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I. 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, I 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. I 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, I 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 

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 

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. 
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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). 

 

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 Snail, 

Slug, Zeb1 and Twist), subsequently inducing a downregulation of the expression of 

the epithelial markers listed above and an upregulation of the expression of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6932960/#B18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6932960/#B94
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6932960/#B94
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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 (Müller 2001). The authors also showed that the chemotactic and 

invasive responses upon ligand-receptor interaction was mediated by actin 

polymerization and pseudopodia formation. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5496498/#mol212083-bib-0035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5496498/#mol212083-bib-0146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5496498/#mol212083-bib-0048
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5496498/#mol212083-bib-0108
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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 anoïkis (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 anoïkis 

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 β-chain of hemoglobin (β-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, Läubli 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, Läubli 

2010). Cell adhesion molecules, like mucin 1 (MUC1) and intercellular adhesion 

molecule (ICAM)-1, or integrin α4β1 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, Läubli 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 

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

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, 

TGFβ, 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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6124557/#DMM032920C99
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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 α1β1 binding and gain of integrin 

αvβ3 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 β (TGFβ), 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 α6β4 promotes exosome uptake in lung PMNs, whereas αvβ5 

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 

 

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

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 1925, 

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 

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.  

 



Introduction 

32 

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, [18F]-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 (Pavlova 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 fitness 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 I inhibitors metformin and phenformin (Wheaton 2014, Birsoy 2014, 

Griss 2015, Weinberg 2015), and specific antioxidant drugs aiming at the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6932960/#B107
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6932960/#B125
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6932960/#B166
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5835768/#bib36
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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. 

Abbreviations: ADP, adenosine diphosphate; ALDA, aldolase A; ATP, adenosine triphosphate; ENO1, 

enolase 1; GAPDH, G3P dehydrogenase; GLUT, glucose transporter; HK1, hexokinase; PFK1, 

phosphofructokinase 1; PGI, phosphoglucose isomerase; PGK1, phosphoglycerate kinase 1; PGM, 

phosphoglycerate mutase; PKM1, pyruvate kinase 1; Pi, inorganic phosphate molecule; TPI, 

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 

α-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 α-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 (OXPHOS) 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 FADH2 are fed into the ETC through Complex I (NADH 

dehydrogenase) and II (succinate dehydrogenase [SDH]), respectively. Both 

complexes shuttle their electrons to Complex III via ubiquinone (coenzyme Q10), 

but, of Complexes I and II, only Complex I pumps protons into the MIS. Complex III 

(ubiquinone-cytochrome c reductase) pumps proton as well and reduces 2 

molecules of cytochrome c to shuttle the electrons to Complex IV (cytochrome c 

oxidase [COX]), where O2 serves as the final electron acceptor to produce water. 

Like Complexes I and III, Complex IV pumps protons into the MIS. The proton-motive 

force resulting from the gradient generated by ETC Complexes I, II 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 (ΔΨm) (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 FADH2 to 

molecular oxygen (O2), and Complexes I, II 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 (O2
•−) is produced when a single electron leaking from the ETC 

reacts with O2. Figure from Dirty Medicine 2019a. 

2.8 Fatty acids are processed in mitochondria through fatty acid β-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 FADH2 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 α-ketoglutarate dehydrogenase, pyruvate dehydrogenase and 

glycerol-3-phosphate dehydrogenase, as well as the ETC, can produce mtROS 

 
a Available at https://www.youtube.com/@DirtyMedicine (Accessed last on 13/02/2023) 

https://www.youtube.com/@DirtyMedicine
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(Payen 2019). While oxygen is usually fully reduced by Complex IV to form water at 

the ETC, Complexes I and II 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 I (high H+ gradient and abundant reduced ubiquinone) and under hypoxia 

(paradoxical increase in ROS production at Complex III due to a yet poorly 

understood altered flux of electrons) (Murphy 2009, Selivanov 2011, Sabharwal 

2014). Highly reactive O2
•− can be detoxified to hydrogen peroxide (H2O2) 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 c 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). 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8137522/#R1
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Figure 5. Cytochrome c mediates cellular apoptosis at high mtROS levels. When not efficiently 

counterbalanced by antioxidant mechanisms, mtROS (mainly produced by the ETC) trigger cytochrome 

c 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, αKG – α-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). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R136
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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 [PKM2]) 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; 

LDH5, lactate-dehydrogenase 5; MCT4, monocarboxylate transporter 4; MDH2, malate dehydrogenase 

2; MPC, mitochondrial pyruvate carrier; OGDC, oxoglutarate dehydrogenase; PGI, phosphoglucose 

isomerase; PGK1, phosphoglycerate kinase 1; PGM, phosphoglycerate mutase; PFK2, 

phosphofructokinase 2; SCS, succinyl-CoA synthetase; SDH, succinate dehydrogenase; TPI, 

triosephosphate isomerase. Figure from Payen 2015. 

In addition to the bioenergetic contribution of glucose to lactic fermentation and to 

OXPHOS, 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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R110
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R156
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R197
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R55
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R230
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R209
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R227
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R141
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TCA intermediate α-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 

α-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 

(ACC) 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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4676726/#R34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4676726/#R34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R205
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R103
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R129
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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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6124557/#DMM032920C43
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6124557/#DMM032920C128
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6124557/#DMM032920C128
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R132
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R58
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R36
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R172
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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-

200µm 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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4715268/#R172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4676726/#R54
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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/b/c). 

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 

TGFβ 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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6932960/#B74
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6932960/#B148
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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 β-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 TGFβ 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.  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6124557/#DMM032920C92
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6124557/#DMM032920C92
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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 fitness 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  

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), 

Krüppel-like factor 4 (KLF4), octamer-binding transcription factor 4 (OCT4), 

homeobox protein Nanog (Nanog), 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 

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.  
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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). 

 

 

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. 

3.3 CSC research 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 (Zhang 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). 
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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 Suárez-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 (Ózsvári 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 (Ózsvári 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 

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 (0-I-II-III-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. 

 

 

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.  
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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 (N0) Absence (M0) 

I Localized 
limited 

T1 < 2cm 
T2 < 5cm 
T3 > 5cm 

Absence (N0) Absence (M0) 

II Localized 
advanced 

T4 invasion  
of chest wall  
and/or skin 

Absence (N0) Absence (M0) 

III Regional 
limited / 
extensive 

 
Presence* 
N1 < 3 LNs 
N2 > 3 LNs 
N3 > 10 LNs or level  
          III involvement 

Absence (M0) 

IV Metastatic/ 
distant 

  
Presence (M1) 

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 ≥ 20%); 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).  
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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 
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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 HER2, 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 

HER2 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-

HER2 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 strategy. 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 b. There is no worldwide consensus; this 

table is based on European Guidelines.  

 
b Available at https://www.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 

Subtype Surgery / 
radiation 

Endocrine 
Therapy (ET) 

Anti-HER2 
therapy 

Chemotherapy 
Early BC 

Chemotherapy 
Advanced BC (ABC) 

Luminal 
A-like 

Cornerstone 
for Early BC 
(upfront for 
low risk 
cancers or if 
neoadjuvant 
therapy not 
possible, 
otherwise 
neoadjuvant 
therapies 
preferred 
prior to 
surgery and 
radiation, 
followed by 
adjuvant 
therapies) 
 
  

Neo/Adj/ABC 
- ER inhibitor 
(Tamoxifen)  
or ER degrader 
(fulvestrant) 
- Estrogen 
synthesis 
inhibitor 
(aromatase) 
inhibitor) + 
ovarian 
function 
suppression in 
premenopausal 
women* 

 

+ Adj CDK4/6 
inhibitor 
(abemaciclib) for 
non-pCR patients / 
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)   

First lines with endocrine 
therapy + CDK4/6 inhibitors 
(abemaciclib) or mTOR 
inhibitors (everolimus) to target 
endocrine resistance  
 
If progression despite several 
lines of endocrine therapy or 
visceral crisis : sequential 
monotherapy*** of 
anthracycline, taxane, 
capecitabine, vinorelbine, 
eribulin, gemcitabine, 
carboplatine 
 
- if BRCA mutations: PARP 
inhibitors after endocrine 
therapy (in trials for BRCAness) 
- if PIK3CA mutations: PIK3 
inhibitor (alpelisib) under trials 

Luminal 
B-like 

 

Luminal/ 
HER2 

Neo/Adj/ABC 
Dual blockade 
by antibodies 
targeting HER2 
(trastuzumab & 
pertuzumab) 
 
[Adj treatment 
de-escalation 
of early BC with 
low tumor 
burden, or for 
later lines of 
advanced BC: 
trastuzumab 
only] 

Anthracycline  
and a taxane,  
or docetaxel  
and carboplatin 
 
[Adj paclitaxel if 
low tumor burden] 

Sequential monotherapy 
 
First line with docetaxel  
(with anti-HER2 + ET if luminal) 
 
Second/later line(s) with T-DM1, 
T-DXd, tucatinib, taxane, 
vinorelbine, capecitabine, 
eribulin, or platinum agent 

HER2- 
enriched 

 

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

TNBC   

Anthracycline and 
a taxane, or 
docetaxel and 
cyclophosphamide 
+ platinum agent 
(carboplatine) 
+ immunotherapy 
(pembrolizumab) if 
PD-L1+ 
[Adjuvant 
capecitabine for 
non-pCR patients] 

Platinum agent preferred 
(carboplatine) 
Sequential monotherapy of 
anthracycline, taxane, 
capecitabine, vinorelbine, or 
eribulin*** 
- if BRCA mutations: PARP 
inhibitors in first line  
(in trials for BRCAness)  
- immunotherapy 
(pembrolizumab) added to 
chemotherapy if PD-L1+ 
- AR inhibitor for LAR subtype in 
trials 
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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-HER2 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 



Introduction 

72 

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 (BRCA1, 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). 

 

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-HER2) 

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-HER2 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 

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 µm 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 γ-aminobutyric 

according to the neurotransmitters released: glutamate (excitatory) or γ-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 µm 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 

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. 
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neurons (Wolak and Thorne 2013). Oligodendrocytes (1-3 µm 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 GLUTs, 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 β-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. O2 and CO2). 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 (BMECs), 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 (BMECs) 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 CO2, 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 BMECs 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 Ωcm2 (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 αvβ3 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., non-

coding RNAs, such as micro-RNAs (miRNAs) and long non-coding RNAs (lncRNAs) 

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), lncRNA 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 

ST6GALNAC5, 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 ST6GALNAC5 as a specific 
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mediator of BBB crossing (Bos 2009). Functional validation of ST6GALNAC5 

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, ST6GALNAC5 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 αB-crystallin has been associated with an increased α3β1 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-transferase α5 (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 α (IFNα) and TNF. This 

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

nuclear factor κB (NF-κB) 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 PCDH7 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 TGFβ, IFNα, 

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

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

secrete interleukin-1 β (IL-1β) 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 L1CAM 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 upregulated 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-κB 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). 
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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, lncRNA – long non-coding RNA, 

COX2 – cyclooxygenase-2, HBEGF, heparin binding EGF-like growth factor, ST6GALNAC5 – brain-

specific sialyltransferase, CXCR – chemokine (C-X-C motif) receptor, SEMA4D – semaphoring-4D, Cx43 

– connexin-43,  PCDH7 – protocadherin-7, TGFβ - transforming growth factor β, IFNα – interferon-alpha, 

TNF – tumor necrosis factor, IL-1β – interleukin-1β, PG – prostaglandins, sFasL – soluble Fas Ligand, 

CCL – chemokine (C-C motif) ligand, L1CAM – 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-HER2 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 

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 β-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 

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.  
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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 13C-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 γ (PPARγ) signaling in invaded brain metastatic cells (Zou 2019). 

PPARγ 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 regulatory 

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). 

  



Introduction 

96 

 

 

 

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 γ 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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III. RESULTS 

































 



















Table S1. Short tandem repeat profiles. 

STRs MDA-MB-231 231-BR 231-BR-2 
D8S1179 13, 13 13, 13 13, 13 
D21S11 30, 33.2 30, 33.2 30, 33.2 
D7S820 8, 9 8, 8 8, 8 
CSF1PO 12, 13 12, 13 12, 13 
D3S1358 16, 16 16, 16 16, 16 

TH01 7, 9.3 7, 9.3 7, 9.3 
D13S317 13, 13 13, 13 13, 13 
D16S539 12, 12 12, 12 12, 12 
D2S1338 20, 21 20, 21 20, 21 
D19S433 11, 14 11, 14 11, 14 

vWA 15, 18 15, 16 15, 18 
TPOX 8, 9 8, 9 8, 9 

D18S51 11, 16 11, 15, 16 16, 16 
AMEL X, X X, X X, X 
D5S818 12, 12 12, 12 12, 12 

FGA 22, 23 22, 23 22, 23 
  



 
Figure S1. Uncropped western blot images. (a, b) Shown are whole western blot membranes corresponding to (a) Figure 3a-d, and 
(b) Figure S2.  Note that, in order to be able to show molecular ladders, the membranes are shown at the longest exposure time (often 
overexposed), which does not always correspond to the acquisition time on an ECL imager 600. Abbreviations: P, parental; 1, 231-
BR; 2, 231-BR-2; K, KO cells for COX7B; +, cells overexpressing COX7b. 



 
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. -actin served as a loading control. 

 

 
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 (n = 3-4). Data are shown as 
means ± SEM. ns: p > 0.05 compared to MDA-MB-231 cells; using two-  



 
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-  
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IV. 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), I aimed to identify possible metabolic 

drivers of metastatic tropism. More specifically, I 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 tropism is 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.  

 

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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 

COX7b 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 



Discussion 

136 
 

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 (Opa1) 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 PMNs, 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, I 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). I 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.  

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 IV, 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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Télévie's Research Seminar 2020 (Poster; Brussels; 29-01-2020) 
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