-like
growth factor (HBEGF). Interestingly, COX2 and HBEGF were previously shown to

be linked to breast cancer infiltration into the lungs, and one can therefore propose
that they are needed for extravasation through the non-fenestrated and tight
capillaries of both the brain and the lungs (Minn 2005, Bos 2009). Apart from COX2
and HBEGF, gene expression analyses of cancer cells with a high brain metastatic
activity and in vitro BBB infiltration studies identified ST6GALNACS as a specific
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mediator of BBB crossing (Bos 2009). Functional validation of ST6GALNACS
demonstrated that it facilitates the passage of breast cancer metastatic progenitor
cells through the BBB to promote brain metastasis (Bos 2009). Normally restricted
to the brain, ST6GALNACS is suggested to act by enhancing cancer cell adhesion
to brain endothelial cells (Okajima 1999). In addition, other molecules have been
associated with increased metastatic progenitor cell infiltration through the BBB,
even if they may not be specific for brain metastasis: CXCL12 receptor CXCR4
enhances MDA-MB-231 penetration through BMECs (Lee 2004), molecular
chaperone aB-crystallin has been associated with an increased asf: integrin-
mediated adhesion of breast cancer cells onto the brain endothelium (Malin 2014),
and semaphorin-4D (SEMA4D) was shown to be overexpressed on cancer cells to

promote interactions with plexin-B1 on brain endothelial cells (Klotzs 2020).

5.2.2 After crossing the BBB to penetrate the tissue, metastatic progenitor
cells closely interact with brain residential cells, including neurons and
astrocytes. Interactions trigger host cells to inadvertently support cancer growth.
Brain metastatic cells can indeed hijack the neuro-protective and neuro-caring
functions of astrocytes. They can induce astrocyte activation through gap junctions
and/or secreted molecules, in order to support both cancer growth and
chemotherapy protection as explained below (Figure 15 right).

First, brain metastatic cells need to evade the defensive mechanisms
developed by reactive astrocytes. The seminal work of Valiente et al. (Valiente 2014)
revealed that naturally expressed plasminogen activators (PAs) in the brain trigger
the production of plasmin, an enzyme that releases the pro-apoptotic cytokine
soluble Fas Ligand (sFasL) by cleaving it from astrocytic membranes to induce Fas-
mediated cancer cell death. However, just as neuroserpin is inherently expressed by
neurons to avoid the action of plasmin (Yepes 2000), brain metastatic cells were

shown to express serpins (including neuroserpin) to inhibit the otherwise lethal

astrocytic PA-plasmin system (Valiente 2014).

Secondly, brain metastatic cells can establish gap junctions with astrocytes

to diffuse intracellular mediators of apoptotic signals and gain pro-survival signals.

Gap junctions were shown to prevent the chemotherapy-mediated accumulation of
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cytoplasmic calcium and to promote chemotherapy resistance in melanoma cell

lines, however not restricted to brain-trophic ones (Lin 2010). The same team
showed that the establishment of gap junctions upregulated the expression of

survival genes glutathione s-fransferase a5 (GST5A) (for oxidative stress response),

B-cell lymphoma 2-like 1 (BCL2L1) and TWIST1, which consequently conferred

chemotherapy resistance, however again not specifically in brain-trophic cell lines
(Kim 2011). Chen et al. (Chen 2016) further demonstrated that gap junctions also

function to deliver second messenger cyclic GMP-AMP (cGAMP) to astrocytes,

inducing the production of inflammatory factors interferon a (IFNa) and TNF. This

resulted in triggering signal transducer and activator of transcription 1 (STAT1) and

nuclear factor kB (NF-kB) survival signals in cancer cells, promoting tumor growth

and chemotherapy resistance. These authors then found that connexin-43 (Cx43)-
composed gap junctions were formed between cancer cells and astrocytes together
with protocadherin-7 (PCDH7) to specifically target astrocytes (and not microglia nor
endothelial cells) (Chen 2016). Cx43 or PCDHY silencing, as well as inhibitors of gap
junction activity or elements of the involved pathways, inhibited brain metastasis.
Thirdly, as exemplified in the latter study, metastatic progenitor cells can

activate astrocytes to generate the production of factors promoting cancer cell

survival, proliferation, and migration. Such pro-tumoral signals include TGF[, IFNa,

TNF, interleukins, cytokines and chemokines (Sierra 1997, Termini 2014, Chen

2016, Fares 2021). For instance, breast cancer-derived brain metastatic cells

secrete interleukin-1 B (IL-1B) to stimulate astrocytes, and astrocytes then produce

Notch-1 signaling activator jagged-1 (Xing 2013). Notch signaling was also shown to
be upregulated in brain-trophic melanoma cells, although erroneously classified as
breast cancer cells in the study (Nam 2008, Lacroix 2008), and inhibition of tumoral
Notch signaling reduced the occurrence of breast cancer brain metastasis in mice
(McGowan 2011). Another example arises from cancer cells secreting COX2-

induced prostaglandins (PG) and triggering astrocytes to release the chemokine

CCL7, which promotes the survival and proliferation of stem-like breast cancer brain
metastatic cells (Wu 2015). The interaction between brain-specific cell lines and

astrocytes was also shown to upregulate the expression of CXCL1, CCL2 and

CXCL12 in astrocytes, and to downregulate the expression of Kisspeptin 1 (KISS1)
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in brain metastatic cancer cells (Kaverina 2017). Of note, astrocytes were also found

to release miRNA19a-containing exosomes to induce a loss of PTEN in brain cancer

cells and to increase the secretion of chemokine CCL2, consequently recruiting pro-

tumoral myeloid cells in the brain (Zhang 2015).

Besides contacts with astrocytes, brain metastatic cancer cells can also mimic

astrocytes to interact with neurons (Zeng 2019). A study indeed reported that they

can form pseudo-synapses with glutamatergic neurons in order to capture glutamate
and activate glutamate transporter N-methyl-D-aspartate receptors (NMDAR) and
their downstream proliferation signals (Zeng 2019). Furthermore, brain metastatic
cells require close interactions with endothelial cells, even after transendothelial
migration, for co-opting brain capillaries (Carbonell 2009, Kienast 2010, Lorger
&Felding-Habermann 2010, Valiente 2014). Valiente et al. (Valiente 2014) identified

cell adhesion molecule L1 (L1CAM) as a mediator of the interaction between

metastatic cancer cells and the endothelium. This axon pathfinding molecule was
expressed by cancer cells to spread along brain capillaries. They further
demonstrated that the aforementioned serpins, which are upregulated in brain
metastatic cell lines, protected LILCAM from plasmin cleavage, thus supporting
L1CAM-mediated vascular co-option in the brain (Valiente 2014). The same group
also reported that a subpopulation of STAT3-expressing astrocytes promoted brain
cancer breast metastasis. Conversely, a genetic targeting or pharmacological
inhibition of astrocytic STAT3 impaired the viability of brain metastases (Priego
2018). This was particularly striking, as a same observation was also made in human
brain metastasis patients (Priego 2018). STAT3 had previously been shown to

orchestrate cancer and endothelial cells interactions (Lee 2015).

5.2.3 To establish in the brain, cancer cells can mimic brain cells and adopt a
neuronal phenotype. Several upregulated genes detected in brain metastases,

when compared to bone metastases, are also genes that are uprequlated in the

normal brain tissue compared to other tissues (Klein 2009). Additionally, brain

tumors of different cell lines were shown to cluster together along with normal brain
tissue, whereas all tumors of the other organs clustered by cell line and not by organ

(Park 2011). This observation reflects inherent cell line-specific gene expression
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signatures that are nevertheless overwritten by the acquisition of neuronal
characteristics for development in the brain, and similarly in astrocyte co-cultures

(Park 2011). Cancer cells can upregulate the expression of neurological signaling

genes, like neuropathic pain signaling, synaptic potentiation, axonal guidance
signaling and glutamate receptor signaling (Park 2011). Another study revealed

GABAergic characteristics in clinical samples of brain metastatic cancer cells

(Neman 2014, detailed in section 6.5). Furthermore, the innovative work on organ-
specific metastasis by Burnett et al. (Burnett 2015) unveiled genes upregulated
solely in brain metastasis compared to both parental cells and other metastatic sites
(breast, lungs, bones, adrenal glands). In the top 25 differentially expressed genes,

11 were linked to neuronal activity, suggesting that brain metastatic cells possess a

neuronal phenotype to grow in the brain and to exploit neuronal signaling networks
for their own purpose (Burnett 2015). To note, GSH-mediated detoxification, NRF2-
mediated oxidative stress response and semaphorin signaling pathways were found
to be activated in brain-seeking metastatic progenitor cells, paralleled with elevated
NF-kB survival signaling (Burnett 2015). As exemplified by the findings of Neman et
al. (see section 6.5; Neman 2014), acquiring neuronal cell characteristics may

represent an approach to copy brain cell metabolism (see Chapter 6).

88



Introduction

VEGF

Ang2
MMPs
Cathepsin S
miR-105
IncRNA GS1
miR-181c¢

7
TGFB IFNe
TNF IL-1p PG

serpin sFasL

cox2 jagged-1 CCL7
HBEGF Pl

CClI2 miR-19a
ST6GALNACS

CXCR4 L1CAM
aB-crystallin glutamate
SEMA4D
synapse
&= g

.

{
of
It
a

|}

‘?.

q,ﬁ\ JJ
-\ Ve
£ 7K

Py

f /

Figure 15. Mechanisms of brain microenvironment invasion. Brain metastatic cancer cells express
different factors to disrupt tight junctions (TJs) and invade the blood brain barrier (BBB), interact with
neural cells (astrocytes in green, neurons in yellow and endothelial cells in pink), and exhibit a neuronal
phenotype. Cx43-composed gap junctions allow the passage of several apoptotic signals, pro-survival
signals and secondary messengers. Other abbreviations: VEGF — vascular endothelial growth factor,
Ang2 — angiopoietin 2, MMP — matrix metalloproteinase, miR — miRNA, IncRNA — long non-coding RNA,
COX2 - cyclooxygenase-2, HBEGF, heparin binding EGF-like growth factor, STEGALNACS5 — brain-
specific sialyltransferase, CXCR — chemokine (C-X-C motif) receptor, SEMA4D — semaphoring-4D, Cx43
— connexin-43, PCDH7 — protocadherin-7, TGF( - transforming growth factor 8, IFNa — interferon-alpha,
TNF — tumor necrosis factor, IL-1p — interleukin-18, PG — prostaglandins, sFasL — soluble Fas Ligand,
CCL — chemokine (C-C motif) ligand, LICAM — cell adhesion molecule L1.

5.3 Brain metastasis treatment is mainly impaired by the BBB and protective
behaviors of host cells. Even if BBB integrity can be compromised in some tumor
areas, permeability is still very limited, and most anticancer compounds do not
penetrate the brain (Huber 2001, Lockman 2010, Wilhelm 2013, Achrol 2019). The
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brain is thus considered to be a sanctuary site for metastatic cancer cells, beyond
the reach of many chemotherapeutic agents and immune surveillance. Additionally,
host brain cells can protect cancer cells from chemotherapy-induced cytotoxicity
(section 5.2.2). This phenomenon added to the scarcity of treatments capable of
penetrating the BBB, makes of brain metastasis a major clinical issue. Surgical
resection can be part of the treatment strategy if metastases are accessible and in
limited numbers. Radiation can be delivered to the whole brain (WBRT) or to specific
areas (stereotactic radiotherapy), where a large dose is deliver to the metastatic area
(Mahajan 2017, Brown 2017). Due to its larger field of action, WBRT provides a
better control but poorer neuro-cognitive outcomes. Systemic therapies used to treat
breast cancer brain metastases, including chemotherapies and immunotherapies,
are not specific and usually follow the treatment scheme of the primary breast tumor
(e.g., anti-HER?2 therapy for HER2+ tumors) (Groves 2010, Ahluwalia 2014, Singh
2017). However, they are usually futile, due to poor drug distribution in the brain
and/or to acquired resistance due to previous chemotherapeutic treatment(s) of the
primary tumor (Stricker 2015). There is, therefore, an urgent need for the discovery

of new therapeutic drugs capable of penetrating the BBB.

Metastatic invasion of the brain is a dramatic outcome for cancer patients.
Major studies on the topic usually address the BBB crossing capacities of
metastatic progenitor cells and their interactions with host brain cells. Indeed, the
establishment of brain metastases depends on activators of BBB
extravasation and on favorable cellular interplays between invading cancer
cells and brain cells (mainly astrocytes). Many parameters have been described,
such as ST6GALNAC5, PCDH7, neuroserpin, and neuronal cell
characteristics. The investigation of metabolic factors facilitating brain
metastasis (Chapter 6) may help to find ways of impinging brain metastasis. As
most therapeutic drugs are restrained from accessing the brain by the BBB, new
therapeutic strategies attacking CTC metabolic properties could circumvent the
need for BBB-penetrating compounds.
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CHAPTER 6 —= METABOLISM OF BRAIN METASTASES

This chapter describes metabolic components expressed by cancer cells for
efficient brain colonization. To fit in the unique brain microenvironment, brain
metastatic cells display remarkable metabolic adaptations in both glycolysis
and oxidative glucose metabolism; acetate, lipid, amino acid and GABA
metabolism; as well as in the pentose phosphate pathway for enhanced redox
homeostasis mechanisms (Figure 16). These changes relate to brain-specific
metabolites and brain host cells, both of which cancer cells must cope with.

6.1 Glucose oxidation, TCA, PPP and folate cycle.

Chen et al. (Chen 2007) collected breast CTCs from a patient and established brain-
seeking variants (breast cancer cells invading the brain with a higher incidence and
increased tumor burden) through two rounds of selection in mice. They reported that
50% of differentially expressed proteins identified in brain-seeking metastatic
progenitor cells belonged to cell metabolism. Brain metastatic cells displayed
increased expression of enzymes involved in glycolysis, the TCA cycle, OXPHOS,
fatty acid p-oxidation, the PPP and the GSH system when compared to parental

cells. This observation pointed towards the dependency of these cells on the

oxidation of glucose and FAs for energy purposes, in parallel with an elevated PPP
flux for oxidative stress response (Chen 2007). Fischer et al. (Fischer 2019) further
reported that mitochondrial respiration was upregulated in melanoma brain
metastases as well, with an enrichment in the gene expression of the OXPHOS
pathway and increased OXPHOS activity revealed by metabolomics. In this study,

OXPHOS inhibitors reduced the occurrence of brain metastasis and/or improved the

survival rates of brain metastases-bearing mice. Upregulated cellular redox-active
proteins concorded with increased mitochondrial respiration, as they support the
detoxification of OXPHOS-induced mtROS to maintain cell redox homeostasis. The
authors also reported that brain-trophic metastatic progenitor cells were less
sensitive to glycolysis inhibitor 2-deoxyglucose (2DG) and to Bortezomib, a
proteasome inhibitor used as an oxidative stress inducer, that the parental cancer
cells. One can propose that all these overactivated pathways (and the reducing

equivalents thus generated) concur to mtROS detoxification, using pathways like
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GSH synthesis to counteract the oxidative stress encountered by cancer cells and
not just to balance increased respiration.

Glucose oxidation by cancer cells residing in the brain was also
demonstrated by 3C-labelled glucose and 13C NMR spectroscopy, where lactate
was shown not to be the only end-product (Maher 2012). Glucose was also used to
produce energy in the TCA cycle and to supply pools of intermediates for nucleotide

and amino acid synthesis, which included fueling the serine biosynthesis and folate

cycle pathways (which can be used as a NADPH production site for biosynthesis
and redox homeostasis). Accordingly, brain-seeking metastatic progenitor cells were
shown to upregulate the expression of serine synthesis genes, including PHGDH,
encoding an enzyme which genetic silencing or pharmacological inhibition
attenuated brain metastasis (Ngo 2020). Albeit glucose oxidation was occurring, less
than 50% of the acetyl-CoA pool was derived from the labeled blood-borne glucose,
thus indicating that other fuels were oxidized in the TCA cycle (Maher 2012; see next

section).

6.2 Acetate metabolism

Acetate is heavily used by the normal brain tissue, particularly as a glial fuel
(Waniewski 1998, Zielke 2009, Wyss 2011, Salzillo 2016). Following the previous
observation that glucose was not the sole fuel for the acetyl-CoA pool (Maher 2012),
Mashimo et al. (Mashimo 2014) made the riveting discovery that both primary brain

cancers (gliomas) and brain metastases of various origins can metabolize acetate

via the TCA cycle to meet their high bioenergetic and biosynthetic requirements.

Acetate was shown to label the mitochondrial acetyl-CoA pool (used as a TCA
substrate) of cancer cells in the brain (Mashimo 2014). This constituted a striking
observation that the same environment was associated with different cancers
converging towards a same phenotype, and that cancer cells must have a metabolic
complementarity to the host organ. This conclusion is particularly intriguing since
metastatic cancer cells, themselves capable of oxidizing acetate, came from organs
that did not demonstrate acetate uptake. For acetate oxidation, cancer cells

expressed ACSS2 to convert acetate in acetyl-CoA, and ACSS2 expression directly
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correlated with the rate of entry of acetate into the TCA cycle (Mashimo 2014). Of
note, gliomas and brain metastases oxidized glucose and acetate, but not glutamine,
in this study.

6.3 Lipid metabolism

Klein et al. (Klein 2009) identified numerous metabolism-related genes among the
differentially expressed genes between clinical brain metastases and bone

metastases. Fatty acid binding protein 7 (FABP7) was identified as a top upregulated

gene, along with translation initiation factor EIF2S3. Upregulated in the normal brain
tissue compared to other organs, FABP7 belongs to a family of proteins involved in
FA metabolism and transport (Feng 1994, Hauenerland 2004). FABP7

overexpression was validated in a later study where it was additionally shown to

promote breast cancer brain metastasis (Cordero 2019). FABP7 was reported to
promote the glycolytic phenotype and lipid droplet storage of brain-trophic metastatic
progenitor cells, to drive the survival of cancer cells injected in the brain (as
compared to FABP7-knockdown cells) and to increase the incidence of breast
cancer brain metastasis when experimentally overexpressed in parental cells
injected in the circulation (Cordero 2019). In clinical samples, FABP7 expression was
associated with poor prognosis and a high breast cancer brain metastasis
prevalence (Cordero 2019). In parallel, Zou et al. (Zou 2019) suggested that brain
metastatic cells could take advantage of the high PUFA brain microenvironment by
activating PUFA secretion by astrocytes, since inflammation-activated astrocytes
were previously shown to increase PUFA release (Aizawa 2016). They further
reported that astrocytic PUFAs activate pro-proliferative peroxisome proliferator-
activated receptor y (PPARY) signaling in invaded brain metastatic cells (Zou 2019).
PPARy blockade reduced astrocyte-induced tumor growth and in vivo brain
metastatic burden.

Other studies, on the contrary, argued for a limited access of lipids from the
bloodstream to the brain and for the requirement of FA synthesis by cancer cells in
the brain. For instance, Ferraro et al. (Ferraro 2021) demonstrated that breast cancer

cells established in the brain had elevated FA synthesis and an increased expression

of FASN compared to other metastatic sites. They further showed that cancer cells
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in the brain depend on the lipids produced by FASN for survival, since FASN
inhibition selectively reduced breast cancer brain metastasis in vivo. Similarly, breast
cancer brain metastatic cells were described to possess a lipogenic phenotype and
to de novo upregulate a lipogenesis transcription factor named ‘sterol requlatory
element-binding protein (SREBP1)’, which triggers FASN, ACC and stearoyl-CoA
desaturase 1 (SCD1) expression (Santa-Codina 2019, Jin 2020; Ricoult 2016). The
genetic ablation of SREBP1, SCD1, and other FA-related elements hindered the

development of intracranial-injected brain metastatic cancer cells (Jin 2020). In the
study of Santa-Codina et al. (Santa-Codina 2019), increased FA synthesis was

accompanied by a high ability of cancer cells to oxidize FA and a high hypoglycemic

resistance. They also identified the stress chaperone GRP94 as a modulator of
SREBP-1-dependent FA accumulation, as GRP94 silencing decreased SREBP-1
expression and tumor growth in vivo. However, brain metastatic cells were oddly
grown in the mammary fat pad, not in the brain, for these in vivo experiments (Santa-
Codina 2019).

Brain-trophic metastatic progenitor cells seem to use different strategies in
the brain, being thus reported to reprogram lipid metabolism by altering lipid
transport, synthesis and oxidation. An important observation to underline is that the
extracranial SREBP1-dependent phenotype (increased FA synthesis) could predict
brain colonization, proving that pre-existent metabolic properties promoting brain

metastasis were displayed prior to intracranial selection (Jin 2020).
6.4 Amino acid metabolism

To thrive in the low glucose concentrations of the brain interstitial space, breast

cancer brain metastatic cells were found to increase the oxidation of glutamine and

BCAAs, as well as gluconeogenesis to support their own survival and growth (Chen

2015). Breast cancer cells in the brain exhibited resistance to glucose starvation by
synergistically elevating glutamine and BCAA oxidation, paralleled with a glucose-
independent production of lactate (Chen 2015). In addition, cancer cells displayed
an overexpression of enzymes involved in amino acid oxidation (like glutamate

dehydrogenase [GDH] 1 and 2) and of the gluconeogenesis enzyme fructose-1,6-

bisphosphatase 2 (FBP2), which was also upregulated in clinical specimens of brain
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metastasis compared to primary breast cancers (Chen 2015). Silencing FBP1/2
inhibited the survival and growth of the parental cancer cells injected in the brain
(Chen 2015). The authors further showed that amino acid oxidation and FBP-based

gluconeogenesis sustained PPP and purine synthesis in cancer cells. A high uptake

of BCAAs in breast cancer brain metastatic cells was confirmed by the fact that
labelled BCAAs have a higher sensitivity than glucose analogue tracer [18F]-FDG for
brain metastasis imaging (Bochev 2012, Chen 2007b, Kitajima 2008, Manohar 2013,
Ishiwata 1993a/b, Kirikae 1989, Wong 2002).

6.5 GABA metabolism

Breast cancer cells in the brain can hack the neuronal communication system
consisting of neurotransmitter exchanges, in order to redirect neurotransmitters
GABA (described here) and glutamate (see 5.2.2) for their own use. Indeed, because
GABAergic communication occurs in approximately 40% of brain synapses, GABA
abundance is higher in the brain environment than in the breast tissue. Harnessing
its energy can thus confer a growth advantage to cancer cells (Roberts 1986, Ferraro
2021). Neman et al. (Neman 2014) investigated GABA-related variables in clinical

samples of breast cancer brain metastasis, and found GABAergic characteristics in

brain metastatic cells, with increased expression of GABA receptor, GABA
transporter (GAT) and GABA transaminase (ABAT), as well as activated GABA

catabolism. The neuron-like properties that were acquired granted cancer cells with

the unique metabolic ability of importing GABA and converting it to succinate to fuel
the TCA cycle and, ultimately, the NADH pool (Neman 2014).
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Figure 16. Metabolic adaptations of brain metastasis. Brain metastatic cancer cells display remarkable
metabolic adaptations in the metabolism of glucose, acetate, lipids, amino acids and y aminobutyric acid
(GABA), as well as in the pentose phosphate pathway (PPP), serine biosynthesis / folate cycle pathway
and in the glutathione system for enhanced redox homeostasis mechanisms. FA(O) — fatty acid
(oxidation), TCA —tricarboxylic acid cycle, OXPHOS - oxidative phosphorylation, BCAA — branched-chain
amino acid, ACSS2 — acetylCoA synthetase 2, FABP7 — fatty acid binding protein 7, PUFA —
polyunsaturated fatty acids, ACLY — ATP-citrate lyase, ACC — acetyl-CoA carboxylase, FASN - fatty acid
synthase, SREBP1 — sterol regulatory element-binding protein 1, BCAA — branched-chain amino acid,
GDH - glutamate dehydrogenase, FBP2 — fructose-1,6-bisphosphatase 2, GAT — GABA transporter,
ABAT — GABA transaminase

Metastatic progenitor cells with the ability to exploit endogenous brain substrates
and/or substrates secreted by host cells thrive in the brain microenvironment.
Acquiring neuron-like properties may be associated to metabolic adaptations
facilitating growth in the brain.
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II. AIM OF THE THESIS

My thesis work focused on identifying metabolic characteristics of metastatic breast
cancer cells responsible for selective homing into the brain. More specifically, we
addressed the question of metabolism as a possible driver of metastatic
organotropism, following the seed and soil theory. The objective of the study was
therefore to identify metabolic protein(s), enzyme(s) or transporter(s),
responsible for the brain tropism of metastatic progenitor cells derived from

human metastatic TNBCs.

The models used were the parental MDA-MB-231 human metastatic TNBC cell line
and its two brain-specific metastatic variants 231-BR and 231-BR-2 that were
generated independently of each other. MDA-MB-231 is a highly aggressive,
invasive and poorly differentiated cell line (Liu 2003, Chavez 2010) exhibiting a
claudin-low phenotype, a CSC phenotype (CD44+/CD24-), and an endothelial-like
morphology with invasive stellate projections (Kenny 2007, Holiday 2011, Harrell
2014). It originates from a pleural effusion of a mammary adenocarcinoma-bearing
51-year-old patient (Cailleau 1978). Brain-trophic cell lines were generated by serial
cycles of in vivo selection in female nude mice (Figure 17), involving consecutive
intracardiac (left ventricle) injections of the parental cancer cells, retrieval of cells
that had metastasized to the brain, in vitro expansion of collected metastatic cancer
cells and reinjection of these cells in next animals for several rounds of selection,
until metastatic dissemination was only observed in the brain. These cells are thus
considered to be brain-specific metastatic variants (Yoneda 2001, Patel 2011,
Burnett 2015). 231-BR was obtained from the laboratory of P. Steeg and had already
been extensively used in literature (Yoneda 2001, Patel 2011, Burnett 2015). 231-
BR-2 was not yet published, but was generated by the same group than Burnett et
al., totally independently of 231-BR, to obtain a brain-specific variant of their own in
parallel to the lung/adrenal gland/bone/liver-specific variants that they had previously

generated (Burnett 2015).
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Figure 17. Cycles of in vivo selection for the generation of brain-specific metastatic variants.
Intracardiac injections of the parental cancer cells, retrieval of cells that had metastasized to the brain, in
vitro expansion of collected metastatic cancer cells and reinjection of these cells in next animals for serial

rounds of selection. Adapted from Valiente 2018.

Our general aim was to identify differentially expressed metabolic enzyme(s) and/or
transporter(s) controlling brain-specific breast cancer metastasis in our cell models,
as potential target(s) for anticancer therapy.

Specific Aim 1. comparative metabolic analyses,
Specific Aim 2: comparative genetic analyses,

Specific Aim 3: identification of differentially expressed metabolic enzyme(s) and/or
transporter(s),

Specific Aim 4: functional in vivo validation of metabolic enzymes/transporters that

control the brain-specific metastasis of MDA-MB-231 variants.
Clinical perspective: to impede brain colonization by metastatic cancer cells.

Long-term perspective: extension to human cervix and pancreatic cancer models.
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Simple Summary: What controls organotropism during cancer metastasis is still largely unknown.
The “seed-and-soil hypothesis” of Stephen Paget (1889) proposes that metastatic onset strictly depends
on a match between the needs of a given metastatic progenitor cell (the seed) and the resources
provided by a given organ (the soil). Here, we decided to challenge this old theory in the context
of cancer metabolism. Considering that metastasis can be prevented, we focused on triple-negative
breast cancer brain metastasis. Comparing RNAseq data from wild-type human cancer cells and two
independent brain-seeking variants, we identified cyclooxygenase 7b (Cox7b) in Complex IV of the
mitochondrial electron transport chain as a driver of triple-negative breast cancer brain metastasis.
Cox7b is not an easy therapeutic target and is most probably not unique in driving brain metastasis.
Therefore, our general approach could be used to identify other metabolic proteins responsible for
organotropism and amenable for metastasis-prevention therapy.

Abstract: Distant metastases are detrimental for cancer patients, but the increasingly early detection of
tumors offers a chance for metastasis prevention. Importantly, cancers do not metastasize randomly:
depending on the type of cancer, metastatic progenitor cells have a predilection for well-defined
organs. This has been theorized by Stephen Paget, who proposed the “seed-and-soil hypothesis”, ac-
cording to which metastatic colonization occurs only when the needs of a given metastatic progenitor
cell (the seed) match with the resources provided by a given organ (the soil). Here, we propose to
explore the seed-and-soil hypothesis in the context of cancer metabolism, thus hypothesizing that
metastatic progenitor cells must be capable of detecting the availability of metabolic resources in
order to home in a secondary organ. If true, it would imply the existence of metabolic sensors. Using
human triple-negative MDA-MB-231 breast cancer cells and two independent brain-seeking variants
as models, we report that cyclooxygenase 7b (Cox7b), a structural component of Complex IV of the
mitochondrial electron transport chain, belongs to a probably larger family of proteins responsible
for breast cancer brain tropism in mice. For metastasis prevention therapy, this proof-of-principle
study opens a quest for the identification of therapeutically targetable metabolic sensors that drive
cancer organotropism.

Keywords: breast cancer; brain metastasis; tissue-specific metastasis; organotropism; cancer metabolism;
oxidative phosphorylation (OXPHOS); mitochondria; cyclooxygenase 7b (Cox7b)
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1. Introduction

Entry in the metastatic phase often represents a point of no return for cancer patients,
as it is associated with a transition from curative to palliative care. This is mainly due
to a limitation of therapeutic options, as local treatments are not always an option for
(poly)metastatic patients, and secondary tumors are generally more resistant to treatments
than primary tumors [1]. Treating brain metastasis offers the additional challenge of blood-
brain barrier (BBB) protection in an initially immunopreserved environment [2]. Conse-
quently, poorly symptomatic cancers that are often detected at an advanced, post-metastatic
stage are associated with poor 5-year overall survival rates, while slowly evolutive cancers
that are commonly detected at the premetastatic stage are, in contrast, associated with much
longer patient survival rates. Between these two extremes, improvements of detection
methodologies and their systematic use in individuals at risk allow an early detection of
some aggressive types of cancers. This is typically the case of triple-negative breast cancer
(TNBC), which is most often detected at the premetastatic stage [3]. However, these can-
cers usually evolve quite rapidly despite early treatment delivery, and distant metastases
have a high prediction to occur. About 35% of TNBC patients develop metastases in the
course of the disease, despite surgery, chemotherapy, and radiotherapy [4]. Furthermore,
immunotherapy with checkpoint inhibitors has only shown modest efficacy in a subset of
patients [5]. Overall, polymetastatic TNBC is currently still regarded as a largely incurable
disease [6].

While the vast majority of solid tumors primarily colonize regional lymph nodes, dis-
tant metastases do not occur randomly: different cancer types present different metastatic
patterns, with different frequencies. For example, malignant melanomas preferentially
metastasize to the lungs (frequency of 85%, including micrometastases), the liver (54-77%),
the gastrointestinal tract (~60%), the brain (36-54%), the bones (23-49%), and distant skin
and subcutis (~18%) [7-9]. In the case of TNBC, metastases occur in the central nervous
system (~46% of patients), lungs (~41%), liver (~29%), bones (~24%), and breast or chest
wall (~22%) [10]. Brain metastasis is particularly detrimental, with a median patient sur-
vival time of 4 to 7 months [10,11]. These numbers further highlight that several organs
can be colonized at the same time. Thus, in both cases, a large proportion of patients that
were metastasis-free at diagnosis become polymetastatic over the course of the diseases.

Among circulating tumor cells (CTCs), only a minority, termed “metastatic progenitor
cells” [12,13], possess all the characteristics that are mandatory to successfully establish
a metastasis. The preference of these cells for a limited panel of secondary organs has
been theorized by Stephen Paget [14] in 1889 and revisited several times since then (see
reference [15] for a recent review). In the “seed and soil” hypothesis, Paget proposed that
metastases do not occur randomly in secondary organs but, rather, colonize a given organ
based on a match between the needs of a (sub)population of metastatic progenitor cells
(“the seed”) and the resources provided by the secondary organ (“the soil”). His proposition
highlighted the importance of the tumor microenvironment at both primary and secondary
tumor locations. Further interpretation also suggests the possible coexistence of several
different populations of metastatic progenitor cells with different tropisms for secondary
organs in the same patient.

So, what does the seed-and-soil hypothesis implicate? On the one hand, the capabilities
of metastatic progenitor cells would depend on the genetic and epigenetic characteristics
inherited from their tissue of origin as well as from genetic and epigenetic changes acquired
over time, from the onset of malignancy until dissemination. Indeed, metastatic progenitor
cells are, nowadays, consensually believed to originate from metabolically hostile cancer
areas characterized by a combination of hypoxia, nutrient deprivation, and metabolic waste
accumulation causing, e.g., microenvironmental acidification [16-23]. Each parameter,
per se, contributes to the metastatic switch, defined as a discrete event converting non-
metastatic cancer cells to their metastatic version [24]. However, it is the coexistence of these
parameters and their fluctuation over time and space that constitutes an ideal situation
for cancer cell adaptation and evolution, which both necessitate environmental changes
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to operate [25]. The outcome of these processes is the generation of subsets of cancer
cells that simultaneously possess mesenchymal characteristics, resist anoikis, migrate and
invade directionally, resist redox and shear stresses in the systemic circulation, and possess
stem cell characteristics [26]. On the other hand, resources available at the secondary
site would depend not only on the basal composition and mode of function of the organ
to be colonized but also on the organ’s “education” by the primary tumor, a paradigm
formulated as “premetastatic niche” formation [27]. In the process, cancer cells at the initial
site produce and secrete soluble factors (including, e.g., VEGF-A, PLGF, G-CSE CCL2,
TGEFf, TNF, and enzymes such as lysyl oxidase that remodel the extracellular matrix) and
exosomes that modify the composition and integrity of the secondary site (see reference [28]
for a detailed review). As a result, vascular leakiness is increased; resident cells, such as
fibroblasts, modify their behavior; non-resident cells, such as bone-marrow-derived cells
and neutrophils, are recruited; a proinflammatory milieu offering immunoprotection is
formed; and the structure of the extracellular matrix is remodeled to yield a provisional
matrix promoting cell migration, invasion, and, hence, colonization [28].

The homing of metastatic progenitor cells at the secondary site is facilitated by the
enhanced permeability of blood vessels lining premetastatic niches. In an active process,
CTCs expressing E-selectin ligands (that may include CD44, PSGL-1, ESL-1, 32-integrins,
and L-selectin [29]) roll on and adhere on endothelial cells expressing E-selectin at their
luminal surface, extravasate (which may require proteolytic activities by CTCs, especially to
cross the BBB during brain metastasis [30]), and invade the niche. There, they anchor to host
cells and undergo a process of differentiation to generate a secondary tumor. Intravascular
metastasis is a rare event.

In the general context of metastasis, we previously observed that mitochondria act
as metabolic sensors of the primary tumor microenvironment, producing superoxide and
activating the prometastatic transforming growth factor 3 (TGFf) pathway in metaboli-
cally hostile tumor microenvironments [31]. Inactivating mitochondrial superoxide with
specific drugs MitoTEMPO or MitoQ blocked the metastatic process as a whole [13,31,32].
Others showed that transferring superoxide-producing mitochondria from metastatic to
nonmetastatic cancer cells was sufficient to turn recipient cells into metastatic progenitor
cells [33]. In the context of the seed-and-soil hypothesis, we, therefore, hypothesized that
a successful metastatic process would require a match between the metabolic needs of a
given subset of metastatic progenitor cells and the availability of specific metabolites at
a given secondary site. In other words, we propose that the metabolic preferences of a
metastatic progenitor cell would participate in, and perhaps drive, organotropism. Thus,
metabolic pairing between different “seeds” and different “soils” would be responsible for
the existence of a restricted panel of secondary sites for a given tumor type.

This study on brain tropism is the first of a series addressing this general hypothesis.
Using the human TNBC MDA-MB-231 cell line as a working model, we report a cause—effect
relationship between the expression of cyclooxygenase 7b (Cox7b) in Complex IV of the
electron transport chain (ETC) of metastatic progenitor cells and the brain tropism of these
cells. In brain-seeking variants, Cox7b expression enhances oxidative phosphorylation
(OXPHOS), while, compared to other organs, the brain is well-known to be enriched in
OXPHOS substrates glucose, lipids, and lactate. Cox7b most probably belongs to a larger
family of proteins driving brain metastasis, and other organs would offer other substrates to
other subsets of metastatic progenitor cells, which could lead to the potential identification
of several targets for the therapeutic prevention of tissue-specific metastasis.

2. Materials and Methods
2.1. Chemicals and Reagents

Unless stated otherwise, all chemicals and reagents were from Sigma-Aldrich
(Overijse, Belgium).
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2.2. Cells and Cell Culture

Parental MDA-MB-231 human triple-negative breast adenocarcinoma cancer cells were
from Caliper (Mechelen, Belgium; catalogue #119369). MDA-MB-231-derived brain-seeking
variants 231-BR [34] and 231-BR-2 [35,36] were kind gifts from Patricia Steeg (National
Cancer Institute, Bethesda, MD, USA) and Harikrishna Nakshatri (Indiana University
School of Medicine, Indianapolis, IN, USA), respectively. Cells were routinely cultured in
DMEM containing glutaMAX and 4.5 g/L glucose (Thermo Fisher, Erembodegem, Belgium;
catalogue #61965026) supplemented with 10% FBS and maintained at 37 °C in a 5% CO,
humidified atmosphere. Cells were authenticated using short tandem repeat (STR) profiling
(Eurofins Genomics, Ebersberg, Germany).

Human astrocytes (T0281, expressing hTERT), mouse astrocytes (T0289, expressing
the SV40 large T antigen), human hepatocytes (T0063, expressing HPV E6/E7, hTERT and
MycT58A), and human bronchial epithelial cells (T0753, expressing hTERT and Cdk4) used
in migration assays were immortalized cells from Applied Biological Materials Inc. (ABM,
Richmond, BC, Canada). Astrocytes were routinely cultured in DMEM with glutaMAX
and 4.5 g/L glucose (Thermo Fisher; catalogue #61965026) supplemented with 10% FBS
and 5% astrocyte growth supplement (Sanbio, Uden, The Netherlands; catalogue #1852;
for human astrocytes only). Hepatocytes were maintained in PriGrow IX medium (ABM;
catalogue #TM019) supplemented with 10% FBS and then were progressively transferred
to the same medium as cancer cells. Bronchial cells were maintained in Prigrow X medium
(ABM; catalogue #TM0753), and then were progressively transferred to bronchial epithelial
cell growth medium (BEGM; Lonza, Verviers, Belgium; catalogue #CC-3170).

2.3. Genetic Manipulations

For constitutive luciferase and GFP expression, cells were infected with lentiviruses
carrying the luciferase and GFP sequences along with puromycin resistance gene (Amsbio,
Alkmaar, The Netherlands; catalogue #LPV020), as detailed in Appendix A.1.

COX7B gene silencing was performed using a CRISPR-Cas9 strategy following Zhang's
lab protocol [37], and Cox7b overexpression using the pCMV3 expression vector (Bio-
Connect, Te Huissen, The Netherlands; catalogue #HG20762-UT), as detailed in Appendix A.2.
and Appendix A.3. pSpCas9(BB)-2A-Puro (PX459) V2.0 and pU6-(Bbsl) CBh-Cas9-T2A-
mCherry were kind gifts from Feng Zhang (Addgene, Watertown, MA, USA; plasmid
#62988) and Ralf Kuehn (Addgene; plasmid #64324), respectively.

2.4. Metastatic Take in Mice

On day 0, 6-week-old female NMRI nude mice (Janvier, Le Genest-Saint-Isle, France)
received image-guided intraventricular injections of 100,000 cancer cells, using a Vevo
2100 imaging system (FUJIFILM VisualSonics, Toronto, ON, Canada) equipped with a
30 MHz transducer. Briefly, mice were anesthetized (80 mg/Kg ketamine and 8 mg/Kg
xylazine) and secured on the animal platform in supine position, and their thoraxes were
shaved. Two-dimensional (2D) parasternal long-axis ultrasound images of the left ventricle
were acquired, in order to ascertain the optimal point in the apex of the heart for the
intraventricular injection. A microinjector system with a 26G hypodermic needle was used
to perform a precise echocardiography-guided intraventricular injection of 100,000 cancer
cells constitutively expressing luciferase and GFP. Following injection, the blood flow
within the left ventricle was closely observed (and images were recorded), confirming that
the cancer cells were successfully injected intraventricularly. All mice were followed-up for
a few minutes with echography, to ascertain that the injection did not lead to any injury,
and were closely monitored until recovery.

Metastasis development was monitored using a Xenogen IVIS 50 bioluminescence
imaging system (PerkinElmer, Seer Green, UK) and quantified with Living Image soft-
ware (PerkinElmer). Every week, mice were injected i.p with 0.15 mg/g bodyweight of
luciferin (PerkinElmer) and were anesthetized using isoflurane after a 10-min incubation.
Chemiluminescence was detected with a 1-12 s acquisition time. Mice were sacrificed after
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4 weeks by cervical dislocation under terminal anesthesia, and organ chemiluminescence
was acquired ex vivo before fixation in 4% paraformaldehyde (PFA).

2.5. Cell Migration and Invasion

Corning transwell inserts (Avantor, Leuven, Belgium; catalogue #62406-198) were
used to measure cell migration and invasion capacities, as detailed in Appendix A.4. FBS
1% (general migration/invasion) or confluent nonmalignant cells (astrocytes, hepatocytes,
bronchial cells) seeded in the lower chamber were used as chemoattractants.

2.6. Cell Numbers

Cell numbers were determined over time on a SpectraMax i3 spectrophotometer
equipped with a MiniMax imaging cytometer (Molecular Devices, Munich, Germany),
after seeding 5000 cells per well in a 96-well plate. Results were normalized to initial
cell numbers.

2.7. Metabolic Assays

Oxygen consumption rates (OCRs) were measured on a Seahorse XF96 bioenergetics
analyzer using the XF Cell Mito Stress Test Kit and the Fuel Flex test kit, in accordance with
the instructions of the manufacturer (Agilent, Machelen, Belgium). Details are provided
in Appendix A.5. Glucose and lactate concentrations were measured using an enzymatic
CMAG600 analyzer (Aurora Borealis, Schoonebeek, The Netherlands), in accordance with
the instructions of the manufacturer, in the supernatant of 150,000 (for 24 h assays) and
250,000 (for 48 h assays) cells seeded in exactly 1 mL of culture medium. Wells contain-
ing medium only were used as controls for the calculation of glucose consumption and
lactate production. The ATP content of 10,000 cells per well (96-well plate) was measured
using the Cell titer Glo assay of Promega (Leiden, The Netherlands; catalogue #G7570).
All metabolic measurements were normalized to total protein content determined after
overnight incubation with 0.5 M NaOH using the Bio-Rad protein assay (Temse, Belgium;
catalogue #5000006) on a SpectraMax i3 spectrophotometer equipped with a MiniMax
imaging cytometer.

2.8. Electron Microscopy

Cells were collected and resuspended in 400 pL of a 2.5% glutaraldehyde solution
containing 0.1 M of sodium cacodylate at pH 7.4 in a pyramidal BEEM capsule (Agar
Scientific, Stansted, UK; catalogue #G360). Samples were then processed as previously
described [38]. Images were acquired on a TECNAI G? 20 LaB6 transmission microscope
(Field Electron and Ion Company, Hillsboro, OR, USA).

2.9. Mitochondrial Abundance and Mitochondrial DNA Content

Mitochondrial DNA (mtDNA) content was measured using RT-qPCR as previously
described [39]. Briefly, total DNA was isolated with a QTAmp DNA kit (Qiagen, Antwerp,
Belgium). The 12S-TRNAA mitochondrial gene (forward primer: 5-GTA CCC ACG TAA
AGA CGT TAG G-3'; reverse primer: 3'-TAC TGC TAA ATC CAC CTT CG-5'; labeled
probe: 5'-CCC ATG AGG TGG CAA GAA AT-3' FAM), in parallel with nuclear gene
RNAseP (RNAseP VIC-labeled probe; Thermo Fisher Scientific; catalogue #4401631), were
then analyzed by RT-qPCR (50 ng of sample and 1 uL of each primer pair [10uM]), with
TagMan universal master mix II with UNG (Thermo Fisher). For presentation, mtDNA
content was normalized to nuclear DNA (nDNA) content [40].

2.10. Microarray Database Analysis

According to Gene Expression Omnibus (GEO) and reference [36], database #GSE66495
reports on the whole genome expression, determined using Illumina Human HT-12 V4
expression beadchips, of MDA-MB-231 parental cells and tissue-specific metastatic variants
derived thereof (including 231-BR), which were maintained in MEM with 10% FBS. For
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database reanalysis, we first extracted metabolic genes related to glycolysis, OXPHOS, and
the TCA cycle. We next retained only genes that were differentially expressed (p < 0.05,
using one-way ANOVA) in brain (231-BR), adrenal (ADMD-231), bone (BMD-231) and/or
lung (LMD-231) metastatic variants, compared to parental MDA-MB-231 cells. They are
displayed in Table 1. We then identified the genes that were differently expressed (p < 0.05,
using one-way ANOVA) in 231-BR versus ADMD-231, BMD-231, and LMD-231 cells.
Expression changes were independently confirmed by RT-qPCR using fresh lysates from
brain-seeking variants 231-BR and 231-BR-2 and MDA-MB-231 parental cells.

Table 1. Metabolic genes differentially expressed in 231-BR versus other tissue-specific variants of
parental MDA-MB-231 human breast cancer cells.

ADMD-231
Gene ID 231-BR (Adrenal-Glands- BMD-231 LMD-251 pt pS
(Brain-Seeking) R (Bone-Seeking) (Lung-Seeking)
Seeking)

HK21! 1.622%3 1.83 1.66 1.70 >0.05 >0.05
ALDHI1A3 1.18 1.53 1.43 1.48 <0.05 >0.05
ALDH9A1 1.55 1.04 1.07 1.09 >0.05 <0.05
ALDH3A1 1.18 1.03 1.21 1.16 >0.05 >0.05

PCK2 1.08 —1.43 —1.21 —1.33 <0.05 <0.05

IDH1 —1.18 —1.31 -1.13 -1.14 >0.05 >0.05

FH 1.54 1.08 1.04 1.11 >0.05 <0.05
MDH2 —-1.10 —1.19 —1.17 -1.27 >0.05 >0.05
ATP5I 1.25 1.36 1.33 1.33 >0.05 >0.05
ATP5G2 —1.06 —1.21 -1.07 -1.11 >0.05 >0.05

ATP6VOE2 1.62 1.43 1.41 1.34 >0.05 >0.05
ATP6V1D 1.69 2.45 1.83 1.96 >0.05 >0.05
ATP6V0D1 —1.02 —1.23 —1.14 —1.11 >0.05 >0.05
ATP6V0OD2 1.21 1.08 1.03 1.20 >0.05 >0.05
ATP6V1B1 1.25 —1.09 —1.07 1.03 <0.05 <0.05
COX17 —1.47 —1.46 —1.50 -1.52 >0.05 >0.05
COX7B 2.02 1.06 —1.06 —1.20 <0.05 <0.05
NDUFB7 1.45 1.54 1.27 1.21 >0.05 >0.05
NDUFBS8 —1.43 1.46 1.45 1.54 <0.05 <0.05
NDUFV3 1.10 1.51 1.42 1.37 >0.05 >0.05
UQCRB 1.31 1.05 1.27 1.30 >0.05 >0.05
PGM5 —1.11 6.42 4.32 4.51 <0.05 <0.05

! From the GEO #GSE66495 microarray database (1 = 3 per cell line), including only those genes involved in
glycolysis, the TCA cycle, and oxidative phosphorylation. 2 Numbers report on fold changes, compared to
parental MDA-MB-231 cells used as control. 3 Bold numbers are fold changes with p < 0.05 compared to parental
MDA-MB-231 cells using one-way ANOVA. # p value for 231-BR compared to all other tissue-seeking variants
using one-way ANOVA. 5 p value for 231-BR compared to all other tissue-seeking variants and parental cells
using one-way ANOVA. Genes of interest (p < 0.05) are highlighted in gray.

2.11. Real-Time Quantitative PCR

Total RNA was collected using the NucleoSpin RNA kit (Filter Service, Eupen, Belgium;
catalogue #740955.50), quantified with a NanoDrop 1000 Spectrophotometer (Thermo
Fisher), and reverse-transcribed in cDNA with the RevertAid First Strand cDNA synthesis
kit (Thermo Fisher; catalogue #K1621), using the same quantity (500-1000 ng) for all RNA
samples and a 90-min incubation time. cDNAs were diluted 1:10 in DNase/RNase-free
distilled water (Thermo Fisher), and 2 pL were used with 5 pL of 2X Takyon qPCR Master
Mix and 0.2 pL of each primer (10 uM) and completed to 10 uL with water for RT-qPCR
analysis (ViiA 7417 Real-Time instrument, Thermo Fisher). Primers were: ALDH9A1
Forward 5'-AAG GAG CAG GGT GCT AAA GT-3' and Reverse 5'-TCG TCT CTG CAA
TTA GTT AAT ACA C-3'; FH Forward 5'-TGC CAA CCC CAG TTA TTA AAG C-3' and
Reverse 5'-CTT CAG CTA CCT CAT CTG CTG-3'; NDUFBS8 Forward 5'-CGG ATG ATG
GCA TGG GGT A-3’ and Reverse 5'-GGT GCC AGT GCA TCG GTT-3'; COX7B Forward
5'-TAC CTG AAG CGA ATT GGC AC-3' and Reverse 5-GCT TCG AAC TTG GAG ACG
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AT-3'; and B-actin Forward 5'-CCC GCG AGC ACA GAG C-3' and Reverse 5'-TCA TCA
TCC ATG GTG AGC TGG- 3'. All gene expression data were normalized to -actin gene
expression.

2.12. Western Blotting

Western blotting was performed, as previously described [41], after protein collection
in RIPA buffer containing phosphatase (PhosSTOP) and protease (proteases inhibitor
cocktail) inhibitors. Membranes were incubated overnight with primary rabbit antibodies
against ALDH9AT1 (Proteintech; catalogue #26621), FH (BIOKE, Leiden, The Netherlands;
catalogue #4567S), NDUFB8 (Proteintech, Manchester, UK; catalogue #14794), COX7b
(Abcam, Cambridge, UK; catalogue #ab137094), and Vinculin (BIOKE; catalogue #4650S),
or mouse antibodies against -actin (Sigma-Aldrich; catalogue #A5441). Staining was
revealed with an Amersham Imager 600 (Diegem, Belgium). All data are normalized to
vinculin or -actin expression.

2.13. Immunohistochemistry

Brains were collected, cut along the separation between right and left hemispheres,
and embedded in paraffin. Sections (5 um thick) were performed from the center of each
hemisphere, to produce 10 slides for each sample. For each hemisphere, 3 slides from the
beginning, the middle, and the end were used for immunostaining, and the process was
repeated up to 3 times in order to analyze slices representative of the whole brain.

Brain sections were immunostained for GFP (Bio-Techne, Abingdon, UK; catalogue
#600-308; BIOKE; catalogue #2956), with a secondary Envision anti-rabbit antibody coupled
to HRP (Agilent; catalogue #K4003), and hematoxylin and eosin counterstained. Slides were
scanned at 20x magnification with a SCN400 bright field Slide Scanner (Leica Biosystems,
Diegem, Belgium). Metastasis number and surface area were determined using cytomine
(Liege, Belgium; cytomine.org; accessed on 1 December 2021) and QuPath software version
0.1.2 (Belfast, UK) [42].

2.14. Clinical Database Analysis

Overall Survival (OS) curves were generated on Kaplan-Meier plotter (kmplot.com)
with the auto select best cutoff for the 202110 Affy ID (COX7B) on the RNA-seq mRNA
dataset (breast cancer and renal clear cell carcinoma in pan-cancer) and on gene chip mRNA
datasets for lung cancers [43]. Sources for the databases include GEO, EGA, and TCGA.

2.15. Statistics

Data are shown as means &= SEM (error bars are sometimes smaller than symbols)
or as individual values with the median. # indicates the total number of replicates per
group/condition. Graphpad Prism version 9.2.0. (San Diego, CA, USA) was used for statis-
tical analyses. Mann-Whitney U test, Student’s t-test, one-way ANOVA, and two-ways
ANOVA were used where indicated. p < 0.05 was considered to be statistically significant.

3. Results
3.1. Validation of Brain-Seeking Variant Models Derived from Human MDA-MB-231
Triple-Negative Breast Cancer Cells

The objective of our study was to identify metabolic protein(s) responsible for the
brain tropism of human metastatic breast cancer. As models, we used MDA-MB-231
triple-negative breast cancer (TNBC) cells and two independently derived brain-seeking
variant cell lines, 231-BR and 231-BR-2 [34-36], which were generated by serial cycles of
in vivo selection in mice. The selection protocol involved intracardiac cancer cell injection
in the left ventricle of female nude mice, surgical isolation, expansion of metastatic cancer
cells retrieved from the brain, and intracardiac injection of these cells sequentially in addi-
tional animals for several rounds, until metastatic dissemination became restricted to the
brain [34-36]. To identify metabolic drivers of brain-specific metastasis, we first ascertained
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the validity of the two model cell lines in vitro and in vivo. Short tandem repeat (STR)
profiling confirmed that all variants were genomically similar to the parental MDA-MB-
231 cells (Table S1). For in vivo assays, cells were infected with lentiviruses to constitu-
tively express luciferase and green fluorescent protein (GFP). An intracardiac injection of
100,000 MDA-MB-231 parental cells (Figure 1a) did not generate brain metastases in female
nude mice, whereas the use of either the 231-BR or 231-BR-2 variants yielded metastases in
most animals (4/5 for 231-BR and 6/9 for 231-BR-2) 4 weeks after injection, which were
detected by ex vivo bioluminescence imaging on isolated brains (Figure 1b).
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Figure 1. Validation of the brain tropism of MDA-MB-231-derived brain-seeking variants.
(a) Schematic representation of in vivo experiments, where 6-week-old female mice were injected
intracardially with 100,000 luciferase- and green fluorescent protein (GFP)-expressing cancer cells
on Day 0, imaged once a week to track metastases, and sacrificed at Week 4 for organ collection,
followed by ex vivo bioluminescence imaging and immunohistochemistry. (b) Ex vivo biolumi-
nescence imaging of mouse brains at the end of the protocol illustrated in (a). Pictures on the left
are representative of mouse brains in luciferin-containing medium captured using a Xenogen IVIS
50 bioluminescence imaging system. The right graph shows brain bioluminescence intensity in mice
having received parental MDA-MB-231 cancer cells or 231-BR or 231-BR-2 brain-seeking variants
(n =3-9). Bar =5 mm. (c) Migration of MDA-MB-231, 231-BR, and 231-BR-2 cells was assayed in
transwells towards 1% FBS (n = 2-3), towards mouse astrocytes (1 = 6) or towards human astrocytes
(n =6). (d) Cell count (%) over time on a SpectraMax i3 spectrophotometer equipped with a MiniMax
imaging cytometer, after seeding 5000 cells per well in a 96-well plate (n = 18-19). Data are shown
as individual values and medians (b) or as means & SEM (c¢,d). * p <0.05, ** p < 0.01, *** p < 0.005;
compared to MDA-MB-231; using Mann-Whitney test (b), one-way ANOVA with Dunnett’s post hoc
test (c), or two-way ANOVA with Dunnett’s post hoc test (d).

For in vitro model validation, we developed a transwell assay aimed to test the general
and organotropic migration of the human breast cancer cells in the upper well towards
1% FBS or towards living immortalized nonmalignant astrocytes in the lower well, re-
spectively. Since the selection of the brain-seeking variants was made in mice, we tested
both mouse and human astrocytes as attractants. While parental MDA-MB-231 cells had a
higher capacity to migrate towards 1% FBS compared to the two brain-seeking variants,
conversely, 231-BR and 231-BR-2 cells migrated much more efficiently towards mouse or
human astrocytes (Figure 1c), thus validating their preferential tropism for the brain. Of
note, both brain-seeking variants were slightly, yet significantly, more proliferative than the
parental cells, as determined by direct cell counting over time (Figure 1d).
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3.2. Brain-Seeking Variants of MDA-MB-231 Cells Undergo an Oxidative Switch

Using Seahorse oximetry and the dedicated Fuel Flex test kit of Agilent, we next
determine the oxidative metabolic preferences of the parental and brain-seeking variant
cells. The assay involves sequential inhibition of glucose-fueled (using 2 M of mitochon-
drial pyruvate carrier inhibitor UK5099), glutamine-fueled (using 3 uM of glutaminase
1 inhibitor BPTES), and lipid-fueled (using 4 uM of carnitine palmitoyl-transferase 1A
inhibitor Etomoxir) OXPHOS. The results show that OXPHOS in MDA-MB-231 cells was
supported almost equally by glutamine (52%) and fatty acids (48%), but not at all by
glucose, whereas OPXHOS in the two brain-seeking variants was supported not only by
glutamine and fatty acids but also by glucose (5.1 &= 0.6 % for 231-BR and 8.4 4 1.4% for
231-BR-2 cells) (Figure 2a). Glucose uptake, lactate release, and, hence, the glycolytic ratio
([glucose]/[lactate]) were unchanged in full medium (DMEM containing glutaMAX, 4.5g/L
glucose, and 10% FBS) (Figure 2b). Therefore, changes in the capacity to use OXPHOS fuels
reflected an increased oxidative flexibility of brain-seeking variants compared to parental
cells, rather than an increased dependency on glucose. Accordingly, both 231-BR and
231-BR-2 cell lines presented improved basal and maximal respiration activities as well as
an improved oxidative ATP production, compared to parental cells (Figure 2c).
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Figure 2. Brain-seeking variants are more oxidative than parental MDA-MB-231 human breast
cancer cells. (a) Mitochondrial fuel usage of MDA-MB-231 (left, n = 14), 231-BR (middle, n = 14-16),
and 231-BR-2 (right, n = 14-15) cancer cells was determined using the Fuel Flex test kit (Agilent)
on a Seahorse XF96 bioenergetics analyzer. Data are presented as pie and column graphs, where
total fuel usage = 100%. (b) Glucose consumption (left, n = 11-16), lactate production (middle, n
=16-17), and the lactate/glucose ratio (right, n = 13-16) were determined from measurements in
deproteinized cell supernatants using an enzymatic CMA600 analyzer. (c) Basal (left, n = 29-32)
and maximal (middle, 7 = 28-32) oxygen consumption rates (mtOCRs), as well as the OCR of the
cells associated to mitochondrial ATP production (right, n = 29-32), were measured using a XF Cell
Mito Stress Test kit (Agilent) on a Seahorse XF96 bioenergetics analyzer. Representative Seahorse
traces are shown on far left. (d) Transmission electron microscopy pictures of the cells are shown
on the left (bars = 1 um), and the mitochondrial density is quantified on the right graph (n = 6-12).
(e) Mitochondrial DNA /nuclear DNA (mtDNA /nDNA) cell content determined using RT-qPCR
(n = 5). All data are shown as means &= SEM. * p < 0.05, ** p < 0.01, *** p < 0.005, ns: p > 0.05; compared
to first column; using one-way ANOVA with Dunnett’s post hoc test (a—c,e).
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The oxidative switch evidenced in brain-seeking variants was linked to qualitative and
quantitative changes affecting mitochondria. Qualitatively, electron microscopy revealed
enlarged mitochondria in 231-BR compared to the parental cells, whereas they were smaller
but more abundant in 231-BR-2 compared to MDA-MB-231 cells (Figure 2d). The mitochon-
drial to nuclear DNA ratio (mtDNA /nDNA) was determined using RT-qPCR, revealing
a significantly increased mtDNA abundance in both 231-BR and 231-BR-2 compared to
the parental cells (Figure 2e). Collectively, we concluded that the oxidative efficiency of
mitochondria was increased in the brain-seeking variants of MDA-MB-231 cells.

3.3. Identification of Four Candidate Metabolic Genes That Could Account for the Brain Tropism of
Human Breast Cancer Cells

Based on our working hypothesis of a metabolic preference of brain-seeking variants
for metabolites present in the brain and on the above evidence of metabolic differences in
the filiation, we next aimed to identify metabolic genes/proteins associated to the brain
tropism of 231-BR and 231-BR-2 cells. We first analyzed the publicly available microarray
database GEO #GSE66495, reporting on the whole genome expression of not only MDA-MB-
231 and 231-BR cells but also MDA-MD-231-derived adrenal (ADMD-231), bone (BMD-231),
and lung (LMD-231) metastatic variants [36]. We focused on genes involved in glycolysis,
the TCA cycle, and OXPHOS.

Using the two-step methodology described in the materials and methods, we identi-
fied 22 metabolic genes differentially expressed in at least one metastatic variant compared
to parental MDA-MB-231 cells, among which 6 were further differentially expressed in 231-
BR cells compared to any other metastatic variant (Table 1). Significantly upregulated genes
were ALDH9A1 (Genbank ID 223, on chromosome 1) encoding aldehyde dehydrogenase
9 family member A1, FH (Genbank ID 2271, on chromosome 1) encoding fumarate hy-
dratase, and COX7B (Genbank ID 1349, on chromosome X) encoding cytochrome c oxidase
subunit 7B. Significantly downregulated genes were ALDH1A3 (Genbank ID 220, on chro-
mosome 15) encoding aldehyde dehydrogenase 1 family member A3, NDUFB8 (Genbank
ID 4714, on chromosome 10) encoding NADH:ubiquinone oxidoreductase subunit B8, and
PGMS5 (Genbank ID 5239, on chromosome 9) encoding phosphoglucomutase 5.

Among the six genes, ALDH1A3 and PGM5 expression was not significantly different
(p > 0.05) between 231-BR and parental MDA-MB-231 cells (Table 1). They were, therefore,
excluded from further analysis.

3.4. Cytochrome c Oxidase Subunit 7b in Mitochondrial Complex IV Is a Candidate Protein
Supporting the Brain Tropism of Human Breast Cancer Cells

We next aimed to validate our short list of four genes: ALDH9A1, FH, NDUFBS, and
COX7B. To avoid idiosyncrasies that would have been associated to 231-BR cells, changes
in gene expression were independently tested using RT-qPCR in both 231-BR and 231-BR-2
brain-seeking variants. We further verified that the changes in protein matched the changes
in mRNA expression. Uncropped western blots are displayed in Figure S1.

ALDHY9A1 encodes a cytosolic aldehyde dehydrogenase that catalyzes the oxidation
of y-aminobutyraldehyde and aminoaldehydes derived from polyamines. It is involved
in carnitine biosynthesis [44], which facilitates the transport of fatty acids across the inner
mitochondrial membrane for -oxidation and, potentially, in a marginal pathway for
the biosynthesis of neurotransmitter y-aminobutyric acid (GABA) [45] (Figure 3a, left).
Compared to parental MDA-MB-231 cells, ALDHIAT mRNA expression was significantly
increased in 231-BR, but it was slightly decreased in 231-BR-2 cells (Figure 3a, middle). The
corresponding protein was overexpressed in 231-BR but not in 231-BR-2 cells (Figure 3a,
right), which disqualified it as a shared metabolic sensor for brain tropism in our model
cell lines.
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Figure 3. Identification of Cox7b as a candidate protein for the brain tropism of human breast cancer.
(a) The left drawing depicts the three main functions of aldehyde hydrogenase 9A1 (ALDH9A1) that
catalyzes the biosynthesis of y-aminobutyric acid (GABA) in the cytosol, the biosynthesis of carnitine
to facilitate the transport of fatty acids across the inner mitochondrial membrane, and the oxidation of
y-aminobutyraldehyde and aminoaldehydes derived from polyamines in the mitochondrial matrix.
The middle graph shows ALDHI9AT mRNA expression normalized to p-actin (n = 5-6), and the
right graph shows ALDH9A1 protein expression normalized to vinculin (1 = 6), in MDA-MB-231,
231-BR, and 231-BR-2 cancer cells. (b) The left drawing depicts fumarate hydratase (FH) activity,
which catalyzes the reversible hydration of fumarate to malate in the TCA cycle. The middle graph
shows FH mRNA expression normalized to B-actin (n = 5-6), and the right graph shows FH protein
expression normalized to B-actin (1 = 9). (c¢) The left drawing localizes NDUFB8 as a component
of electron transport chain (ETC) Complex I (green). The middle graph shows NDUFB8 mRNA
expression normalized to B-actin (n = 6), and the right graph shows NDUFB8 protein expression
normalized to 3-actin (1 = 3). (d) The left drawing depicts cyclooxygenase 7b (COX7b) as a component
of ETC Complex IV (green). The middle graph shows COX7B mRNA expression normalized to
B-actin (n = 5-6), and the right graph shows Cox7b protein expression normalized to (3-actin (n = 9).
All data are shown as means = SEM. * p < 0.05, ** p < 0.01, *** p < 0.005, ns: p > 0.05; compared to
MDA-MB-231 cells; using one-way ANOVA with Dunnett’s post hoc test (a—d).
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FH encodes fumarate hydratase, the seventh enzyme of the TCA cycle that catalyzes
the hydration of fumarate to L-malate (Figure 3b, left). When mutated/inactivated, FH
can cause various diseases, including hereditary and sporadic forms of cancer [46]. In
the context of brain-specific breast cancer metastasis, FIFl mRNA and protein expression
was increased in 231-BR but not in 231-BR-2 cells (Figure 3b, middle and right), thus
disqualifying this enzyme as a shared metabolic sensor for brain tropism.

NDUFBS8 encodes an accessory subunit of NADH ubiquinone oxidoreductase, a large
protein complex known as ETC Complex I at the inner mitochondrial membrane (Figure 3¢, left).
The subunit is bound to NADH dehydrogenase 5 (ND5) in the proton-pumping module of
Complex I [47]. Similar to microarray data analysis, RT-qPCR showed significantly reduced
NDUFB8 mRNA expression in 231-BR compared to MDA-MB-231 cells (Figure 3¢, middle).
However, it was significantly increased in 231-BR-2 cells, and the changes in protein
expression did not match the changes in mRNA expression (Figure 3¢, middle and right).
Overall, this disqualified NDUFBS as a metabolic sensor for brain-selective metastasis.

COX7B encodes subunit 7b of cytochrome c oxidase (Cox), a large protein complex
known as ETC Complex IV that catalyzes the transfer of electrons from reduced cytochrome
¢ to molecular oxygen at the inner mitochondrial membrane (Figure 3d, left) [48]. Cox7b
is a short 80 amino acid protein that stabilizes the complex and modulates Cox activ-
ity [49]. COX7B mRNA expression was increased in 231-BR but decreased in 231-BR-2
cells (Figure 3d, middle). However, the expression of the corresponding protein was in-
creased in both variants (Figure 3d, right). Considering that among the four candidate
proteins only Cox7b expression showed a similar change in both brain-seeking variants,
we retained Cox7b for further investigation.

3.5. Cox7b Expression Drives Human Breast Cancer Cell Migration towards Astrocytes

Transwell migration assays were used to establish a causal link between Cox7b ex-
pression and MDA-MB-231 brain chemoattraction, mimicked by cell migration towards
immortalized human and mouse astrocytes. Chemoattraction at other important metastatic
sites [34] was mimicked by immortalized human hepatocytes (T0063) and human bronchial
epithelial cells (T0763). All four cell lines were nonmalignant.

As expected, COX7b silencing in brain-seeking variant cells, using a CRISPR-Cas9
strategy (Figure S2a), significantly decreased 231-BR cell migration towards human and
mouse astrocytes but not towards human hepatocytes and human bronchial cells (Figure 4a).
The general migratory phenotype towards serum (1% FBS, used as a control) was unaffected.
Similarly, COX7B silencing significantly reduced 231-BR-2 migration towards human and
mouse astrocytes but not towards human hepatocytes, human bronchial cells, or serum
(Figure 4b). Conversely, experimental Cox7b protein overexpression in parental MDA-
MB-231 cells (Figure S2b) increased their migration towards human and mouse astrocytes,
while migration towards human hepatocytes, human bronchial cells, or serum was not
changed (Figure 4c).

Together, these in vitro results supported a cause—effect relationship between Cox7b
protein expression and the brain tropism of human metastatic breast cancer cells. In
particular, Cox7b protein overexpression was sufficient to trigger a selective brain tropism
of otherwise pan-metastatic, wild-type MDA-MB-231 cells. This finding does not exclude
that other proteins could have a similar function in other cancer cell lines.
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Figure 4. Cause—effect relationship between Cox7b expression and the selective migration of human
breast cancer cells towards astrocytes. (a) Migration assayed in transwells of 231-BR brain-seeking
variants, expressing or not expressing (KO using a CRISP-Cas9 strategy) Cox7b, towards 1% FBS
(n =9), human astrocytes (1 = 3), mouse astrocytes (1 = 5), human hepatocytes (1 = 6), or human
bronchial cells (1 = 6). (b) Migration of 231-BR-2 brain-seeking variants, expressing or not expressing
Cox7b, towards 1% FBS (n = 9), human astrocytes (1 = 5-6), mouse astrocytes (n = 7), human
hepatocytes (1 = 6), or human bronchial cells (1 = 6). (c) Migration of MDA-MB-231 parental cancer
cells, overexpressing Cox7b or expressing basal levels of Cox7b, towards 1% FBS (1 = 7), human
astrocytes (n = 9), mouse astrocytes (n = 6), human hepatocytes (1 = 6), or human bronchial cells
(n=6). All data are normalized to control (first columns) and are shown as means + SEM. * p < 0.05,
**p <0.01, *** p < 0.005, ns: p > 0.05; using Student’s t-test (a—c).

3.6. Cox7b Expression Promotes the Oxidative Phenotype of Human Metastatic Breast Cancer Cells

The data displayed in Figure 2 showed that increased OXPHOS is a major metabolic
characteristic of 231-BR and 231-BR-2 brain-seeking variants compared to parental cells.
Since Cox7b resides in the ETC [49], we reasoned that its expression might modulate the
OCR of the cells, which was measured using Seahorse oximetry.

COX7B silencing reduced 231-BR basal OCR and OCR associated to ATP production,
but maximal OCR, reflecting the respiration spare capacity, was unchanged (Figure 5a).
Comparatively, COX7B silencing reduced all basal OCR, maximal OCR, and OCR associated
to ATP production in 231-BR-2 cells (Figure 5b), demonstrating that loss of COX7B represses
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OXPHOS in brain-seeking variants of metastatic breast cancer. Of note, COX7B silencing
did not decrease cell numbers (Figure S3), suggesting the existence of rescue metabolic
pathways preventing cell death. Cox7b overexpression in wild-type MDA-MB-231 cells
induced the opposite effect, i.e., an oxidative switch characterized by a rise in all basal OCR,
maximal OCR, and OCR associated to ATP production (Figure 5c).
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Figure 5. Cox7b expression drives the oxidative switch of brain-seeking variants. (a) 231-BR brain-
seeking variants expressing or not expressing (KO using a CRISP-Cas9 strategy) Cox7b. Basal (left)
and maximal (middle) oxygen consumption rates (mtOCRs), as well as the OCR of the cells associated
to mitochondrial ATP production (right), were measured using a XF Cell Mito Stress Test Kit (Agilent)
on a Seahorse XF96 bioenergetics analyzer (1 = 20 all). Representative Seahorse traces are shown on
far left. (b) Asin (a), but using 231-BR-2 brain-seeking variants expressing or not expressing Cox7b
(n =15-20). (c) As in (a), but using MDA-MD-231 parental cancer cells overexpressing or expressing
basal levels of Cox7b (n = 23-32). All data are normalized to control (dotted lines) and are shown as
means = SEM. ** p < 0.01, *** p < 0.005, ns: p > 0.05; using Student’s t-test (a—c).
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Together, these experiments demonstrated that Cox7b is an OXPHOS inducer. They fur-
ther established a positive correlation between the oxidative activities of human metastatic
breast cancer cells and their preferential migration towards astrocytes. Of note, Cox7b ex-
pression did not modulate the OXPHOS substrate preference of the brain-seeking variants
(Figure S4).

3.7. Cox7b Expression Is Responsible for the Brain Tropism of Metastatic Human Breast Cancer
Cells in Mice

To experimentally establish a cause—effect relationship between Cox7b expression and
breast cancer brain metastasis, we ran a series of in vivo experiments in nude mice, as
depicted in Figure 1a. Briefly, because our investigation interrogated metastatic tropism
linked to metastatic take (a late metastatic event) but not metastatic cell dissemination
from a primary tumor (an early metastatic event), breast cancer cells were injected in
the left cardiac ventricle, which is known to generate systemic metastatic lesions to the
bones, brain, ovary, and adrenal glands using MDA-MB-231 cells [34,35]. The constitutive
and concurrent expression of luciferase and GFP by our model cell lines allowed for a
confirmation of bioluminescence data with immunohistochemistry.

Following the protocol depicted in Figure 1a, COX7B silencing with a CRISPR-cas9
strategy in 231-BR and 231-BR-2 brain-seeking variants resulted in an almost total loss
of brain tropism following intracardiac injection (Figure 6a). This was evidenced using
ex vivo luciferase bioluminescence imaging on brains isolated at the time of mouse sac-
rifice. Conversely, parental MDA-MB-231 cells, which did not generate detectable brain
metastasis for 4 weeks, gained a strong increase in the occurrence of brain metastases
upon Cox7b overexpression (Figure 6a). For validation, brains were collected at the end of
the experiments, sliced, stained with an antibody against GFP, and counterstained with
hematoxylin and eosin. Figure 6b shows representative pictures of the brains, with insets
representing typical metastasis-positive areas. Analyses revealed a strong decrease in the
number of metastases per mouse and in the metastasis-positive tumor area per slice in mice
injected with 231-BR and 231-BR-2 cells lacking COX7B, compared to wild-type 231-BR and
231-BR-2 cells (Figure 6b, left and middle graphs). The opposite effects were seen in mice
that received parental MDA-MB-231 cells overexpressing Cox7b compared to wild-type
MDA-MB-231 cells (Figure 6b, right graphs). Collectively, these in vivo data established a
cause—effect relationship between Cox7b expression and the brain tropism of human TNBC
in mice.

We concluded our study by analyzing publicly available gene chip and RNA-seq
mRNA expression databases [43] reporting on clinical human breast and lung cancers, as
wells as on renal clear cell carcinoma, all subtypes included. High Cox7B expression was
identified as an independent poor prognosis factor for overall patient survival in all three
cancer types (Figure 6c¢).



Cancers 2022, 14, 4371 16 of 24

a 231-BR-2 MDA-MB-231 p— 0
S =
i3 7 307 3
£ a0 g S
x ® A x
3 35 3
g 2x107 =
5 3 3
5 2x107- k3
g & Loh 2
1x10 i
COX7B KO wT COX7B KO ’ Y 5
3 S 0
2 &«
& & 00+
&
L
&
b 231-BR 231-BR-2 MDA-MB-231
X mfemm=ad mm e eama.
a 1 1 1 1 o E
. ] . ] T s
' 1 ' ' L 3‘& ]
i 1 1] 1 .
'
' ' 1 1 £ ¥
il R S w i LA
— . =
G T T
0 3 i 1
i 1 i 1
! 1 1 1 -
COX7B KO L ] COX7BKO { 3 COX7B +++
o 200 2 ¥ T o 50 % g 8e10¢
g El 2 g 3
2 3 H i s .
£ 150 E3 H E $ 6x10°.
2 & g 230 H
100 H £ H £ ax10t
ﬁ g & Z2 H
* z £
50- 1 3 T 2x104
H T g g i H
H s 2 i
o 2 o 0. x 0
S 2 5 N a N o
e &0 o & O & Feo Xp.w ‘ﬁm & &,@ .
Ve Yoo v vy & T & &
o el & % ¥ A ¥
(o4 Breast cancer Lung cancer Renal clear cell carcinoma
24 HR = 1.67 (1.18 - 2.36) = HR =155 (1.36 - 1.77) 3‘\ HR = 1.86 (1.35 - 2.57)
\ logrank P = 00035 1 \ logrank P = 6.1e-11 ‘\\,\ logrank P = 0.00013
© w ®
e, | 1 P N
el + Y e 2 N r—
£3 ‘ i £° £° b T
2= B« i TN
3 ‘ =3 L = ‘
s g ,
LT R L E—_—" . LE 1 N——
low 791 patients low 919 patients low 228 patients
=8| high 298 patients g high 1006 patients 2 high 302 patients
0 20 40 60 80 100 120 0 50 100 150 200 0 50 100 150
Time (months) Time (months) Time (months)

Figure 6. Cox7b drives the tropism of metastatic human breast cancer cells to the brain. (a,b) The
brain tropism of 231-BR and 231-BR-2 brain-seeking variants, expressing or not Cox7b (KO using a
CRISP-Cas9 strategy), and of parental MDA-MB-231 human breast cancer cells, overexpressing or not
overexpressing Cox7b, was assessed using the protocol depicted in Figure 1a. The cells constitutively
expressed luciferase and GFP. (a) Ex vivo bioluminescence imaging of mouse brains 4 weeks after
the intracardiac injection of cancer cells. Pictures on the left are representative of mouse brains in
luciferin-containing medium captured using a Xenogen IVIS 50 bioluminescence imaging system.
Graphs on the right show brain bioluminescence intensity (n = 4-10). (b) Central sections of the
brains were immunostained for GFP and counterstained for hematoxylin and eosin. Representative
pictures are shown on top (bars = 1 mm). Insets represent typical GFP-positive metastatic lesions
(bars = 100 um). On the bottom, the left graphs represent the number of detected metastases
(left) and the metastasis-positive surface area per mouse (1 = 4-10). Representative images of the
brains are shown. (c) Overall survival of patients with breast cancer (left, all types combined,
1090 patients), lung cancer (middle, all types combined, 1925 patients) and renal clear cell carcinoma
(RCC, right, 530 patients). Data are shown as individual values and medians (a), means = SEM
(b), or individual values (c). * p < 0.05, ** p < 0.01, using Mann-Whitney test (a), Student’s t-test
(b), or log rank test (c).



Cancers 2022, 14, 4371

17 of 24

4. Discussion

In the context of the seed-and-soil hypothesis proposing that secondary organs should
fulfill the specific needs of metastatic progenitor cells [14], this study aimed to investigate
the existence of a metabolic control of tissue-specific metastasis. We used breast cancer
brain metastasis as an example, and we selected the human MDA-MB-231 TNBC cancer
cell line as a working model for the generally high propensity of this breast cancer subtype
to metastasize in humans [50] and because two brain-seeking variants derived from the
same parental cell line were already available from two independent laboratories [34-36].
It allowed us to validate characteristics identified in one variant by those of the other. In
this model, we report that Cox7b, a structural subunit of ETC Complex IV [51,52], drives
metastatic breast cancer cell homing to the brain: repression of Cox7b expression selectively
blocked the migration of brain-seeking variants towards astrocytes and their capacity to
generate brain metastases in mice; conversely, pan-metastatic parental cells manipulated
to gain Cox7b expression increased their selective migration towards astrocytes and their
capability to generate brain metastases. This series of experiments established a cause—-
consequence relationship between Cox7b expression and metastatic brain tropism in the
MDA-MB-231 model. Other proteins could exert a similar function in other cancer cell lines
and models.

Mammalian Cox, also known as Complex 1V, is a 13-subunit multiheteromeric enzyme
that catalyzes the oxidation of cytochrome ¢ and the reduction of molecular oxygen to
water at the terminal step of OXPHOS in the mitochondrial ETC [48]. Complex IV is
located at the inner mitochondrial membrane. In the complex, Cox7b is a short 80 amino
acid nuclear-encoded transmembrane protein that associates with mitochondria-encoded
subunits Cox1, Cox2, and Cox3, which contain the four catalytic redox centers of the
enzyme [49]. Cox7b is ubiquitously expressed. It has no enzymatic activity but stabilizes
the complex and positively modulates Cox activity. Its expression is increased in several
degenerative pathologies characterized by high OXPHOS activities (see reference [53] for a
recent review), and inactivating mutations have been associated with the development of
microphthalmia with linear skin lesions (MLS) [54]. The fact that Cox7b stabilizes Complex
IV is in line with our observation that high Cox7b expression triggers OXPHOS, whereas
COX7B silencing has the opposite effect. To date, nothing is known about the regulation of
Cox7b expression in mammalian cells.

Interestingly, high Cox7b expression was enhanced through rounds of in vivo selection
using intracardiac delivery in mice, thus bypassing adaptation and selection in a primary
tumor. This highlights a key characteristic of metastatic cancer cells: selective homing.
Homing is an active process involving cancer cell interactions with vascular endothelial
cells at given body locations; transvascular diapedesis; nesting in the premetastatic niche;
the establishment of molecular relationships with host cells at the new location; and a
phenotypic reversion from a stem to a proliferative phenotype for most post-metastatic
cancer cells [26,55]. This succession of events would be incomplete without answering
to the question: how do metastatic progenitor cells sense that they have arrived at the
metastatic location, while they are still in the blood stream? If they exist, sensor systems
should be sensitive enough to discriminate changes in the composition of the blood between
different organs.

For homing, physical interactions between metastatic progenitor cells and host cells in
the metastatic niche can be excluded as a triggering event, because they occur after extrava-
sation. Theses interactions would rather primarily retain and re-educate/redifferentiate
cancer cells at the metastatic site. Similarly, physical interactions between metastatic progen-
itor cells and endothelial cells lining blood vessels along premetastatic niches might not be
the primary event for homing. Indeed, our in vitro experiments demonstrate that selective
cancer cell migration towards host cells, seen as feeder cells, can be manipulated in the
absence of vascular cells in vitro. In other words, metastatic progenitor cells would sense
soluble molecules produced by host cells that act as chemoattractants. These molecules are
expected to reach the blood stream in concentrations high enough to be sensed and with a
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concentration gradient steep enough to be followed by metastatic progenitors. Our data
suggest that Cox7b could be such a sensor in human TNBC cells, but the exact nature of
the metabolic signal(s) recognized by Cox7b is still unknown. Based on the observation
that Cox7b expression increases OXPHOS activity, candidate chemoattractants should be
primarily sought among TCA cycle substrates and intermediates. These chemoattractants
would be produced by human and mouse astrocytes in culture and in vivo, but not by
human bronchial cells nor by human hepatocytes. Lactate, which is produced and secreted
by astrocytes to feed neurons [56], pyruvate, acetate, and glutamate are attractive can-
didates [57,58]. Of note, brain-seeking variants also gained metabolic flexibility to fuel
OXPHOS, but this was not linked to Cox7b expression.

Our study was primarily aimed at proving the concept of a metabolic control of
organotropism, and our data support that idea, even if additional experiments are still
warranted to demonstrate our initial hypothesis. Cox7b was identified using the MDA-
MB-231 model solely. This TNBC cell line was used because it represents a cancer type
that is often detected in patients before entry in the metastatic phase, but that evolves to
this phase despite treatments in a significant number of patients. Hence, in a cohort study
where 25,362 TNBC patients were included, only 6% were at the metastatic stage and only
0.68% had brain metastases at the time of diagnosis; however, even for those with localized
disease, approximately 25% of patients relapsed with distant metastasis [59,60]. Overall,
brain metastasis affected up to 50% of TNBC patients in the course of the disease [10]. Our
choice of the model was, thus, driven by the possibility to identify a suitable target for the
prevention of brain metastasis. At the end of the study, one must recognize that Cox7b is
not a suitable pharmacological target, as this structural protein has no enzymatic activity
and is buried within Complex IV at the mitochondrial inner membrane. However, we
believe that the use of the same selection approach for in vivo organotropism starting from
different types of cancer cells (e.g., other breast cancer cells, prostate cancer, cervix cancer,
melanoma) will reveal additional metabolic proteins controlling tissue-specific homing.
Candidates have already been proposed [61] that must still be validated as being causal
in organotropism. Among these, some could be amenable for therapy, with the ultimate
intention of interfering with the metabolic sensing of different subtypes of metastatic
progenitor cells at different secondary sites. Some of these targets could further be shared
by different types of tumors (as illustrated here, with high Cox7b expression in primary
tumors being a poor predictive factor of overall survival not only in breast cancer but also
in lung cancer and in renal clear cell carcinoma), and others could be specific for a particular
cancer type metastasizing to a particular secondary organ. Furthermore, a metabolic sensor
could have additional effects unrelated to metastasis. This is the case of Cox7b, which
sensitizes cancers to cisplatin chemotherapy, with high Cox7b expression in primary tumors
being a favorable factor for overall patient survival upon cisplatin treatment [62].

5. Conclusions

This study is the first of a series investigating the existence of metabolic sensors for
tissue-specific metastasis in the context of the seed-and-soil hypothesis and the premetastatic
niche theory. Using parental human MDA-MB-231 TNBC cells and two independent brain-
seeking variants selected in mice as models, we identified mitochondrial protein Cox7b
in ETC Complex IV as a selective regulator of brain metastasis. Silencing and overex-
pression experiments established a causal link between Cox7b expression and metastatic
brain tropism in vivo, where metabolically active astrocytes were sufficient to chemoattract
brain-seeking metastatic variants expressing high levels of Cox7b. While Cox7b is not
adapted as a direct target for the therapeutic prevention of brain metastasis, we believe that
our general strategy, applied to other cancer types and/or different secondary sites, has the
potential to unravel other, unprecedented target candidates.
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Appendix A
Appendix A.1 Cell Infection for Constitutive Luciferase and GFP Expression

For constitutive luciferase and GFP expression, cells were infected with lentiviruses
carrying the luciferase and GFP sequences along with a puromycin resistance gene (Ams-
bio; catalogue #L.PV020). Briefly, 70%—-80% of the confluent cells in a 24-well plate were
transduced with 2 puL per well of the lentivirus solution in ImL medium with 10 pL/mL
polybrene. Cells were selected by a 48-72 h incubation with 1 ug/mL puromycin (In-
vivoGen, Toulouse, France) and FACS-sorted for GFP expression on a Becton Dickinson
FACSArialll system (Erembodegem, Belgium).
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Appendix A.2 COX7B Gene Silencing

CRISPR plasmids were constructed following Zhang’s laboratory protocol [37] with
pX459 (Addgene; catalogue #62988, puromycin selection) or pU6-(BbsI)_CBh-Cas9-T2A-
mCherry (Addgene; catalogue #64324, red fluorescence selection) plasmids [37,63,64].
These plasmids contain both Cas9 and guide RNA (gRNA) expression cassettes, with Bbsl
restriction sites for the insertion of gRNA sequences. Prevalidated gRNA sequences were
chosen in the GenScript genome-wide database [65] for a non-overlapping duo of gRNAs:
5'-AGCGCACTAAATCGTCTCCA-3' and 5'-GAGTTACCCCAAAGGAATGG-3'. Sticky
ends were created for insertion in the vector plasmids, with CACCG at the 5’ of the gRNA
sense sequence and AAAC at the 5’ and C at the 3’ of the gRNA antisense sequence.

gRNA oligonucleotides (Eurogentec, Seraing, Belgium) were annealed into double-
stranded DNA, with 1 uL of stock solutions containing 100 uM of each sense and antisense
oligonucleotides in 2 uL of 5X T4 ligase buffer (Thermo Fisher; catalogue #46300018), 0.5 puL
of T4 PNK (BIOKE; catalogue #M0201) and 5.5 uL of DNase/RNase-free distilled water. In-
cubation times were 37 °C for 30 min, followed by 95°C for 5 min, and then the temperature
was decreased at a rate of 5 °C/min until reaching 25 °C.

The Golden Gate DNA Assembly protocol [66] was then used for inserting 1 pL of
annealed gRNA at 1 uM into 100 ng of vector plasmid, in a solution containing 5 uL of
10x Fast Digest buffer (Thermo Fisher; catalogue #B64), 0.5 uL of ATP 0.1 M (Thermo
Fisher; catalogue #R1441), 0.5 pL of BSA 10 mg/mL (Promega; catalogue #R396D), 1 uL of
restriction enzyme Bpil (Thermo Fisher; catalogue #FD1014), and 2 uL of T4 ligase 5 U/uL
(Thermo Fisher; catalogue #EL0014) in a total volume of 50 pL completed with water. The
mixture was incubated for 20 cycles at 37 °C for 5 min and 20 °C for 5 min, followed by
80 °C for 20 min.

Five microliters of the resulting solution were used for TOP10 bacteria (Thermo
Fisher; catalogue #(C404003) transformation using prewarmed LB agar plates (Thermo
Fisher; catalogue #22700-025) containing 100 ug/mL of ampicillin, in accordance with the
instructions of the manufacturer. Single colonies were inoculated in LB broth (Thermo
Fisher; catalogue #12780-052) with 50 ug/mL ampicillin and incubated at 37 °C overnight.
Plasmid DNA was then collected with the PureYield Plasmid Miniprep System (Promega;
catalogue #A1223), and its concentration was obtained using a NanoDrop device (Thermo
Fisher). Sequences were verified by Sanger Sequencing (Genewiz, Leipzig, Germany).

Cancer cells at 70%—-80% confluence were transfected with the Lipofectamine LTX/Plus
transfection kit (Thermo Fisher; catalogue #15338100) or with the jetOPTIMUS kit (West-
burg, Leusden, The Netherlands; catalogue #117-01). The first kit was used with 0.25 ug
of each gRNA plasmid, for a total of 0.5 ug of DNA in 100 pL of OptiMEM, containing
0.5 uL of Plus and 2.25 uL of lipofectamine LTX, with incubation times of 15 and 30 min,
respectively. The second kit was used with 0.5 pg of each gRNA plasmid, for a total of 1 ug
of DNA, with 1 uL of reagent in 200 uL of buffer for each well in a 6-well plate. Cells were
selected with puromycin (1 pg/mL)-containing medium for 48-72 h or FACS-sorted for
mCherry fluorescence 48 h after transfection on a Becton Dickinson FACSArialll system.

Appendix A.3 Cox7b Overexpression

The human untagged COX7B cDNA ORF Clone in expression vector pCMV3 (Bio-
Connect; catalogue #HG20762-UT) was used to overexpress Cox7b in MDA-MB-231 cancer
cells. Cells at 70-80% confluence were transfected with 10 ug of the plasmid and Lipofec-
tamine 3000 (Thermo Fisher; catalogue #1.3000001) in a 10 cm dish, allowed to recover the
next day in fresh DMEM containing glutaMAX and 4.5 g/L glucose (Thermo Fisher; cata-
logue #61965026) supplemented with 10% FBS, and selected with hygromycin (400 pg/mL)-
containing medium for 10 days. Medium was renewed every 3—4 days. Colonies were
individually picked, expanded, and tested by western blotting for the expression of Cox7b.
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Appendix A.4 Cell Migration and Invasion

Invasion was assessed by coating the inserts with 250 ug/mL of Matrigel (Corning,
Tewksbury, MA, USA; #356231) for 2 h at 37 °C, and migration without Matrigel coating.
Fifty thousand cancer cells were seeded in the upper chamber of each transwell in 500 pL
of serum-free culture medium, while the lower chamber contained FBS 1% (general mi-
gration/invasion) or confluent nonmalignant astrocytes, hepatocytes, or bronchial cells,
which were used as attractants. Cancer cells were allowed to migrate/invade for 24 h
at 37 °C in a 5% CO, humidified atmosphere. At the end of the assay, cells were fixed
with 4% PFA in PBS for 10 min, rinsed three times with PBS, and immobile cells (upper
compartment of the insert) were wiped away. Mobile cells were stained with DAPI for
30 min, rinsed three times with PBS, and imaged at 5x on an AxioVert microscope equipped
with an AxioCam-MRc camera (Zeiss). Two images were taken per well, thus covering the
upper and lower halves. Nuclei were counted using QuPath software version 0.1.2. with
the Positive Cell Detection analysis tool.

Appendix A.5 Seahorse Oximetry

Basal, maximal, and ATP-linked oxygen consumption rates (OCRs) were quantified
using the XF Cell Mito Stress Test Kit (Agilent) on a Seahorse XF96 bioenergetics analyzer
(Agilent). Briefly, 10,000 cells were seeded in XF96 culture plates 16 h before the experiments
in DMEM, containing glutaMAX and 4.5 g/L glucose (Thermo Fisher; catalogue #61965026)
supplemented with 10% FBS. On the day of analysis, the culture medium was replaced by
DMEM containing 10 mM glucose, 2 mM glutamine, 1.85 g/L NaCl, and 3 mg/L phenol red,
pH 7.4. Cells were further incubated for 1 h in a CO,-free incubator before analysis. Sequen-
tially, basal OCR was acquired without treatment, ATP-linked OCR after the addition of
1 uM of ATP synthase inhibitor oligomycin, maximal OCR after mitochondrial potential dis-
ruption using 1 uM of ionophore carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP), and non-mitochondrial OCR after the addition of 0.5 uM of Complex I inhibitor
rotenone together with 0.5 pM of Complex III inhibitor antimycin A.

Mitochondrial fuel dependency was determined using the Fuel Flex test kit (Agilent)
with either 2 uM of mitochondrial pyruvate carrier (MPC) inhibitor UK5099, 3 uM of glu-
taminase inhibitor BPTES, or 4 uM of carnitine palmitoyltransferase-1 (CPT-1) inhibitor eto-
moxir, to challenge oxidative glucose metabolism, glutaminolysis, and lipolysis, respectively.

Mitochondrial OCRs (mtOCRs) were calculated by subtracting non-mitochondrial
OCRs from the corresponding basal, maximal, and ATP-linked OCRs. Respiration used
for ATP production is the difference between basal OCR and OCR in the presence of
ATP-synthase inhibitor oligomycin. All data were normalized by the total protein content.
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Table S1. Short tandem repeat profiles.

STRs MDA-MB-231 231-BR 231-BR-2
D851179 13,13 13,13 13,13
D21S11 30, 33.2 30,33.2 30,33.2
D75820 8,9 8,8 8,8
CSF1PO 12,13 12,13 12,13
D351358 16, 16 16, 16 16, 16

THO1 7,93 7,9.3 7,9.3
D135317 13,13 13,13 13,13
D165539 12,12 12,12 12,12
D251338 20, 21 20,21 20, 21
D195433 11,14 11,14 11, 14

vWA 15,18 15,16 15,18

TPOX 8,9 8,9 8,9
D185S51 11,16 11, 15,16 16, 16
AMEL X, X X, X X, X
D55818 12,12 12,12 12,12

FGA 22,23 22,23 22,23
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Figure S2. Validation of COX7B silencing and overexpression. (a) COX7B was silenced in 231-BR and 231-BR-2 brain-seeking variants
using a CRISPR-Cas9 strategy. Shown are western blots reporting in triplicate on COX7b expression. Vinculin served as a loading
control. (b) COX7b was overexpressed in parental MDA-MB-231 cells using a pCMV3 vector. Shown are western blots reporting in
triplicate on COX7b expression. 3-actin served as a loading control.
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Figure S3. COX7B silencing does not alter brain-seeking variant cell numbers in vitro. 231-BR and 231-BR-2 cells were either wild-
type or silenced for COX7B using a CRISPR-Cas9 strategy. Graphs show cell count (%) over time on a SpectraMax i3 spectrophotom-
eter equipped with a MiniMax imaging cytometer, after seeding 5,000 cells per well in a 96-wells plate (1 = 3-4). Data are shown as
means + SEM. ns: p > 0.05 compared to MDA-MB-231 cells; using two-way ANOVA with Dunnett’s post hoc test.
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Figure S4. COX7B silencing does not alter the metabolic plasticity of brain-seeking variant cells. (a, b) 231-BR and 231-BR-2 cells were
either wild-type or silenced for COX7B using a CRISPR-Cas9 strategy. (a) Mitochondrial fuel usage of COX7B-deficient 231-BR (left,
n = 7-14) and COX7B-deficient 231-BR-2 (right, n = 12-16) cancer cells was determined using the Fuel Flex test kit (Agilent) on a
Seahorse XF96 bioenergetics analyzer. Data are presented as pie graphs. (b) Mitochondrial fuel usage of parental MDA-MB-231 cells,
231-BR cells expressing or not expressing Cox7b and 231-BR-2 cells expressing or not expressing COX7b. Column graphs show mi-
tochondrial glucose (left; n = 7-15), glutamine (middle; n = 12-16) and fatty acid (right; n = 14-16) usage, where total fuel (glucose +
glutamine + fatty acids) usage = 100% for each cell line. Data are shown as means + SEM. * p < 0.05, ** p <0.01, *** p <0.005, ns: p > 0.05
compared to MDA-MB-231 cells; using one-way ANOVA with Dunnett’s post hoc test.
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V. DISCUSSION

1. The need for brain protection

The brain is a sensitive tissue orchestrating basic as well as advanced functions of
our body and mind. Metastatic cancer invasion of this organ rapidly translates in
severe neurological defects and short-term death, impacting both patient quality of

life and overall survival. It is one of patients’ most dreaded cancer cell localization.

Brain metastases are the most frequent intracranial malignancy, since their
incidence is higher than primary brain tumors (Patchell 2003, Maher 2009, Valiente
2018, Achrol 2019). Even when neoplasms arise in other organs than the brain, brain
colonization is a feared outcome. Brain metastases are associated with a poor
prognosis, as patient survival with untreated brain metastases is less than two
months (Markesbery 1978) and is around 8 to 14 months upon treatment (Sperduto
2013, Niikura 2014, Shen 2015, Darlix 2019). The incidence of brain metastases is
around 20% for all cancers, originating mainly from lung cancer, breast cancer and
melanoma (Nayak 2012, Sacks 2020). As detailed in section 4.5.3, brain incidence
has been increasing in the last decades due to better imaging techniques and
increased survival rates of patients, granting more time for metastatic progenitor
cells to colonize such a complex metastatic site. Another possible cause promoting
brain metastasis is the use of drugs with low BBB penetrance to treat tumors, which
may exert a selective pressure, hindering tumor growth at the primary site and other
metastatic sites while selecting for a brain-penetrating phenotype (Olson 2013).
Since other metastatic areas are better reached by systemic therapies, it is crucial
to develop therapies to prevent cancer cell colonization of the brain. For now, local
resection, radiation therapies and systemic therapies are used, but with limited
efficiencies and harsh adverse effects (Valiente 2018, Achrol 2019). For instance,
stereotactic radiation therapy yields less neurocognitive deterioration compared to
whole-brain radiation therapy that grants less recurrence, and patients are thus
faced with either higher recurrence rates or a more apparent neurocognitive decline
(Chang 2009). Designing pharmacological agents that can efficiently penetrate the

brain and/or that can trigger a transient opening of the BBB is one of the strategies
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explored. Developing new modalities to increase drug availability in the brain is a
possible solution; however, toxic substances in the brain may prove to have worse
secondary effects than in the rest of the body. The brain is indeed designed to be
impenetrable for a reason: ensuring its role of protecting the delicate neural cells that
it contains. Concerns regarding neuronal toxicity associated with BBB disruption are
also paralleled with the potential initiation of new brain lesions by easier access for
circulating cancer cells. An alternate solution would be to target cancer cells while
they are still in the bloodstream, circumventing the need for penetrable agents.
Others, however, argue that brain metastases are exposed to therapeutic drugs due
to BBB leakiness, and that protection from chemotherapy-induced cytotoxicity by
brain cells (such as astrocytes) is the main limitation to treatments (McWilliams 2005,
Langley 2011).

It may prove particularly difficult to implement a therapeutic strategy targeting cancer
cell interactions with brain cells (like astrocytes and neurons) or the neuronal
phenotype of cancer cells (such as the glutamate-driven NMDAR signaling
dependency [Zeng 2019]) while sparing astrocytes and neurons of the patient. It can
be speculated that inhibiting neuronal properties that are hijacked by brain metastatic
cancer cells would elicit neurotoxicity, and thus result in dramatic adverse effects
(Ikonomidou 2002). In my opinion, it is of utmost importance to avoid toxicity to neural

cells to prevent neurological defects and preserve patients’ quality of life.

Systemic therapies (including endocrine therapy, anti-HER2 therapy and
chemotherapy) against breast cancer brain metastases usually follow breast cancer
treatment and can help to prolong survival, but essentially in patients with luminal
and HER2+ tumors (Niwinska 2010b). However, the importance of targeting
metastases differently than the primary tumor is underlined by the reported fact that
metastatic tumors often have distinct mutational profiles as compared with primary
tumors, even if they still share key driver and passenger mutations with the original
tumor (Turajlic 2016). This is further underlined by the work of Niikura et al. (Niikura
2012) reporting the loss of HER2 expression in metastatic sites of primary HER2+
breast cancers. In line with this study, brain metastases have been reported to

display altered ER/PR and HER2 status compared to primary breast tumors (Kaidar-
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Person 2018, Sperduto 2020). Furthermore, brain metastatic cells of different
primary tumors were shown to transcriptionally regroup together, as compared to
their primary tumors of origin and other metastatic sites, further advocating for the
acquisition of new characteristics for metastatic development in the brain (Park 2011,
see section 5.2.3). Precision medicine aiming to analyze metastases aside from the
patient primary tumor should be implemented and can be achieved, for example, by
integrating liquid biopsies to collect CTCs, metastatic progenitor cells, exosomes,
etc. To provide dedicated targeted therapies for brain metastases, one must gain a

deeper understanding of metastatic organotropism.
2. Achievements

At the start of my thesis, previous work of our team (Porporato 2014) had unraveled
the fact that metabolism could modulate and even drive metastasis. In the context
of the seed-and-soil hypothesis (Paget 1889), | aimed to identify possible metabolic
drivers of metastatic tropism. More specifically, | studied the brain tropism of TNBC
cells as a model, using MDA-MB-231 and its two independently generated brain-
trophic variants 231-BR and 231-BR-2. Through in vitro and in vivo experiments, we
showed that COX7b drives metastatic homing of these TNBC cells to the brain of
mice (Blackman 2022).

First, we assessed the metabolic properties of breast cancer cells showing brain-
targeting (variants) or unspecific (parental) metastatic behaviors. We observed that
mitochondrial respiration and mtDNA abundance were increased in both brain-
seeking cancer cells. In parallel, we noticed that they displayed enlarged or more
abundant mitochondria. These findings indicated that our model brain variants had

gained a more oxidative phenotype.

Second, we uncovered that the COX7b subunit of the fourth complex (CIV) of the
ETC, called cytochrome c oxidase (COX), was overexpressed in both brain-seeking
variant cell lines. The mitochondrial localization of this shared metabolic driver of
brain tropismis in line with previous observations of mitochondrial changes occurring
in brain-trophic variants. We demonstrated the importance of COX7b, the expression

of which modulated brain tropism and the oxidative phenotype of TNBC cells (Figure
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18). Silencing COX7B using a CRISPR-Cas9 strategy hindered the in vitro migration
of TNBC cells towards astrocytes, but not towards the other cell types (immortalized
bronchial cells and hepatocytes) that we used as controls. Conversely, the
overexpression of COX7b was sufficient to trigger brain tropism of parental (pan-
metastatic) TNBC cells. As increased or decreased astrocyte-targeted migration in
our experiments could be biased by variation in general migration, we also assessed
cancer cell migration towards FBS and other cell lines than astrocytes, which was
not significantly affected by COX7B silencing or overexpression, meaning that the
observed effect was specific for astrocytes and not caused by a modulation of
general migration mechanisms. The importance of OXPHOS in brain tropism was
further illustrated by the observation that COX7B silencing reduced OXPHOS in
brain-seeking variants, whereas COX7b overexpression increased OXPHOS in

parental cells.

o B
S COX7B silencing COX7b overexpression
(in brain-seeking variants) (in parental cell line)

Qﬁ Oxidative metabolism &

% in vitro migration’ftyoWards astrocytes ﬁ

% in vivo brain tropism ﬁ

Figure 18. Graphical representation of the results obtained regarding the identification
of COX7b as a driver of metastatic brain tropism. COX7B silencing and overexpression
have opposite effects on oxidative metabolism, in vitro migration towards astrocytes and in

vivo brain tropism (Blackman 2022).
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Importantly, in vitro data demonstrating a cause-effect relationship between COX7b
expression and the brain tropism of TNBC cells were successfully translated in vivo.
Indeed, COX7B silencing abolished brain metastasis in mice: mice injected with
COX7B-KO brain-trophic cancer cells were preserved from brain colonization,
whereas mice injected with unmodified brain-trophic cancer cells were typically
loaded with brain metastases. Metastatic development was experimentally followed
by the in vivo acquisition of bioluminescence signals, and validated by
immunohistochemistry. Moreover, we further showed that COX7b overexpression in
parental cells promoted brain colonization. Therefore, not only did COX7B silencing
block cancer cell tropism to the brain, but its overexpression conversely promoted
the brain homing of pan-metastatic cells. Even if the mechanism is currently
unknown, our results demonstrate that COX7b is a driver of brain metastasis. We
hypothesize that COX7b could be functioning as a shared metabolic sensor for brain-

specific chemoattractants in our human TNBC cell models (Figure 19).

Brain Liver Lung Bone
arrival arrival arrival arrival
sensors: sensors sensors sensors

Cox7b and others

Blood
vessel

Sensor for the
departure from hostile
environment: superoxide Primary

tumor

O Metastatic progenitor cells
© Other cancer cells

Figure 19. COX7b as a metabolic sensor for brain tropism. Metastatic progenitor cells are
selected in a hostile environment and employ sensors to leave the primary tumor. Organs
secrete different soluble molecules that metastatic progenitor cells could sense as

chemoattractants through specific sensors driving organotropism.
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Finally, COX7b was shown to be associated with worse prognosis in patients. We
analyzed publicly available clinical data, which revealed that a high COX7B
expression in primary tumors correlated with decreased overall patient survival in
breast and lung cancers, and renal clear cell carcinoma. We reported on patient
survival since we found no adequate parameters to obtain clinical data specifically
on brain metastasis. At the time of this work, databases do not include ‘brain
metastasis free survival’ or data on brain metastases and primary tumor to evaluate
COXT7b expression in both types of lesions. Because metastasis is associated with
cancer cell dedifferentiation (EMT and the acquisition of stem cell traits) in primary
tumors but redifferentiation in metastatic lesions (MET and the loss of stem cell
traits), one also has to consider the possibility that high COX7b expression in
metastatic progenitor cells could be lost in established brain metastases. Keeping

an organ-sorting sensor after homing could, indeed, be unnecessary.

In our in vitro experiments, astrocytes were used as surrogates for the brain
microenvironment. One may question the use of a single cell type to represent a
whole tissue. However, astrocytes have repeatedly been used as such in the
literature (Lin 2010, Sartorius 2015, Chen 2016, Kaverina 2017). Furthermore, Park
et al. (Park 2011) had shown that the patterns of transcriptome reprogramming of
MDA-MB-231 cancer cells in the brain were remarkably similar, although lower in
magnitude, to the reprogramming occurring with astrocytes co-cultures (and not with
fibroblasts), demonstrating that astrocytes are representative of the brain
microenvironment. We used both human and mouse astrocytes to account for the
human origin of the cancer cell lines and the fact that the brain-specific variants were
selected in mice (Yoneda 2001, Patel 2011, Burnett 2015). Our results were highly
similar in both cases, indicating that the sensed factor(s) is (are) commonly produced

by mouse and human astrocytes.

For in vivo experiments, we decided to engineer cell lines with simultaneous
luciferase and GFP expression in order to enable the measurement of
bioluminescence signals in the whole brain and to perform immunohistochemistry
on brain sections. This was to ensure a proper detection of brain metastases and to

circumvent the limitations of each technique by using the other. Indeed,
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bioluminescence measurements may fail to detect smaller and deeper lesions,
whereas immunohistochemistry does not encompass the whole tissue. With this
approach employing both strategies, we aimed to diminish the magnitude of errors
that would arise with the use of only one of the techniques. It is worth noting that
231-BR cells were shown to form micrometastases, which play a role in relapse
(Heyn 2006), thus supporting the importance of detecting both macro and
micrometastases. The COX7B-KO cancer cell-receiving mouse that had a very slight
indication of brain metastasis may be explained by an escape from the knockdown
resulting in the development of a metastatic lesion. This hypothesis can be tested by
single cell analysis of GFP+ cells from the brain of mice injected with wild-type and
COX7B-KO cells. Metastatic growth was interrupted after the same time period of 4
weeks for all mice, to ensure consistency across the different experiments.
Therefore, one cannot exclude that metastasis-free brains may develop metastatic
lesions over a longer period of time. Difficult to implement for the experiments
involving brain variants due to the rapid metastatic growth, the question, however,
remains whether a longer time lapse may reveal an even higher effect of

overexpressing COX7b in the parental cells.
3. Limitations and strengths of the study

Our study faced several limitations inherent to the cell lines and techniques that we

used.

In vitro assays for metastasis are useful tools but limited, since they do not
recapitulate all the complex properties of the host organ, such as anatomical
barriers, full stromal determinants and the immune system. However, our scope here
was to establish a proof of principle of the existence of a metabolic sensor for brain
homing, not to identify BBB crossing molecules or the involvement of the immune
system. These considerations should be addressed in follow-up studies. In
particular, our in vivo assays, similarly to many other studies in the field, were
conducted using immunocompromised mice. Although necessary for the successful
growth of human cancer cell lines, immunodeficient mice do not recapitulate the full

host/patient situation, since they lack an intact immune system. To address a
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potential role of immunity in brain-selective metastasis, COX7b could be
overexpressed in murine (breast) cancer cell lines injected to syngeneic mice

monitored as previously done.

Focusing on mitochondria, we have yet to explore dynamic mitochondrial changes,
like morphology and subcellular localization. To adapt to cellular stresses and needs,
mitochondria undergo continuous changes in morphology through the processes of
fusion and fission. Mitochondrial shape dynamics are governed by dynamin-related
protein family, mainly dynamin-related protein 1 (DRP1) for fission and mitofusins
(MFN) and optic atrophy 1 (Opal) for fusion (reviewed in Yang 2022). Fused
mitochondrial networks are characterized by enhanced OXPHOS capacity and
protection from degradation, while fragmented mitochondria are optimal for recycling
and trafficking, including for their distribution to the cell periphery for membrane
protrusions (reviewed in Boulton 2022). Dysregulated dynamin-related proteins and
alteration of mitochondrial shape dynamics have been linked to metabolism, ROS
production, tumor growth, migration, metastasis and patient outcomes (Wu 2022,
Xie 2022, Boulton 2022), rationalizing the emergence of strategies aiming at
mitochondrial dynamics (Yin 2021). Next experiments should include the
assessment of the expression and phosphorylation status of fission/fusion proteins,
as well as their recruitment to mitochondria and the quantification of fission/fusion

dynamics with reliable imaging techniques.

Our in vivo assays were performed by directly injecting cancer cells into the
circulation, thus bypassing the initial steps of the metastatic cascade. Our
experimental design was indeed purposely intended to study the final steps of
metastasis and, more specifically, metastatic progenitor cell homing and engraftment
into the brain.

We chose to work with 231-BR and 231-BR-2 brain-seeking variant cell lines. In a
brain metastasis cell line panel (Valiente 2020), they indeed best represented brain
metastasis, as other brain-seeking variant models were less specific or used with
intracarotid or intracranial injections, as opposed to intracardiac (left ventricle)

injections allowing cells to indiscriminately access to all mouse organs. The use of
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cell models generated independently in two different laboratories gave us the
opportunity to identify features that are shared by both cell lines. They nevertheless
originate from the same parental MDA-MB-231 cell line. Therefore, our experimental
design technically only used one TNBC model. Since we did not yet attempt to
validate our findings in other (breast) cancer cell lines, at this stage we cannot draw
conclusions for TNBC in general, for other breast cancer subtypes, and for cancer
as a whole. However, our investigation involved a comparison of brain metastatic
and parental cells, as well as with other organ-specific metastatic cells (for the
microarray analyzed). We further used mRNA data sets from cancer patients to
support our findings. The abovementioned limitations should be addressed in future
studies. In particular, additional experiments overexpressing or downregulating
COX7b expression in other (breast) cancer cell lines are now required. However
useful, cell lines much less accurately represent the complex heterogeneity of
neoplasms, especially when clonal expansion was needed to propagate generated
COX7b overexpressing cells. To circumvent loss of heterogeneity, we used several
clones that were pooled together for experiments. It is important to note that the
model cell lines were profiled twice using STR profiling in the course of this work,
which is not always performed and showcased in studies. It was indeed crucial in my
opinion to ensure the correct identification of the cell lines employed, as cell lines

are sometimes misidentified or cross-contaminated (Lacroix 2008).
4. Role of / targeting COX7B

The gene of interest uncovered in this work, COX7B, is a rather unexpected one. It
is a X-linked nuclear-encoded transmembrane subunit of the terminal ETC complex
(CIV) transiting electron from reduced cytochrome c¢ to molecular oxygen (thus
forming water) (Kadenbach 2015). The multimeric enzyme named ‘COX’ is located
in the IMM and is composed of 13 subunits, with mitochondrial-encoded catalytic
core subunits COX1, COX2 and COX3 surrounded by 10 nuclear-encoded subunits.
The short (80 amino acids) non-catalytic COX7b subunit has very few references in
the literature, being merely known to be assembled at the last stages of COX
constitution (Hermann 2005), during which it associates with catalytic subunits
COX1, COX2 and COX3 by interacting with COX4 and COX6a/c (Tsukihara 1996).
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COX7b stabilizes COX assembly and positively modulates COX activity (Indrieri
2012). In cancer cells, high COX7b expression has been associated with platinum
resistance (Tanaka 2018). Conversely, when inactivated in humans, COX7b causes
microphthalmia with linear skin lesions syndrome (MLS), a neurodevelopmental
disorder presenting typical eye and skin defects as well as other
neurodevelopmental features, including microcephaly and facial dysmorphisms
(Indrieri 2012). How COX7b is regulated in mammalian cells remains unknown. A
better characterization of the protein is therefore essential for understanding its role
in physiological cellular functions and in cancer-related behaviors. Our work showing
that COX7B silencing impedes OXPHOS while COX7b overexpression triggers
OXPHOS is in accordance with the role of COX7b in COX assembly and activity. It
may also be involved in the formation of the respirasome, which, to my knowledge,
has not yet been addressed in the literature. The exact mechanisms behind
increased brain colonization upon COX7b overexpression, and the opposite upon
silencing, remain unexplained. Even if COX7b is ubiquitously expressed, phenotypic
manifestations associated with mutated COX7B (MLS) mainly affect the CNS

(Indrieri 2012), which suggests a more specific function of COX7b in the brain.

The effects of overexpressing or silencing COX7B in our cancer cell models are
worth further investigation. It would allow to explore the role of COX7b by addressing
remaining questions: whether the number of mitochondria is affected, whether their
morphology is changed, whether their functions are altered, whether metabolic
substrate preference is modulated, whether (and which) signaling pathways are
induced or suppressed, whether other subunits are overexpressed to compensate
for COX7b absence. Ideally, these questions should be answered for a functional
analysis of COX7B. Deeper analyses of the genetically manipulated cells could be
performed: electron microscopy, measurements of the enzymatic activity of ETC
complexes, metabolic dependency experiments, PAMgene assays measuring the
activity of kinases and phosphatases, RNAseq to pinpoint changes in mRNA
expression and, thus, the biological processes related to COX7B overexpression

and silencing.
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According to the seed and soil theory (Paget 1889), metastasis is a complex
phenomenon that depends on the seed (the metastatic progenitor cell), the soil (the
microenvironment of the organ of destination, which may be modified by tumoral
preconditioning in a premetastatic niche [Kaplan 2005, Peinado 2017]), and
interactions between the two. When it comes to the seed and soil hypothesis,
research has mainly focused on the seed (i.e., the properties of the metastatic cancer
cells) (Liu 2017), but less attention has been given to the soil counterpart and to the
interactions between the two. Further investigation should address the soil-derived
factors that attract metastatic progenitor cells and the sensors that recognize these
factors. Indeed, metastatic progenitor cells need soluble molecules produced by host
cells as chemoattractants, and sensor systems to inform them when they have
reached a preferred location. Even though the precise mechanisms through which
COX7b drives brain tropism in our model remain elusive, its role as a sensor is
supported by the fact that COX7B silencing selectively hindered in vitro migration
towards astrocytes, while its overexpression selectively promoted in vitro migration

towards astrocytes (cause-effect relationship).

Regarding the premetastatic niche, using conditioned medium from distinct cell
cultures may not adequately represent the tumor microenvironment in vivo, since
cells in the primary tumor can also secrete factors to modify distant regions in the
body. As such, astrocyte-conditioned medium did not recapitulate the data obtained
with astrocytes seeded at the bottom well in migration experiments (data not shown),
which suggests an active interplay between cancer cells and astrocytes. In my
opinion, the establishment of a chemoattractant gradient necessitating active
astrocytes may be a key for brain organotropism. Alternatively or in addition,
chemoattractant(s) sensed by COX7b may have a relatively short half-life in

conditioned medium at room temperature.

As shown in studies regarding PMNSs, factors secreted by cancer cells in primary
tumors can modulate the activities of resident cells (section 1.6). Therefore, the
interplay between cancer cells and distant organs should be further investigated. In
our system, factors could be secreted (since there was no direct cell-cell contacts in

the in vitro migration settings) by cancer cells to modulate the activities of astrocytes;
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in return, astrocytes secreted factors to attract cancer cells. An additional experiment
that could be conducted is to condition astrocytes with cancer cell medium, then test
preconditioned astrocyte-conditioned medium in transwells.

A main question that arises when considering COX7b as a metabolic sensor is
inquiring to which factor it is sensitive. Additional experiments are required to explore
factors produced as chemoattractants in this context. TCA cycle intermediates are
potential candidates, since OXPHOS activity is increased when COX7b is highly
expressed. One of the follow-up experiments to start exploring this question would
be to analyze the medium of migration experiments before cells have been in
(distant) contact and after the allocated incubation period used for migration. In such
an approach, however, factors from the cancer cells and from astrocytes would be
mixed. It can nevertheless already pinpoint some potential effectors of the
intercommunication between cancer cells and astrocytes. An alternative would be to
compare, directly in vivo, the metabolic activities of parental versus brain-seeking
cells that would be implanted in the brain. Technologies at the state of the art, such
as laser sampling on tissue slices coupled to HPLC-MS/MS, could potentially help

to identify differences in the use of local resources.

A noteworthy aspect of future research on COX7b is that such a small subunit (80
amino acids) has such a great impact on the metabolic and metastatic behaviors of
cancer cells. Another paper has shown the involvement of this small subunit on a
bigger phenomenon, reporting that high COX7b expression in primary tumors is
involved in cisplatin resistance (Tanaka 2018). We cannot exclude for COX7b to
have a role in addition of being a sensor. For example, since in our experiments
cancer cells were injected in the bloodstream, COX7b could have a role in cell
survival in the circulation. The use of liquid blood biopsies would allow to address
this question, taking into account that all CTCs are not metastatic progenitor cells,
and that all metastatic progenitor cells do not mandatorily have a same destination.
Also, we cannot exclude at this stage that, in addition of being a sensor, COX7b
would enable a specific metabolism promoting survival in the brain. Coculture

experiments with astrocytes and our genetically manipulated or parental cancer cells
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should be conducted to address whether COX7b expression promotes survival and

growth in the presence of astrocytes.

Our choice to focus on breast cancer brain metastasis was also intended for the
possible identification of a suitable target for the prevention of this life-threatening
outcome. Speculating on how to integrate COX7b in the clinical context, one must
admit that this protein is, unfortunately, difficult to target pharmaceutically, as this
subunit does not exhibit enzymatic activity and is embedded in CIV inside
mitochondria. Targeting a structure is difficult to implement, but future improvements
of gene therapy might help to make COX7b targetable. A better understanding of its
role may further help to find other actors implicated in its effects and easier to target.
To unveil potential targetable candidates, further investigation to uncover upstream
regulators and/or downstream effectors of COX7b responsible for brain metastasis

is required.

We do not exclude — rather, we expect — the existence of COX7b-unrelated sensors
and effectors that would control the brain tropism of cancer cells in general. The
reason why we focused on COX7b in TNBC cells resided in the fact that the other
analyzed proteins of interest did not show increased expression in both variants, and
we therefore considered that they were not worth investigating in priority. Additional
work using the strategy established here should help to identify other proteins of
interest for brain tropism in other cancer cell models, which we hope will be more
easily targetable (such as enzymes or transporters). Taking in consideration all
cancer types that can metastasize in the brain, we believe that (1) COX7b could be
shared as a brain sensor by different types of cancers, but (2) that other metabolic
sensors would also exist, driving brain tropism in one or several cancer types,
including MDA-MB-231-unrelated breast cancers. A similar situation is predictable

for the tropism to other secondary organs.
5. Metabolomic experiments

A particularly relevant follow-up of this work would be to perform metabolomics on
the cells of interest. This approach would allow to compare metabolite levels in

COX7B-KO and COX7b-overexpressing cells with those in wild-type parental and
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brain-specific cell lines in order to identify the effects of COX7b on the metabolic
behavior of cells. It would help to uncover the function of COX7b and to potentially
identify other targets related to brain homing. Changes in the metabolites consumed
and produced by the brain-trophic variants as compared to parental cells would also

enable us to identify new targets.
6. Other proteins of interest

To discover other potential drivers of brain tropism, we started to explore other
targets. Indeed, in parallel to this work, a RNAseq has been performed comparing
not only the 231-BR variant but also the 231-BR-2 variant with parental MDA-MB-
231 cells. The strength of the microarray used for our first set of genes of interest
was because it included data of other metastatic sites. However, only one brain-
specific variant was included. Our new microarray allowed the combination of the
two independently developed brain variants to pinpoint interesting targets
upregulated (or downregulated) in both cell lines. The genes of interest that we
identified imply that both variant cell lines similarly modulated their expression,
underscoring their potential relevance and warranting further investigation. In
addition, a PAMgene assay has been performed with our two brain-trophic variants
along with the parental cells. This assay detects changes in the phosphorylation
state of proteins, allowing not to look at the expression nor at the production of
kinases and phosphatases, but rather directly at their (de)phosphorylating activity.
The combination of both microarrays (RNA expression and phosphorylation pattern)
identified several new genes of interest to be studied, which will be disclosed in future

publications of my team.

Moreover, during my doctoral research, | observed that some stemness-related
genes were upregulated in brain-seeking variants. Indeed, SOX2, c-Myc and KLF4
were found to be upregulated at both the mRNA and protein levels in both brain-
seeking variants (Figure 20). Since stemness has already been associated with a
higher metastatic potential, better cell survival and a more aggressive phenotype
(Zhao 2017, Peitzsch 2017, Shen 2021), we primarily left these factors aside to

primarily focus on the discovery of metabolic sensor COX7b. However, our
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observations confirmed what had been observed in other studies where brain
metastasis had been linked to stemness. Indeed, data from the literature indicate
that brain metastatic cells are related to CSC markers nestin (Sihto 2011), CD133
(Sihto 2011, Witzel 2016), CD44 (Okuda 2013, Witzel 2016), and stemness factor
KLF4 (Okuda 2013). | believe that stemness is a true driver of brain metastasis in a
sense that it procures cancer cells with a metabolic plasticity most probably
particularly required in the very divergent surroundings encountered in the brain
microenvironment as compared to other organs. Potential targets are also
mentioned in section 6 and in the review of Wang et al. (Wang 2021): FABP7,
ACSS2, FASN, GDH, FBP2, ABAT, etc. All these trails and additional research with
the strategy developed in this work should lead to discover new potential targets to

better prevent brain colonization.
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Figure 20. The expression of stemness markers SOX2, c-myc and KLF4 is increased in
brain-seeking variants compared to wild-type MDA-MB-231 cells. Protein levels of SOX2,
c-myc (N=3, n=9) and KLF4 (N=1, n=3) in brain-specific variants 231-BR and 231-BR-2 as
well as parental cell line MDA-MB-231. Representative images of western blots are shown.

7. Proof-of-concept for metabolic drivers of metastatic tropism / for the use of

our strategy with other tissue-specific metastases

Metabolic rewiring has now been widely accepted as a hallmark of cancer (Ward &
Thompson 2012), but its involvement in metastasis and in metastatic organotropism

is a new field of investigation (section 2.13). COX7B has proven that metabolic
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elements, even a very small one, can bear responsibilities beyond energy
production, and impact metastatic tropism. This proof-on-concept regarding
metabolic drivers of metastatic organotropism is, in my opinion, a major finding that
fulfills our primary aim. A rationale to apply the knowledge from one model to other
cancer cell types with a same tissue-specific homing is supported by the idea that
organ-specific metastases from different primary cancer types may display common
characteristics and develop common metabolic properties in order to adapt to the
same distant metabolic microenvironment (Paget 1889, Mashimo 2014, Gao 2019).
For example, proteins driving the brain tropism of breast cancer cells may also drive
the brain tropism of melanoma or lung cancer cells. More generally, our data
underline the potential of the strategy established in this work. The strength of this
strategy is the fact that we did not limit ourselves to the analysis of RNAseq data to
identify genes of interest. We validated our findings not only by knocking-out the
gene of interest in our brain variants but also by overexpressing it in parental cells,
and evaluated the effects both in vitro and in vivo. The same approach can be
applied for other tissue-homing locations, since other organs of destination would

most probably reveal other proteins of interest.
8. Preventing (brain)-specific metastasis

In line with the famous quote ‘prevention is better than cure’, it would be more
advantageous to prevent than to treat metastasis (i.e., to circumvent the issue before
patients are faced with problematic metastases). In this aim, further investigations
are needed to prevent seed dissemination to distant organs, including (1) managing
the primary tumor or the primary tumor microenvironment (since harsh
environmental clues force primary cancer cells to adapt and to acquire new
characteristics, encompassing metastatic abilities), (2) protecting patients at risk (by
ea. finding biomarkers to identify cancer-bearing patients more at risk of developing
metastasis in a given organ, which would then help to adapt the therapeutic
protocol), and (3) blocking the dissemination route by therapeutically targeting
cancer cells while they are in circulation. Blocking tissue-specific metastasis could
be achieved by identifying the mechanisms underlying the

intercommunication/interplay occurring between cancer cells and distant organ cells,
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and targeting chemoattractants, metabolic sensors and homing mechanisms
involved in tissue-specific colonization. Interfering with metabolic sensing is an

innovative and promising anticancer strategy to target metastasis.

Anticancer approaches include agents targeting metastatic dissemination, like the
promising results obtained with the use of MitoQ to target mtROS for the prevention
of metastases (Capeloa 2022a/b/c). An attractive strategy would be to combine
targeting the ‘departure sensor’ of metastatic cells (superoxide) with targeting their
arrival (COX7b) for synergistic effects: the second approach could eradicate the cells

who would escape the first one (Figure 19).

It is worth noting that other (external) factors than the seed and the soil may play a
pivotal role in cancer metastasis and may shed new light on the matter, which should
be integrated for a comprehensive understanding of the classic seed and soil
hypothesis. For example, primary tumor removal by surgical resection, commensal
microbiota, and dietary molecules may modulate the tumor microenvironment and
metastasis development (detailed in Liu 2017), which advocates for external factors

to be taken into consideration for more comprehensive therapeutic strategies.
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V. GENERAL CONCLUSION

My PhD thesis work shows for the first time that COX7b, a non-catalytic subunit of
ETC Complex 1V, is an important promoter of brain colonization in TNBC. COX7b
expression was increased in brain-trophic human model cell lines. Moreover, COX7b
silencing effectively reduced brain colonization of brain-trophic variant cells and its
overexpression was sufficient to increase the brain metastasis incidence of parental
TNBC cells. These effects demonstrate that COX7b drives brain tropism in our model
TNBC cell line and, more importantly, open the quest for metabolic drivers of
metastatic organotropism and the potential identification of innovative anticancer

treatments.
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