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ABSTRACT 
 

Cancer progression is strongly influenced by the physico-chemical 

properties of the tumor microenvironment. In particular, tumor cells must adapt to 

survive and proliferate not only under low pO2 (hypoxia) but also low pH (acidosis). 

Indeed, extracellular pH in tumors is about 10-fold more acidic than in healthy 

tissues, with mean values ranging from 6.2 to 6.8.  

While tumor acidosis has been already reported to promote cancer cell 

invasion, evasion to immune system, drug resistance and metastatic dissemination, 

little is known about its influence on the metabolic preferences in cancer cells. 

Here, we demonstrate that cancer cells chronically exposed to acidosis (pH 6.5) 

exhibit a dysregulated fatty acid (FA) metabolism with the concomitance of 

mitochondrial FA oxidation (FAO) and cytosolic glutamine-fueled FA synthesis 

(FAS). This is enabled due to a downregulation of acetyl-CoA carboxylase ACC2 

making mitochondrial fatty acyl-CoA degradation compatible with cytosolic 

lipogenesis. Perturbations of these regulatory processes lead to tumor growth 

inhibitory effects further identifying FA metabolism as a critical determinant of 

tumor cell proliferation under acidosis. 

We also report that TGF-β2 is at the interface between these metabolic 

alterations and progression of tumor disease. We document that acidic pH 

promotes autocrine TGF-β2 signaling which in turn favors the formation of lipid 

droplets (LD) that represent energy stores readily available to support anoikis 

resistance and cancer cell invasiveness. Acidosis-induced TGF-β2 activation 

promotes both partial epithelial-to-mesenchymal transition (EMT) and fatty acid 

metabolism. We have shown that upon TGF-β2 stimulation, PKC-zeta-mediated 

translocation of CD36 facilitates the uptake of fatty acids that are either stored as 
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triglycerides in LD through DGAT1 activity or oxidized to generate ATP to fulfill 

immediate cellular needs. We also document how, by preventing fatty acid 

mobilization from LD, distant metastatic spreading can be inhibited. 

Finally, we provide experimental evidence documenting how TGF-β2 is 

activated in acidosis-adapted cancer cells. We identify an upregulation of 

thrombospondin 1 (TSP-1), under chronic acidosis, that can bind to latent TGF-β2 

and convert it to its biologically active form, through a non-proteolytic mechanism. 

Moreover, TGF-β2-dependent translocation of CD36, a fatty acid transporter, 

works as an “anchor” for TSP-1 at the cell membrane. Indeed, we show that CD36 

is expressed in lipid rafts at the surface of acidosis-adapted cancer cells, where it 

co-localizes with TGF-β receptors. This leads to a local effect of TGF-β-signaling that 

promotes RhoA degradation and consequent cytoskeleton remodeling needed for 

lamellipodia formation and cell migration. 

In conclusion, the work presented in this PhD thesis, points out fatty acid 

metabolism and TGF-β2 signaling as key drivers of the aggressiveness of cancer cells 

exposed to chronic acidosis. Our results also open new therapeutic perspectives 

with the validation of strategies interfering with these processes to prevent 

metastatic dissemination in mouse models. 
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INTRODUCTION 
 

1. Cancer biology in a nutshell 
 

The oldest medical record known to describe cancer goes back to ancient 

Egypt (2500 B.C) where they were able to distinguish benign from malignant tumors 

and blamed the gods when unfortunate people suffer from this disease [2]. 

Nowadays cancer is not described as a single disease, but rather as an agglomerate 

of more than 100 different diseases [3], and the scientific community keeps adding 

medical records and scientific reports to an already complex problem. The 

American Cancer Society defines cancer as “a group of diseases characterized by 

uncontrollable growth and spread of abnormal cells. If the spread is not controlled, 

it can result in death”. This is still a simplification of cancer biology that has nothing 

to do with faith but directly from the Darwinian evolutionary dynamics according 

to which (tumor) cells aim to adapt, under selective pressure conditions, in order 

to first survive and then proliferate.  

This is achieved through self-adaptation, done by a succession of genetic 

changes, each conferring growth advantage, leading to the progressive conversion 

of a normal human cell into a cancer cell [4]. Most of the genetic changes 

(mutations) that give rise to cancer are not inherited but are instead a consequence 

of damages to DNA. The changes observed include:  
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• Point mutations that cause amino acid substitutions;  

• Frame-shift mutations that either truncate the protein product or 

scramble its sequence;  

• Chromosomal instability that results in amplification or 

inappropriate expression of a particular gene;  

• Loss of a gene or its fusion with another gene, as a result of 

chromosomal breakage and rearrangement that produces a 

chimeric protein with altered function;  

• Epigenetic DNA modifications, among which the most important 

one is the methylation of cytosine bases in CpG islands leading to 

gene silencing.  

From these different genetic alterations, a cell converging to cancer can 

have two basic outcomes. First, mutations converting proto-oncogenes into 

oncogenes can increase the activity of proteins that are involved in the regulation 

of cell growth or apoptosis. Second, mutations can lead to inactivation of a tumor 

suppressor gene. These changes must perpetuate from cell to cell in order to form 

a tumor. Alterations in the DNA are normally edited through various mechanisms 

of DNA repair. A malignant cell has therefore to evade this system to allow gene 

modifications to be inherited by the daughter cells.  

 Genome instability and mutation acquisition belong to the hallmarks 

presented by Douglas Hanahan and Robert A. Weinberg in the well-known review 

called “The hallmarks of cancer” [5]. In their review, they describe the process of 

self-adaptation needed for a cell to surpass its regulatory circuits and become 

cancerous [5]. Figure 1, adapted from the review, is by now extensively used and 

recognized in the scientific community. Most of these hallmarks deal either with 
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the role of intrinsic genetic dysregulations that support cancer progression or with 

the role of non-cancer cells present in the tumors (e.g. endothelial cells, immune 

cells, fibroblasts). One hallmark actually stands out: the so-called deregulating 

cellular energetics. This thesis work is about tumor metabolism and, in the next 

pages, I will thus describe some aspects of the current understanding of the cancer 

bioenergetic and biosynthetic needs. Instead of a systematic description of the 

major metabolic pathways observed in tumors, I chose to tackle this theme through 

the prism of an underestimated part of the cancer hallmarks’ scheme by Hanahan 

and Weinberg, namely the center of the circle that represents cancer cells in their 

complex microenvironment.  

 

 

 

 

 

 

 

 

 

Figure 1 – The hallmarks of Cancer 

Representation of a tumor and the tumor microenvironment surrounded by ten different 
modifications in cell physiology observed in cancer cells. The arrows represent the interconnection 
found between the microenvironment and the metabolism of cancer cells. Adapted from [5]. 
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2. Tumor microenvironment 
 

Cancer cells are indeed developing within an extracellular matrix (ECM) 

where they live side by side with non-cancer cells [6], but also face various gradients 

of physico-chemical parameters (pO2, pH, heat, …) and are exposed to a variety of 

diffusible molecules (nutrients, growth factors, waste products). Altogether, this 

represents the so-called tumor microenvironment (TME). Along the years, the 

complexity added by TME was such that the scientific community was forced to 

stop considering a tumor just like a mass of malignant cells but instead as a complex 

organ (Figure 2). Tumors are thus a dynamic interaction arena where cancer cells 

interact with the ECM, resident and recruited host cells and soluble factors. The 

interplay between the genetically altered malignant cells and the TME is critical to 

understand cancer pathogenesis and importantly to identify new therapeutic 

targets.  

Here below, I will first briefly summarize the current knowledge on tumor 

hypoxia, the most well studied component of the TME, and then expand in the next 

chapter on a partially related peculiarity of TME that is central for this thesis work, 

namely acidosis. 

 

 

 

 

Figure 2 – Difference between the agglomerate of cancer cells and a tumor microenvironment. 

The image at the left is a representation of a reductionist way of looking at a tumor as an 
agglomerate of cancer cells. At the right, we have a more faithful image of what a tumor looks like: 
cancer cells surrounded by a microenvironment that influences them.  Adapted from [5]. 
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As mentioned before, abrupt cell proliferation is a pre-requisite for cancer 

development and progression. Cancer cells alter expression and/or activity of cell 

cycle-related proteins and promote growth factors in order to multiply faster. 

However, this hastening in proliferation leads tumor cells to their own demise. The 

high-rate proliferation creates abnormal tumor vasculature resulting in different 

tumor areas with distinct perfusion characteristics. The location of some cells at 

distance from the blood vessels induces a deficiency in oxygen and nutrients. 

Although this should ultimately favor cell death, cancer cells in hypoxic zones can 

actually adapt to survive in these hostile conditions. 

In hypoxia, one of the major mechanisms of response is the activation of 

hypoxia-inducible factor (HIF), a transcription factor that consists of HIF-1α and HIF-

1β subunits [7]. The discovery of this oxygen sensor in cells was done by Gregg 

Semenza, the co-winner of the 2019 Nobel Prize in Physiology and Medicine. This 

actually started from observations of another gene, the erythropoietin (EPO) gene. 

EPO was already known to be highly expressed in situations of low oxygen, in 

particular in the kidney [8, 9] and the liver [8] of anemic patients. Semenza, when 

analyzing the EPO gene, found a promoter enhancer that he named hypoxia 

responsive element (HRE) and was further proven to interact with hypoxia-

inducible factors [10]. HIF protein is a heterodimer, the activity of which is mainly 

regulated by the HIF-1α subunit availability, which is itself regulated by oxygen 

levels [11, 12]. Under normoxic conditions, HIF-1α is first hydroxylated by prolyl 

hydroxylase domain (PHD) proteins and then ubiquinated via the E3 ubiquitin 

ligase/von Hippel-Lindau (VHL) complex, thereby leading to proteasomal 

degradation [13] (Figure 3). Of note, HIF-1α affinity for VHL can be increased upon 

acetylation on lysine 532 [14, 15]. Under hypoxia, the activities of PHDs and other 

proteins are inhibited due to the lack of O2. Therefore, HIF-1α is stabilized and can 

interact with the β subunit. Upon binding to HREs, both subunits then mediate the 
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transcription of a large number of genes to support a variety of cellular processes 

including angiogenesis to promote the delivery of O2 (e.g. upregulation of vascular 

endothelial growth factor (VEGF)) [16, 17] but also metabolic adaptations to help 

cells to survive despite the lack of O2 [18]. 

  

 

 

 

 

 

 

 

 

 

Accordingly, HIF-1 activates the expression of multiple genes in favor of a 

non-oxygen-dependent metabolism including glucose transporter 1 (GLUT-1) to 

uptake more glucose to support glycolysis and pyruvate dehydrogenase kinase 

Figure 3 – Mechanism of regulation of HIF-1α subunit. 

HIF-1α has different fates under normoxia and hypoxia. Under normoxia, it is hydroxylated by PHD in 
PRO402 PRO564 and ASN803. After hydroxylated VHL can then bind to hydroxylated HIF-1α and further 
mediate ubiquitin-mediated protein degradation. Under hypoxia, HIF-1α is not hydroxylated because 
PHD is inhibited. The MAPK pathway phosphorylates HIF-1α which helps with its nuclear accumulation. 
When connected with HIF-1β, HIF-1α can link to the DNA and transcript a large number of genes. Image 
adapted from [14]. 
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(PDK) that prevents the fueling of the tricarboxylic acid (TCA) cycle and thereby 

reduces the risk to generate ROS in the mitochondrial electron transfer chain. PDK 

is indeed responsible for phosphorylating and inactivating pyruvate dehydrogenase 

(PDH), thereby blocking the conversion of pyruvate to acetyl-coenzyme A (acetyl-

CoA), required for pyruvate to enter the TCA cycle [19]. During glycolysis, 

nicotinamide adenine dinucleotide (NAD+) is reduced to NADH via the enzymatic 

reaction catalyzed by glyceraldehyde phosphate dehydrogenase (GAPDH). In order 

to maintain glycolytic flux, NAD+ needs to be regenerated. Therefore, under the 

control of HIF-1, there is also an increase in expression of lactate dehydrogenase A 

(LDHA) [20] which converts pyruvate to lactate coupled with the oxidation of NADH 

to NAD+ and H+. 

The reductive glutamine metabolism was also shown to be supported by 

HIF-1α stabilization [21]. When captured by cancer cells, glutamine can actually be 

converted into glutamate, and then to αKG to be directed to the TCA cycle through 

the canonical path or instead can directly lead to citrate via reductive carboxylation 

(RC). The latter path is promoted under hypoxic conditions as proven by the 

constitutive activation of HIF in VHL-deficient cells that is associated with a strict 

reliance on glutamine RC [22, 23]. Glutamine RC allows hypoxic cancer cells to 

generate new lipids [22, 24]; this lipogenesis is critical since when RC is prevented, 

exogenous lipids or citrate is required to promote hypoxic cell survival in vitro [25].  

Hypoxia-induced autophagy will also indirectly impact on cancer cell metabolism. 

For instance, HIF-1-induced BNIP3 expression was reported to trigger selective 

mitochondrial autophagy, thereby impacting on major oxidative metabolic paths 

[26].  

Although specific pathways such as glutamine RC or mitophagy may help 

some hypoxic cancer cells to survive and maintain anabolic pathways, the common 
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denominator for cells exposed to a deficit in O2 remains an increase in the glycolytic 

flux to generate ATP as well as biosynthetic intermediates including reductive 

equivalents through the pentose phosphate pathway. If the high glycolytic rate 

compensates for a lower efficiency in extracting energy from glucose molecules 

(when compared to TCA cycle/OXPHOS), this comes with a great price to pay, 

namely the progressive acidification of the extracellular medium (See section 3). 
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3. Tumor acidosis 
 

The regulation of cellular pH is fundamental to life. Cells have to achieve a 

pH equilibrium to avoid affecting basic biological principles such as energy balance, 

cell proliferation and migration. It is nowadays reported that values of extracellular 

pH (pHe) can range between 5.7 to 7.0 in solid benign and malignant tumors [1, 27-

30]. Here below I will focus on mechanisms of acid-extrusion by cancer cells and 

the significance of extracellular acidosis for tumor biology. 

 

3.1 pH dysregulation in tumors  

 
The acidic zone can be seen (in a very simplistic way) as a combination of 

excess protons release merged with an inadequate blood supply. I will elaborate on 

this concept after briefly describing how acid extruders manage to regulate 

intracellular pH at a cost of extracellular acidification.  

 

3.1.1 Actors of intracellular pH regulation 

 
Normal adult cells have an intracellular pH (pHi) around 7.2 which is lower 

than the pHe value of 7.4. Cancer cells invert this pH balance with a pHe usually 

measured below 7.0 and a pHi higher than 7.4 [31-33]. It is worth mentioning that 

cancer cells placed acutely at pH 6.5 exhibit a rapid and prolonged decrease in pHi. 

By contrast, cancer cells adapted to long-term acidic conditions have a higher 

capacity to recover from the initial pH fall to a neutral and even slightly alkaline pHi 

when transferred back from a medium at pH 7.4 to pH 6.5. [34]. Cancer cells have 
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implemented specific mechanisms to regulate pH changes, by altering the 

expression or activity of several plasma membrane molecules such as pumps and 

transporters that facilitate proton (H+) efflux and maintain the alkaline pHi. Four 

different groups of proteins are important in this process: acid extruders, carbonic 

anhydrases (CAs), Na+/HCO3− co-transporters (NBCs) and anion exchangers (AE1 

and AE2). Acid-exposed cells that lack pH-regulating capabilities offered by these 

proteins may enter in apoptosis or growth arrest due to cytosolic H+ accumulation 

[35, 36]. Although all the above pH-regulating proteins participate in the 

maintenance of an intracellular pH compatible with cancer cell survival and growth, 

they achieve it in different ways (Figure 4).   

Acid extruders 

Acid extruders can remove the excess intracellular H+ ions from inside the 

cells in a direct way.  

The Na+/H+ exchanger (NHE1) takes advantage of the Na+ gradient to force 

protons out. It achieves it by mediating an 1:1 exchange between extracellular 

sodium and intracellular protons. NHE1 activation is both mediated through 

signaling hormones and growth factors or through cellular stresses promoted by 

intracellular acidification, cell shrinkage or hypoxia [37]. However, when acidosis is 

established within tumors, it is thought that NHE1 activity is reduced because it 

faces an unfavorable H+ gradient. The role of NHE1 is directly related to different 

biological features associated with acidosis including protease activity [31, 38, 39], 

invadosome formation [40-42], migration [40, 41] and invasion [39, 41]. 

H+-ATPase is probably the most essential proton transporter in non-

malignant and malignant cells alike. Internal organelles such as vacuoles, 

lysosomes, synaptic vesicles, endosomes, secretory granules, and the Golgi 

apparatus have specific internal pH requirements that are controlled by H+-ATPases 
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[43] [44]. H+-ATPases are composed of two multi-subunit domains, namely V0 and 

V1, and exploit energy in the form of ATP in order to help extract protons. This need 

for ATP is associated with the presence on the surface of tumor cells of ATP 

synthase [44-46], an enzyme which in healthy cells is mostly present intracellularly 

in the inner mitochondrial membrane. 

Finally, the monocarboxylate-H+ cotransporters (MCT1 and MCT4) are 

bidirectional transporters that facilitate the movement of monocarboxylates such 

as lactate across the plasma membrane. While the primary role of MCT is to 

regulate monocarboxylate fluxes, they also indirectly participate to the regulation 

of pHi since protons are used as counter-anions in this process. There are currently 

nine identified MCT isoforms but MCT1 and MCT4 are the most frequently 

expressed in cancer cells, especially in highly proliferative tumors. MCT1 and MCT4 

combination offers the possibility of a symbiotic metabolism between oxygenated 

cancer cells that import and consume lactate produced and released by hypoxic 

cells that have in turn a larger access to glucose (section 3.2.5). This is only possible 

due to the different affinity of MCT1 and MCT4 for lactate ( Km ~3.5–10 mmol/L 

and  ~22–28 mmol/L for MCT1 and MCT4, respectively) [47]. MCT1 has been 

associated with lactate export in T cells (see section 3.2.3.) and invasion [48]. 

Carbonic anhydrases 

Carbonic anhydrases are metallo-enzymes widespread in cancer cells. 

There are 9 active forms of CA with different subcellular localization: CAs I, II, III, VII 

and XIII are cytosolic enzymes while CAs IV, IX, XII, XIV are located at the cell 

membrane [49]. CAII, IX and XII are the ones with a bigger significance in tumor 

formation. The CAs IX and XII accelerate the hydration of carbon dioxide (CO2) to 

bicarbonate and proton (CO2 + H2O  HCO3 - + H+). Inside the cell CA II supports the 

inverse reaction, transforming HCO3
-  to water and CO2 and thus consuming a 
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proton (HCO3
- + H+  CO2 + H2O); resulting CO2 can then passively diffuse through 

the cell membrane.  

CA IX has been shown to play essential roles in growth, survival, migration 

and invasion of tumor cells [50, 51]. Hypoxia, through HIF-1α induction, promotes 

a strong overexpression of CA IX [52], making this protein so critical for excess H+ 

handling in several tumors [50] that its knockdown may dramatically inhibit tumor 

growth [53]. 

Sodium bicarbonate cotransporters (NBCs) and Anion exchangers 

(AEs) 

NBCs are a group of proteins described to be responsible for the transport 

of bicarbonate from the extracellular space to the intracellular compartment 

together with sodium. As elaborated above, HCO3
−

 can accept protons and produce 

CO2, a process that balances the excess of intracellular H+. Of note, when given 

orally, HCO3
−

 has been shown to reduce extracellular acidity in tumors and even 

inhibit metastatic progression [54]. Within the NBC family, NBCn1 is upregulated in 

human tumors in response to ErbB2 signaling through various pathways including 

Akt, ERK and Src [42, 54]. Other modes of regulation also involve transcription 

factors Sp1 and KLF4, which represses and activate NBCn1, respectively [42]. 

Inhibition of NBCn1 affects tumor growth in breast cancer cells [55]. 

The anion exchangers 1 and 2 (also called SLC4A 1 and 2) exchange HCO3
- 

for Cl- in an electroneutral manner. Both AE1 and AE2 were shown to be 

upregulated in gastric and colorectal cancers and associated with tumor 

progression [54, 56]. Surprisingly, both proteins have also been found in the cytosol 

sequestering the tumor suppressor p16 [54, 56, 57]. 
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3.1.2   Origins of tumor acidosis 

 
Acidosis may develop for various reasons in healthy tissues [1, 32, 58], but 

in tumors, it is the consequence of altered metabolism leading to the release of 

protons but also CO2 together with inefficient blood perfusion. The most obvious 

source therefore results from the low oxygen availability at distance from blood 

vessels and the associated stimulation of glycolysis as a major metabolic path to 

support cell survival and growth. Hypoxia therefore creates a continuous gradient 

of protons from the most hypoxic/necrotic areas within a tumor to the surrounding 

blood vessels (Figure 5). This has however to be nuanced by the capacity of cancer 

Figure 4 – Membrane transporters responsible for pH regulation in cancer cells. 

The proteins NHE1, MCT1 and 4 and H+-ATPase are classified as acid extruders because of their 
capacity to export protons to the extracellular space.  

CA IX and XII accelerate the hydration of CO2 to form bicarbonate.  

NBCs internalize the bicarbonate which allows for the production of CO2 at the cost of protons. The 
CO2 is then passively extracted out of the cell.   

AE1 and 2 promote Cl− influx in exchange with bicarbonate. 
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cells to also favor the glycolytic metabolism and associated stimulated H+ release 

under aerobic conditions (the so-called Warburg effect) (Figure 5). The trigger for 

the Warburg effect has been associated with different causes over the years. It 

started with Warburg himself who proposed  a mitochondrial dysfunction in cancer 

cells as the main cause for preferential use of glucose towards the glycolytic 

pathway, even under aerobic conditions [59]. Later, Efraim Racker assumed that 

imbalances in intracellular pH and defects in ATPase activity could be the main 

trigger for aerobic glycolysis [60]. Nowadays, we know that oncogenes lead to 

aberrant regulation of growth factor signaling that may be associated with an 

increase in glycolysis [61]. The need to generate biosynthetic intermediates and 

reductive equivalents from the glycolysis is proposed to account for this preference. 

As observed under hypoxic conditions, pyruvate is thus converted into lactate, 

thereby regenerating NAD+ to further maintain the elevated glycolytic flux. Lactate 

is consecutively exported out of the cell together with one proton through MCT 

transporters [1]. The capacity for a tumor to remove theses protons released by 

non-hypoxic cells will also depend on the distance from the neighbor blood vessels. 

In oxygenated tumor areas, a small part of glucose but also other substrates 

including lactate (see below), glutamine and fatty acids fuel the TCA cycle and 

OXPHOS, leading to the generation of CO2 that easily diffuses through the 

membrane. This CO2 represents another important source of extracellular protons 

in tumors upon hydration (CO2 + H2O  HCO3
- + H+) and dependent on the capacity 

of the tumor to get rid of this pool of CO2/H+. In particular, tumor compartments 

experiencing moderate hypoxia (ie, still sufficient to allow oxidative metabolism) 

will also contribute to acidosis, extending the zone of acidic pH beyond the 

hypoxic/glycolytic areas (Figure 5). 
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Non-cancer cells can also contribute to the microenvironment acidification. 

For instance, cancer-associated fibroblasts (CAFs) as well as immune cells, including 

activated T cells, macrophages and dendritic cells can shift  their metabolic 

preferences towards glycolysis and lactate production, thereby participating to H+ 

accumulation within TME [62].  
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Figure 5 – Metabolism of cancer cells exposed to different levels of hypoxia. 

Oxygen levels (blue color) are lower the further way it is from the blood vessel while acidity rises. Cells, 
divided in three zones, have a different metabolism according to O2 and pH levels. 

Normoxic cells have the physiological conditions to perform glycolysis and mitochondrial respiration. The 
glycolysis under the Warburg effect leads to the production of lactate and H+. These metabolites are 
exported out by MCT1, NHE and H+-ATPase. At the same time TCA/OXPHOS is occurring and producing 
CO2. CO2 can effortlessly pass through the cell membrane. All the metabolites are easily wash out due to 
blood vessels in proximity.  

In the hypoxic zone, where the O2 level is the lowest, this limits the capacity of cells to perform OXPHOS. 
HIF-1 activates the expression of multiple genes in favor of the highly glycolytic flux. This includes LDHA, 
a protein that favors the pyruvate reduction to lactate, producing high quantities of lactate and protons. 
Lactate and H+ are transported by MCT4 and NHE1, respectively, to extracellular space.  

Between the last two zones establishes the moderate hypoxia. O2 levels are higher here than the hypoxic 
zone but the acidic pH does not have a significant increase. Cells present in this area are exposed to one 
of the lowest extracellular pH due to the consequences of the metabolic scenario of normoxic and hypoxic 
cells and the poor perforation that allows the accumulation of the metabolites. Therefore, cells adapt to 
this situation by maintaining the production of H+ to a minimum (no glycolysis) and use the nutrients 
available to them (lactate). MCT1 facilitates the entry of lactate and H+ in the cells, lactate is then 
transformed in pyruvate and enters the TCA cycle while CA II adds HCO3

- to the proton to form CO2. At 
the cell membrane CA IX rehydrates CO2 to reproduce HCO3

- that will reenter the cell through NBC. 
Adapted from [1]. 
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3.1.3 Biological pH sensors 

 
Metabolic and non-metabolic changes under acidosis still lack a major 

regulator, a protein (or a group of proteins) that senses an augmentation of internal 

pH or a diminution of extracellular pH and activates inducible factors as a response. 

There is a high probability that this protein might exist in acidosis-exposed cells and 

might function as HIF-1α does for hypoxia. Although a global and consensus 

transcriptional proton sensor was not yet identified, there are some proteins that 

were documented to drive adaptive responses to acidosis.  

 HIF-2α 

A very common response to acidosis is the upregulation of HIF-2α [34, 63, 

64], nonetheless, the mechanism of activation is still debatable. It has been 

proposed that a similar mechanism to oxygen-dependent control of VHL might 

occur in a pH-dependent manner. Acidosis causes confinement of VHL in the 

nucleus, stopping its ability to degrade HIF until neutral pH conditions are restored 

[63]. However, other reports claimed that HIF-2α could be upregulated through 

acidosis in a VHL-independent manner. For instance, in gliomas exposed to the 

synergistic influence of hypoxia and acidosis, the stress-induced chaperone HSP90 

is thought to account for HIF-2α upregulation [64]. Another mechanism is based on 

Sirt-1 activity, a NAD+-dependent deacetylase activated during acidosis. By 

promoting deacetylation of both HIF-1α and HIF-2α, Sirt-1 has actually opposite 

effects on the two HIF proteins. Deacetylation in HIF-1α prevents p300 recruitment 

and represses its activity, while deacetylation of HIF-2α lysine residues increases its 

activity [34]. HIF-1α and HIF-2α may regulate the expression of specific genes 

because of a distinct N-Terminal Transactivation Domain (N-TAD)  [65] so that HIF-

2α activation and HIF-1α inhibition may lead to specific metabolic changes 
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associated with acidosis. For example, HIF-1α, as discussed before, promotes 

glycolysis and fermentation, through GLUT-1 and LDHA respectively. By contrast, 

HIF-2α is known to promote the expression of the glutamine transporter ASCT2 and 

GLS1, allowing glutamine to enter the cell and through cytosolic GLS to support FAS 

[34]. The differences between the two isoforms is also noticeable in their interplay 

with the oncogene c-Myc. Indeed, while HIF-2α promotes c-Myc transcriptional 

activity and thereby stimulates cell proliferation, HIF-1α inhibits cell-cycle 

progression by opposing c-Myc [65]. Altogether, the above sets of data support the 

idea that during acidosis HIF-1α is downregulated whereas HIF-2α activity 

increases. However, this cannot explain all the significant metabolic, morphologic 

and physiological changes occurring in cancer cells exposed to acidosis. On top of 

that, the role of HIF-2α is known to vary according to the tumor type [1, 64, 65]. 

ASICs and GPCRs 

Extracellular acidification can be sensed by specific acid-sensing ion 

channels (ASICs) and proton-sensing G-protein coupled receptors (GPCRs) [66]. 

These can be important molecules to make the transition between extracellular 

acidosis and intracellular signals that induce cellular adaptative mechanisms. 

ASICs belong to the subfamily of degenerin/epithelial Na+ (DEG/ENaC) 

channels, that are well represented in the peripheral nervous system but have been 

found expressed in various cancers, not only glioma but also breast [67], colorectal, 

cervical and stomach cancer cells [68]. By promoting local membrane 

depolarization, ASICs can also mediate a glutamate-independent Ca2+ entry. 

Although ASIC-triggered pathways driving cell adaptation to acidosis are still largely 

unknown, ASIC1 was documented to support acidosis-associated increase in tumor 

growth and metastases [67].  
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Proton-sensing GPCR expression varies from tissue to tissue but main 

family members include GPR4, OGR1 (GPR68) and TDAG8 (GPR65) [66]. The GPCR 

GRP4 has been described to be fully activated in presence of acidic extracellular pH 

and to have a weaker activation level at physiological pH. This proton-sensing 

receptor has been reported to be overexpressed in inflammatory diseases and 

various types of malignant cancers (most frequently in kidney, colon and ovarian 

tumors) [69]. Moreover, GPR4-deficient mice exhibited a significantly reduced 

tumor growth [70]. GRP4 responds to the extracellular acidic pH through different 

cascades. While the canonical pathway leads to cyclic AMP (cAMP) accumulation, 

a second pathway increases the activity of the enzyme p115RhoGEF (through G12 

or G13 activation) that supports the formation of actin stress fibers [71]. Also, PLC 

activation (through Gq) leads to an increase in intracellular calcium concentration 

(as reported for GPR4). Nuclear factor-κB (NF-κB) activation in acidosis-exposed 

breast and prostate cancer cells is also proposed to result from this Gq/PLC 

signaling pathway [72]. 

Ovarian cancer G-protein-coupled receptor 1 (OGR1) is considered as a 

proton sensing receptor (inactive at alkaline pH and fully activated at pH 6.8) that 

gets activated through the protonation of histidine residues [71] and was 

documented to play crucial roles in cell growth, migration and differentiation.  

T cell death-associated gene 8 (TDAG8) is a G-protein-coupled receptor 

mainly expressed in lymphoid organs and cancer tissues [69]. There are obvious 

similarities between TDAG8 signaling and GRP4 canonical pathway. When the pH 

values are lower than 7.2 [73], TDAG8 stimulates adenylyl cyclase which promotes 

the accumulation of cAMP and Rho activation. Overexpressed TDAG8 at the cell 

membrane has a protective effect on tumor cells in response to extracellular 

acidosis and can accelerate tumor development [66].  
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Protons 

Finally, it should be stressed that the inverted pH gradient between the 

inside and the outside of cells can itself be a regulator of cell response. The 

presence of some charged residues (i.e. histidine and arginine) at the surface of 

membrane proteins makes them sensitive to pH changes. Therefore, changes in pH 

has the potential to modulate the functions of a myriad of proteins/enzymes [1]. 

The exact contribution of these changes in protein ionization (vs. the other bona 

fide pH-sensigng ASIC and GPCR) to the adaptation of cancer cells to an acidic 

environment is however still largely unknown. 

 

3.2 Consequences of tumor acidosis 

 
Acidosis provides a strong evolutionary selection. It is nowadays well 

accepted that the acidic pressure put on cancer cells leads to the emergence of 

more resistant and aggressive phenotypes. Here below I will dissect some of the 

features gained by cells when exposed to acidosis. 

 

3.2.1 Lysosomes and autophagy 

 
In cell biology, the link between pH and lysosomes is quite obvious. 

Lysosomes contain hydrolytic enzymes that can break down many kinds of 

biomolecules at an optimal pH < 5.  A very common response to acidosis is an 

increase in the formation and trafficking of lysosomes, from a perinuclear location 

to the plasma membrane [38, 74, 75]. The transport of lysosomes towards the cell 

surface appears to be promoted by microtubule-based motors of both kinesin [38] 

and dynein type [74]. Once they have fused with the membrane, lysosomes can 
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then release proteases (see section 3.4.4) and H+ to the surrounding 

microenvironment. Expansion in the volume of lysosomes is also a hallmark of 

acidosis-exposed cells, and these larger lysosomal vesicles are actually associated 

with higher metastatic capacity in breast cancer cells [75]. NHE1 seems to also have 

a role in the acidic pHe-induced lysosome trafficking since when it is inhibited the 

lysosomal trafficking is reduced as well [38]. Robert A. Gatenby and Robert J. Gillies 

showed that, under acidosis, the lysosomal protein LAMP2 is redistributed to the 

plasma membrane both in vitro and in vivo [76]. LAMP2 is a protein that protects 

lysosomal membranes from acid proteolysis and that is also associated with 

chaperone-mediated autophagy, a process that acidosis-exposed cells exploit at 

high-rate [76].  

With the help of lysosomes, autophagy keeps the cellular homeostasis by 

removing dispensable or damaged intracellular structures. Under certain 

circumstances, autophagy can promote tumor growth and/or support cancer cell 

survival, providing protective responses to various stresses. Accordingly, autophagy 

markers are often detected in response to extracellular acidosis. For instance, in 

acid-exposed breast cancer cells, the LC3 protein is present in large extent in the 

filopodia [77] and the early autophagosome regulator ATG5 is upregulated [77]. 

BNIP3-induced autophagy is also described as a survival mechanism in cells exposed 

to either hypoxia or acidosis [78]. Interestingly, inhibiting autophagy by either ATG5 

knockdown, by affecting BNIP3 stability or by exposure to 3-methyladenine 

promotes acidic stress-induced cell death [79] and it appears to have the same 

effect in acidosis [77, 79]. Altogether, these data support a critical role of autophagy 

in supporting the survival of cancer cells exposed to the hostile acidic tumor 

microenvironment. 
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3.2.2 Invasion and metastases 

 

The process of invasion results from an assembly of different features, that 

when combined offer cancer cells a unique capacity to penetrate neighboring 

tissues.  

Extracellular proteolysis 

The acidic microenvironment promotes the expression of proteases - a 

group of enzymes with the ability to hydrolyze peptide bonds [80]. As a 

consequence, acidic cancer cells can take advantage of the degradation of the 

surrounding extracellular matrix that facilitates their migration.   

The redistribution of lysosomes to the cell periphery directly participates 

to the secretion of proteases, in particular cathepsin B, a cysteine proteinase that 

can act as carboxy dipeptidase at an acidic pH and an endopeptidase at a neutral 

pH [81]. Remarkably, an increase in cathepsin B is already observed with a slight 

acidification of the extracellular environment [82]. Interestingly, cathepsin B may 

also be activated in response to the extracellular acidification resulting from NHE1 

phosphorylation, itself being triggered by the interaction between hyaluronan 

receptor CD44 and NHE1 in lipid rafts of breast tumor cells [39, 83]. Also, staining 

of the vesicles containing cathepsin B identifies them in the perinuclear area of 

stationary cells but on the rear region of migrating cells [84], confirming the role of 

the protease in the detachment of cancer cells in a polarized fashion.   

Another acidosis-driven event is the formation of invadosome 

microdomains. Invadosomes are highly invasive cell structures that are part of a 

dynamic group that includes lamellipodia, focal adhesions and podosomes. Those 

are actin-rich protrusion structures produced by a matrix remodeling process, the 
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formation, maturation, and function of which have been connected to both hypoxic 

and acidic conditions [75, 80].  These structures are rich in three classes of 

proteases: matrix metalloproteases (MMPs), serine proteases and cysteine 

proteases that were shown to co-localize with NHE1 within plasma membrane 

microdomains. MMPs are calcium-dependent zinc-containing endopeptidases 

capable of degrading all sorts of extracellular matrix proteins. They are not 

optimally active at low pHe, but the conversion of the latent MMP pro-form to the 

active form is dependent on the proteolytic activities that are activated at low pHe 

[85]. Of note, MMP 3 activity has an acidic catalytic optimum which is dependent 

on His224 [86] and MMP 9 is upregulated in in vitro acidic conditions due to 

activation of ERK1/2, p38 and NF-kB [87].  

Cytoskeleton transformation 

Acidosis has been also documented to impact cell rearrangement. The 

acidosis-promoted changes in the actin filaments can alter the cancer cell 

polarization. Cdc42, an important protein in cell polarity, has been demonstrated 

to be regulated by the H+ efflux mediated by NHE1 [40]. Cofilin [88] and profilin [89] 

are actin-remodeling proteins that play central role in cytoskeleton modifications 

under acidosis. Invading cells need to remodel not only their actin filaments but 

also cell-to-cell adhesions. Talin, a cytosolic protein that is found in high 

concentrations in focal adhesions, decreases its binding capacity to actin filaments 

when the pHi>7.2 [90], thereby facilitating cell migration. 

Epithelial to mesenchymal transition 

Epithelial to mesenchymal transition (EMT) is one of the most studied 

processes in the scientific community working on the determinants of cancer cell 

invasiveness. EMT will be extensively analyzed in section 4.3.4 but we will here 

mention some key points in relation with acidosis. In a nutshell, EMT is the 
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transition of a cell, from a state where there is a strong cell cohesion and apical-

basal polarity - epithelial state, to a state characterized by a front-rear cell polarity,  

cytoskeleton rearrangement and cell elongation - mesenchymal state. This 

transition can be consecutively inversed in a process that is called mesenchymal to 

epithelial transition (MET). EMT is mostly activated by external triggers such as 

cytokines (e.g. TGF-β) or hypoxia [91-93]. Association with acidosis has also been 

claimed but the mechanistic explanation remains unclear. For instance, it is known 

that acute acidosis (less than 24h) promotes the appearance of EMT markers in 

certain cell types [94, 95]. Riemann et al. [95] showed that acidosis can increase N-

cadherin and Vimentin in solid tumors; acidosis was however induced in mice by 

housing them in a low pO2 atmosphere,  an experimental condition that may lead 

to various interpretations. In conclusion, there are indications of a connection 

between EMT and acidosis but is unclear how and at what degree is acidosis 

promoting EMT. 

In general, tumor areas where the extracellular pH is the lowest are the 

ones where the tumor invasion is the most prominent. Acid extruders like MCT1/4 

[48] and NHE1 [39] have been associated with invasive capacity. This is further 

proven in mathematical models [96, 97] where it is possible to observe that acidosis 

affects many of the features needed for invasion to occur, including changes in 

cytoskeletal dynamics and increase in proteolytic activity. Hence, pharmacological 

ways to increase the tumor pH have been proven to inhibit spontaneous 

metastases. For example, administration of sodium bicarbonate can increase the 

extracellular pH and significantly reduce the formation of metastases in certain 

cancer types [98]. 
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 Table 1. Mechanisms of acidosis-promoted cancer cell invasion. 

 

 3.2.3 Immune evasion 

 
 In the past few years, there has been a breakthrough in the understanding 

of how to make the immune system capable to recognize and kill cancer cells, and 

thus to overcome the immunosuppressive tumor environment.  Among the many 

processes that participate in the resistance of tumors to the immune attack is the 

ambient acidosis and associated increased extracellular lactate concentration, the 

way this impacts on major immune cell types will be briefly summarized here. 

H+ and lactate exposure was shown to decrease the capacity of T cells to 

produce interleukin‑2 (IL‑2), interferon‑γ (IFNγ), granzyme B and perforin and that 

of monocytes to release tumour necrosis factor (TNF) [99-101].  In these studies, 

lactate and H+ had a synergistic effect leading to the inhibition of proliferation. 

Excess pools of H+ and/or lactate in the extracellular compartment were proposed 

to alter the glycolytic flux (ie, the needed efflux of the en-product lactate) in 

immune cells by preventing lactate efflux. Mechanistically, the resulting 

accumulation of protons and lactate inside T cells but also natural killer (NK) and 

dendritic cells was shown to inhibit the capacity of the transcription factor nuclear 

System Effector Function Ref. 

Proteolytic 
Cathepsin B 

Degradation of cell-matrix and cell-cell 
interactions 

[84] 

MMP 3 Extracellular protein degradation [86] 
MMP 9 Extracellular protein degradation [87] 

Cytoskeleton 
transformation 

Cdc42 Redistribution of cell polarity [40] 
Profilin Actin-remodeling [88] 
Cofilin Actin-remodeling [89] 

Talin 
Destruction of cell-to-cell/cell-

substract adhesions 
[90] 

EMT N-Cadherin Disruption of cell–cell interactions [95] 
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factor of activated T cells (NFAT) to promote IFNγ production and thereby to 

dramatically reduce the immune response [102] [103] [104]. Of note, CD4+ Treg 

cells, that rely on FAO for fuel [105], do not appear to be affected by the acidic 

tumor microenvironment as T-cells are [106].  

Preventing TME acidification was also documented to improve antitumour 

responses to immunotherapy. For instance, the reduction in tumor acidosis using 

the PPI esomeprazole was documented to reverse the acidic pH-induced T cell 

anergy, as documented by the restored expression of IL-2Ra (CD25) and T-cell 

receptors (TCR) [107]. Also, treatment with bicarbonate in lymphoma-developing 

mice, enhances IFN-γ expression, together with an increase in the NK-cell numbers 

[103], thereby leading to a significant effect on tumor growth [103].  

 

 

 

Immune 
target 

Effector Effect Ref. 

T-cell 

Low pH 
Blockage of IL-2 dependent T-cell 

proliferation 
[99] 

Low pH/Lactic acid NFAT repression [102] 
Lactate Glycolysis obstruction [102] 

Low pH 
Reduction in expression of IL-2Ra 

and TCR and low STAT activity 
[107] 

Myeloid 
cells 

Lactate Increase in MDSC [102] 

NK cells 
Low pH 

Decrease in the production of 
perforin and granzyme B 

[83] 

Low pH Decrease in IFN-γ production [103] 

Dendritic 
cells 

Lactate/Low pH 
Decrease in antigen-presenting 

capacity [104] 
Low pH Decrease in IL-12 secretion 

Table 2. Effects of low pH and lactate in immune cells. 
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3.2.4 Drug resistance 

We have previously stated that acidosis exposed cancer cells have a higher 

pHi than normal cancer cells. This alkaline pH gives them an advantage when it 

comes to drug resistance. Cells with higher pHi have been shown to have higher 

doxorubicin [108] and cisplatin-resistance [109]. In the latter, the information was 

further completed with an analysis of the DNA-binding activity of cisplatin. In this 

study, it was observed that in accentuated acidic conditions (pH 6.8) there was 

more DNA-cisplatin adduct formation (important to notice that the results were 

obtained with non-human DNA). The study further demonstrates that V-ATPase is 

up-regulated in the cisplatin-resistant cells [109].   

Ion trapping phenomenon  

One of the biggest challenges for most cancer drugs targeting acidic 

exposed cells is the “Ion trapping” phenomenon. Doxorubicin, daunomycin and 

other drugs [110, 111] are constructed to be weak bases, this facilitates the passage 

across the lipid bilayer of cells. However, when exposed to acidic solutions, these 

weak bases are easily ionized and become positively charged protonated species, 

which drastically reduces cell permeability. These species are neutralized and 

inactivated and then trapped outside of the cells or in intracellular compartments 

such as acidic vesicles and endosomes. Specific inhibitors of the vacuolar H+-ATPase 

and agents such as protonophores, block the acidification of these vacuoles 

allowing for the release of these drugs in the cytosol and nucleus [112].  
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3.2.5 Metabolic dysregulation of acidic cells 

 
When the acidity of the tumor microenvironment achieves a certain 

threshold, cancer cells need to profoundly rewire their metabolic preferences in 

order to maintain intracellular pH in a viable range. In a way, acidosis induces a 

strong evolutionary pressure that selects for the cells the most capable to survive 

and thus somehow the most aggressive. 

It is axiomatic that in order to survive, cells surrounded by an already 

inflated acidic microenvironment have to restrain the further generation and 

release of protons. Hence, one of the first metabolic changes is the reduction in 

glucose uptake and glucose fermentation. Investigators in our laboratory, for 

instance, documented a net reduction in the expression of GLUT-1 and MCT4 that 

are transporters involved in glucose uptake and lactate release, respectively [34]. 

This culminates in a less fermentative cell that produces fewer protons and lactate. 

To replace glucose, in particular for cancer cells located away from blood vessels, 

in a zone where nutrients can be scarce, lactate generated by the hypoxic cancer 

Figure 6 – The “Ion trapping” phenomenon. 

The weak base drug (D) has no problem in entering cells when present in a physiological pH (a). 
However, it tends to be excluded when exposed to an acidic pH (b). This happens because the weak 
base will be protonated by the free protons present in the extracellular space, giving the drug a 
positive charge that will impeach it of passing the cell membrane. Adapted from [111]. 
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cells may represent an alternative fuel. Interestingly,  although MCT4 is 

downregulated, MCT1 is still present in cells exposed to acidosis [34]. MCT1 and 

MCT4 are both proteins that allow the release of lactate together with protons, but 

the Km of MCT1 for lactate makes this transporter particularly suited to also 

promote the entry of lactate inside of the cell when the gradient is favorable. 

Lactate, when present in the cytosol, can be oxidized to pyruvate via the lactate 

dehydrogenase (LDH) and thus give rise to acetyl CoA that can enter into the TCA 

cycle. This process allows for the cooperation between two cell populations: cells 

present in deep hypoxic zones, obliged to produce and release lactate and cells 

present in the acidic (moderately hypoxic) environment, exposed to high levels of 

lactate. Still, this mechanism is not neutral since in order to use lactate, acidic cells 

will face the entry of a proton (through MCT1). In the model presented in Figure 5,  

it is proposed that acid-exposed cells use CO2 (resulting from OXPHOS) and carbonic 

anhydrase CA II and CA IX located inside and outside the cells, respectively, to deal 

with protons taking advantage of the interconversion between HCO3
- and H+; NBC 

being also part of the loop for HCO3
- handling [113].  

Acidosis-adapted cancer cells were also shown to use glutamine [34]. 

Glutamine is an abundant nutrient (the highest concentration among circulating 

amino acids) and it participates in different pathways: energy formation, redox 

homeostasis, macromolecular synthesis, and signaling in cancer cells. Besides its 

anaplerotic role to fuel TCA cycle through successive conversion into glutamate and 

then α-ketoglutarate (αKG), glutamine can also support lipogenesis via the 

reductive carboxylation pathway. Reductive carboxylation of glutamine can occur 

in both cytosol and mitochondria (Figure 7). It starts with the carboxylation of 

glutamine-derived αKG to produce isocitrate (with consumption of NADPH and 

CO2). This reaction can be catalyzed by isocitrate dehydrogenase (IDH) 1 or 2 

isoforms depending on the location of the reaction (either in the cytosol or in the 
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mitochondria, respectively) [24]. IDH3 is only located in the mitochondria and it is 

responsible for the inverse reaction [114]. Newly formed isocitrate can then be 

converted to citrate (which can be exported from the mitochondria via SLC25A1 

protein). Mitochondrial citrate can fuel the TCA cycle (blue section in Figure 7), 

while citrate produced in the cytosol can contribute to the synthesis of fatty acids 

(yellow section in Figure 7) [24] or form oxaloacetate (OAA) to support aspartate-

malate shuttle (green section in Figure 7). 

 

 

 

 

Figure 7 – Reductive carboxylation of glutamine 

Reductive carboxylation of glutamine can occur both in cytosolic and mitochondrial compartments. 
Glutamine-derived αKG can contribute to either TCA cycle fueling in blue, lipid synthesis (in yellow) 
or to the malate/aspartate shuttle (in green). IDH1 and IDH2 transform αKG into isocitrate, while 
IDH3 performs the opposite reaction. Blue arrows demonstrate which substrates can pass through 
the mitochondrial membrane. 
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4. TGF-β signaling 
 

As it will appear in the main experimental part of this thesis work, we identified 

TGF-β2 at the interface between tumor acidosis and the metabolism-supported 

pro-invasive phenotype of cancer cells. In this last part of the introduction, I will 

briefly survey the current understanding of TGF-β signaling and biology in the 

specific context of cancer. 

TGF-β signaling regulates diverse cellular processes, including cell proliferation, 

differentiation, epithelial-to-mesenchymal transition, apoptosis, cell plasticity, 

angiogenesis and migration. Genetic alterations (eg. gene mutations and deletions) 

in numerous components of the TGF-β signaling pathway are frequently observed 

in human cancers. Here I will first review the role of TGF-β as a tumor suppressor 

and secondly how mutations drive the high tumorigenic effects of TGF-β in a variety 

of cancer cell models. 

 

4.1 TGF-β signaling pathways 

 

4.1.1 TGF-β cytokines and receptors 

 
 There are three different TGF-β cytokines expressed in mammalian cells: 

TGF-β1, TGF-β2, and TGF-β3. TGF-β cytokines belong to the TGF-β superfamily that 

includes a large group of 33 structurally-related regulatory proteins, among which 

activins and inhibins, bone morphogenetic proteins (BMPs), and growth 

differentiation factors (GDFs) [115]. Each isoform is encoded by a unique gene and 

expressed with tissue specificity [116]. TGF-β cytokines are produced and released 

by the cells in their latent form and only become active after being separated from 
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their latency-associated protein (LAP). The activation step is poorly understood, but 

the mechanism is likely to involve proteolytic processing and release of the TGF-β 

ligand [117-119].  

TGF-β ligands regulate a variety of cellular processes by signaling through a 

heteromeric complex of high-affinity cell surface receptors: the type I TGF-β 

receptor (TGFβRI) and type II TGF-β receptor (TGFβRII) which are mostly considered 

as the signal propagator and activator, respectively. Seven forms of type I TGF-β 

receptors and five forms of type II receptors can be present in human cells [115, 

120]. TGF-β can also connect with a type III TGF-β receptor (also referred to as β-

glycan) which presents TGF-β to TGFβRII. However, β-glycan is not expressed in all 

cell types [121]. 

The localization of TGF-β receptors is essential for the type of message that 

will be sent. TGF-β receptors can be internalized via clathrin-dependent or 

caveolae-dependent endocytic pathways. The internalization of these receptors 

will determine the activity and termination of events (Figure 8) [122, 123]. When 

present in clathrin-dependent endosomes, TGF-β receptors can activate both 

Smad- and non-Smad-dependent signaling pathways (explored in sections 4.1.2 

and 4.1.3, respectively) and, depending on the endosome, they can be recycled 

back to the cell surface or be degraded. This process is regulated by several 

proteins, but Rab5 seems to be a crucial regulator for the recycling of TGF-β 

receptors [122]. Whilst the formation of a ternary complex of EPS15, STAM and HRS 

leads the vesicles to a multivesicular endosome, which leads to receptor 

degradation through multiubiquitylation [123]. However, when present in caveolae 

microdomains, TGF-β receptors induce only some of the non-canonical signaling 

pathways (eg. MAPK-dependent pathways) and proceed for ubiquitination and 

subsequent degradation [124, 125]. 
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Upon TGF-β binding on its receptors, there is a conformational change on 

TGFβRI where its dormant catalytic center is activated. TGFβRI and TGFβRII 

intracellular domains, that contain serine/threonine protein kinases, become 

phosphorylated initiating downstream cascades. Signaling continues as the 

complex enters the cell through the endosomes[121], promoting intracellular 

signaling pathways.  

 

 

 

Figure 8– The fate of TGF-β receptors according to their localization (clathrin- and caveolin-
expressing endosomes) 

TGF-β receptors present in clathrin-expressing endosomes can transduce signals through both Smad 
and non-Smad pathways, before being degraded or recycled by membrane trafficking. When present 
in caveolin1-expressing endosomes, they can propagate some non-Smad signals before being 
degraded. Adapted from [123]. 
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4.1.2 Canonical TGF-β/SMAD signaling  

 
 Smads belong to a small family of structurally related proteins, with two 

globular domains MH1 and MH2, connected via an intermediate linker (Figure 9) 

[126]. The MH1 domain participates in nuclear localization and DNA-binding, while 

most of protein-to-protein interactions occur through the MH2 domain. The linker 

has regulatory sites that can be phosphorylated by several kinases, including 

mitogen-activated protein kinases (MAPKs) [121, 126]. 

There are three distinct subtypes of Smads: receptor-regulated Smads (R-

Smads), common partner Smads (Co-Smads), and inhibitory Smads (I-Smads) that 

differ between the TGF-β superfamily members. More specifically, for TGF-β 

cytokines, R-Smads are Smad2 and Smad3 [127]. Smad4 is a Co-Smad that binds to 

all R-Smads, while Smad6 and Smad7 are considered as I-Smads. 

 

In the canonical pathway, activated TGF-β receptors internalize through 

clathrin-dependent early endosomes [128, 129]. It is inside the cytosol that R-

Smads are recruited and activated upon the TGFβRI-dependent phosphorylation of 

Figure 9– Structure of Smad 3. 

R-smads proteins have two globular domains (named 
MH1 and MH2) connected through a linker region. The 
carboxy‑terminal sequence (represented in yellow with a 
C) can form a bond with Smad4. The linker region (red 
and green circles) can be phosphorylated by 
cyclin‑dependent kinases (CDKs), mitogen‑activated 
protein kinases (MAPKs) and glycogen synthase kinase 3 
(GSK3). This will create docking sites for positive and 
negative regulators of Smads. The MH1 domain can 
connect with the DNA directly and proceed to the 
expression of a series of genes. Adapted from [120]. 
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their carboxy-terminal tail [115, 127, 130-133]. Once phosphorylated, they form a 

complex with Smad4 and translocate into the nucleus where the trimeric complex 

Smad 2/3/4 binds directly to DNA [121], DNA-binding transcription factors [134] or 

interacts with chromatin [126, 135]. This Smad complex can induce or repress up 

to 500 genes in mammalian cells [121]. There is a constant shuttle in and out of the 

nucleus for R-Smads, but the formation of the receptor-activated R-Smad/Co-Smad 

complex favors their nuclear accumulation [136]. The R-Smads are linked to the 

transcriptional machinery through interaction with CBP/p300, which is vital for 

their transcriptional activation [137, 138].  

As seen before, clathrin-dependent endosomes activate the canonical 

pathway. However, in the presence of cholesterol and caveolin, TGF-β receptors 

degradation is promoted [124, 125], and followed by an initiation of the inhibitory 

activity of Smad6 and Smad7 (see figure 10). Smad7 inhibits the downstream effect 

of TGF-β signaling in three different ways: 1) it blocks the interaction between R-

Smads and TGF-β receptors by competing with R-Smads for TGF-βRI 

phosphorylation, thereby preventing their activation [139], 2) binds to the DNA 

hence preventing the formation of a functional R-Smad-DNA complex [139] and 3) 

recruits E3 ubiquitin ligase that proceeds to ubiquitination and subsequent 

proteasomal degradation of TGF-β receptors [140, 141]. Smad6 also interferes with 

TGF-β signaling by preventing the formation of the Smad2/Smad4 complex [142]. 
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4.1.3 TGF-β/Non-canonical signaling 

 
 Besides the canonical Smad-dependent signaling pathways, TGF-β proteins 

can also activate non-Smad proteins, including MAPKs, phosphoinositide 3′ kinase 

(PI3K) and small GTPases. The signal transduction emanates directly from type I and 

II TGF-β receptors. These are signals that try to complement and sometimes 

regulate the Smad pathway. For example, cells can undergo EMT due to activation 

of Smad cascade, but TGF-β receptor II can transform even further the cell by 

directly phosphorylating partitioning defective 6 (PAR6). It will then recruit SMURF1 

to target RhoA GTPase at tight junctions, thereby causing dissolution of the 

Figure 10– The Smad pathway 

On the left the Smad pathway is activated. Phosphorylation of R-Smads allows them to be activated 
and to form a complex with co-Smads. This complex enters in the nucleus and transcribes target 
genes that either promote tumor suppression (in green) or are tumorigenic (in red). 

On the right the Smad pathway is inhibited. The production of i-Smads leads to ubiquitination of the 
receptors, inhibition of the phosphorylation of R-Smads and on top of that they can repress the 

 f     
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junctions and polarized migration that help EMT process which is promoted by 

Smad [143-146]. Smad- and non-Smad-dependent pathways will be examined in 

reference to their ability to induce a tumor-suppressive effect (section 4.2) or a 

tumor-promoting effect (4.3). Figure 11 summarizes some of the non-Smad 

pathways activated by TGF-β, which include: Rho promotion and PAR6 

phosphorylation done by TGFβRII and p38, JNK, ERK Pi3K and MAPK pathways 

promoted by TGFβRI. 

 

4.2 TGF-β as a tumor suppressor 

 
In a pre-malignant stage, TGF-β is secreted by tumor and/or stromal cells 

and can induce cell cycle arrest, promote apoptosis, and thereby play a tumor-

suppressive role. These pro-apoptotic mechanisms offset the cancer-associated 

hyperproliferative signals. 

Figure 11– TGF-β-induced non-Smad signaling pathways 

TGF-β can also lead to non-Smad protein activation. These have different functions and start or 
complement pathways connected to Smad. Adapted from [131]. 
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4.2.1 TGF-β-induced antiproliferative effects 

 
The most described contribution of TGF-β as a tumor suppressor comes 

from its ability to inhibit the growth of the epithelial and lymphoid cells, from which 

most human cancers may arise. However, TGF-β, when purified for the first time, 

was identified for its ability to stimulate proliferation rather than inhibit it [147]. 

Nowadays we know that TGF-β can prevent cell cycle progression, although the 

extent of growth inhibitory response differs from cell to cell and the experimental 

model system used.  

Cyclin-dependent kinase inhibitors 

TGF-β-induced cell cycle arrest is mostly supported through expression 

and/or stabilization of cyclin-dependent kinase inhibitors (CDKi) p15, p21 and p27 

and the elimination of proliferation drivers. CDKis prevent the cyclin/CDK-mediated 

phosphorylation of the retinoblastoma protein (Rb), and hence allows for the 

sequestration/inactivation of the E2F transcription factor (responsible for cell cycle 

progression) and the cell cycle arrest in early G1 phase. As said before, Smad and 

non-Smad complement and reinforce other signals. This is especially clear in the 

case of CDKi since the major effectors of this signal seems to be promoted by Smad 

proteins like p15INK4b [148, 149], p21CIP1 [150, 151] and p27KIP1 [152]. Yet some actors 

of the non-Smad cascade also induce similar effects (e.g. ERK signaling pathway 

increasing p15INK4b levels [153] or MEK is essential for TGF-β-dependent stimulation 

of p21WAF1/CIP1 which occurs in a p53-independent manner [154]). Smad proteins are 

known to promote the transcription of CDKis (representative scheme in figure 12). 

For example, the complex Smad 2/3/4 can bind to a GC-rich region of the p15INK4b 

gene promoter and activate its expression [149]. In the case of p21Cip1, p63 and p73, 

which act as enhancer elements of this gene, are stabilized by direct interaction 

with Smads improving the expression of the p21Cip1 gene [155], but Smad3 and 
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Smad2 can also produce p21Cip1 by binding directly to the gene [156]. The already 

referred p15INK4b and p21Cip1 are important CDKi in epithelial cells but not in 

hematopoietic cells. In these cells, TGF-β induces the transcription of p57Kip2, whose 

role is similar to the p21Cip1 [157]. Smad proteins can also directly affect 

components of the cell cycle machinery. p53 binds to specific sequences of 

untranslated region of the CDK4 mRNA in a Smad-promoted/instructed way, 

although the mechanism is not yet well clarified [158, 159].  

Proliferative drivers 

The major proliferative drivers affected by TGF-β are c-Myc and cdc25A. 

TGF-β-induced c-Myc gene repression, which in turn prevents the transcription of 

p21 and p15 while promoting cdc25A expression, is believed to occur dependently 

[160] and independently [161] of Smad proteins. The Smad-dependent process is 

accomplished by a nuclear phosphorylated Smad3 together with Smad4 promoting 

a transcriptional inhibitory element on the c-Myc promoter [160]. The Smad-

independent mechanism is not clarified and only demonstrated by the fact that, in 

a subset of ovarian cancers rich in Ski and SnoN (Smad2 and 3 corepressors), the 

TGF-β inhibitory effect on c-Myc expression was still observed [161]. Finally, TGF-β 

inhibition of the tyrosine phosphatase cdc25A causes inactivation of Cdk4 and Cdk6 

and cell cycle arrest in the G1 phase [162]. 
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4.2.2 TGF-β-induced pro-apoptotic mechanisms 

 
 The ability to induce apoptosis in a cell type-specific manner is another 

tumor-suppressive feature of TGF-β. In a pre-malignant state, when cells start to 

face oncogenic mutations, TGF-β‑mediated suppressive effects become more 

dramatic, as it is in this context that TGF-β triggers apoptosis. The exact 

mechanisms underlying the TGF-β-induced apoptosis in pre‑malignant cells is not 

clear, but in some tumor types, the TGF-β apoptotic pressure is so strong that tumor 

selection creates clones with mutations that eliminate TGF-β signaling entirely 

[163]. Even in non-malignant cells, cell culture and in vivo studies can point to a 

pivotal role of TGF-β-mediated apoptosis in the liver, prostate, digestive, nervous, 

immune and reproductive cells [164]. Interestingly, TGF-β has also been reported 

to promote cell survival under certain conditions as well. For example, via Akt 

signaling, TGF-β stops serum starvation-induced apoptosis [165]. Smad proteins 

Figure 12– Molecular mechanisms supporting the TGFβ-induced antiproliferative effects. 

Complexed R-Smads and Co-Smads can influence CDKis and proliferative drivers alike. Adapted from 
[121]. 
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regulate the expression of a vast number of genes connected to the apoptotic 

machinery. These signals are again supplemented by non-Smad cascade. Some of 

the Smad and non-Smad activated genes related to pro-apoptotic activities are: 

• TEG1 is a transcription factor responsible for the regulation of other pro-

apoptotic genes [166]; 

• GADD45β is a signaling protein that activates p38 MAPK through the 

mitogen-activated protein kinase kinase 4 (MKK4), thereby leading to 

caspase-8 activation which promotes the release of cytochrome C and 

downstream caspase-dependent pathways (caspases 9 and 3) [167, 168]; 

• DAPK modulates the mitochondrial membrane potential and, through a still 

unknown mechanism, promotes cytochrome C release and caspase 

activation [169]; 

• TAK1, a non-Smad protein activated upon direct phosphorylation of TGF-β 

receptor 1, can also activate caspases by the same mechanism than 

GADD45β [170]; 

• SHIP promotes changes in the intracellular pool of phospholipids which 

inhibits the activation of the pro-survival Akt/PKB kinase, which leads to the 

induction of apoptosis in hematopoietic cells [171]; 

 

4.3 Tumorigenic Effects of TGF-β 

 
As previously said, cancer is a multistep process resulting in the evolution 

of a cell population that has escaped from the control of regulatory mechanisms. 

Inactivation of tumor suppressors like TGF-β is a way to escape regulatory systems. 

However, TGF-β is not a simple tumor suppressor, since it has been proven to act 
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also as a tumor promoter. This is further supported by the widely overexpressed 

levels of TGF-β in many human cancers. Because it can work as a tumor suppressor 

or have oncogenic roles, the TGF-β pathway does not appear to be fully active or 

completely off. Instead, it shows to be regulated by a rather complex dosage effect. 

Here I will analyze how alterations in the expression levels of different components 

of the TGF-β signaling pathway allow for tumor development and can be used as a 

metastatic factor. 

 

4.3.1 Points of Disruption in the TGF-β Pathway in Cancer 

 
TGF-β-mediated signaling pathways are very complex, with crosstalks 

between non-Smad/Smad proteins and other signaling pathways, thereby opening 

a great number of doors for disruption. Alterations of some components in TGF-β 

pathways have been observed in diverse human tumors. These include gene 

deletions or mutations, downregulation of components, magnification or 

overexpression of pathway inhibitors, and overexpression or overactivation of 

signaling molecules. Here I will divide TGF-β signaling modifications into three 

distinct parts: TGF-β receptor alterations, Smad protein alterations and modulation 

of TGF-β signaling by oncogenes. TGF-β overproduction or overactivation will be 

discussed in section 4.3.2 - Sources of TGF-β in Tumors. 

TGF-β receptor alterations 

The TGFBR2 gene is modified in some tumors, a change associated with 

microsatellite instability (MSI) [172]. This predisposition to mutation arises from 

the inactivation of the mutation mismatch repair system (MMR), causing base pair 

mismatches during DNA replication. This leads to the accumulation of replication 

errors at ‘microsatellite-like’’ repeats. Genes containing these errors are observed 
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to be mutated. Such mutation, called the BAT-RII mutation, has been observed in 

TGFBR2 gene. It consists of the introduction of a non-sense mutation through 

insertion or deletion of one or two adenines resulting in the expression of a 

truncated protein that lacks both the transmembrane and the intracellular serine-

threonine kinase domains [173]. This alteration has been observed in tumors 

associated with a MSI-like phenotype, including colon [172, 173], gastric [172], lung 

[174] and glioma [175] cancers. Other non-MSI-associated TGFBR2 mutations have 

been described, and studies report that 25% of ovarian cancers, 21% of HNSCC and 

12% of breast tumors have a mutated TGFBR2 gene while this genetic feature is 

very rare in pancreatic cancers [176]. Contrary to the TGFBR2 gene, TGFBR1 lacks a 

repetitive nucleotide sequence, hence reducing genomic instability, and so far 

there is no association with MSI mutations described in the literature. However, 

TGFBR1 gene mutations have been observed in ovarian [177], metastatic breast 

[178], pancreatic [179] cancers and T-cell lymphomas [180]. Both TGFBR1 and 

TGFBR2 can suffer from hypermethylation of CpG islands in the gene promoters 

[181]. 

Smad protein alterations 

Inactivation of tumor suppressor genes is characterized by inhibition of 

both alleles of a chromosome. This is commonly achieved by mutation of one allele 

followed by the loss of a chromosomal region containing the other one, a process 

known as loss of heterozygosity (LOH). Smads can suffer from this mutation, 

particularly SMAD4 and SMAD7 which can have mutations that impact tumor 

development. LOH in SMAD4 can be found in up to 50% of pancreatic cancers [182], 

12% of breast cancers and 7% of lung cancers [183]. The mutations are most 

frequent in the MH2 domain of the protein, which is the part that allows the 

oligomerization with the R-Smads [183]. Although the gene that encodes Smad2 is 

closely located to Smad4, the mutation of this gene occurs at very low frequency in 
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tumors [184, 185]. Contrary to Smad2 and 4, there was no mutation found in 

SMAD3 gene in human cancers. However, it may be silenced via epigenetic 

inactivation since the loss of Smad3 has been identified in some gastric cancers 

[186], and re-introduction (knock-in) of Smad3 into human gastric tumors restored 

TGF-β responsiveness. This epigenetic silencing might be crucial for the loss of TGF-

β-dependent tumor suppression capacity given that Smad 3-/- mice developed 

aggressive colon carcinoma metastasis [187]. The gene encoding for Smad 7 is 

frequently mutated in tumors (Smad 7 is a I-Smad). This gene suffers from 

mutations leading to under-expression or, more commonly, overexpression [188]. 

In general, Smad mutations lead to inactivation or disruption of the Smad cascade, 

which allows tumors to surpass the initial tumor-suppressive status of TGF-β. 

Modulation of TGF-β signaling by oncogenes 

 There is a particularly complicated interrelationship between the TGF-β 

signaling and oncogenic pathways in tumorigenesis. Oncogenes like MAPK1, KRAS, 

SKI and SNON are able to modulate TGF-β signaling in different ways. RAS pathways 

play an important role in sequestering TGF-β towards a pro-oncogenic outcome. 

Oncogenic RAS molecules Erk1 and 2 can phosphorylate specific serine residues in 

the linker domain of Smad2 and Smad3. The linker phosphorylation traps Smads in 

the cytoplasm, consequently blocking their physiological nuclear function [189]. 

The MAPK pathway can, instead, phosphorylate the C-terminal tail of Smad2, 

leading to hyperactivation of Smad signaling [190]. These TGF-β and activated 

MAPK and RAS interconnections guide cells to an aggressive metastatic state. For 

example kidney epithelial cells under these conditions avoid apoptosis and enhance 

invasive effects [191].  

SKI and SNON can be deleted or amplified in human tumors. They interact 

with Smad2, Smad3, and Smad4, and compete with Smads for binding to CBP and 
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p300 [192]. When bound to the nuclear Smad, the two proteins recruit co-

repressors of the N-CoR family and histone deacetylases blocking the effect of 

Smads [193, 194]. In the analysis, a set of well-established oncogenic mechanisms 

manipulate TGF-β signaling in order to convert it from a tumor suppressor to a 

tumor promoter. 

 

4.3.2 Sources of TGF-β in Tumors 

 
An excellent question asked for several years was: why do tumors generally 

oversecrete TGF-β, when this cytokine acts as a growth inhibitor? In fact, 

unstressed tissues sustain a basal release of TGF-β by local sources to maintain 

homeostasis. However, tumor cells show an abnormal increased expression of TGF-

β mRNA, most commonly TGF-β1, when compared with the normal surrounding 

tissue. In fact, cancer cells take advantage of a common mechanism that occurs 

during tissue injury. Indeed, during this process, TGF-β is abundantly released by 

platelets, immune and surrounding cells to prevent uncontrollable regenerative cell 

proliferation and inflammation, thereby allowing TGF-β to be frequently available 

in the tumor microenvironment. Initially, it develops some tumor-suppressive 

signals, but eventually, malignant cells disrupt TGF-β signaling and use it to their 

own advantage. Nowadays, there are substantial pieces of evidence supporting 

how increased TGF-β levels promote tumor progression by enhancing migration 

[195, 196], invasion [116, 133, 197-199] and overall cell survival [200-203]. An 

explanatory scheme of alterations in TGF-β leading to poor prognosis can be found 

in figure 13. 
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Sources and activity of TGF-β vary from tumor to tumor and, even inside 

the same tumor, it changes according to microenvironmental conditions [204, 205]. 

As discussed before, the microenvironment includes: (a) cancer cells, and many 

overproduce TGF-β mRNA, such as cervix, renal, kidney, bladder, head and neck, 

lung, bone and prostate cancer, and glioblastoma, melanoma, rhabdomyosarcoma 

[206]; (b) various cells of the tumor stroma, including cancer-associated fibroblasts, 

leukocytes, macrophages, and bone marrow-derived endothelial, mesenchymal, 

and myeloid precursor cells that release TGF-β with the particularity that each 

source leads to a context-dependent functional consequence [133]. The high levels 

of TGF-β are associated with poor prognosis [207], as demonstrated by the specific 

localization of secreted TGF-β at the advancing tumor edges [208]. 

Activation of TGF-β is a fine-tuned molecular process, proven by the fact 

that tissues routinely present large amounts of latent TGF-β, but activation of only 

a small fraction of it is enough to generate maximal cellular response [117]. 

Figure 13 – The delicate balance of TGF-β levels. 

Disruption of TGF-β, either by suppression or augmentation of its signal leads to higher tumorigenic 
levels. Adapted from [132]. 
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Activation of the latent form of TGF-β is a multicomplex process involving various 

enzymatic and nonenzymatic activities different for each type of TGF-β (1,2 and 3) 

and for each tumor. In vitro however, all three isoforms can be activated by extreme 

pH values (pH 2 and pH 8), high temperatures (100 °C) and substances like SDS and 

urea [209, 210]. In vivo, the situation is more complex, the three isoforms are 

activated by both proteolytic events (e.g. cathepsin D, matrix metalloprotease-9, 

and calpain) [211] and non-enzymatic processes (e.g. TSP-1/CD36) [212]. In 

addition, from the three major mechanisms of TGF-β-activation (i.e. plasminogen 

proteolytic system, integrins and thrombospondin-1), only TGF-β1 and TGF-β3 are 

activated by integrins, while thrombospondin-1 and the plasminogen proteolytic 

system can activate all isoforms in specific tumor situations [117-119, 210]. Plasmin 

activates TGF-β through disruption of the tertiary structure of LAP-TGF-β [213]. 

Integrin family αvβ6 and thrombospondin-1 cause a conformational change in LAP-

TGF-β by binding to its RGD and LSKL sequences, respectively, thereby leading to 

release of active TGF-β [211]. To have higher levels of TGF-β signaling, cancer cells 

must be able to activate large amounts of latent-TGF-β and in order to do just that, 

they have to express the TGF-β activators previously mentioned. For example, 

plasmin generation by tumor cells enhances activation of TGF-β, migration and 

invasion [214], a good example to explain the correlation between TGF-β activation 

and tumor aggressiveness. 

 

4.3.3 TGF-β signaling and immune evasion 

 
 Cancer cells express tumor-specific antigens which are normally recognized 

by the immune system and guide cancer cells to their death. However, cancer cells 

can, through multiple mechanisms, acquire the ability to escape this immuno-
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surveillance. One of these mechanisms is the cell-mediated secretion of TGF-β. TGF-

β is a known inhibitor of proliferation and differentiation of B and T lymphocytes. 

In addition, TGF-β inactivates scavenging macrophages which develops and 

protects the tumor from immune surveillance [215]. For those reasons, TGF-β is 

considered as one of the most potent natural immunosuppressors in the human 

body. 

T-cells 

 One of the first evidence of TGF-β acting as an inhibitor of CD8+ cytotoxic 

T lymphocytes came from the fact that cells transfected with TGF-β1 did not 

stimulate primary CD8+ T cell responses in vitro and in vivo, meaning that TGF-β1 

allows immunogenic cells to escape immunosurveillance [216]. The creation of 

transgenic mouse models where TGFβR2 is impaired (by dominant-negative 

mutation) in T-lymphocytes, led to one of the most convincing evidence of the 

important role of TGF-β in T cells [217]. The engineered TGFβR2-deficient T cells 

prevented the growth of melanoma or thymoma in mice. TGF-β abrogation 

permitted T cells to differentiate into effector T cells granting a proper and 

enhanced immune response against experimental tumors implanted into the mice 

[217]. The above experiment illustrates how T-lymphocytes can be a potent and 

effective therapy against cancer when the endogenous TGF-β pathway is 

inactivated. With a similar methodological approach, other investigators obtained 

the same results in colon cancer and reported additional evidence for the 

contribution of a TGF-β2/interleukin 6(IL-6)-dependent activation of STAT-3 in the 

induction of an efficient immune response [218]. TGF-β can also block the 

production of interleukin 2 (IL-2), responsible for T cell proliferation [219]. A 

transcriptome study (followed by some validation assays) also puts TGF-β signaling 

as an inhibitor of perforin, granzyme A and B, Fas ligand and interferon-γ [203], all 
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of them described to be noxious to CD8+ T cells; the inhibition of the Smad pathway 

seems to reverse the effect. 

Other immune cells 

Besides inhibitory effects on T cell activity, TGF-β can also affect antigen-

presenting cells (APCs). Macrophages, for instance, can be inactivated in the 

presence of high TGF-β levels [220]. In dendritic cells, a study points out that TGF-

β promotes their growth and differentiation by promoting the viability of DC 

precursors and not by inhibiting their proliferative response, the latter effect being 

only accomplished when TNF-α is present [221]. Smad3 can interfere with the 

initiation of immune responses by inhibiting the expression of MHC II molecules on 

several different cells [222]. Natural killer cells [223] and neutrophils [224] are other 

supplementary targets of TGF-β in the immune system.  

In conclusion, TGF-β is produced by cancer cells and immune cells alike. At 

the beginning, it is set for the protection of DC growth and differentiation, but 

dysregulation of its levels causes an escape from proper immunological control as 

described in numerous human cancers. 

 

4.3.4 TGF-β-driven regulation of the epithelial-mesenchymal 
transition 

 
In a previous section, we analyzed EMT in a nutshell. Here we will break the 

shell and analyzed the nut (EMT) more thoroughly at the light of the TGF-β effects 

in this process. EMT is important in embryonic stages, for developmental programs 

involved in generating new tissues. Cancer cells exploit EMT to their benefit 

because it provides directly or indirectly metastatic advantages. In order to 

understand EMT one needs first to comprehend that EMT is a gradual process. In 
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fact, the term transition was preferred to the word ‘transformation’ that was 

initially used [225], to illustrate that the process does not occur in one step. Even 

further, it does not need to go until the end of the mesenchymal spectrum to EMT 

to be considered as significant. This is the reason why some research groups now 

propose to call the process epithelial–mesenchymal plasticity (EMP) [226]. The 

plasticity of EMT has been quantified in different cancers according to a ranking 

gradient from -1.0 to +1.0 [227]. The scoring system is based on the expression of 

some important genes for epithelial and mesenchymal cells including specific 

transcription factors (e.g Snail, Zeb, Twist, …), miRNAs and epigenetic regulators. 

EMT starts with the repression of epithelial genes which allows the 

disassembly of epithelial cell-cell contacts; this translates in the removal of tight 

junctions, adherent junctions and gap junctions. The disassembly happens at the 

same time as the cell starts to lose its basal-apical polarity while developing a front-

rear polarity. Cell elongation and expression of mesenchymal markers happen 

meshed with the previous processes [228-231]. The multiple effects promoted by 

EMT lead to increased migration and invasion capacities. The plasticity of EMT 

allows it to be reversed – mesenchymal to epithelial transition (MET). This is the 

final step of these cells in order to metastasize, it will cease migration and 

reestablish a proliferative and anchoring capacity – if the process succeeds a second 

tumor is formed. Circulating tumor cells (CTCs) express both epithelial and 

mesenchymal markers alike, further raising the possibility that EMT is causing the 

dissemination of cells (e.g breast CTC exhibit a range of EMT phenotypes [232]).  

The critical role of EMT in tumor metastasis and its recurrence compelled 

scientists to link EMT with the properties of cancer stem cells (CSCs) [233-236]. 

Cancer stem cells have the capacity to self-renew, differentiate, promote drug 

resistance and anchor independently. These are cellular features needed to initiate 
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a tumor and support long-term growth and self-renewal capacity. This is the reason 

why CSC are thought to be involved in establishing metastases at distal sites [233]. 

The phenotypic resemblance between cancer cell populations with EMT-like 

features and stem-like properties led to the idea that EMT was promoting cancer 

cell stemness. Accordingly, mammary epithelial cells contained a subpopulation of 

stem cells (i.e., CD44high/CD24low cells) that displayed a mesenchymal morphology 

and expressed typical mesenchymal markers (when compared with 

CD44low/CD24high cells). Furthermore, these mesenchymal cells are capable of 

forming mammospheres, a well-known hallmark of mammary stem cells [237]. 

Also, EMT and CSC have been both correlated with TGF-β signaling. Breast cancer 

with CSC-like properties have higher levels of TGF-β1 and TGFβRII expression than 

differentiated cells, and inhibition of TGF-β signaling in CSCs leads to MET (i.e.,  

re‑establishes an epithelial phenotype) [238]. However, and despite all these 

shreds of evidence, new studies have shown that EMT and CSC development are 

happening in parallel rather than at the same time and through the same pathway.  

Smad pathway 

TGF-β has been one of the most reported drivers of EMT. Several TGF-β-

mediated signaling pathways have been implicated in EMT, including Smad and 

non-Smad pathways. TGF-β is associated to EMT in pre-natal [239, 240] and non-

carcinoma diseases (e.g. fibrosis [241]). In 1994, Oft et al. reported one of the first 

pieces of evidence for a TGF-β-induced EMT and tumor cell invasiveness in 

carcinomas (mammary tumor cells)  [242]. TGF-β promotes reversible EMT through 

transcription factors leading to a decreased expression of the epithelial markers like 

E-cadherin, ZO-1, and desmoplakin I and II; this is further associated with an 

increased expression of mesenchymal transcription factors (e.g. AP1, ATF3,…) and 

markers such as fibronectin and vimentin (Figure 14), together with the inhibition 

of cell growth [243]. This process, like many other TGF-β features, is promoted by 
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Smads and complemented by non-Smads pathway. Smad pathway is essential, 

since inhibition of the Smad4 for instance lowers by 75% the frequency of bone 

metastases from circulating MDA-MB-231 cells in nude mice [244]. Still, partial 

depletion of Smad4 in HaCaT keratinocytes and colon carcinoma cells did not stop 

TGF-β-induced EMT suggesting that low levels of Smad4 are sufficient for EMT to 

occur. In fact, other reports have reached the same conclusion for Smad3 [245, 

246], only complete Smad3 inactivation through dominant negative can entirely 

block TGFβ-induced EMT [246]. On the other hand, Smad2 does not appear to be 

required for EMT and some reports claim that it might even be prejudicial [247]. 

Smad complexes not only activate the expression of EMT transcription factors but 

additionally, they also improve their activity. Snail1 is induced in a 

Smad3‑dependent way [247], while Snail2 is induced indirectly by Smad3-mediated 

myocardin‑related transcription factor (MRTF) [248]. Both zinc-finger transcription 

factors (Snail 1 and 2) can repress E‑cadherin, an epithelial protein responsible for 

cell–cell adhesion. Smad3 can also activate ZEB1, ZEB2 and TWIST (through 

activation of transcription factor 3 (ATF3)) [249, 250]. 
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Non-Smad pathway 

In order to complement the effects dependent on Smad3/Smad4 signaling, 

TGF-β also induces the non-Smad pathway, involving PAR-6, Rho‑like GTPases, PI3K 

and MAPK pathway effectors. Activation of Rho GTPases, Rac, Cdc42 and 

phosphorylation of PAR-6 drives actin reorganization (see section 4.3.5).  

TGF-β can also activate Akt through PI3K pathway, this leads to activation 

of mammalian TOR complex 1 (mTORC1) and mTORC2. The two mTOR complexes 

promote important processes for EMT: mTORC1 contributes to the increased cell 

size, motility and invasion [251]; mTORC2 is necessary for the loss of epithelial 

markers in a process still largely unknown, but its inhibition obstructs metastasis 

formation [252]. PI3K–Akt pathway appears to be essential in the upregulation of 

mTOR [252, 253]. TNF receptor‑associated factor 6 (TRAF6) is a direct effector of 

Figure 14– The TGF-β/Smad cascade contribution to the EMT phenotype. 

TGFβ-induced Smad3/Smad4 signaling can directly promote EMT when conjugated with Smad4 by 
activating the transcription of mesenchymal-related genes (e.g. CDH2, VIME, …) while repressing 
epithelial genes (e.g. CDH1, TJP1, …). It can also indirectly promote EMT through transcription factors 
that englobe epithelial repressors and mesenchymal activators. Adapted from [245]. 
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TGF-β receptors, that can activate TAK1, a kinase upstream of p38 MAPK. Depletion 

of TRAF6 does not affect the Smad cascade but prevents TGF-β from activating p38 

MAPK, which is associated with a failure to stimulate EMT [170, 254]. Twist1, a 

potent inducer of EMT (it upregulates N-cadherin [255] while it downregulates E-

cadherin [256]) can be stabilized by p38 MAPK through phosphorylation of the Ser68 

residue that potentiates its ability to induce EMT [257]. Snail is also directly 

upregulated by p38 which causes the repression of E-cadherin [258]. Erk 1/2 are 

other MAPK effectors of TGFβ‑induced transcription, boosting the delocalization of 

E-cadherin and ZO-1 from the plasma membrane [258, 259]. 

We can conclude that in carcinomas, increased expression and activation 

of TGF-β promotes EMT. In vitro and in vivo models of TGF-β-induced EMT have 

been tested over the years. In fact, a 24h treatment with TGF-β1 is enough for the 

in vitro morphological conversion of keratinocytes to the mesenchymal phenotype 

[260]. In vivo, squamous carcinoma cells expressing a dominant-negative TGFβRII 

could not go through EMT in response to TGF-β [260, 261]. In general, 

dominant‑negative forms of TGFβRII or TGFβRI or pharmacological inhibition of the 

receptors lead to a blockade of TGF-β‑induced EMT [260-262]. Metformin, a 

clinically used agent to lower blood glucose concentration in patients with type 2 

diabetes and metabolic syndrome, has been recently described as a suppressor for 

TGF-β [263, 264]. Metformin transcriptionally represses Zeb1, Twist1 and Snail that 

are key drivers of the TGF-β-induced EMT [265]. Furthermore, metformin in MCF-7 

breast cancer, stopped TGF-β repression of epithelial marker E-cadherin, and 

vimentin induction in MDCK cells [265].  

 

 



71 

 

4.3.5 TGF-β signaling and cytoskeleton rearrangement 

 
Cells undergoing EMT reorganize their actin cytoskeleton to enable 

dynamic cell elongation and directional motility. In parallel, there is a formation of 

cell projections which include sheet‑like membrane protrusions called lamellipodia 

and spike‑like extensions called filopodia (often located at lamellipodia edge). 

Lamellipodia are flat, sheet-like protrusions and main responsible elements for cell 

locomotion. In contrast, filopodia are rod-like extensions consisting of tightly 

bundled actin fibers that seep into the surrounding environment. These structures 

are enriched with proteases (already discussed in 3.2.4) which, together with EMT, 

help with the migration and invasion capacity of cells.  

TGF-β has been reported to facilitate a dramatic reorganization of the actin 

cytoskeleton in different cell types through different non-Smad pathways [266-

268]. TGF-β can globally activate RhoA, Rac and Cdc42 that are the main drivers of 

actin reorganization and lamellipodia and filopodia formation (Figure 15) [269, 

270]. Rac and CDC42 functions range from stimulating actin polymerization at the 

leading edge of cells to regulating invadopodia turnover and stability. They are able 

to activate the LIM kinase which promotes cell spreading and actin polymerization 

at the cell periphery [270], and the cofilin protein, responsible for the first step in 

actin polymerization and later steps to recycle actin filaments [271, 272].  

TGF-β can also favor RhoA activation, a protein responsible for the stress 

fibers formation, cytokinesis and cell migration [273, 274]. RhoA modulates the 

level of phosphorylation of the myosin light chain, impacting the actin dynamics by 

either promoting polymerization or stimulating depolymerization and disruption of 

existing F-actin filaments [275] to develop cortex tension and rear end leading 

[276]. 
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To be able to leave the primary tumor, cells must break down cell-cell and 

cell-matrix junctions. EMT is part of the process but RhoA degradation is also 

necessary. In the early EMT process, PAR6 is directly or indirectly phosphorylated 

by TGF-β receptor II at tight junctions [143, 144, 146]. The phosphorylated PAR6 

activates E3 ubiquitin ligase Smurf1 which locally mediates RhoA ubiquitylation and 

degradation as the tight junctions dissolve. RhoA degradation also shows a great 

importance in filopodia and lamellipodia formation and turn-over [143, 145, 277].  

 

 

 

 

Figure 15 – Illustration of TGF-β signaling in the cytoskeleton rearrangement. 

TGF-β signaling is important for formation of cortex tension, rear-end polarization and invasive 
structures like lamelipodias. In order to form the leading edge TGF-β activates RhoA, CDC42 and 
RAC. RhoA degradation is important for the turnover in membrane ruffling (important for 
migration) and CDC42 is crucial in formation of invasive structures.  

 

 



73 

 

4.3.6 TGF-β signaling and metastasis formation 

 
Metastases are initiated by cancer cells that have the ability to disseminate 

and re-create a full-grown tumor in unwelcoming tissues [278]. The metastatic 

process requires tumor cells to first acquire migratory and invasive capabilities. 

TGF-β, through EMT and cytoskeleton rearrangement, already contributes largely 

to these two processes. Nevertheless, in addition to this local invasion role, TGF-β 

is also involved in the promotion of distal metastasis. It is currently accepted that 

the dissemination of tumor cells is a frequent event, but that the success rate of 

the process termed metastatic colonization (initiation of metastatic growth) is very 

low [279]. Many cancer cell types are inefficient in accomplishing this colonization, 

so that only a small minority of cancer cells that reach distant sites will give rise to 

metastases. In 1989, Stephen Paget, after autopsies of breast cancer patients, 

suggested that disseminated cancer cells, that he called “seeds”, would only 

colonize specific organ microenvironments, or “soils,” that were favorable and 

compatible to their growth [280, 281]. The idea of “preparation of soils for the 

seed” goes towards recent discoveries done with TGF-β model, where local 

production of TGF-β can profoundly affect the growth of secondary tumors since 

high levels of this cytokine provides support for CTC. For example, in a mammary 

chimera model, expression analyses in lung-colonizing cancer cells identified TGF-β 

as instrumental for the creation of a metastatic niche [282]. In the same paper, the 

use of genetic knock-down of TGF-β signaling led to the conclusion that low doses 

of ionizing radiation delivered on the homing tissue before cancer cell 

transplantation greatly accelerated the development of aggressive tumors in a TGF-

β dependent way. Furthermore, breast cancer stem cells have been shown to 

produce TGF-β2 and TGF-β3 in order to stimulate stromal fibroblasts to generate 

periostin [279], a binding partner of tenascin C responsible for the recruitment of 
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Wnt factors (that are required to maintain the stemness of cancer stem cells); 

blocking periostin function actually prevents metastasis. Another study describes 

how TGF-β signaling in stromal cells increases the efficiency of organ colonization. 

Without TGF-β, aggressive colorectal cancer cells fail the process of colonization 

and mice treated with a pharmacological inhibitor of TGFBR1 develop significantly 

less metastatic lesions [283]. This was proposed to result from a lack of a TGF-β 

responsive signature containing several mediators of intravasation including IL11, 

ANGPTL4 and PTHLH [283]. The same result is obtained by overexpressing Smad7 

and/or a dominant-negative form of the TGF-β receptor in melanoma [284] and 

renal carcinoma cell line xenografts [285]. These studies support the idea that TGF-

β is critical at early time points of the metastatic process to facilitate the 

colonization of healthy tissues by disseminated cancer cells.  

 

4.3.7 TGF-β-promoted metabolic reprogramming 

Mutations or abnormal expression of oncogenes or tumor suppressors 

have been associated with metabolic alterations in cancer cells [286]. TGF-β 

signaling, that can be either considered as an oncogene or a tumor suppressor, is 

thus also associated with metabolic changes in tumors. It is however difficult to 

discriminate the metabolic effects directly driven by TGF-β from those resulting 

from TGF-β-dependent alterations in cell biology. For example, different reports 

have associated TGF-β metabolic reprogramming to TGF-β-dependent EMT. There 

are actually evidences that metabolic changes and EMT reinforce each other [287]. 

TGF-β-dependent activation of Snail in MCF-7 cells can promote the glycolytic 

metabolism while reducing mitochondrial respiration [288]. The latter was 

accomplished through suppression of cytochrome c oxidase (complex IV), the 

terminal enzyme of the mitochondrial respiratory chain [288].  Furthermore, the 
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glucose transporters GLUT1 and GLUT3 have been reported to be upregulated in 

response to  TGF-β signaling [286] and paralleled by the expression of EMT markers 

like E-cadherin and vimentin [289]. TGF-β may also promote glycolysis through the 

upregulation of the 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 

(PFKFB3) enzyme, which accelerates a rate-limiting step of glycolysis [286, 290, 

291]. The increased glycolytic rate produced under TGF-β signaling leads to an 

increased extracellular release of lactate [292]. Lactate itself, that is known to 

promote SNAIL1 and EMT through TGF-β signaling [293], reinforces this cycle [294]. 

TGF-β also promotes a metabolic shift in cancer-associated fibroblasts (CAFs).  

Guido et al. showed that TGF-β-activated CAFs promoted oxidative stress through 

stimulation of catabolic pathways [62]. Daoxiang Zhang et al. also demonstrated 

that TGF-β1-activated CAFs exhibit a down-regulation of isocitrate dehydrogenase 

3α (IDH3α) that causes the transition from oxidative phosphorylation to aerobic 

glycolysis. IDH3α influences the α-KG to fumarate ratio triggering a PHD inhibition, 

that in turn promotes HIF-1α protein stabilization and thus supports the 

transcription of various genes coding for glycolytic enzymes [295]. 

Although the above studies associate TGF-β with a glycolytic preference, 

TGF-β has been also reported to increase oxygen consumption and ATP generation 

together with EMT induction [296]. Furthermore, TGF-β was shown to be 

upregulated when the levels of fatty acids (FA) are above average in tumors. Nath 

et al. reported that elevated levels of free FA (FFA) could indeed promote TGF-β 

signaling and TGF-β-dependent EMT in hepatocellular carcinoma [297]. They also 

demonstrated that palmitate-treated HepG2 and Hep3B cells showed profound 

transcriptomic alterations with, among the top 20 genes to be upregulated, specific 

EMT genes (eg. CDH2) and TGFB2 [297]. In this study, the authors reported that 

expression levels of CD36, one of the main fatty acid transporters at the plasma 

membrane, were positively correlated with TGF-β abundance ; of note further 
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investigations are still needed to address the contribution of other fatty acid 

transporters such as fatty acid-binding proteins (FABPs) and fatty acid transport 

proteins (FATPs) [298].  

Other lipids such as oxysterols and sphingolipids have also been reported 

to be linked to TGFβ-induced EMT. Oxysterols (oxygenated derivatives of 

cholesterol) and hydroxy alkenals (molecules produced by lipid peroxidation) are 

reported to stimulate the expression and synthesis of TGF-β1 in non-cancer cells 

[299, 300] and colon cancer cells [301]. The relationship between sphingolipids and 

EMT is more complex since sphingosine-1-phosphate (S1P) was shown to stimulate 

an autocrine production of TGF-β1 in A549 lung cancer cells [302] whereas 

sphingomyelin synthases (SMS) were reported to block TGF-β-induced EMT. SMS1 

inhibition of EMT was reported to be due to repression of TGFβR1 which leads to 

decreased Smad2 phosphorylation [303].  

Altogether those reports indicate that different metabolic transitions can 

be either caused by or led to TGF-β signaling activation. However, the observed 

metabolic changes may vary and are greatly dependent on the cell type and tumor 

environment.  
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SCOPE AND AIMS 
 

Cancer progression is strongly influenced by the physico-chemical 

properties of the tumor microenvironment. While the contribution of hypoxia to 

tumor biology has been largely documented in the last decades, tumor acidosis has 

only recently emerged from a merely collateral effect of the exacerbated glycolytic 

tumor metabolism to a driving force supporting disease development. In order to 

address how chronic acidosis may shape (metabolic) phenotypes in cancer cells, we 

exposed a variety of cell lines, originating from different human tumor types (e.g. 

cervix, pharynx and colon) to acidic conditions (pH 6.5) for at least 4 weeks until 

cancer cells recovered and grew again. In cell culture, pH disturbances are 

inevitable because of lack of continuous wash out of metabolic wastes. In order to 

prevent pH differences on the culture medium we use a combination of HEPES (pKa 

= 7.3 at 37 °C) [304] and PIPES (pKa = 6.7 at 37 °C) [304] buffers. 

Previous work in the lab has identified a shift from glycolysis towards 

glutamine utilization in cancer cells chronically exposed to an acidic pH (pH 6.5), 

thereby limiting the rate of H+ generation [34]. Whether fatty acid metabolism was 

also altered in response to ambient acidosis, was unknown at the beginning of this 

thesis. More generally, while acid-induced activation of proteases facilitating 

migration of cancer cells was abundantly documented, the relation between 

metabolic preferences under acidic pH and local/metastatic invasiveness was 

largely unexplored when we initiated this work. Investigators in our lab had 

however consistently observed a phenotypic change in acid-adapted cancer cells 

including a more mesenchymal, elongated shape and the presence of inclusions 

that could possibly represent lipid droplets. Altogether, the above data led us to 

the main question we aimed to address in this thesis: could metabolism, in 
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particular fatty acid metabolism, occupy a central and possibly driving position in 

the so-called epithelial-to-mesenchymal transition (EMT) and increased 

invasiveness potential associated with tumor acidosis. 

Specific aims: 

• To unravel the metabolic paths used by acidic cells to replace glycolysis as 

the main source of oxidative fuel [see Results, chapter 1] 

• To identify the link between acidosis, preferred fatty acid metabolism and 

epithelial-mesenchymal transition (EMT), and from there, to propose new 

therapeutic strategies to target invasive and metastatic cancer cells [see 

Results, chapter 2] 

• The identification of TGF-β2 at the interface between acidosis, metabolism 

and EMT led us to further search for the mechanism of preferential 

activation of TGF-β2 (vs. other TGF-β isoforms) [see Results, chapter 3]. 
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This study was reported in Cell Metabolism in 2016. Here below, I only report and 
discuss the part of the work I was involved in.   
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1.1 Summary 

Bioenergetic preferences of cancer cells foster tumor acidosis that in turn 

leads to dramatic reduction in glycolysis and glucose-derived acetyl-coenzyme A 

(acetyl-CoA). Here, we show that the main source of this critical two-carbon 

intermediate becomes fatty acid (FA) oxidation in acidic pH-adapted cancer cells. 

FA-derived acetyl-CoA fuels the tricarboxylic acid (TCA) cycle and supports tumor 

cell respiration under acidosis. Also, while oxidative metabolism of glutamine 

supports the canonical TCA cycle in acidic conditions, reductive carboxylation of 

glutamine-derived α-ketoglutarate sustains FA synthesis. Concomitance of FA 

oxidation and synthesis is enabled upon sirtuin-mediated histone deacetylation and 

consecutive downregulation of acetyl-CoA carboxylase ACC2 making mitochondrial 

fatty acyl-CoA degradation compatible with cytosolic lipogenesis. Perturbations of 

these regulatory processes lead to tumor growth inhibitory effects further 

identifying FA metabolism as a critical determinant of tumor cell proliferation under 

acidosis. 

 

1.2 Introduction 

 

Rewiring of cellular metabolism is crucial for sustaining the increased 

growth and proliferation of tumor cells. Acetyl-coenzyme A (acetyl-CoA) occupies a 

critical position within tumor metabolic processes as a biosynthetic intermediate 

but also as a key determinant of protein acetylation [305] . While acetyl-CoA mostly 

derives from pyruvate or fatty acid oxidation in the mitochondria [306] acetyl-CoA 

may also be directly generated in the tumor cell cytosol under certain 

circumstances [307]. Tumor cells may indeed produce acetyl-CoA from reductive 

carboxylation of glutamine-derived α-ketoglutarate when they are exposed to 
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hypoxia, in the presence of mitochondrial defects [308] or upon glycolysis inhibition 

[309]. Tumor cells can also use acetate to produce cytosolic acetyl-CoA, via the 

reaction catalyzed by the acyl-CoA synthetase short-chain family, member 2 

(ACSS2) [310], especially in hypoxic conditions [311, 312]. 

Acidosis, like hypoxia, is nowadays considered as a hallmark of most human 

tumors [313-315]. Tumor metabolic peculiarities, such as the exacerbated glycolytic 

metabolism and CO2 hydratation, directly account for the acidification of the tumor 

microenvironment. Acidosis in turn contributes to the genetic instability of tumor 

cells [316] and profoundly alters their transcriptomic profile [317], leading to 

phenotypes that are particularly suited for survival and growth in an acidic 

environment. Our group and others have documented that acidosis leads to a net 

reduction in the use of glucose by tumor cells [34, 318], thereby suppressing 

glucose oxidation as a source of acetyl-CoA. In the present study, we provide 

evidence that instead of glucose, fatty acids (FA), and glutamine to a lesser extent, 

contribute to acetyl-CoA generation under chronic acidosis. In particular, we 

identified how FA oxidation (FAO) and FA synthesis (FAS) could co-exist in acidosis-

adapted cancer cells through mechanisms orchestrated by concomitant non-

enzymatic hyperacetylation of mitochondrial proteins and histone deacetylation, 

the former limiting complex I activity and the latter repressing the expression of 

acetyl-CoA carboxylase ACC2. This study further provides evidence that the 

therapeutic targeting of key players of the fatty acid metabolism driven by the 

acidic tumor microenvironment may have detrimental effects on tumor growth. 
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1.3 Results 

 

Fatty acid oxidation is responsible for mitochondrial protein acetylation 

increase in acidic pH-adapted tumor cells   

Previous data from our group demonstrated that HIF-1α and HIF-2α were 

differentially acetylated under acidosis [34] led them to examine the influence of 

chronic acidic pH on the full acetylome pattern of tumor cells. The AcetylScan 

technology (Cell Signaling Technology) was used to identify and quantify global 

differences in acetylation between parental and pH 6.5-adapted SiHa tumor cells. 

9,750 redundant peptide assignments containing acetylated lysines were 

identified. Among the 4,799 acetyl-lysine sites used for quantification, 773 

acetylated lysines from 529 non-redundant proteins had a cut-off greater than 2.5-

fold and were considered for analysis. Clustering of (de-)acetylated proteins 

according to their intracellular location revealed that most of them were located in 

cytoplasm, nucleus, and mitochondrion with 277, 331, and 201 acetyl-sites 

identified, respectively. In the cytoplasmic and nuclear compartments of acidic pH-

adapted cells, about 60% of the identified acetyl-lysine sites were found to be 

hypoacetylated (versus parental cells). By contrast, a dramatic increase in the 

extent of acetylated proteins was observed in the mitochondria of SiHa/6.5 tumor 

cells, with more than 95% of the AcetylScan-identified proteins found to be 

hyperacetylated. This was confirmed in immunoblotting experiments using 

mitochondrial extracts from SiHa as well as FaDu and HCT- 116 cancer cells (Figure 

16a). The mitochondrial protein hyperacetylation in acidic pH-adapted cells was not 

associated with change in the expression of either GCN5L1, the only acetyltrans- 

ferase described as mitochondrion specific [319], or mitochondrial sirtuin 

deacylases SIRT3 (Fig. 16a), SIRT4, and SIRT5 (data not shown). Interestingly, while 
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cytosolic acetyl-CoA abundance was similar in parental and acidic pH-adapted cells 

(data not shown), the level of acetyl-CoA was significantly higher in the 

mitochondria of acidic pH-adapted cells (Fig. 16b). Contribution of fatty acid 

oxidation (FAO) to mitochondrial protein acetylation in acidosis-adapted cells was 

confirmed after silencing CPT1A and the long-chain-fatty-acid-CoA ligase 1 (ACSL1) 

enzyme with specific siRNA (Fig. 16c). Moreover, we showed that the increase in 

mitochondrial acetyl-CoA abundance in acidic pH-adapted cells was blunted by 

etomoxir treatment (Fig. 16d), 2-DG had no effect, and CB-839 treatment exhibited 

an intermediate inhibitory action. By contrast, in parental cells, mitochondrial 

acetyl-CoA pool was strongly decreased by 2-DG treatment, while CB-839 and 

etomoxir had either no effect or a slight inhibitory effect, respectively. 
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Figure 16: Fatty acid oxidation is responsible for mitochondrial protein acetylation increase in acidic 

pH-adapted tumor cells. (a) Representative immunoblotting for acetylated proteins, GCN5L1, and 

SIRT3 in isolated mitochondria extracts of parental and acidic pH-adapted tumor cells. ATP5O was 

used as a loading control. (b) Acetyl-CoA levels in isolated mitochondria extracts of parental and acidic 

pH-adapted tumor cells. (c) Representative immunoblotting for acetylated proteins in isolated 

mitochondria extracts from parental and acidic pH-adapted SiHa cells transfected with ACSL1- or 

CPT1A-targeting siRNA. (d) Acetyl-CoA concentration in isolated mitochondria extracts of parental and 

acidic pH-adapted SiHa cells treated for 24 hr with 10 mM 2-DG, 20 nM CB-839, or 30 mM etomoxir. 

(b and d) data are represented as mean ± SEM p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. 
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FA oxidation is upregulated in acidic pH-adapted tumor cells and its 

inhibition leads to growth inhibitory effect in vitro. 

Altogether, the data presented in the figure 16 highlighted the contribution 

of fatty acid oxidation (FAO) to the pool of acetyl-CoA involved in mitochondrial 

protein acetylation in tumor cells adapted to chronic acidosis. As acetyl-CoA is also 

an energetic fuel for the TCA cycle and associated oxidative phosphorylation, we 

investigated the role of FAO in mitochondrial respiration. We started by incubating 

tumor cells with [U-14C] palmitate for 10 min, we documented that fatty acid uptake 

was increased in acidic pH-adapted cells (Fig. 17a). We further prove that acidic pH-

adapted tumor cells were more prone to use the exogenous palmitate as a 

metabolic substrate to fuel mitochondrial respiration, as illustrated by a strong 

increase in both the oxygen consumption rate (OCR) (Fig. 17b) and the 

mitochondrial membrane potential (MMP), used to reflect the activity of the 

electron transport chain (Fig. 17c). The higher sensitivity of acidic pH-adapted cells 

for modalities targeting FAO was confirmed with the pharmacological CPT1 

inhibitor etomoxir in acidic pH-adapted cells (Fig. 17d). 
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Figure 17: FA oxidation is upregulated in acidic pH-adapted tumor cells and its inhibition leads to 

growth inhibitory effect in vitro. (a) [U-14C] palmitate 10 min uptake measured in parental and acidic 

pH-adapted SiHa cells. (b and c) Palmitate-dependent OCR (b) and mitochondrial membrane potential 

(c) in parental and acidic pH-adapted SiHa cells. (d) SiHa cell growth (72 hr) after etomoxir treatment. 

(a, b and c) data are represented as mean ± SEM **p < 0.01; ***p < 0.001. 
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Reductive carboxylation is the primary route of glutamine to lipids under 

chronic acidosis. 

Since FAO was found to contribute (instead of glucose) to the main source 

of two-carbon acetyl-CoA in acidic pH-adapted cells, we reasoned that glutamine 

could provide the four-carbon molecule oxaloacetate to generate citrate and 

thereby support lipogenesis. We recently documented that proliferating tumor 

cells, when chronically exposed to acidic conditions, increased glutamine 

metabolism, in particular through IDH1-dependent reductive carboxylation of α-

ketoglutarate (αKG) [34]. To evaluate the contribution of glutamine to FA synthesis 

in our different experimental conditions, we measured total amounts of citrate and 

αKG and found that total citrate levels, but not αKG, were significantly decreased 

in acidic pH-adapted cells (Figure 18a), accounting for a strong increase in the αKG 

to citrate ratio (Figure 18b) previously described as a major determinant of the 

reductive glutamine metabolism [320].  

We next determined the extent to which reductive glutamine metabolism 

contributed to lipogenesis. Both parental and acidic pH-adapted cells produced 

fatty acids de novo (although to a lower extent for the adapted cells), as indicated 

by incorporation of 3H2O into lipids (Fig. 18c). Cells were then cultured with 14C-

labeled lipogenic substrates to examine carbon preferences for lipogenesis (Fig. 

18d). Lipids derived from acidic pH-adapted cells were enriched in radioactivity 

from [5-14C]glutamine, whereas [U-14C]glucose only contributed for 25%–50% of 

the 14C radioactive signal detected in parental cells (Fig. 18d), indicating a switch in 

the nature of the nutrients supplying lipogenesis.  

We also documented that the phosphorylated (activated) state of ACLY was 

increased by 2-fold in acidic pH-adapted cells; expression of total ACLY and fatty 

acid synthase (FASN) was not altered (data not shown). 
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Figure 18: Reductive carboxylation is the primary route of glutamine to lipids under chronic acidosis. 

(a and b) Absolute intracellular abundance of citrate and alpha-ketoglutarate (a) and calculated alpha-

ketoglutarate to citrate ratio (b) in parental and acidic pH-adapted SiHa cells. (c and d) Absolute rate 

(c) and specific contribution of 14C-tracers (d) for lipid synthesis in parental and acidic pH-adapted 

SiHa cells. (a-d) data are represented as mean ± SEM ***p < 0.001. 
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Reduction in ACC2 functional expression allows for simultaneous FAO and 

FAS in acidic pH-adapted tumor cells. 

Fatty acid synthesis (FAS) and oxidation (FAO) are two mutually exclusive 

pathways in healthy tissues largely through the regulatory effects of malonyl-CoA, 

which is involved in FA elongation but also negatively regulates FAO by inhibiting 

CPT1 [321]. We thus evaluated in acidic pH-adapted cells the status of acetyl-CoA 

carboxylases ACC1 and ACC2, the two enzymes that generate malonyl-CoA 

(encoded by ACACA and ACACB genes, respectively). Immunoblotting and qPCR 

experiments cell lines from distinct origin tissues (i.e. cervix, pharynx, and colon) 

for ACC1 and ACC2 revealed that ACACA mRNA abundance and ACC1 protein 

expression were not altered in parental and acidic pH-adapted tumor cells (Fig. 

19a), whereas ACC2 protein expression was significantly decreased in acidic pH-

adapted cells (Fig. 19a and 19b). Downregulation of ACC2 gene transcript (ACACB) 

was also found in those cells (Fig. 19c). 
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Figure 19: Downregulation of ACACB mRNA allows for simultaneous FAS and FAO in Acidic pH-

Adapted Tumor Cells. (a and b) Representative immunoblotting (a) and quantification (b) for ACC1 

and ACC2 expression in parental and acidic pH-adapted tumor cells. (c) Relative mRNA expression for 

ACACB in parental and acidic pH-adapted tumor cells. (b and c) data are represented as mean ± SEM 

**p < 0.01; ***p < 0.001. 
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Targeting the Fatty Acid Metabolism (FAO or FAS) in acidosis-adapted 

cancer cells leads to growth inhibitory effects in vivo. 

Finally, to explore the in vivo relevance of targeting fatty acid metabolism, 

we evaluated the effects of targeting both FAO with etomoxir and FAS with the 

glutaminase inhibitor BPTES on the growth of SiHa/6.5 and HT-29/6.5 xenografts in 

mice. We found that daily administration of 40 mg/kg etomoxir rapidly reduced the 

growth of tumors arising from acidic pH-adapted cells, while the effect of this 

compound was significantly delayed in tumors arising from parental cells (Fig. 20a). 

The daily treatment with BPTES (10 mg/kg) exclusively impaired acidosis-adapted 

cell tumor growth (Fig.20a), and more importantly, the combined targeting of fatty 

acid and glutamine metabolism only showed additive inhibitory effects on the 

acidosis-adapted cell tumor growth (Fig. 20a). 
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Figure 20: Inhibition of fatty acid metabolism delays tumor growth of acidic cells in vivo. (a) Tumor 

growth of SiHa/7.4 and SiHa/6.5 xenografts in nude mice treated daily or not with BPTES (10 mg/kg), 

etomoxir (40 mg/kg) alone, or in combination. (a) data are represented as mean ± SEM p < 0.05; **p 

< 0.01; ***p < 0.001; ns, not significant. 
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1.4 Discussion 

 

The main findings of this study are that fatty acid metabolism in tumor cells 

is profoundly reprogrammed in response to acidosis and that associated changes in 

the acetylome tune this metabolic rewiring. We found indeed that FAO and FAS 

could occur concomitantly, with exogenous FA uptake fueling the TCA cycle with 

acetyl-CoA and glutamine metabolism actively supporting citrate production and 

lipogenesis. This apparent juxtaposition of mitochondrial FA catabolism and 

cytosolic FA synthesis is rendered possible through the downregulation of ACC2, a 

mitochondrion-anchored enzyme that normally prevents the degradation of neo-

synthesized FA in healthy tissues. These observations point the pathways fueling 

the different acetyl-CoA pools as key determinants of tumor cell adaptation to 

acidic conditions and thereby provide a new rationale for the use of drugs 

interfering with FA metabolism to treat cancer [322]. Acetyl-CoA can then 

contribute to different processes in acidosis-adapted cancer cells. While we could 

demonstrate its important contribution to acetylation reactions, this component 

may be also a vital building block for the endogenous biosynthesis of fatty acids 

[323] and cholesterol [324].  

Our data underline that although acidosis develops in the tumor 

microenvironment as a consequence of the metabolic requirements of proliferating 

cells, acidosis may in turn influence the tumor cell phenotype. We showed that 

these changes in metabolic preferences are profound since cancer cells chronically 

exposed to an acidic pH almost completely abandon glycolysis in favor of FAO as a 

source of mitochondrial acetyl-CoA that feeds into the TCA cycle and produces 

reducing equivalents for oxidative phosphorylation. Both aerobic and anaerobic 

glycolytic pathways contribute for a large part to protons that accumulate in the 
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extracellular tumor compartment. The group previously documented that the 

dramatic reduction in glucose metabolism under acidic pH could be interpreted as 

an auto-adaptation of tumor cells that cannot handle more protons in their 

extracellular environment [307]. In the current study, we now report that a net 

increase in FAO offers cancer cells the possibility to survive and proliferate in areas 

exhibiting a pH incompatible with further acidification. Interestingly, we found that 

while an increase in fatty acid uptake supports FAO, fatty acid synthesis is occurring 

at the same time in acidic pH-adapted cancer cells. We used labeled glutamine to 

document that reductive glutamine metabolism contributed to FA synthesis in 

cancer cells under acidosis, a pathway maintained through a mass action effect 

related to the increased α-KG/citrate ratio (Figure 18b) as previously proposed by 

Fendt et al. [320]. This is reminiscent of observations in tumor cells with defective 

mitochondria or under hypoxic conditions where reductive carboxylation of 

glutamine-derived a-ketoglutarate (α-KG) was reported to supply citrate for de 

novo lipogenesis [21, 23, 308]. However, in these studies, a role for FA as a source 

of mitochondrial acetyl-CoA was not identified, suggesting that under acidosis, 

stimulated FAO also required the maintenance of the canonical TCA cycle fueled by 

glutamine. The observed biosynthetic rewiring under acidosis is thus at odds with 

those studies reporting enhanced reductive carboxylation of glutamine when either 

electron transport chain (ETC) or TCA cycle function is altered by hypoxia or 

mutations. The acidosis-governed metabolic changes are actually in adequation 

with the anaplerotic needs of tumor cells proliferating independently of glucose, in 

particular to supply oxaloacetate to be combined with FAO-derived acetyl-CoA 

[309].  

The compartmentation of FAO in mitochondria and FAS in the cytosol may 

offer a first biological basis to account for the concomitant occurrence of these two 

apparent opposite pathways. Still, in healthy tissues, the risk of a futile cycle within 
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cells degrading de novo synthesized FA is prevented by the capacity of malonyl-CoA 

produced by ACC enzymes to block CPT1 and thereby to impede the transport of 

fatty acyl-CoA into mitochondria for oxidation. Here, we showed that the 

mitochondrial ACC2 isoform [325] is downregulated in acidic pH- adapted cells 

preventing this negative feed-back loop. The only ACC isoform expressed in tumor 

cells under acidosis is thus ACC1, which, as in lipogenic tissues, generates malonyl-

CoA as a substrate for FA synthesis. The critical role of ACC2 extinction under 

acidosis was documented in experiments where the re-expression of recombinant 

ACC2 in acidic pH-adapted cancer cells dose-dependently inhibits the capacity of 

tumor cells to handle exogenous FA and blocks cell growth (data not shown).  

Our study provides insights in the acetylation-dependent regulation of 

specific actors of the metabolism of acidic pH-adapted cancer cells. Indeed, 

mitochondrial proteins were hyperacetylated because of the strong increase in the 

acetyl-CoA pool derived from stimulated FAO. More generally, we showed that 

fatty acyl-CoA formation and mitochondrial uptake though ACSL1 and CPT1, 

respectively, represent targets particularly suited to inhibit FAO-sup- porting 

anaplerotic processes under acidic conditions. Our data also point toward the 

glutamine metabolism as a target to limit FAS. Proliferating cancer cells are known 

to depend upon de novo FA synthesis, while most noncancer cells primarily take up 

lipids from circulation [326, 327]. Our study indicates that under acidosis, FAS is not 

supported by glucose metabolism but is mainly dependent on glutamine, making 

glutaminase inhibitors very attractive targets to perturb lipogenesis. Additive 

effects of etomoxir inhibiting CPT1 and BPTES blocking glutaminase GLS1 were 

observed in tumor-bearing mice. These in vivo experiments are, however, likely to 

underestimate the efficacy of these combo treatments since tumors were obtained 

from injection of in vitro acidosis-adapted cells to mice. This procedure is likely to 

transiently relieve the selective pressure of acidosis on the preferred expression of 
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key metabolic regulators until the growing tumors themselves develop local 

acidosis. In conclusion, this study supports a model wherein under acidosis, 

mitochondria of tumor cells are particularly active, importing glutamine and FA 

instead of glucose-derived pyruvate to produce energy and anabolic intermediates. 

How can these observations be reconciled with the well-established increased 

glycolytic pathway in many tumors? First, replacement of glucose by FA to produce 

acetyl-CoA and increased dependence on glutamine (through both reductive and 

oxidative pathways) are likely to be proportional to the extent of local acidosis. 

Second, tumor acidosis, like tumor hypoxia, is not a stable parameter in tumors but 

fluctuates with time or, in other words, may influence specific tumor areas at a 

given time. Correction of acidosis through the removal of excess protons (that 

saturate bicarbonate buffer) requires functional tumor vessels. As for the 

determinants of cycling hypoxia [328, 329], angiogenesis providing new blood 

vessels and variations in vessel hemodynamics (i.e., perturbations of tumor 

perfusion because of chaotic neovasculature) may thus account for an intermittent 

exposure of tumor areas to acidosis. Through the identification of major 

determinants of the specific behavior of tumor cells proliferating in (despite) the 

tumor acidic environment, our study opens new perspectives for the development 

of strategies to interfere with tumor FA metabolism in order to avoid the 

emergence of resistance from this acidic compartment. 

 

1.5 Methods 

 

Cell culture 

Human cervix SiHa (#HTB-35), pharynx FaDu (#HTB-43) and colorectal HCT-116 

(#CCL-247) and HT-29 (#HTB-38) cancer cell. Cells were stored according to the 
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supplier’s instructions and used within 6 months after resuscitation of frozen 

aliquots. All cell lines were maintained in DMEM supplemented with 10% heat-

inactivated FBS, 10 mM D-glucose, 2 mM L-glutamine and 25 mM of both PIPES and 

HEPES before adjusting pH to 7.4 or 6.5; regular sampling of cell culture media 

(directly from the CO2 incubator) validated the maintenance of the neutral or acidic 

pH along the experiments. Acidic pH-adapted tumor cells were established as 

previously described [34]. All cell lines were tested for mycoplasma contamination 

with the MycoAlert™ Mycoplasma Detection kit (#LT07-318; Lonza) before being 

used. 

Mitochondrial Isolation 

Mitochondria were isolated from cells using a mitochondria isolation kit from 

Thermo Scientific. All steps were performed at 4°C. Cells were suspended in 

isolation buffer from the kit supplemented with protease inhibitor cocktail (Sigma-

Aldrich), phosphatase inhibitor cocktail (Roche Applied Science), and deacetylase 

inhibitors (10 mM nicotinamide [NAM], 10 mM trichostatin A [TSA], 10 mM sodium 

butyrate). After the different isolation steps, mitochondria pellet was suspended in 

resuspension buffer (220 mM mannitol, 70 mM sucrose, 5 mM HEPES-KOH [pH 7.2], 

1 mM EGTA, and 0.1% fatty acid-free BSA). Protein concentration was determined 

with the BCA method. 

Metabolic Profiling 

For tracer studies, custom, phenol red-free DMEM was formulated with 10% 

dialyzed FBS, 2 mM 13C-labeled glutamine, and other components unlabeled. 

Cultures were washed with PBS before adding tracer media for 24–72 hours unless 

otherwise specified. Glucose and lactate concentrations were measured using 

enzymatic assays (CMA Microdialysis AB) and a CMA 600 analyzer (Aurora Borealis). 
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Oxygen-consumption rate (OCR) was measured using the Seahorse XF96 plate 

reader. 

Radioactive Tracing of Mitochondrial Acetylation and Lipid Synthesis 

For mitochondrial acetylation tracing, cells were cultured for 24 hr in complete 

medium supplemented with 10 mCi [U-14C] tracers. Mitochondria were isolated and 

diluted in immunoprecipitation (IP) buffer (50 mM Tris/HCl [pH 7.4], 1% Triton X-

100, 150 mM NaCl, 0.5 mM EDTA, 10 mM NAM, 10 mM TSA, 10 mM sodium 

butyrate, and protease inhibitors) to obtain 500 mg protein input for each IP. These 

fractions were then incubated with anti-acetylated lysine antibody (#9441 Cell 

Signaling Technology) and Dynabeads protein G beads (overnight, 4ºC) and eluted 

in 0.1 M glycine (pH 2.5), before neutralization with Tris-HCl (pH 8.0). For 

radioisotope lipid synthesis assays, cells were cultured for 18 hr in complete 

medium supplemented with 3H2O (21 vol. %) or 14C tracers (10 mCi). Lipids were 

then extracted with a chloroform-free extraction kit (Cell Biolabs) according to 

manufacturer’s instructions. Radioactivity was analyzed by scintillation counting 

(PerkinElmer Topcount). In the 14C experiments, raw counts per 103 cells were 

normalized to the absolute rate of fatty acid synthesis established using 3H2O. 

In Vivo Experiments  

All the experiments involving mice received the approval of the university ethic 

committee (approval ID 2012/UCL/MD005) and were carried out according to 

national animal care regulations. 7-week-old female NMRI nude mice were 

purchased from Elevage Janvier, and 2.106 parental tumor cells (pH 7.4) or pH 6.5-

adapted tumor cells were injected subcutaneously in the left and right flanks, 

respectively. When tumors reached a mean diameter of 5 mm, BPTES (10 mg/kg) 

or etomoxir (40 mg/kg), alone or in combination, were injected intraperitoneally 

daily. 
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Statistical Analysis 

Results are expressed as mean ± SEM of at least three independent experi- ments. 

Two-tailed unpaired Student’s t test and one-way or two-way ANOVA tests 

(Bonferroni’s post hoc test) were used where appropriate. 
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2.1 Summary 

 

Acidosis, a common characteristic of the tumor microenvironment, is 

associated with alterations in metabolic preferences of cancer cells and progression 

of the disease. Here we identify TGF-β2 isoform at the interface between these 

observations. We document that acidic pH promotes autocrine TGF-β2 signaling 

which in turn favors the formation of lipid droplets (LD) that represent energy 

stores readily available to support anoikis resistance and cancer cell invasiveness. 

We find that, in cancer cells of various origins, acidosis-induced TGF-β2 activation 

promotes both partial epithelial-to-mesenchymal transition (EMT) and fatty acid 

metabolism, the latter supporting Smad2 acetylation. We show that upon TGF-β2 

stimulation, PKC-zeta-mediated translocation of CD36 facilitates the uptake of fatty 

acids that are either stored as triglycerides in LD through DGAT1 or oxidized to 

generate ATP to fulfill immediate cellular needs. We also address how, by 

preventing fatty acid mobilization from LD, distant metastatic spreading may be 

inhibited. 

 

2.2 Introduction 

 

Acidosis, like hypoxia, is a hallmark of the tumor microenvironment (TME) 

[330-335]. It largely arises from the conjunction of the exacerbated metabolism of 

cancer cells (and cancer-associated cells) with a spatio-temporal disorganization of 

the tumor vasculature which limits the access to O2 and prevents the rapid 

elimination of waste products including protons (H+) and CO2 [336]. The most 

common source of H+ is the one associated with lactate production from glucose 
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metabolism as observed under hypoxia but also in the presence of O2 (the so-called 

Warburg effect) [337]. Hydration of CO2 molecules generated upon decarboxylation 

of metabolic intermediates also leads to the production of H+ together with 

bicarbonate anions [338, 339]. 

Importantly, we and others have recently provided evidence that tumor 

acidosis could in turn influence the metabolism of cancer cells [34, 77, 340-343]. 

We have for instance reported that glutamine metabolism is preferred to glucose 

metabolism when cancer cells are maintained at pH 6.5, thereby limiting the rate 

of H+ generation from glycolysis [34]. We also documented that fatty acid (FA) 

metabolism is profoundly altered in response to ambient acidosis with FA oxidation 

(FAO) acting as a main source of acetyl-CoA to support TCA cycle [343]. Moreover, 

acidosis-mediated metabolic rewiring is closely associated with sirtuin-mediated 

deacetylation of hypoxia-inducible factors HIF-1α and HIF-2α as well as histones H3 

and H4 in the nucleus, leading to the differential expression of several metabolism-

related enzymes (e.g. downregulation of the acetyl-CoA carboxylase ACC2 that 

allows FA synthesis to occur from glutamine concomitantly to oxidation of 

exogenous FA) [34, 343]. In addition, acidosis can abolish hypoxia-induced gene 

reprogramming, in particular by inhibiting HIF-1α protein stabilization [344, 345]. 

Altogether, these data indicate that acidosis, on its own, may strongly influence 

cancer cell metabolic phenotype. 

Tumor progression is well known to be driven by an acidic extracellular pH 

through both evasion from immunosurveillance and an increased invasive potential 

[330]. The link between acidosis-related metabolism and a deficiency in immune 

cell response was previously elicited by documenting how accumulation of H+ and 

lactate in the TME strikingly decreased the production of cytokines by several 

immune cell populations, including T cells, NK cells and monocytes [102, 346]. By 
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contrast, while acid-induced activation of proteases facilitating migration of cancer 

cells is abundantly documented [347-349], the relation between metabolic 

preferences under acidic pH and local/metastatic invasiveness only begins to be 

explored [350, 351]. The link between the ability of cancer cells to generate 

metastases and their bioenergetics is however increasingly documented [352-358]. 

New insights on the interplay between acidosis-driven metabolic preferences and 

a potential invasive behavior are therefore of particular need.  

Here we identified lipid droplets (LD) as a common denominator to 

acidosis-adapted cancer cells issued from different tissues and a critical driver of 

their increased invasiveness (vs. native cells maintained at neutral pH). A 

transcriptomic study comparing both cell populations led us to identify TGF-β2 as a 

transcript consistently upregulated in the different acid-adapted cancer cells. We 

expanded on this finding to document how lipid metabolism rewiring is associated 

with partial epithelial-to-mesenchymal transition (EMT). In particular, we 

documented how autocrine TGF-β2 signaling favors the formation of lipid droplets 

(LD) that may further act as energy stores to support anoikis resistance, local 

invasiveness and distant metastatic spreading. 
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2.3 Results 

 

Acidosis-adapted cancer cells accumulate lipid droplets in a CD36- and 

DGAT1-dependent manner 

The stimulated FA metabolism reported in acidosis-adapted cancer cells 

[343] led us to identify intracellular vacuole-like structures detected by electron 

microscopy in these cells as being lipid droplets (LD; positive for BODIPY 493/503 

and Oil Red O staining) (Fig. 21a-c); a consistent increase in the cellular area covered 

by LD was observed in pH 6.5-adapted cancer cells (named 6.5/cancer cells here 

below) vs. native cells maintained at pH 7.4 or 7.4/cells (Fig. 21d and Suppl. Fig. 1a); 

6.5/cancer cells (obtained after 4-6 weeks of culture at pH 6.5) were maintained at 

pH 6.5 for the rest of this study. LD accumulation could not be attributed to cell 

arrest as reported in other situations [359] since in our experimental setup, 

contrary to acutely acid-exposed cancer cells, acidosis-adapted cancer cells keep 

proliferating although to a smaller extent than native cells (Suppl. Fig. 1b-d). Of 

note, this result slightly differs from a previous report from our lab where similar 

growth rate had been observed [34]. Changes in our cell culture conditions over 

time, in particular lower frequency of culture medium changing and/or larger cell 

dilution during passaging, could account for these apparent lesser growth 

capacities of acidosis-adapted cell populations. A lipidomic analysis confirmed a net 

increase in neutral lipids in 6.5/cancer cells (Fig. 21e and Suppl. Fig. 1e), mainly 

represented by a gain in saturated and monounsaturated FA but not cholesteryl 

esters (CE) (Fig. 21f-g, Suppl. Fig. 1f-g, and Suppl. Table 1); in comparison, the pools 

of phospholipids were not altered in the different cell populations (Suppl. Fig. 1h). 

We next searched to identify actors directly involved in the accumulation 

of neutral lipids in acidosis-adapted cancer cells. We first examined the expression 
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of perilipins (PLIN), a family of proteins that associate with LD surface and enzymes 

involved in the synthesis of neutral lipids. We found that, among major members 

of the PLIN family, PLIN2 mRNA and protein expression was consistently increased 

in each of the tested 6.5/cancer cells while other PLIN isoforms remained unaltered 

(Fig. 21h and Suppl. Fig. 1i-k). We further documented that in acidosis-adapted 

cancer cells, PLIN2 silencing using four siRNA duplexes designed to target distinct 

gene sites (Dharmacon) significantly reduced LD accumulation (Fig. 21i). We then 

evaluated a series of pharmacological inhibitors or blocking antibodies targeting 

major proteins that mediate triglyceride (TG) and CE synthesis (Fig. 21j). It should 

be noted that in our hands, acidosis-adapted cancer cells were particularly resistant 

to plasmid or viral transduction and/or died during the selection procedure, further 

supporting the use of pharmacological inhibitors (or siRNA) instead of stable gene 

silencing approaches. We found that A922500, a diacylglycerol acyltransferase 

DGAT1 inhibitor, largely inhibited LD reformation contrary to PF-06424439, a 

DGAT2 inhibitor (Fig. 21k). Inhibitors of HMG-CoA reductase (simvastatin) and ACAT 

(avasimibe), as well as the use of lipoprotein-deficient serum, failed to influence LD 

formation (Suppl. Fig. 1l), in agreement with the lack of differences in the extent of 

CE between native and acidosis-adapted cancer cells (Fig. 21g and Suppl. Fig. 1g). 

The glutaminase inhibitor BPTES that we showed to block lipid synthesis in acidosis-

adapted cancer cells [343] also failed to change the extent of LD in these cells 

(Suppl. Fig. 1m). On the contrary, we could document that LD formation was only 

observed in the presence of (lipid-containing) full serum but not charcoal-

delipidated serum (Fig. 21l); addition of exogenous FA to the latter restored LD 

biogenesis (Fig. 21l and Suppl. Fig. 1n). Finally, we identified CD36 as a main entry 

path for exogenous FA, since the use of specific blocking antibodies (JC63.1 and 

FA6-152) prevented LD formation (Fig. 21m) as well as the uptake of a fluorescent 

palmitate analog (BODIPY-conjugated C16) in acidosis-adapted cancer cells (Suppl. 
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Fig. 1o). Altogether these data indicate that chronic acidosis induces LD formation 

in cancer cells, with CD36 and DGAT1 as key players to mediate LD biogenesis 

through the uptake of exogenous FA and triglyceride synthesis, respectively. 

 

 

 

 

 

 



111 

 

Figure 21: Acidosis-adapted cancer cells exhibit accumulation of lipid droplets in a CD36- and 

DGAT1-dependent manner. (a) Representative electron microscopy pictures depicting lipid droplet 

(LD) accumulation in acidosis-adapted SiHa and HCT-116 cancer cells. Scale bar: 2 µm. (b-c) 

Representative pictures of BODIPY 493/503 (b) and ORO-stained (c) LD in the same native and 

acidosis-adapted cancer cells. Scale bar: 20 µm. (d) Quantification of ORO-stained LD area in native 

and acidosis-adapted SiHa cells. (e-g) Abundance of the total pool of neutral lipids (e), SFA and MUFA 

in the neutral lipid fraction (f), and cholesteryl esters (g) in native and acidosis-adapted SiHa cells. (h) 

Representative immunoblotting for perilipins 1, 2 and 5 in native and acidosis-adapted cancer cells. 

(i) LD content in native and acidosis-adapted SiHa following transfection of PLIN2-targeting (or 

control) siRNA for 72h. (j) Scheme depicting the pathways leading to neutral lipid accumulation and 

lipid droplet biogenesis; specific inhibitors are indicated in red. (k-m) LD content in native and acidosis-

adapted SiHa cells following treatment with 15 µM A922500 (DGAT1i) or 10 µM PF-06424439 

(DGAT2i) for 24h (k), incubation in a medium supplemented with lipid-containing serum (FBS) or with 

charcoal-delipidated serum (DFBS) in presence or absence of an exogenous lipid concentrate (LC) for 
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24h (l) or treatment with two distinct CD36 blocking antibodies for 24h (m). Data are represented as 

mean ± SEM of three independent experiments (with ≥6 technical replicates). Significance was 

determined by Student’s t-test (d, e, g), by one-way ANOVA (k-m) or two-way ANOVA (i) with 

Bonferroni multiple-comparison analysis. ***p<0.001; ns, not significant. I directly contributed to the 

panels a b, c, d, i, k, l and m. 
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Supplementary Figure 1: Acidosis-adapted cancer cells exhibit accumulation of lipid droplets in a 

CD36- and DGAT1-dependent manner. (a) LD area in native and acidosis-adapted cancer cells. (b-d) 

Time courses of the growth of native, chronically and acutely pH6.5-exposed SiHa (b), FaDu (c), and 

HCT-116 (d) cancer cells. (e) Neutral lipid abundance in native and acidosis-adapted cancer cells. (f-g) 

Abundance of SFA and MUFA (f) and cholesteryl esters (g) in the neutral lipid fraction of native and 

acidosis-adapted cancer cells. (h) Phospholipid abundance in native and acidosis-adapted cancer cells. 

(i-j) quantification of protein expression (i) and mRNA expression (j) for PLIN2 in native and acidosis-

adapted cancer cells. (k) mRNA expression for other PLIN genes in native and acidosis-adapted SiHa 

cells. (l) LD content in native and acidosis-adapted SiHa cells following treatment with 5 µM avasimibe, 

1 µM simvastatin or upon incubation in a medium containing lipoprotein-deficient serum (LPDS). (m) 

LD content in forskolin-treated acidosis-adapted SiHa cells incubated for 24h in a full medium with or 

without 20 µM BPTES. (n) LD content in native and acidosis-adapted SiHa cancer cells following 

treatment with 100 µM BSA-conjugated palmitate (PA-BSA) or oleate (OA-BSA) for 24h. (o) 

Quantification for BODIPY FL C16 uptake in acidosis-adapted SiHa cells after incubation with the 

indicated CD36 blocking antibodies. Data are represented as mean ± SEM of three independent 
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experiments (with ≥6 technical replicates). Significance was determined by Student’s t-test (m), one-

way ANOVA (l, o), or two-way ANOVA (a, e, g-k, n) with Bonferroni multiple-comparison analysis. 

*p<0.05; **p<0.01; ***p<0.001; ns, not significant. Source data are provided as a Source Data file. I 

directly contributed to the panels a, i, j, l, and o. 
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Supplementary Table 1. Fatty acid abundance of the neutral lipid fraction in native SiHa 

cells treated or not for 6h with 4 ng/ml TGF-β2. Data indicated in the table are mean values of 2 

biological replicates. 
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FA mobilization from LD supports survival and invasiveness of acidosis-

adapted cancer cells. 

We then investigated the role of LD in acidosis-adapted cancer cells. First, 

since acidosis-adapted cancer cells take up large amounts of exogenous FA, we 

reasoned that storage into LD could prevent lipotoxicity. To examine this 

hypothesis, cells were treated with oleic acid (OA), a potent inducer of TG synthesis 

that becomes toxic for cells incapable of handling excess neutral lipids [360]. 

Consistent with a reduced capacity of FA storage into LD, OA exposure 

preferentially led to growth inhibition in PLIN2-silenced acidosis-adapted cells (Fig. 

22a and Suppl. Fig. 2a). OA also induced ER stress as detected by BiP expression, an 

effect mimicked by DGAT1 inhibition and exacerbated when interventions were 

combined (Suppl. Fig. 21b). Another potential role for LD is to act as energy stores 

for cancer cells when facing fuel deprivation. We therefore pre-challenged 

6.5/cancer cells with the adenylate cyclase activator forskolin to force lipolysis and 

acutely remove LD from 6.5/cancer cells (Suppl. Fig. 2c). This led us to document 

that LD deprivation accelerated cell death in 6.5/cancer cells cultured in a low 

serum-containing medium (Fig. 22b). Instead of removing LD from acidosis-adapted 

cancer cells, we next inhibited FA release from LD by blocking the activity of adipose 

triglyceride lipase (ATGL) with atglistatin and found that this treatment similarly 

accelerated cell death in 6.5/cancer cells cultured in a low serum-containing 

medium. (Fig. 22c and Suppl. Fig. 2d). We next found that the gain in survival of 

6.5/cancer cells was lost under hypoxic conditions (Fig. 22d and Suppl. Fig. 2e), 

suggesting that oxidation of FA released from LD is needed to support cell survival. 

Finally, we examined whether LD, by providing an internal source of energy, could 

help resist to anoikis (i.e. anchorage-dependent cell death). A net effect on the 

survival of matrix-detached 6.5/cancer cells (i.e. viable cell suspension) was 
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observed vs. 7.4/cancer cells when adhesion was restricted by using low-

attachment plate (Fig. 22e, left panel denoted as “static”) or fully prevented by 

applying dynamic force (i.e. slight plate shaking during the assay) (Fig. 22e, right 

panel denoted as “dynamic”). Strikingly, in these experiments, the presence of 

exogenous FA in the extracellular medium could not rescue non-anchored 

7.4/cancer cells and LD deprivation significantly reduced the observed 6.5/cell 

survival gain (Fig. 22f). Because anoikis resistance is a major component of the 

invasive and metastatic potential of cancer cells, we next examined the 

invasiveness of acidosis-adapted cancer cells using modified (Matrigel-coated) 

Boyden chambers. We found that 6.5/cancer cells exhibited a higher invasion 

potential than corresponding native cancer cells (Fig. 22g). Importantly, this was 

largely independent of the environmental pH since similar results were obtained by 

using pH 6.5-adapted cancer cells in a pH 7.4-buffered medium during the time of 

the invasion assay (Suppl. Fig. 2f), supporting a profound phenotypic alteration 

(instead of an acute acid-mediated activation of migratory processes). We next 

addressed the possible roles of LD in the invasive potential of acidosis-adapted 

cancer cells. We found that upon LD deprivation, either by forskolin or DGAT1 

inhibitor treatment (before the assay), 6.5/SiHa cancer cells exhibited a reduced 

invasiveness in modified Boyden chambers (Fig. 22h-i); similar results were 

obtained using HCT-116 cancer cells (Suppl. Fig. 21g-h). In 6.5/cancer cells, DGAT2 

inhibition failed to inhibit invasion (Suppl. Fig. 2i-j). To more directly prove that fatty 

acid mobilization from LD accounted for the increased invasive potential of 

6.5/cancer cells, we inhibited ATGL with atglistatin and documented a similar 

reduction in invasiveness (Fig. 22j); this experiment was carried out in the presence 

of serum further confirming that exogenous FA could not rescue the invasive 

capacity of lipase-inhibited 6.5/cancer cells. Finally, to address the fate of the 

increased FA release from LD in invading 6.5/cancer cells, we used inhibitors of 
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mitochondrial uptake of fatty acyl-CoA (etomoxir) (Fig. 22k and Suppl. Fig. 2k) and 

of ATP generation (oligomycin (ATP synthase inhibitor) and  carbonyl cyanide m-

chlorophenylhydrazone or CCCP (OXPHOS uncoupler)) (Fig. 22l and Suppl. Fig. 2l). 

These three different inhibitors dramatically reduced the invasive potential of 

6.5/cancer cells. Altogether, these results confirm the direct contribution of LD (and 

FA mobilization therefrom) to anoikis resistance and increased invasiveness of acid-

exposed cancer cells. 
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Figure 22: Lipid droplets support the survival and invasiveness of acidosis-adapted cancer cells. (a) 

Cell growth extent for native and acidosis-adapted SiHa cells following transfection of PLIN2-targeting 

(or control) siRNA and treatment with 50 µM BSA-conjugated oleic acid (OA) for 72h. (b) Survival 

capacity of LD-deprived acidosis-adapted SiHa cells, at different timings, in low serum-containing 

medium. (c-e) Survival capacity of native and acidosis-adapted SiHa cells for 3 days in low serum-

containing medium following treatment with 10 µM atglistatin (c), in a dialyzed serum-containing 

medium without glucose nor glutamine under normoxic (20% O2) or hypoxic (1% O2) conditions (d) or 

incubation on low-attachment plates, without (static) or with slight shaking (dynamic) (e); are 

depicted the number of cells either adherent or in suspension (i.e. anoikis resistant); n.d., not 

detectable. (f) Extent of anoikis-resistant cells as determined in Figure 2e (i.e. cells in suspension) in 

LD-deprived native and acidosis-adapted SiHa cells. (g) Invasion capacity of native and acidosis-

adapted tumor cells in Matrigel-coated Boyden chambers for 24h. (h-l) Invasion capacity of native and 

acidosis-adapted SiHa cells in the presence of serum (i.e. an exogenous FA source) upon LD 

deprivation (obtained by 24h treatment with 10 µM forskolin) (h), 15 µM A922500 (DGAT1i) (i), 10 
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µM atglistatin (j), 30 µM etomoxir (k) or 100 µM CCCP and 1 µg/ml oligomycin (l). Data are represented 

as mean ± SEM of three independent experiments (with ≥6 technical replicates). Significance was 

determined by two-way ANOVA (a-l) with Bonferroni multiple-comparison analysis. *p<0.05; 

**p<0.01; ***p<0.001; ns, not significant. I directly contributed to the panels a, b, c, e, f, g, h, I, j, k, 

and l. 
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Supplementary Figure 2: Lipid droplets support the survival and invasiveness of acidosis-adapted 

cancer cells. (a) Cell growth extent for native and acidosis-adapted HCT-116 cells following 

transfection of control or PLIN2-targeting siRNA sequences and treatment with 50 µM BSA-conjugated 

oleic acid (OA) for 72h. (b) Representative immunoblotting for BiP (ER stress marker) in native and 

acidosis-adapted SiHa cells following treatment with 15 µM A922500 (DGAT1i) and/or 50 µM BSA-

conjugated oleic acid (OA) for 48h. (c) LD content in native and acidosis-adapted HCT-116 cells 

following treatment with 10 µM forskolin for 24h. (d-e) Survival capacity of native and acidosis-

adapted HCT-116 cells for 3 days in 0.1% serum-containing medium following treatment with 10 µM 

atglistatin (d) or in a dialyzed serum-containing medium without glucose nor glutamine under 

normoxic (20% O2) or hypoxic (1% O2) conditions (e). (f) Invasion capacity of native and acidosis-

adapted SiHa cells placed at the indicated pH during the assay. (g-h) Invasion capacity of native and 

acidosis-adapted HCT-116 cells following treatment for 24h with 10 µM forskolin (g) or with 15 µM 

A922500 (DGAT1i) (h). (i-j) Invasion capacity of native and acidosis-adapted SiHa cells (i) and HCT-116 
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(j) following treatment for 24h with 10 µM PF-06424439 (DGAT2i). (k-l) Invasion capacity of native 

and acidosis-adapted HCT-116 cells following treatment with 30 µM etomoxir (k) or 100 µM CCCP and 

1 µg/ml oligomycin (l). Data are represented as mean ± SEM of three independent experiments (with 

≥6 technical replicates). Significance was determined by two-way ANOVA (a, c-l) with Bonferroni 

multiple-comparison analysis. *p<0.05; ***p<0.001; ns, not significant. I directly contributed to the 

panels c, d, f, g, h, I, j, k and i. 
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Autocrine TGF-β2 signaling supports invasiveness and LD formation in 

acidosis-adapted cancer cells. 

To evaluate how chronic adaptation to acidosis may support the above LD-

dependent invasive phenotype, we collected mRNA from 6.5/cell populations for a 

full transcriptome analysis (vs corresponding 7.4/cells). This led us to identify a list 

of 349 genes upregulated in each 6.5/cell line while 306 transcripts were 

significantly downregulated in the same three cell types (FDR< 0.01 and FPKM > 

0.5) (Suppl. Fig. 2a). Interestingly, in the short list of the 20 genes the most 

upregulated in each of the three screened 6.5/cancer cells, we found TGFB2 that 

encodes TGF-β2, which belongs to the family of transforming growth factors often 

associated with cancer cell invasiveness and the epithelial-mesenchymal transition 

(EMT) [361], and FST (follistatin), a gene under the control of TGF-β2 [362] (Fig. 

23a). A net increase in TGF-β2 mRNA transcript was confirmed by qPCR in various 

acidosis-adapted cancer cells (Fig. 23b). ELISA confirmed a significant increase of 

active TGF-β2 protein levels in acidosis-adapted cancer cell extracts (Fig. 23c) and 

corresponding extracellular media (Suppl. Fig. 3b). Of note, in the same conditions, 

active TGF-β1 protein levels remained unchanged (Suppl. Fig. 3c-d). Increases in 

TGF-β2 mRNA and protein could be recapitulated by 12-24h exposure of native 

cancer cells to acidic pH 6.5 (Fig. 23d and Suppl. Fig. 3e) and further evidence of the 

activation of TGF-β2 signaling pathway in acidosis-adapted cancer cells was 

obtained by documenting an increase in the extent of phospho-Smad2/3 (Fig. 23e 

and Suppl. Fig. 3f). Our search for the mechanism driving the preferential increase 

in TGF-β2 activity under acidosis then led us to document an autocrine TGF-β2-

induced TGF-β2 transcription loop (Fig. 23f and Suppl. Fig. 3g) and more 

importantly, the upregulation of thrombospondin-1 (TSP-1), a critical actor of TGF-

β2 maturation (Fig. 23g). Contrary to other TGF-β isoforms that contain a RGD motif 
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in their latency-associated peptide to promote integrin-dependent activation, TGF-

β2 activation requires TSP-1 to facilitate maturation in its active form [363]. To 

further prove a role of TSP-1, we showed that TSP-1 silencing reduced the extent of 

mature (active) TGF-β2 (Fig. 23h) and associated phospho-Smad signaling (Suppl. 

Fig. 3h). 

A role for TGF-β2 in supporting the invasive potential of 6.5/cancer cells was next 

evaluated using Trabedersen, a specific TGF-β2-targeting antisense oligonucleotide 

currently evaluated in clinical trials [364-366], and SB431542, a selective TGF-βRI 

inhibitor. We first documented that Trabedersen reduced TGF-β2 mRNA and 

protein expression (Suppl. Fig. 3i-j) and that both inhibitors prevented Smad2/3 

phosphorylation (Fig. 23i and Suppl. Fig. 3k-l). Importantly, inhibition of TGF-β2 

signaling led to a significant reduction in the invasion of acidosis-adapted cancer 

cells through Matrigel (Fig. 23j and Suppl. Fig. 3m) and prevented LD formation in 

6.5/cancer cells (Fig. 23k), an effect paralleled by a reduction in the amounts of 

neutral lipids (Suppl. Fig. 3n). Of note, addition of recombinant TGF-β2 reversed the 

effects of Trabedersen on LD formation (Fig 23l). 
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Figure 23: TGF-β2 supports invasiveness and LD formation in acidosis-adapted cancer cells. (a) Heat 

map representation of the top 20 genes upregulated in the indicated acidosis-adapted cancer cells. 

(b) mRNA expression for TGFB2 in native and acidosis-adapted tumor cells. (c-d) Levels of active form 

of TGF-β2 in crude extracts (membrane-bound) from native and acidosis-adapted tumor cells (c) or in 

conditioned media (secreted) from native SiHa cells exposed to acidic pH 6.5 for 24h (d). (e) 

Representative immunoblotting for phosphorylated and total forms of Smad2 (Ser465/467) and 

Smad3 (Ser423/425) in native and acidosis-adapted SiHa cells (with or without treatment with 4 ng/ml 

TGF-β2 for 6 hours). (f) mRNA expression for TGFB2 in native SiHa cells following treatment with 4 

ng/ml TGF-β2 for 24h. (g) Representative immunoblotting for TSP-1 in native and acidosis-adapted 

tumor cells. (h) Levels of active form of TGF-β2 in conditioned media from native and acidosis-adapted 

SiHa cells following transfection of TSP-1-targeting (or control) siRNA for 72h. (i-k) Representative 

immunoblotting for phosphorylated and total forms of Smad3 (Ser423/425) (i), invasion capacity in 

Matrigel-coated Boyden chambers for 24h (j) and LD content (k) for native and acidosis-adapted SiHa 
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cells following treatment with 10 µM TGF-β2-specific antisense oligonucleotide Trabedersen for 7 

days or 2 µM TGFβRI inhibitor SB431542 for 24h. (l) LD content in acidosis-adapted SiHa following 

treatment with 10 µM TGFβ2-specific antisense oligonucleotide Trabedersen for 7 days in absence or 

presence of 4 ng/ml TGF-β2 for 24h. Data are represented as mean ± SEM of three independent 

experiments (with ≥6 technical replicates). Significance was determined by Student’s t-test (d, f), one-

way ANOVA (l) or two-way ANOVA (b-c, h, j-k) with Bonferroni multiple-comparison analysis. *p<0.05; 

**p<0.01; ***p<0.001; ns, not significant. I directly contributed to the panels d, e, g, h, I, j, k, and l.  
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Supplementary Figure 3: Acidosis promotes a TGF-β2/TGF-βRI autocrine signaling pathway in cancer 

cells. (a) Venn diagrams showing overlap of up- and downregulated genes in pH 6.5-adapted SiHa, 

FaDu and HCT-116 cancer cell lines. Only the genes with a false discovery rate (FDR) < 0.01 and FPKM 

(fragments per kilobase of exon per million mapped reads) > 0.5 were considered for analysis. (b) 

Levels of active form of TGF-β2 in conditioned media (secreted) from native and acidosis-adapted 

tumor cells. (c-d) Levels of active form of TGF-β1 in conditioned media (secreted) (c) and in crude 

lysates (membrane-bound) (d) from native and acidosis-adapted tumor cells. (e) mRNA expression for 
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TGFB2 in native SiHa cells exposed to acidic pH 6.5 for 12h. (f) Quantification of Smad2 (Ser465/467) 

and Smad3 (Ser423/425) phosphorylation levels in native and acidosis-adapted SiHa cells (with or 

without treatment with 4 ng/ml TGF-β2 for 6 hours). (g) mRNA expression for TGFB2 in native SiHa 

cells following treatment with 4 ng/ml TGF-β2 for 24h. (h) Representative immunoblotting for 

phosphorylated and total forms of Smad3 (Ser423/425) and TSP-1 in native and acidosis-adapted SiHa 

cells following transfection of TSP1-targeting (or control) siRNA for 72h. (i-l) mRNA expression for 

TGFB2 (i), levels of active form of TGF-β2 in conditioned media (secreted) (j), quantification of Smad2 

(k) and Smad3 (l) phosphorylation levels in native and acidosis-adapted SiHa cells following treatment 

with 10 µM TGFβ2-specific antisense oligonucleotide Trabedersen for 7 days or 2 µM TGF-βRI inhibitor 

SB431542 for 24h. (m) Invasion capacity for native and acidosis-adapted HCT-116 cells following 

treatment as above. (n) Neutral lipid abundance in acidosis-adapted SiHa cells following treatment 

with 10 µM Trabedersen for 7 days. Data are represented as mean ± SEM of three independent 

experiments (with ≥6 technical replicates). Significance was determined by Student’s t-test (e, g, n), 

or two-way ANOVA (b-d, f, i-m) with Bonferroni multiple-comparison analysis. *p<0.05; **p<0.01; 

***p<0.001; ns, not significant. I directly contributed to the panels b, f, h, i, and m. 

 

 

 

 

 

 

 

 

 

 

 



129 

 

TGF-β2 promotes FA uptake and TG accumulation together with increase 

in CD36 and DGAT1 expression in acidosis-adapted cancer cells. 

We next focused on the causal link between TGF-β2-induced LD formation 

and the increased invasive potential of acidosis-adapted cancer cells. To address 

this question, we first examined how TGF-β2 could drive the formation of LD under 

acidosis. For this purpose, a lipidomic analysis was carried out to identify potential 

changes in the FA profile of cancer cells exposed to TGF-β2. We found a net increase 

in the extent of neutral lipids including saturated and monounsaturated FA in 

response to TGF-β2 stimulation for 6 hours (Fig. 24a-b and Suppl. Table 2) while the 

pools of phospholipids and free FA were not altered (Fig. 24a). Oil Red O staining 

confirmed that exposure of native 7.4/cancer cells to TGF-β2 also led to a rapid 

accumulation of LD (Fig. 24c and Suppl. Fig. 4a); similar results were obtained when 

BODIPY 493/503 or Nile Red were used to stain LD (not shown). To identify the 

source of FA involved in LD formation, we next used 14C-labelled palmitate and 

showed that the uptake of palmitate by native cancer cells was stimulated upon 

TGF-β2 treatment (Fig. 24d) and that TGF-β2 silencing in 6.5/cancer cells could 

prevent palmitate influx, the latter effect being abrogated by the addition of 

exogenous TGF-β2 (Fig. 24e).  

We next aimed to examine whether CD36, DGAT1 and PLIN2 that we had 

identified as key actors of FA accumulation in LD under acidosis were regulated by 

TGF-β2. While no change in total CD36 protein expression could be detected by 

immunoblotting (Suppl. Fig. 4b), using a method based on surface protein 

biotinylation, we found an increase in the expression of CD36 at the plasma 

membrane in pH 6.5-adapted cancer cells as well as in native cancer cells exposed 

to TGF-β2 (Fig. 24f). Blockade of TGF-β2 signaling reduced plasma membrane-
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associated CD36 expression (Fig. 24g) and using a fluorescent palmitate analog 

(BODIPY-conjugated C16), we confirmed the increased capacity of FA uptake by 

TGFβ2-stimulated native cancer cells (Suppl. Fig. 22c). Different pathways are 

known to regulate CD36 translocation, namely AMPK [367], SIRT1 [368] and PKC-ζ 

[369]. Since activation of the two former ones represses TGF-β signaling [370, 371], 

we focused on PKC-ζ which has already been reported to mediate TGF-β signaling 

[369]. Inhibition of CD36 translocation (in response to either acidic pH or direct TGF-

β2 exposure) was observed in the presence of a PKC-ζ pseudo-substrate inhibitor 

(Fig. 24h, Figs 24i-j for quantification, Suppl. Fig. 4d-f). Of note, although SIRT1 

activity was previously shown to be stimulated under acidosis [34], SIRT1 inhibitor 

EX-527 failed to show any change in the extent of CD36 translocation (Suppl. Fig. 

4g). 

We also documented a significant upregulation of DGAT1 mRNA and 

protein expression in pH6.5-adapted cancer cells (Fig. 24k-l and Suppl. Fig. 4h) that 

was completely prevented upon TGF-β2 silencing or TGF-βRI blockade (Fig. 24m 

and Suppl. Fig. 4i-j); DGAT2 expression was not altered in response to Trabedersen 

or SB431542 (Suppl. Fig. 22k). Interestingly, the PKC-ζ pseudo-substrate inhibitor 

(that prevented CD36 translocation) also blocked DGAT1 upregulation in 6.5/cancer 

cells (Fig. 24n and Suppl. Fig. 4l) and in TGF-β2-treated cancer cells (Suppl. Fig. 4l-

m), suggesting that CD36 cell surface expression could be the primary event leading 

to subsequent upregulation of genes involved in FA handling. To support this 

hypothesis, we treated 6.5/cancer cells with GW6471, an antagonist of PPARα (a 

major FA-activated transcription factor regulating FA metabolism) and showed that 

the expression of DGAT1 but also that of mitochondrial fatty acyl-CoA transporter 

CPT1 were decreased (Fig. 24o). Furthermore, GW6471 treatment induced the 

inhibition of 6.5/cancer cell growth but did not alter 7.4/cell proliferation further 
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supporting a major role of FA-induced PPARα activity under acidic conditions 

(Suppl. Fig. 4n-o). Finally, expression of PLIN2 that we found to be upregulated in 

acidosis-adapted cancer cells (see Fig. 24h) was inhibited upon TGF-β2 silencing 

(Fig. 24p). Of note, in a study directly comparing gene expression in healthy and 

cancerous colorectal tissues, PLIN2 expression (but neither PLIN1, nor PLIN3) 

strongly correlated with TGF-β2 expression (Fig. 24q); a similar co-expression 

pattern between TGF-β2 and PLIN2 was also found in human clear cell renal cell 

carcinoma samples (Suppl. Fig. 4p). 
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Figure 24: TGF-β2 promotes FA uptake and TG accumulation into LD in a CD36- and DGAT1-

dependent manner. (a-c) Abundance of neutral lipids (NL), phospholipids (PL) and free fatty acids 

(FFA) (a), abundance of saturated and monounsaturated fatty acids (SFA and MUFA, respectively) in 

the neutral lipid fraction (b), and LD content (c) in native SiHa cells after treatment with 4 ng/ml TGF-

β2 for 6h. (d-e) 14C-palmitate uptake for 10 min in SiHa cells after treatment with 4 ng/ml TGF-β2 for 

6h (d) and in acidosis-adapted SiHa cells following treatment with 10 µM Trabedersen for 7 days in 
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absence or presence of 4 ng/ml TGF-β2 for 24h (e). (f-h) Representative immunoblotting for cell 

surface-localized CD36 and total biotinylated proteins in native and acidosis-adapted SiHa cells 

following treatment with 4 ng/ml TGF-β2 for 6h and 24h (f), following treatment with 10 µM 

Trabedersen for 7 days or 2 µM SB431542 for 24h (g) or with 4 ng/ml TGF-β2 and 10 µM PKC-ζ pseudo-

substrate inhibitor for 24h (h). (i-j) Quantification of surface-localized CD36 in native and acidosis-

adapted SiHa cells treated as indicated in (h). (k-l) mRNA (k) and protein expression of DGAT1 (l) in 

native and acidosis-adapted tumor cells. (m-o) Representative immunoblotting for DGAT1 in native 

and acidosis-adapted SiHa cells following treatment with 10 µM Trabedersen for 7 days or 2 µM 

SB431542 for 24h (m), with 10 µM PKC-ζ pseudo-substrate inhibitor for 24h (n) or with 10 µM GW6471 

for 48h (o). (p) mRNA expression of PLIN2 in native and acidosis-adapted SiHa cells following 

treatment with 10 µM TGFβ2-specific antisense oligonucleotide Trabedersen for 7 days. (q) Co-

expression analysis of TGFB2, PLIN1, PLIN2 and PLIN3 genes in human healthy volunteers and 

colorectal cancer patient samples. Data are represented as mean ± SEM of three independent 

experiments (with ≥6 technical replicates). Significance was determined by Student’s t-test (c-d, j), by 

one-way ANOVA (e, i) or two-way ANOVA (a, k, p) with Bonferroni multiple-comparison analysis. 

*p<0.05; **p<0.01; ***p<0.001; ns, not significant. I directly contributed to the panels c and i. 
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Supplementary Figure 4: TGF-β2 promotes FA uptake and TG accumulation into LD in a CD36 and 

DGAT1-dependent manner. (a)  LD area in native FaDu and HCT-116 cells after treatment with 4 ng/ml 

TGF-β2 for 6h. (b) Representative immunoblotting for total CD36 in native and acidosis-adapted tumor 

cells. (c) Quantification for BODIPY FL C16 uptake in native and acidosis-adapted SiHa cells after 

treatment with 4 ng/ml TGF-β2 for 6h or 24h. (d-f) Representative immunoblotting (d) and 
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quantification (e-f) for cell surface-localized CD36 and total biotinylated proteins in native and 

acidosis-adapted HCT-116 cells following treatment with 4 ng/ml TGF-β2 and 10 µM PKC-ζ pseudo-

substrate inhibitor for 24h. (g) Representative immunoblotting for cell surface-localized CD36 and 

total biotinylated proteins in native and acidosis-adapted tumor cells following treatment with 1 µM 

EX-527 (SIRT1 inhibitor) for 24h. (h) Quantification of DGAT1 protein levels in native and acidosis-

adapted tumor cells. (i-k) Quantification of DGAT1 protein levels (i), mRNA expression for DGAT1 (j) 

and DGAT2 (k) in native and acidosis-adapted SiHa cells following treatment with 10 µM TGFβ2-

specific antisense oligonucleotide Trabedersen for 7 days or 2 µM TGF-βRI inhibitor SB431542 for 24h. 

(l-m) Representative immunoblotting for DGAT1 in native and acidosis-adapted HCT-116 (l) or SiHa 

cells (m) following treatment with 4 ng/ml TGF-β2 and 10 µM PKC-ζ pseudo-substrate inhibitor for 

24h. (n-o) Cell growth of native and acidosis-adapted SiHa (n) and HCT-116 cells (o) following 

treatment with 10 µM GW6471 (PPARα inhibitor) for 72h. (p) Co-expression analysis of TGFB2, PLIN1, 

PLIN2 and PLIN3 genes in human healthy and renal cancer (clear cell renal cell carcinoma; ccRCC) 

patient samples. Data are represented as mean ± SEM of three independent experiments (with ≥6 

technical replicates). Significance was determined by Student’s t-test (f), one-way ANOVA (c, e), or 

two-way ANOVA (a, h-k, n-o) with Bonferroni multiple-comparison analysis. *p<0.05; **p<0.01; 

***p<0.001; ns, not significant. I directly contributed to the panels a, c and h. 
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Supplementary Table 2. Fatty acid abundance of the neutral lipid fraction in native and acidosis-

adapted cancer cells. Data indicated in the table are mean values of 2 to 4 biological replicates. 
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EMT in acidosis-adapted cancer cells is under the control of TGF-β2-

stimulated fatty acid metabolism. 

We next examined whether LD biogenesis, as driven by TGF-β2, represents 

a pre-requisite to support invasiveness of acidosis-adapted cancer cells. Since TGF-

β2 is known to promote cancer cell invasiveness by inducing EMT, we first aimed to 

identify molecular markers of this phenotypic transition in 6.5/cancer cells. We 

actually showed that in SiHa cancer cells, chronic acidosis inversely influenced the 

expression of E-cadherin and vimentin, two critical markers of the epithelial and 

mesenchymal status, respectively (Fig. 25a). This led us to further explore a variety 

of EMT markers in different pairs of native and acidosis-adapted cancer cells. 

Although not all the EMT markers were similarly altered, partial EMT was confirmed 

in each cancer cell type, with an increase in several mesenchymal traits including 

N-cadherin (CDH2), Snail (SNAIL1), Slug (SNAIL2), ZEB1 and vimentin, and/or a 

reduction in ZO-1 and E-cadherin (CDH1) as documented by mRNA quantification 

(Fig. 25b and Suppl. Fig. 5a-b) and protein immunodetection (Fig. 25c and Suppl. 

Fig. 5c-d). Of note, exposure of 7.4/cancer cells to TGF-β2 recapitulated the EMT 

signature observed in 6.5/cancer cells (Suppl. Fig. 5e). More importantly, the use of 

Trabedersen and SB431542 allowed us to confirm that TGF-β2 supports the 

mesenchymal shift observed in 6.5/cancer cells. Both treatments actually reverted 

the upregulation of the mesenchymal markers SNAIL1 (Fig. 25d), ZEB1 (Fig. 25e) as 

well as N-cadherin and vimentin (Fig. 25f and Suppl. Fig. 5f-g) in acidosis-adapted 

cancer cells. To further prove the role of TGF-β2 in EMT under acidic conditions, we 

silenced Smad2/3 (Suppl. Fig. 5h-i) and confirmed a dramatic reduction in SNAIL1 

and ZEB1 in 6.5/cancer cells (Fig. 25g-h and Suppl. Fig. 5j). 
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In an attempt to establish a link between EMT and LD accumulation, both 

being promoted by acidosis-driven TGF-β2 signaling, we could document that 

silencing ZEB1 blocked EMT in 6.5/cancer cells (Suppl. Fig. 5k) but also reduced the 

formation of LD under acidosis (Fig. 25i and Suppl. Fig. 5l). We also hypothesized 

that the other way around, an increase in FA oxidation and associated acetyl-CoA 

pool could account for Smad2 acetylation, a PTM known to augment its 

transcriptional activity [372] and to support EMT [373]. Using Seahorse 

respirometry, we first showed that exogenous FA significantly contributed to 

oxygen consumption rate (OCR) in native cancer cells exposed to TGF-β2 as well as 

in 6.5/cancer cells (vs. 7.4/cancer cells) (Fig. 25j and Suppl. Fig. 5m), an effect largely 

inhibited upon TGF-β2 silencing or TGF-βRI pharmacological blockade (Fig. 25k and 

Suppl. Fig. 5n). Stimulated FA oxidation was confirmed by a net increase in the 

cellular pool of acetyl-CoA in 6.5/cancer cells (Fig. 25l) and associated Smad2 

acetylation (Fig. 25m and Suppl. Fig. 5o). Importantly, inhibition of either FA uptake 

by CD36 blocking antibodies or FA mitochondrial metabolism by CPT1 inhibitor 

etomoxir significantly reduced Smad2 acetylation in 6.5/cancer cells (Fig. 25n). 

Interestingly, when using non-tumorigenic MCF-10A mammary epithelial cells 

(instead of cancer cell lines), we failed to document LD accumulation in response 

to acidosis (Suppl. Fig. 5p) as well as increase in TGF-β2 activity (Suppl. Fig. 5q) and 

changes in EMT markers (Suppl. Fig. 5r), thereby indicating that the stimulation of 

the TGF-β2/LD axis in response to acidosis is largely cancer cell-specific. 
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Figure 25: EMT in acidosis-adapted cancer cells is driven by TGF-β2 and further enhanced by FAO-

dependent Smad2 acetylation. (a) Representative immunofluorescence pictures for EMT-related 

protein markers in native and acidosis-adapted SiHa cells. Scale bar: 20 µm. (b) mRNA expression for 

epithelial (CDH1) and mesenchymal (CDH2, SNAIL1, SNAIL2 and ZEB1) genes in native and acidosis-

adapted SiHa cells. (c) Representative immunoblotting for some epithelial (ZO-1 and E-cadherin) and 

mesenchymal (N-cadherin, vimentin, ZEB1, Snail) protein markers in native and acidosis-adapted 

cancer cell lines. (d-e) mRNA expression for SNAIL1 (d) and ZEB1 (e) in native and acidosis-adapted 

SiHa cells following treatment with 10 µM Trabedersen for 7 days or 2 µM SB431542 for 24h. (f) 

Representative immunoblotting for mesenchymal protein markers in native and acidosis-adapted 
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SiHa cells following treatment as above. (g-h) mRNA expression for SNAIL1 (g) and ZEB1 (h) in native 

and acidosis-adapted SiHa cells following transfection of Smad2/3-targeting (or control) siRNA for 72h. 

(i) LD content in native and acidosis-adapted SiHa cells following transfection with ZEB1-targeting (or 

control) siRNA for 72h. (j-k) Palmitate-dependent oxygen consumption rate (OCR) in native and 

acidosis-adapted SiHa cells after treatment with 4 ng/ml TGF-β2 for 6h (j) or following treatment with 

10 µM Trabedersen for 7 days or 2 µM SB431542 for 24h (k). (l) Levels of cellular acetyl-CoA in native 

and acidosis-adapted SiHa cells. (m-n) Representative immunoblotting for acetylated Smad2 in native 

and acidosis-adapted cancer cells (with or without treatment with 4 ng/ml TGF-β2 for 6 hours) (m) 

and following treatments with 30 µM etomoxir (CPT1 inhibitor), 2 µg/ml JC63.1 or 1 µg/ml FA6-152 

(anti-CD36 blocking antibodies) for 24h (n). Data are represented as mean ± SEM of three independent 

experiments (with ≥6 technical replicates). Significance was determined by Student’s t-test (l) or two-

way ANOVA (b, d, e, g-k) with Bonferroni multiple-comparison analysis. **p<0.01; ***p<0.001; ns, 

not significant. I directly contributed to the panels a, c and f. 
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Supplementary Figure 5: EMT in acidosis-adapted cancer cells is driven by TGF-β2 and further 

enhanced by FAO-dependent Smad2 acetylation. (a-b) mRNA expression for some epithelial (CDH1) 

and mesenchymal (CDH2, SNAIL1, SNAIL2 and ZEB1) genes in native and acidosis-adapted HCT-116 (a) 

and FaDu cells (b). (c-d) Quantification of N-cadherin (c) and vimentin (d) protein levels in native and 

acidosis-adapted tumor cells. (e) Representative immunoblotting for EMT-related protein markers in 

native SiHa cells following treatment with 4 ng/ml TGF-β2 for 24 and 48 hours. (f-g) Quantification of 

N-cadherin (f) and vimentin (g) protein levels in native and acidosis-adapted SiHa cells following 

treatment with 10 µM Trabedersen for 7 days or 2 µM SB431542 for 24h. (h-j) Representative 

immunoblotting for Smad2/3 in native and acidosis-adapted SiHa (h) and HCT-116 cells (i) and mRNA 

expression for ZEB1 in native and acidosis-adapted HCT-116 cells (j) following transfection of 

Smad2/3-targeting (or control) siRNA for 72h. (k-l) Representative immunoblotting for EMT-related 

protein markers in native and acidosis-adapted tumor cells (k) and LD content in native and acidosis-

adapted HCT-116 cells (l) following transfection with ZEB1-targeting (or control) siRNA for 72h. (m-n) 

Palmitate-dependent oxygen consumption rate in native and acidosis-adapted HCT-116 cells after 

treatment with 4 ng/ml TGF-β2 for 6h (m) or following treatment with 10 µM Trabedersen for 7 days 

or 2 µM SB431542 for 24h (n). (o) Representative immunoblotting for acetylated Smad2 in native and 

acidosis-adapted FaDu cancer cells. (p-r) LD content (p), mRNA expression for TGFB2 (q) and 

representative immunoblotting for EMT-related protein markers, phosphorylated and total forms of 

Smad2 (Ser465/467) and Smad3 (Ser423/425) (r) in non-tumorigenic MCF-10A mammary epithelial 

cells acutely exposed to acidic pH 6.5 for 48h (vs pH 7.4). Data are represented as mean ± SEM of 

three independent experiments (with ≥6 technical replicates). Significance was determined by 

Student’s t-test (p-q), two-way ANOVA (a-d, f-g, j, l-n) with Bonferroni multiple-comparison 

analysis.*p<0.05; **p<0.01; ***p<0.001; ns, not significant. I directly contributed to the panels c, d, 

e, f and g. 
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Preventing LD accumulation reduces the growth of acidic tumor spheroids 

and the metastatic take of acidosis-adapted cancer cells in mice. 

We finally aimed to document that LD accumulation could occur 

spontaneously in response to ambient acidosis developing in 3D spheroids (i.e. 

instead of extracellular acidic pH imposed by buffered medium) and could be 

targeted to reduce metastatic burden in vivo. For 3D tumor spheroid experiments, 

we used HT-29, a colorectal cancer cell line more prone to form spheroids than the 

other cell lines used above. We first confirmed that after adaptation to pH 6.5 

(Suppl. Fig. 6a), HT-29 cancer cells accumulated neutral lipids within lipid droplets 

(Suppl. Fig. 6b-f) and exhibited a higher invasiveness potential (Suppl. Fig. 6g) 

together with an increased TGF-β2 (but not TGF-β1) signaling (Suppl. Fig. 6h-n). We 

showed that acidic pH spontaneously developed with growth in 3D HT-29 spheroids 

by using an Alexa568-conjugated pHLIP peptide as a pH sensor (Fig. 26a-b). 

Interestingly, pHLIP-positive acidic areas significantly overlapped with 

accumulation of neutral lipids as detected using BODIPY 493/503 staining (Fig. 26c-

d) while Ki67 staining revealed that acidic areas were less proliferative than the rim 

of 3D spheroids (Fig. 26e). To establish a direct link between LD accumulation and 

TGF-β2 signaling in this 3D model, we exposed spheroids to TGF-βRI blocker 

SB431542 and observed a dramatic reduction in BODIPY-stained LD (Fig. 26f-g) 

together with a growth inhibitory effect (Fig. 26h); the latter was only detectable 

when spheroids reached a size compatible with spontaneous acidosis development 

(i.e. between 5 and 10 days; see Figs. 25b and 25h). Interestingly, we confirmed in 

sections of primary HT-29 tumors that LD-positive area (stained with ORO) could be 

identified in acidic tumor regions labelled using Alexa568-conjugated pHLIP peptide 

(Suppl. Fig. 6o). Of note, although LD could also be identified at the interface 
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between hypoxic and necrotic tumor areas, acidic LD-rich tumor regions did not 

overlap with tumor hypoxic area (as stained with pimonidazole) (Suppl. Fig. 6o). 

We finally examined whether acidic adaptation was associated with a more 

aggressive phenotype in vivo and importantly whether therapeutic interventions 

could be derived from the observation of LD generation as part of the EMT 

phenotype induced by acidosis. For this purpose, we utilised a model of i.v. injection 

of HT-29 cancer cells to make sure to track the fate of cells whose phenotype 

resulted from acidosis adaptation and more particularly to evaluate their increased 

anoikis resistance (see above) when exposed to the bloodstream. We first 

documented that when compared with corresponding native cells, i.v. injection of 

acidosis-adapted HT-29 cancer cells led to a more extensive metastatic take in the 

lungs (Fig. 26i-j).  

Then, to prove that LD contributed to a higher metastatic burden, we 

treated mice with etomoxir to prevent FA oxidation to occur in 6.5/HT-29 cancer 

cells upon i.v. injection. Lung metastatic burden was dramatically reduced in 

etomoxir-treated mice (Fig. 26k-l). Similar results were obtained with 6.5/FaDu and 

6.5/HCT-116 cell lines with a reduced mouse survival following i.v. injection (Fig. 

26m-n). With the latter, we could also generate LD-deprived 6.5/cancer cells as 

detailed in Suppl. Fig. 2d and document that the extent of metastases was 

significantly reduced (vs. LD-containing 6.5/cancer cells) (Fig. 26o-p).  
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Figure 26: TGF-β2-driven LD formation spontaneously occurs under acidic conditions and fosters in 

vivo cancer cell invasiveness. (a) Representative immunofluorescent pictures of Alexa Fluor 568-

conjugated pHLIP and BODIPY 493/503 staining in 10-day-old HT-29 spheroids. Scale bar: 100 µm. (b) 

Time-course accumulation of pHLIP during HT-29 spheroid growth. (c-e) Distribution (from the 

periphery to the core of the spheroids) of pHLIP (c), BODIPY 493/503 (d) and Ki67 (e) staining. (f-g) 

Representative immunofluorescent pictures (f) and quantification (g) of BODIPY 493/503 staining in 

10-day-old HT-29 spheroids treated or not with 20 µM TGF-βRI inhibitor SB431542. (h) Time course 

of the growth inhibitory effects of 20 µM SB431542 on 3D tumor spheroid growth. (i-j) Representative 

immunohistochemical pictures (i) and quantification (j) of GFP- or mCherry-positive lung metastases 

in mice 5 weeks after i.v. injection of GFP-expressing native and mCherry-expressing acidosis-adapted 

HT-29 cancer cells (n=5-8 mice per group). Scale bar: 1 mm. (k-l) Representative H&E staining (k) and 
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quantification of metastasis area (l) in lungs from mice 5 weeks after i.v. injection of acidosis-adapted 

HT-29 cells and i.p. treatment with 40 mg/kg etomoxir (n=6-7 mice per group). Scale bar: 1 mm. (m-

n) Kaplan-Meier curves depicting mouse survival after i.v. injection of native and acidosis-adapted 

FaDu (m) and HCT-116 (n) cancer cells. (o-p) Representative H&E staining (o) and quantification of 

metastasis area (p) in lungs from mice 5 weeks after i.v. injection of lipid droplet-deprived (forskolin-

treated; or not) acidosis-adapted HCT-116 cells (n=5 mice per group). Scale bar: 250 µm. Data are 

represented as mean ± SEM of three independent experiments (with ≥6 technical replicates). 

Significance was determined by Student’s t-test (b, g, j, l, p). *p<0.05; **p<0.01; ***p<0.001. 
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Supplementary Figure 6: EMT in acidosis-adapted cancer cells is driven by TGF-β2 and further 

enhanced by FAO-dependent Smad2 acetylation. (a) Time courses of the growth of native, 

chronically and acutely pH6.5-exposed HT-29 cancer cells. (b-c) LD content (b) and neutral lipid 

abundance (c) in native and acidosis-adapted HT-29 cells. (d-e) Abundance of SFA and MUFA (d) and 

cholesteryl esters (e) in the neutral lipid fraction of native and acidosis adapted HT-29 cells. (f) 

Phospholipid abundance in native and acidosis-adapted HT-29 cells. (g) Invasion capacity of native and 

acidosis-adapted HT-29 cells. (h-i) mRNA expression (h) and levels of active form of TGF-β2 in crude 

lysates (membrane-bound) (i) from native and acidosis-adapted HT-29 cells. (j) Representative 

immunoblotting for phosphorylated and total forms of Smad2 (Ser465/467) and Smad3 (Ser423/425) 

in native and acidosis-adapted HT-29 cells (with or without treatment with 4 ng/ml TGF-β2 for 6 
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hours). (k-l) Levels of active form of TGF-β1 in conditioned media (secreted) (k) and in crude lysates 

(membrane-bound) (l) from native and acidosis-adapted HT-29 cells. (m) Representative 

immunoblotting for TSP-1 in native and acidosis-adapted HT-29 cells. (n) Representative 

immunoblotting for phosphorylated and total forms of Smad2 (Ser465/467) and Smad3 (Ser423/425) 

in native and acidosis-adapted HT-29 cells following treatment with 10 μM TGFβ2-specific antisense 

oligonucleotide Trabedersen for 7 days or 2 μM TGF-βRI inhibitor SB431542 for 24h. (o) 

Representative immunohistochemical and immunofluorescent pictures of hypoxic, LD-rich or acidic 

areas (using pimonidazole, Oil Red O and pHLIP markers, respectively) in subcutaneous HT-29 tumors. 

I directly contributed to the panels b, g, and m. 

 

2.4 Discussion 

 

EMT is a debated concept in oncology mostly because it is not uniformly 

detected in every metastatic cancer and its contribution to the invasion-metastasis 

cascade remains influenced and thus confused by the mutation load of primary 

tumor cells, in particular for the final step of host tissue colonization [374]. Also, 

contrary to EMT occurring during embryonic development, mesenchymal transition 

is generally not fully executed in cancer cells. Partial (or incomplete) EMT is actually 

thought to facilitate the necessary reversion to an epithelial phenotype in order to 

resume proliferation at the metastatic sites [375, 376]. This plasticity may account 

for part of the misperception about the absolute requirement of EMT for cancer 

progression but also brings an interesting perspective on the role of the 

microenvironment of primary tumors [377, 378]. One may indeed speculate that 

TME peculiarities trigger the phenotypic shift required to increase cell motility and 

initiate invasion but are de facto unable to maintain it when cells have left the 

primary site, thereby facilitating the reverse transitioning when facing a new 

“physiological” distant environment. Here, we identified the formation of lipid 
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droplets in response to tumor acidosis as a major actor of the shift towards a 

transitory mesenchymal-like, invasive cancer cell phenotype.  

Our study pinpoints TGF-β2 as the main driver of the lipid-based metabolic 

rewiring fostered by tumor acidosis and required to support the energy needs of 

invading cancer cells. While several studies have identified a role of lipids in EMT 

[287, 379-381], our study tackles this issue by integrating the TME concept (i.e. 

tumor acidosis). We previously reported how cancer cells chronically exposed to an 

acidic pH progressively abandon glycolysis in favor of FAO [343]. Now, we show that 

this acidosis-guided metabolic preference is dependent on TGF-β2 and further 

complemented by the formation of LD acting as energy stores that are used to 

support anoikis resistance and invasiveness. Moreover, we provide evidence that 

stimulation of FA uptake and oxidation directly supports TGFβ2-induced EMT by 

increasing the acetyl-CoA pool which in turn promotes the acetylation of Smad2, a 

PTM associated with an increased activity of this transcription factor [372]. These 

findings underly a major difference with hypoxia, another TME hallmark also known 

to promote LD formation [382]. Indeed, the lack of O2 prevents β-oxidation to occur 

from LD-released FA under hypoxia and as previously documented by Bensaad and 

colleagues[382], tumor reoxygenation is required for invasive cancer cells to exploit 

internal FA stores. The specificity of acidosis is that cancer cells may accumulate FA 

within LD to reduce lipotoxicity but with the concomitant transition towards the 

mesenchymal phenotype they may also directly take advantage of these internal 

FA stores to generate energy for efficient metastatic spreading.  

Expressions of both CD36 and DGAT1, the main entry path for FA in the 

cytosol and the final actor of their accumulation as neutral lipids respectively, are 

regulated by TGF-β2, either produced by acidosis-adapted cancer cells or upon 

exogenous addition of the growth factor on native cancer cells. We identified the 



150 

 

upregulation of TSP-1 in response to extracellular acidosis as a critical actor of 

integrin-independent TGF-β2 activation. TGF-β2 indeed lacks an integrin-binding 

RGD sequence in its latency-associated peptide and instead requires TSP-1 to be 

converted in its mature form [363]. Increase in the active form of TGF-β2 was 

detected in acidosis-adapted cancer cells derived from various tissues and TGF-β2 

upregulation was reproduced in native cancer cells acutely exposed to an acidic pH 

(Fig. 23a-c). We further documented a positive feedback loop wherein TGF-β2 

transcription is stimulated by TGF-β2 itself, thereby reinforcing TGF-β2 signaling 

under acidosis. Remarkably, this mode of autocrine, isoform-specific TGF-β2 

activation in cancer cells differs from that described in models where a reactive 

stroma leads to TGF-β secretion [383-385] or where excess free FA uptake itself 

promotes TGF-β signaling to initiate EMT [381]. In our study, we provide evidence 

that addition of exogenous TGF-β2 on native cancer cells led to both neutral lipid 

accumulation and LD formation and that inhibition of TGF-β2 signaling in 3D 

spheroids undergoing spontaneous acidification dramatically prevented LD 

accumulation (Fig. 26f-h). Of note, TGF-β1 was reported to shift cell metabolism 

from FA synthesis to enhanced oxidative phosphorylation [380]. Whether, in the 

latter study, FA uptake was increased leading to LD formation was however not 

addressed. Although, based on the well-known shared signal transduction 

pathways induced by the three TGF-β forms, we cannot exclude this possibility, 

TGF-β2 was in our study the only TGF-β isoform induced in response to ambient 

acidosis. Thus, collectively, our results allow to propose a model wherein acidosis, 

by promoting autocrine TSP-1-dependent TGF-β2 activation, triggers signaling 

pathways driving the shift towards a mesenchymal-like invasive phenotype from 

one hand, and supporting fatty acid uptake, oxidation but also storage in LD from 

the other hand. Each arm reinforces each other since FA oxidation favors Smad2 

acetylation/activity and thereby supports EMT while the bona fide EMT 
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transcription factor ZEB1 is necessary for LD formation; ZEB-1-driven TGF-β2 

expression [386] may actually account for the capacity of TGF-β2 to promote its 

own gene expression.  

 Importantly, we documented the druggability of this intrinsic alteration of 

the cancer cell phenotype with SB431542, a potent and specific inhibitor of TGF-β 

superfamily type 1 receptor, and AP12009/Trabedersen, a FDA- and EMEA-

approved orphan anticancer drug, active as a TGF-β2-specific antisense 

oligodeoxynucleotide. While TGF-β2 was identified as an attractive target to block 

oncogenesis resulting from stem cell renewal [387] and encouraging survival results 

have been reported with Trabedersen in gliomas [364] and pancreatic cancers [365, 

366], inhibitors of TGF-β2 signaling may actually represent a therapeutic strategy 

with a broader potential of reducing metastatic burden. Potential therapeutic 

targets may also be derived from the observation that LD represent a non-

dispensable source of fuels to support anoikis resistance, thereby increasing the 

survival of cancer cells in the bloodstream and thus facilitating metastatic take. We 

showed for instance that preventing LD formation in cancer cells facing an acidic 

pH with a DGAT1 inhibitor represents an achievable goal to limit invasion, offering 

a rationale for the repurposing of such drugs currently under clinical evaluation for 

the treatment of type 2 diabetes and obesity [388]. We also found that mouse 

survival was significantly reduced after injection of acidosis-adapted cancer cells 

(vs. native cancer cells) and that pre-treatment to remove LD from pH 6.5-adapted 

cancer cells or acute treatment to prevent the oxidation of FA released from these 

LD considerably reduced their capacity to form metastases. Together with our data 

on the supportive role of LD in anoikis resistance and local cancer cell invasion, 

these findings also offer a rationale for the development of drugs inhibiting the 

mobilization of FA (e.g. atglistatin) to reduce metastatic spreading by preventing 

the use by cancer cells of the energy stored in preformed LD; the blockade of 
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triglyceride lipase is all the more relevant as it can also interfere with (tumor-

induced) release of FA from adipocytes to fuel cancer cell LD [389]. Finally, our 

observation of a functional CD36 upregulation in response to TGF-β2 is reminiscent 

of the reported role of CD36 in metastasis-initiating CD44-positive cells in human 

oral carcinoma [390]. Although CD36-expressing cells in the above study could not 

be related to EMT, we provide evidence that neutralizing anti-CD36 antibodies, 

used by these authors to impair metastasis, could also prevent LD formation in 

acidosis-adapted cancer cells, making this strategy particularly suited to prevent 

TGF-β2-driven tumor progression.  

In conclusion, the identification of an autocrine TGF-β2-LD axis led us to 

expand on the driving role of acidosis on metabolic adaptation in cancer cells but 

importantly to identify new prophylactic and therapeutic perspectives to reduce 

metastatic burden and thereby extend cancer patient survival. 

 

2.5 Methods 

 

Cell culture 

Human cervix SiHa (#HTB-35), pharynx FaDu (#HTB-43) and colorectal HCT-116 

(#CCL-247) and HT-29 (#HTB-38) cancer cell lines and the normal human breast 

epithelial cell line MCF-10A (#CRL-10317) were purchased from ATCC. Cells were 

stored according to the supplier’s instructions and used within 6 months after 

resuscitation of frozen aliquots. All cell lines were maintained in DMEM 

supplemented with 10% heat-inactivated FBS, 10 mM D-glucose, 2 mM L-glutamine 

and 25 mM of both PIPES and HEPES before adjusting pH to 7.4 or 6.5. Acidic pH-

adapted tumor cells were established as previously described [34, 343]. All cell lines 
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were tested for mycoplasma contamination with the MycoAlert™ Mycoplasma 

Detection kit (#LT07-318; Lonza) before being used. GFP-expressing native and 

mCherry-expressing acidosis-adapted HT-29 cancer cells were established by 

infection with eGFP Lentifect™ (#LPP-EGFR-LV105-205; GeneCopoeia) and mCherry 

Lentifect™ (#LPP-MCHR-LV105-025; GeneCopoeia) purified lentiviral particles 

according to manufacturer’s instructions. 

Cell treatment and transfection 

Cell treatment was performed in a full culture medium with 4 ng/ml recombinant 

human TGF-β2 (#ab84070; Abcam), 1 µM EX-527 (E7034; Sigma-Aldrich), 10 µM 

GW6471 (#4618; Tocris), 2 µM SB431542 (#1614; Tocris Bioscience), 10 µM 

Trabedersen (Eurogentec), 10 µM PKC-ζ pseudo-substrate inhibitor (sc-397537; 

Santa Cruz Biotechnology), 2 µg/ml JC63.1 (ab23680; Abcam), or 1 µg/ml FA6-152 

(ab17044; Abcam) anti-CD36 blocking antibodies at different timings, as indicated 

in the figure legends. To study lipid droplet biogenesis, cells were first treated with 

10 µM forskolin (#F3917; Sigma-Aldrich) for 24h in a medium supplemented with 

10% charcoal-stripped FBS (#F6765; Sigma-Aldrich) to induce lipolysis. After 

extensive washing, cells were then incubated for 24h with either a medium 

supplemented with 10% charcoal-stripped FBS in absence or presence of a 

chemically-defined lipid concentrate (#11905031; Thermo Fisher Scientific) or with 

a medium supplemented with 10% lipoprotein-deficient FBS (#S5394; Sigma-

Aldrich). A medium supplemented with 10% normal FBS (#F7524; Sigma-Aldrich) 

was also used for cell treatment with 15 µM A922500 (#A1737), 10 µM atglistatin 

(#SML1075), 5 µM avasimibe (#PZ0190), 20 µM BPTES, 10 µM PF-06424439 

(#PZ0233) and 1 µM simvastatin (#S6196). All inhibitors were from Sigma-Aldrich, 

except BPTES that was synthesized and purified in our lab, as previously described 

[34]. For cell growth assays, oleic acid (#10-1801; Larodan) was conjugated to BSA 
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and added at 50 µM in culture medium for 72h. In some conditions, cells were 

maintained at 37°C in normoxic conditions (20% O2, 5% CO2) or exposed to hypoxia 

(1% O2, 5% CO2) in an Invivo2 300 hypoxia chamber (Ruskinn). Cell growth was 

assessed by using the PrestoBlue® cell viability reagent (#A13262; Thermo Fisher 

Scientific) according to manufacturer’s instructions. Cell transfection with a non-

targeting pool of 4 siRNA sequences (D-001810-10-05) or a pool of 4 siRNA 

sequences targeting either human PLIN2 (#L-019204-01), human SMAD2 (#L-

003561-00), human SMAD3 (#L-020067-00), human TSP-1 (THBS1) (L-019743-00) 

or human ZEB1 gene (L-006564-01), all from Dharmacon, was carried out with 

Lipofectamine™ RNAiMAX transfection reagent (#13778150; Thermo Fisher 

Scientific), according to manufacturer’s instructions. 

Gene expression analysis in patient samples 

Comparison of expression patterns for TGFB2, PLIN1, PLIN2 and PLIN3 genes was 

performed in colorectal and renal datasets using ONCOMINE data-mining platform 

(https://www.oncomine.org). Sixty-five rectal adenocarcinomas and their paired 

normal rectal mucosa samples [391] as well as 32 clear cell renal cell carcinoma and 

23 normal kidney samples [392] were analyzed for gene expression. Log2 median-

centered intensity was used to show the (over)expression of selected genes in 

tumor samples vs normal samples. Of note, colors used in the chart are z-score 

normalized to depict relative values within rows. They cannot be used to compare 

values between rows. 

RNA sequencing data analysis 

Total RNA was extracted using the Maxwell RSC SimplyRNA tissue kit (#AS1340; 

Promega) according to manufacturer’s instructions including a DNAse treatment. 

RNA quantity and quality were evaluated with a Nanodrop 1000 

spectrophotometer (Thermo Fisher Scientific) and RNA 6000 nano chips on a 
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Bioanalyzer 2100 system (Agilent), respectively. RNA sequencing (RNA-Seq) 

analysis was performed by the VIB Nucleomics Core (Leuven, Belgium). Briefly, 

samples (biological triplicates) were prepared with the TruSeq RNA Library Prep Kit 

v2 (#RS-122-2001; Illumina) from 2 µg RNA and sequencing was performed using 

the NextSeq 500 High Output Kit V2 (75 cycles; Illumina) with single end reads all 

according to manufacturer’s recommendations. 

Quality filtering was performed using FastX toolkit 0.0.13 

(http://hannonlab.cshl.edu/fastx_toolkit/index.html) and ShortRead 1.16.3. Low 

quality ends with <Q20 were trimmed and reads shorter than 35 bases after 

trimming were discarded. Further adapter trimming was performed using Cutadapt 

1.7.1. Adapters were trimmed only at the end with at least 10 bases overlap and 

90% match. Poly-A reads (more than 90% of the bases equal A), low quality reads 

(more than 50% of the bases <Q25) and artifact reads (all but 3 bases in the read 

equal one base type) were all discarded. Reads matching Illumina PhiX sequencing 

controls were removed following alignment using Bowtie 2.2.4. Sequences were 

mapped to the human reference genome (GRCh37.73) with TopHat V2.0.13 

(https://ccb.jhu.edu/software/tophat/index.shtml) with parameters set; library-

type-firststrand, min-intron-length 50, max-intron length 500000, no-coverage-

search, no-mixed, read-realign-edit-dist 3. Using SAMtools 1.1, reads that were 

non-primary mappings or had mapping qualities of 20 or lower were removed from 

the alignment. Reads overlapping with gene features were identified using 

FeatureCounts 1.4.6 with parameters set at –Q 0 –s 2 –t exon –g gene_id. Reads 

that could be attributed to more than one target or not be attributed to any gene 

were omitted. Gene-segments for which all samples had less than 1 count per 

million reads, were removed (44602). To correct for GC-content, full quantile 

normalization was applied on bins of GC-content with the EDASeq Bioconductor 

package. Correction for library size and RNA composition was performed using full 
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quantile normalization with the EDASeq package. For generating the heatmap, 

relative gene expression Z-scores were subjected to unsupervised clustering using 

Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/) by single linkage 

uncentered correlation clustering of both genes and samples at default settings. 

The heatmap of obtained cluster data was generated using GraphPad Prism 7 

software. Acidosis-regulated genes were classified, according to their cellular 

function, by KEGG pathway term analysis using DAVID v6.8 software 

(http://david.abcc.ncifcrf.gov/). 

Oil Red O staining 

Cells grown on coverslips were fixed with 4% (wt/vol) paraformaldehyde (PFA) for 

10 min before staining with 3 mg/ml Oil Red O solution in 60% (vol/vol) isopropanol 

for 20 min. After nuclear counterstain with hematoxylin, bright-field images were 

acquired at 63x magnification using an AxioImager.z1-ApoTome1 (Zeiss) and lipid 

droplet area per cell was evaluated with Fiji software. 

Acetyl-CoA measurements  

Acetyl-CoA concentration in cellular extracts was determined by using the 

PicoProbe Acetyl-CoA assay kit from Abcam, according to manufacturer’s 

instructions.  

RNA extraction and RT-qPCR 

Samples were collected from an equal number of intact cells in TRI Reagent® 

(#TR118; Molecular Research Center). RNA was recovered after separation in 1-

bromo-3-chloropropane and precipitation with isopropanol, washed with ethanol 

(70%), resuspended in RNAse-free water, and then quantified by 

spectrophotometry (Nanodrop 1000, Thermo Fisher Scientific). After reverse 

transcription on 500 ng of total RNA with the RevertAid Reverse-Transcriptase, 
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oligo-dT and random hexamers (Thermo Fisher Scientific), quantitative PCR 

amplification was performed on a ViiA™ 7 real-time PCR system (Applied 

Biosystems) using Takyon Low Rox SYBR® MasterMix dTTP Blue (#UF-LSMT-B0701; 

Eurogentec). Relative gene expression was calculated using the ddCt method, with 

GTF2B as reference gene. Gene-specific primers used in this study are listed in Table 

S3. 

Supplementary Table 3. Sequences of gene-specific primers for qRT-PCR used in 

this study. 

 

Gene name Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 

CDH1 TCACCACTGGGCTGGACCGA TACAGCCTCCCACGCTGGGG 

CDH2 CGAGCCGCCTGCGCTGCCAC CGCTGCTCTCCGCTCCCCGC 

DGAT1 CAACTACCGTGGCATCCTG TTCTCCAGAAATAACCGGGC 

DGAT2 CTGCACTGATTGCTGGCTCATCG GAAAGTAGCGCCACACAGCCCAG 

GTF2B ACTACAGAGCCGGTGATATGAT GTTGCTTTGTCATTGCTGAAAGT 

PLIN1 CTCTCGATACACCGTGCAGA TGGTCCTCATGATCCTCCTC 

PLIN2 CTGCTCACGAGCTGCATCATC TGTGAGATGGCAGAGAACGGT 

PLIN3 GCTGGACAAGTTGGAGGAGA CCGACACCTTAGACGACACA 

PLIN4 TGCTGCAGAATGAGTTGGAG GACCCAGGTCACCTAAACGA 

PLIN5 AGCTTCCCTTTCTCCAGCAACCTT AGTGATCCACCAGCTCCTCTGATT 

SNAIL1 AATCCAGAGTTTACCTTCCAGCA TCCCAGATGAGCATTGGCAG 

SNAIL2 GAACTGGACACACATACAGTGAT ACAGTGATGGGGCTGTATGC 

TGFB2 TGTCCCTGCTGCACTTTTGTA GGTGCCATCAATACCTGCAAATC 

TGFBR1 GGCCAAATATCCCAAACAGA TGATGCCTTCCTGTTGACTG 

ZEB1 GCCCAAACTGCAAGAAACGC GTCGCCCATTCACAGGTATCA 
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Immunocytochemistry 

Cells grown on coverslips were fixed with 4% PFA for 10 min. After blocking with 

5% BSA for 1h, cells were incubated overnight at 4°C with anti-E-cadherin and anti-

vimentin antibodies (#14472 and #5741, respectively; Cell Signaling Technology). 

Cells were then incubated with Alexa Fluor 488- and 568-conjugated anti-rabbit 

secondary antibodies (#A11034 and #A11036, respectively; Thermo Fisher 

Scientific) for 1h and nuclei were counterstained with DAPI. For neutral lipid 

staining, PFA-fixed cells were incubated with 0.5 µg/ml BODIPY 493/503 (#D3922; 

Thermo Fisher Scientific) for 30 min at room temperature. Slides were prepared 

with a fluorescence mounting medium (Dako) and staining was visualized with a 

Zeiss Imager 1.0 Apotome microscope. 

ELISA anti-TGFβ1/2 

Active human TGF-β1 and TGF-β2 protein levels were assessed by using dedicated 

ELISA detection kits (#DB100B and #DB250, respectively; R&D Systems) following 

the manufacturer’s instructions with some modifications. Indeed, samples 

(conditioned media or cell lysates) were not activated by acid treatment; this 

modified protocol allowed us to determine the levels of “naturally” active TGF-β, 

without the fraction of latent TGF-β being “artificially” activated to an 

immunoreactive form with the acid treatment. 

Western blot analysis 

Protein samples were denatured for 5 min at 95°C with Laemmli sample buffer 

containing 10% 2-mercaptoethanol. Samples (20 µg per well) were then loaded 

onto 8 to 15% acrylamide/bis-acrylamide gels and SDS-PAGE was carried out as 

previously described [34]. Nitrocellulose membranes were blocked with 5% BSA for 

1h at RT. Primary antibodies against BiP (#3177), CPT1A (#12252), E-cadherin 
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(#3195), N-cadherin (#13116), phospho-Smad2 (#3108); phospho-Smad3 (#9520), 

Smad2 (#5339), Smad3 (#9523), Smad2/3 (#8685), Snail (#3879), vimentin (#5741), 

ZEB1 (#3396), and ZO-1 (#8193), all from Cell Signaling Technology, were applied at 

1:1,000 in 5% BSA overnight at 4°C. Anti-actin (#A5441; Sigma-Aldrich; 1:1,000), 

anti-CD36 (#100011; Cayman Chemical Company; 1:1,000), anti-DGAT1 (#ab54037; 

Abcam; 1:1,000), anti-HSP90 (#610419; BD Biosciences; 1:2,000), anti-perilipin 1 

(#ab3526; Abcam; 1:1,000), anti-perilipin 2 (ab78920; Abcam; 1:1,000), anti-

perilipin 5 (#PA1-46215; Thermo Fisher Scientific; 1:1,000), HRP-conjugated 

streptavidin (#SA10001; Thermo Fisher Scientific; 1:25,000) and anti-TSP1 

(ab85762; Abcam; 1:1,000) antibodies were also applied in 5% BSA overnight at 4°C. 

In some experiments, cell lysates (1 mg) were first pre-cleared with 5 µg rabbit IgG 

(#02-6102; Thermo Fisher Scientific) and 30 µl Dynabeads Protein G (#10003D; 

Thermo Fisher Scientific) for 1h, at 4°C on an end-to-end roller, and then incubated 

with 5 µg anti-acetylated lysine (#9441; Cell Signaling Technology) or rabbit IgG 

(overnight, 4°C). Immunoprecipitated proteins were pulled down after incubation 

with 30 µl Dynabeads Protein G (2h, 4°C) and then eluted with 60 µl Laemmli 2X. 

Palmitate uptake assays 

Palmitate uptake in native and acidosis-adapted SiHa cells was assessed by two 

different assays. In the first assay, cancer cells were incubated for 10 min at 37°C in 

culture medium containing 50 nM 14Cpalmitate (#NEC534050UC; PerkinElmer). 

Radioactivity was determined in a microplate counter (PerkinElmer Topcount) and 

raw counts were normalized with the protein content in each well. In the second 

assay, the culture medium was removed and the cells were washed with PBS before 

being incubated with 0.2 µM BODIPY™ FL C16 (#D3821; Thermo Fisher Scientific) for 

15 min at RT. Cells were washed three times with ice-cold PBS and fixed with 4% 

PFA for 30 min at RT. To determine FA uptake, cells were analyzed by flow 
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cytometry using the FL1-FITC channel (BD FACSCanto™ II; BD Biosciences). Data 

were analyzed with the FlowJo v10 software. 

Oxygen consumption rate measurements 

Oxidation of exogenous fatty acids, by native and acidic pH-adapted cells, was 

assessed by treating the cells with 50 µM BSA-conjugated palmitate in a substrate-

limited medium. Oxygen-consumption rate (OCR) was measured using the 

Seahorse XF96 plate reader (Agilent Technologies). Palmitate-induced OCR was 

evaluated by calculating the difference of OCR values before and after palmitate 

addition in each experimental condition. 

3D spheroid models 

Spheroids were prepared and processed as previously described [393]. Briefly, HT-

29 cells (1,500 cells/well) were seeded in Ultra-Low Attachment 96-well plates 

(Corning) in DMEM supplemented with 10% heat-inactivated FBS, 10 mM D-glucose 

and 2 mM L-glutamine. For immunohistochemical studies, spheroids were 

incubated for 24h with 2 µM Alexa Fluor 568-conjugated pH-low insertion peptide 

variant 3 (pHLIP V3; NH2-ACDDQNPWRAYLDLLFPTDTLLLDLLW-COOH; [394]) to label 

acidic regions. Spheroids were then washed twice in PBS, fixed in 4% PFA, harvested 

and embedded in OCT. Frozen sections (5 µm) were stained with either BODIPYTM 

493/503 (#D3922; Thermo Fisher Scientific) or anti-Ki67 antibody (#556003, BD 

Biosciences). Sections were incubated with Alexa Fluor 568-conjugated anti-mouse 

secondary antibodies (#A11031; Thermo Fisher Scientific), and nuclei were 

counterstained with DAPI. Slides were prepared with fluorescence mounting 

medium (Dako), and staining was visualized with a Zeiss Imager 1.0 Apotome 

microscope. All spheroid samples from a same experiment were imaged by using 

the same gain and exposure settings. 
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In vivo mouse experiments 

All experiments involving mouse xenograft and experimental metastasis models 

received the approval of the ethic committee from the Université Catholique de 

Louvain (approval ID 2016/UCL/MD018) and were carried out according to national 

care regulations. All experiments were performed with 7-week-old female Rj:NMRI-

Foxn1nu/nu mice from Janvier Labs. Before injection, tumor cells (unlabeled, GFP- or 

mCherry-expressing) were washed twice with PBS, resuspended in 0.9% NaCl (1.106 

cells or 2.106/100 µl for i.v. or s.c. injection, respectively) and then injected into the 

tail vein or the right flank of the animals. In some experiments, mice were treated 

i.p. with 40 mg/kg etomoxir (Tocris) for 6 days, including one day before cell 

injection. Long-term mouse survival was then evaluated or the number of 

metastases was determined 5 weeks post-injection using hematoxylin/eosin (H&E) 

staining or immunohistochemistry with anti-GFP (#NB600-308; Novus Biologicals) 

or anti-mCherry (ab167453; Abcam) antibodies on sections from embedded lung 

samples (nine to eleven sections were evaluated per lung). Pimonidazole (60 

mg/kg) and pHLIP-AF568 (40 µM) were injected i.v. 24h or 6h before tumor 

resection, respectively and staining on tumor sections (pimonidazole, pHLIP, Oil 

Red O) was carried out on acetone-fixed samples as previously described [393]. 

Images were acquired by using a slide scanner (SCN400; Leica) and analyzed with 

Author 2017.2 software (Visiopharm®). 

Cell-surface protein biotinylation 

Biotinylation of cell-surface proteins was performed as previously described [395] 

with minor modifications. Briefly, subconfluent cells were rinsed twice with ice-cold 

biotinylation buffer (PBS, 1 mM CaCl2, 0.5 mM MgCl2), and then incubated (30 min, 

4°C) with 1 mg/ml EZ-Link™ Sulfo-NHS-SS-biotin (#21331; Thermo Fisher Scientific) 

to label membrane proteins. After quenching of free biotin with 0.1 M glycine (30 
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min, 4°C) two washes with ice-cold biotinylation buffer, cells were lysed for protein 

extraction. Biotinylated proteins were then isolated by immobilization on a 

streptavidin agarose resin (#20347; Thermo Fisher Scientific) for 2h at 4°C. Beads 

were washed three times (lysis buffer, 4°C) and eluted in Laemmli sample buffer 

containing 10% 2-mercaptoethanol (5 min, 95°C). 

Invasion assays 

Invasion assays were performed in 12-well Transwell microchambers (Corning) with 

8 µm pore-sized membranes, coated with growth factor-reduced Matrigel 

(#356231; Corning). Cells (1x105/well for SiHa and FaDu; 2x105/well for HCT-116 

and HT-29) were seeded, in the upper chamber of the transwells, in 0.1% FBS-

containing medium, in presence or not of the treatments. In some conditions (as 

described in figure legends), BSA-conjugated oleate and palmitate (25 µM of each; 

#10-1801 and #10-1600, respectively; Larodan), 15 µM A922500, 10 µM atglistatin 

or 30 µM etomoxir were added in the upper chamber for the time of the invasion 

assay (24h). Otherwise, cancer cells were pre-incubated with 100 µM CCCP or 1 

µg/ml oligomycin for 30 min before starting the assay. All inhibitors were purchased 

from Sigma-Aldrich. A medium containing 10% FBS was added in the lower chamber 

and the cells were allowed to invade for 24h at 37°C. The transwell membranes 

were then fixed with ice-cold methanol and stained with DAPI. Cells that had not 

invaded through the chamber were removed with a cotton swab. Invading cells 

were imaged by fluorescence microscopy with the Axiovert 100 (CarlZeiss) 

(excitation filter G365 and emission filter Band Pass 445/50), and four fields were 

independently counted from each invasion chamber. 

Anoikis resistance assays 

Anoikis resistance was determined by incubating cancer cells on low attachment, 

hydrophobic 100 mm-plates (#82.1472.001, Sarstedt) either in a static or dynamic 
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mode, the latter being obtained by slight shaking of the plate within the incubator. 

Cells under suspension after 24h incubation were collected by centrifugation and 

adherent cells were detached with trypsin (# 25300-054, Life Technologies) for cell 

counting (Cellometer, Auto T4 Bioscience). 

Lipidomic analysis 

Lipids were extracted from subconfluent cells following the Folch method with 

subsequent modifications. Briefly, cells were suspended in PBS and lipids were 

extracted with chloroform:methanol (1:2, v/v) (VWR Chemicals). Samples were 

then dried under a stream of nitrogen at 30°C and resuspended in chloroform. 

Dosage of cholesterol esters was carried out using the Amplex™ Red Cholesterol 

Assay kit (#A12216; Thermo Fisher Scientific) according to manufacturer’s 

instructions. Gas chromatography (GC) analysis of fatty acid methyl esters (FAME) 

was also performed after lipid extraction. Tridecanoic acid, 1,2-dipentadecanoyl-

sn-glycero-3-phosphatidylcholin and triheptadecanoin (Larodan) were used as 

internal standards for free fatty acids, phospholipids and triglycerides 

quantification, respectively. Solid phase extraction was performed on Bond Elut 

aminopropyl-modified cartridges to successively retrieve the neutral lipid fraction 

(triglycerides, diglycerides, monoglycerides and cholesteryl esters), the free fatty 

acid fraction, and the phospholipid fraction. Extracted fatty acids were converted 

into FAME via methylation under alkaline conditions (KOH 0.1 M in methanol, at 

70°C for 1 hour) and then under acidic conditions (HCl 1.2 M in methanol, at 70°C 

for 20 min). FAME were then separated by GC with a GC Trace 1310 (Thermo Fisher 

Scientific) equipped with a RT2560 capillary colum (100 m x 0.25 mm internal 

diameter; 0.2 µm film thickness; Restek), an “on-column” automatic injector (CTC 

Analytics AG) and a flame ionization detector kept at a constant temperature of 

255°C. The system used hydrogen as the carrier gas at an operating pressure of 200 
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kPa. The GC temperature program was as follows: an initial temperature of 80°C 

which progressively increased to 175°C (for 25 min) at 25°C/min, then to 200°C (for 

20 min) at 10°C/min, then to 220°C (for 5 min) at 10°C/min, and finally to 235°C (for 

15 min) at 10°C/min. Each peak was identified by comparison of retention times 

with those for pure methyl ester standards (Larodan and Nu-Check Prep). Data 

processing was operated by using the ChromQuest 5.0 software (Thermo Fisher 

Scientific). Results are expressed in nmol FA per million of cells after data 

normalization with the background values, the percentage of recovery and the 

starting cell number. 

Electron microscopy 

For transmission electron microscopy (TEM),  subconfluent cells were fixed for 2 h 

at 4°C in 2.5% (w/v) glutaraldehyde (Agar Scientific) in 0.1 M cacodylate buffer (pH 

7.4). Cells were washed with cacodylate buffer and subsequently post-fixed in 1% 

(v/w) osmium tetroxide (Merck). Samples were dehydrated by successive passages 

in increasing concentrated ethanol baths (30%, 50%, 70%, 85% and 100%). After 

embedding in epon resin LX 112 (Ladd Research Industries), ultra-thin sections of 

cell-covered filters were prepared using an 8800 ultrotome III (LKB). TEM analysis 

was then performed at 80 keV (FEI Tecnai 10, Philips) using TEM grids (Agar 

Scientific) covered with non-porous formvar. 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 7. Two-tailed unpaired 

Student t-test, one-way or two-way ANOVA tests (Bonferroni’s post-hoc test) were 

used where appropriate. For all statistical analyses, the expected variance was 

similar between the groups that were compared, and significance was accepted at 

the 95% confidence level (*p < 0.05, **p < 0.01, ***p < 0.001). 
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Data availability 

The data supporting the findings of this study are available within the article and 

the associated Supplementary Information. The accession number for the RNA 

sequencing data reported in this paper is GEO: GSE116035 and can be accessed via 

the following link 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116035. Any further 

information about resources and reagents should be directed to, and will be 

fulfilled by the corresponding authors upon reasonable request. 
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3. Thrombospondin 1 and CD36 
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induced activation of TGF-β2 and 
associated increase in cancer cell 

migration. 
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3.1 Summary 

 

TGF-β-signaling regulates different cellular processes – including invasion 

and metastasis in the later stages of cancer. Under acidosis, elevated levels of TGF-

β2 support partial epithelial-to-mesenchymal transition (EMT) and promote the 

accumulation of fatty acids in lipid droplets (LD). However, it is not clear how 

acidosis-adapted cancer cells activate TGF-β2 since contrary to latent TGF-β1 and 

β3, TGF-β2 does not exhibit a RGD motif allowing activation through αvβ integrins. 

Thrombospondin 1 (TSP-1) can however bind to latent TGF-β2 complex and through 

a non-proteolytic mechanism gives rise to biologically active TGF-β2 form.  

We found that TSP-1 was upregulated in acidosis-adapted cancer cells and 

directly contributed to increased TGF-β2 signaling. Interestingly, we could also 

document that CD36 (a previously identified actor of LD formation) acts as an 

“anchor” for the TSP-1/TGF-β2 complex, leading to the polarization of the TGF-β2 

release in filopodia of invading cancer cells. Finally, we provided evidence for the 

compartmentation of TGF-β-receptors and CD36 within lipid rafts and for the TSP-

1-dependent degradation of RhoA in acid-adapted cancer cells. Altogether, these 

data support an exquisite polarization of TGF-β2 signaling under acidosis that 

supports local cytoskeleton rearrangement to support cancer cell migration. 

 

3.2 Introduction 

 

During the early phases of tumor development, TGF-β signaling acts as a 

tumor suppressor. It is required for maintenance of genomic stability, induction of 

replicative senescence, and suppression of telomerase activity [121, 132, 396]. 
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However, in later phases, tumor cells overproduce TGF-β whose autocrine and 

paracrine actions switch into a tumor promoter stimulating tumor stimulating, 

among other processes, cell invasiveness and metastasis [116, 133].  

Acidosis, a hallmark of the tumor microenvironment (TME), progressively 

develops in tumors in response of the exacerbated metabolism of cancer cells and 

because of a poorly efficient tumor vasculature that prevents the rapid elimination 

of waste products including protons (H+) and CO2 [1, 33, 397]. From the comparison 

of the transcriptomes of native and acidic pH-adapted cancer cells, we recently 

identified TGF-β2 among the top 20 of the most upregulated genes under acidosis 

[398]. We further documented how the increase in TGF-β2 favors the formation of 

lipid droplets (LD) and promotes EMT, the latter taking advantage of mobilization 

of fatty acids from LD to support the energy needs associated with anoikis 

resistance, local invasiveness and distant metastatic spreading. 

The upregulation of TGF-β2 mRNA however does not allow to understand 

how TGF-β2 signaling occurs since TGF-β is generated as a latent precursor that 

requires the disruption of the interaction with an inhibitory peptide to give rise to 

the active cytokine [117, 118]. Activation of secreted latent TGF-β is actually a 

highly regulated event [399], making this process crucial for downstream signaling 

[400]. There are three different TGF-β isoforms – TGF-β1, TGF-β2 and TGF-β3 – that 

have similar properties in vitro, but distinct effects in vivo [209]. All isoforms can be 

activated by extreme pH, heat and denaturating agents like SDS and urea [209, 

210]. There are different latent TGF-β activators including integrin αVβ6 and 

thrombospondin-1 (TSP-1) [118]. However, only LAP/TGF-β1 and LAP/TGF-β3 

contain RGD sequences (Arg-Gly-Asp) that act as a recognition motif for the 

integrins [399] [117]. LAP/TGF-β2 is thus largely dependent on TSP-1 to be activated 

[401] [402].  
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TSP-1 differs from the other TSP molecules (TSP-2, 3, 4 and 5) because it 

contains a tetrapeptide (KRFK) [403] that associates with LSLK peptide of latent 

TGF-β [117, 404, 405]. The TSP-1/TGF-β complex is able to bind with CD36 at the 

cell surface [406]. The CLESH domain within CD36 actually binds to a specific 

sequence present in the Type 1 domain of TSP-1 [407]. The formation of the TGF-

β/TSP-1/CD36 muticomplex is actually key to disrupt the non-covalent interactions 

between LAP and TGF-β, and thereby lead to activation of the cytokine. This 

mechanism is thus yet more critical for RGD-deficient TGF-β2 isoform. Also, it has 

the potential to initiate a feedforward loop since activated TGF-β2 can in turn 

promote TGF-β2 mRNA [398, 408, 409]. Interestingly, we previously reported that 

under acidosis CD36 was translocated into the membrane of cancer cells where it 

participates to the uptake of fatty acids [398]. This led us to explore the role played 

by TSP-1 together with CD36 in the autocrine TGF-β2 signaling and to evaluate 

whether this could offer new therapeutic perspectives to block the invasive 

potential of acid-adapted cancer cells.  
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3.3 Results and Discussion 

 

Acidosis leads to a net increase in TSP-1 expression in cancer cells.  

Our search for the mechanism of preferential activation of TGF-β2 under 

acidosis led us to examine potential changes in the expression of TSP-1, a 

glycoprotein known to mediate activation of latent TGF-β. We found a dramatic 

upregulation of active TGF-β2 in pH 6.5-adapted SiHa and HCT-116 cancer cells 

(named 6.5/cancer cells here below) vs. parental cancer cells maintained at pH 7.4 

(or 7.4/cancer cells) (Fig. 27 a-b). We next confirmed an increased in surface 

expression of TSP-1 in acid-adapted cancer cells by immunocytochemistry 

performed on non-permeabilized cancer cells (Fig. 27c). We also evaluated whether 

a short-term exposure to an acidic medium could lead to a similar change in TSP-1 

expression. We found that TSP-1 expression was significantly increased in SiHa cells 

as soon as 24h post-exposure to pH 6.5 and further increased in the next 24 hours 

(Fig. 27d).  
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Figure 27: Acidosis promotes TSP-1 upregulation (a) Representative immunoblotting of protein 

thrombospondin-1 for native and acidosis-adapted SiHa and HCT-116 cancer cells and (b) 

quantification (data are represented as mean ± SEM of four independent biological experiments; 

*P<0.05, n=3). (c) Representative immunofluorescence pictures of thrombospondin-1. (d) 

Representative immunoblotting of TSP-1 in native SiHa cells exposed to acidic medium (pH 6.5) during 

the indicated period of time.  These experiments were repeated twice with similar results. 

 

 

 

 

 

 

 



173 

 

Acidosis promotes TSP-1-mediated activation of TGF-β2 signaling in 
cancer cells. 

We next examined whether TGF-β2 activation was directly dependent on 

TSP-1 in our experimental conditions. We found that TSP-1 silencing led to a 

dramatic reduction in the P-Smad signaling (Fig. 28a) as well as in the extent of 

secreted TGF-β2 (Fig. 28b). Since TGF- β2 is a critical actor of EMT, we also examined 

the effects of TSP-1 silencing on the expression of well-known markers of the 

mesenchymal phenotype. We found that the expression of both N-cadherin and 

vimentin was reduced upon TSP1-silencing (Fig. 28c). Moreover, using public data 

sets for cervix and colon cancers (corresponding to the origin of SiHa and HCT-116 

cancer cells used in this study), we could identify significant correlation between 

the expression of TGF-β2 and TSP1 (Fig. 28d). 
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Figure 28: Acidosis-induced partial EMT and migration are reversed upon TSP-1 knock-down(a) 

Representative immunoblotting for TSP-1, phosphorylated Smad3 (Ser423/425) and total forms 

Smad2/3 from native and acidosis-adapted SiHa cells after transfection with control or TSP-1-targeting 

siRNA. (b) Levels of active form of TGF-β2 in conditioned media (secreted) from native and acidosis-

adapted SiHa cells after transfection with control or TSP-1-targeting siRNA (**P<0.01, n=3). (c) 

Representative immunoblotting for N-cadherin and Vimentin from native and acidosis-adapted SiHa 

cells after transfection with control or TSP-1-targeting siRNA. (d) Correlation between THBS1 and 

TGFB2 genes in cervix and colon cancer patient samples (data extracted from GEPIA data-mining 

platform).   
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TSP-1/LAP interaction is required to support TGF-β2 signaling and cancer 

cell migration under acidosis. 

We next explored the different protein-protein interactions potentially involved in 

the acid-driven TSP-1-mediated activation of TGF-β2, starting with the binding of 

the latent complex to TSP-1 through its central repeat type 1. In particular,  the 

KRFK sequence within TSP-1 has been proposed to mediate the close interaction 

with the LSKL sequence in LAP [402, 410] (Fig. 29a). We therefore used a LSKL 

peptide to interfere with the binding of TSP-1 to LAP and found that it completely 

prevented the production of active TGF-β2 in 6.5/SiHa cancer cells while the control 

scramble SLLK peptide failed to do so (Fig. 29b). Inhibition of phospho-Smad 

signaling was also observed upon the addition of LSKL peptide but not SLLK peptide 

(Fig. 29c-d). We next aimed to document the functional role of TSP-1 in TGF-β2 

signaling under acidosis. We found that LSKL peptide (but not control SLLK peptide) 

could abrogate the increased migratory capacity of 6.5/SiHa cancer cells (vs. 

parental cancer cells) (Fig. 29e). Although 6.5/HCT116 cancer cells showed a lesser 

migratory capacity than 6.5/SiHa cancer cells, we found a similar inhibition of the 

migrating potential upon exposure to LSKL peptide (Fig. 29f). Although it does not 

completely eliminate it, low FBS percentage (0.1%) limits the proliferation of cells 

during the migration process. 
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Figure 29: TSP-1 activates TGF-β2 and TGF-β2/TGF-βRI signaling pathway. (a) Schematic 

representation of the interactions between TSP-1 and both LAP-TGF-β2 and CD36. The sequence KRFK 

present on type 1 central repeat of TSP-1 (represented with hexagon) can connect with LAP through 

LSKL sequence [402, 410]. This binding can be inhibited by LSLK peptide (vs. SLLK used as a control 

peptide). The clesh domain of CD36 can bind to motif CSVTCG [407] present on TSP-1 type 1 central 

repeat. FA6-152 and JC.163 are functionally neutralizing anti-CD36 antibodies targeting the clesh 

domain and the oxLDL binding site, respectively [411, 412]. (b) Levels of active form of TGF-β2 in 

conditioned media (secreted) from native and acidosis-adapted SiHa cells upon treatment with SLLK 

or LSKL petides for 4 hours (*P<0.05, n=3). (c) Representative immunoblotting for phosphorylated and 

total forms of Smad 2 (Ser465/467) and Smad 3 (Ser423/425) from native and acidosis-adapted SiHa 

cells upon treatment with SLLK or LSKL peptides and (d) quantification (**P<0.01, n=3). (e-f) Migration 

potential of native and acidosis-adapted SiHa (e) and HCT-116 (f) cells upon treatment with SLLK or 

LSKL peptides (****P<0.001, n=3). 
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TSP-1/CD36 interaction supports the increase in the migratory potential 

of acid-adapted cancer cells. 

In another series of experiments, we explored the potential role of CD36 in 

the above process of TGF-β2 activation. CD36 is indeed a membrane receptor for 

TSP-1 [407, 413, 414] and we have recently documented that acidosis was 

associated with an increase in fatty acid uptake (giving rise to intracellular lipid 

droplets) through CD36. The sequence YRVRFLAKENVTQDAEDNC present in the 

clesh domain of CD36 was reported to bind TSP-1 central repeat type 1 (ie, a 

sequence different from that involved in the interaction with TGF-β2,)[407] (see 

Fig. 29a). We first performed co-immunoprecipitation experiments using anti-TSP1 

antibodies and confirmed the presence of an increased amount of CD36 in the TSP1 

precipitates (Figs. 30a-b). Using PLA technology, we could similarly document the 

preferential co-localization of CD36 and TSP-1 in acid-adapted cancer cells (Fig. 30c-

d). To further explore the functional role of CD36/TSP-1 interaction in acid-adapted 

cancer cells, we took advantage of an antibody directed against the clesh domain 

of CD36 (ie, FA6-152 clone) [411]. We first showed that this antibody could prevent 

the interaction between TSP-1 and CD36 as revealed by the net reduction in PLA 

signal (Figs. 30c-d). We next evaluated whether preventing TSP-1 interaction with 

CD36 could prevent the increased migratory capacity of acid-adapted cancer cells. 

Using the anti-CD36 clesh domain blocking antibody, we found a dramatic 

reduction in the invasive capacity of acid-adapted SiHa and HCT116 cancer cells. 

The failure of another antibody directed against the oxidized low-density 

lipoprotein (oxLDL) site within CD36 (ie, JC63.1 clone) to block cell migration 

allowed us  to exclude that an indirect effect on fatty acid metabolism could 

account for the observed effects  [411, 415] (Figs. 30e-f). 
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Figure 30: CD36 interaction with TSP-1 in the membrane of acidosis adapted cells is responsible for 

acidosis-adapted cell migration. (a) Representative CD36 immunoblotting of TSP-1 

immunoprecipitates (vs. control IgG IP) from native and acidosis-adapted SiHa cells and (b) 

quantification (p<0.05, n=3). (c) Representative pictures of proximity ligation assay (in red) using CD36 

and TSP-1 antibodies in native and acidosis-adapted SiHa cells upon exposure to FA6-152 antibody 

and (d) quantification (****P<0.001, n=3). (e-f) Migration potential of native and acidosis-adapted 

cells SiHa (e) and HCT-116 (f) cancer cells upon exposure toe either FA6-152 or JC63.1 antibodies 

(***P<0.005, ****P<0.001, ns = non-significatnt; n=3). 
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Lipid raft compartmentation of CD36 and TGF-βR1 supports the migration 

of cancer cells under acidosis. 

The above experiments indicated a preferential activation of TGF-β2 by 

TSP-1 immobilized on CD36, itself preferentially expressed at the cell surface of 

acid-adapted cancer cells. In parallel, the analysis of the location of CD36 at the cell 

surface led us to document the polarization of CD36 distribution, including within 

lamellipodia and filopodia (Fig. 31a). Confocal microscopy also revealed a specific 

enrichment within filopodia in close contact with F-actin structures (Fig. 31b). This 

led us to postulate that CD36, besides its role in FA uptake to fuel oxidative 

metabolism of 6.5/cancer cells, could actually act as a scaffold to promote the 

release of activated TGF-β2 at the forefront of migrating acid-adapted cancer cells. 

This, however, would require TGF-β receptors to be also located in the same 

membrane microdomains in order to support the cell migrating machinery. Using 

immunostainings, we could validate this hypothesis by documenting the proximity 

of CD36 and TGF-β receptor I (TGF-βRI) in acid-adapted SiHa cancer cells (Fig. 31c), 

in particular within filopodia. Previous reports about the lipid raft 

compartmentation of TGF-βRI [127, 416] led us to explore whether these 

microdomains played a role in the co-localization with CD36.  The use of nystatin 

confirmed that lipid raft disruption significantly altered the compartmentation of 

both proteins (Fig. 31c), a process reversed by the addition of exogenous 

cholesterol to restore lipid raft integrity (Fig. 31c).  Importantly, the role of lipid 

rafts to support acid-adapted cancer cell migration was confirmed using nystatin. 

Together with a global alteration of cell morphology leading to more rounded 

6.5/cancer cells (compare panels 2 and 3 in Fig. 31c), nystatin treatment prevented 

6.5/Siha and 6.5/HCT116 cancer cell migration, a process again largely reversed by 

cholesterol re-supplementation (Figs. 31 d-e).   
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Figure 31: CD36 co-localizes with TGF-β receptor in lamellipodias of acidosis-adapted cells. (a) 

Representative immunofluorescence images of native and acidosis-adapted SiHa cells stained for 

CD36 (red) and WGA (green), cell nuclei appear in blue. Scale bar: 20 µm. (b) Representative confocal 

images of CD36 (red), phalloidin (orange) and cell nuclei (blue). Scale bar: 20 µm. (c) Representative 

immunofluorescence images of parental and acidosis-adapted SiHa cells upon treatment with nystatin 

(or not) with or without cholesterol. Red and white stainings correspond to CD36 and TGF-β receptors, 

respectively (white arrows indicate co-localization); cells are also stained with WGA (green) and nuclei 

appear in blue. Scale bar: 20 µm. (d-e) Migration potential of native and acidosis-adapted SiHa (d) and 

HCT-116 (e) cancer cells upon treatment with nystatin (or not) with or without cholesterol 

(****P<0.001).  
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Actin cytoskeletal remodeling in acid-adapted cancer cells. 

TGF-β/TGF-βRI signaling has been reported to promote EMT through cell 

cytoskeletal rearrangement [417], in particular through Smurf-regulated RhoA 

ubiquitination and degradation. In a pilot study, we could document that 6.5/cells 

(SiHa and HCT-116) have a higher amount of RhoA when compared to parental 

cells, and upon TSP-1 silencing, RhoA levels further increased due to a loss of RhoA 

degradation capacity (Fig. 32a). This preliminary result emphasizes the role of the 

CD36/TSP1/TGF-β2 axis in the local degradation of RhoA, which is required for 

dynamic actin cytoskeletal remodeling.  Premiminary data using phalloidin to stain 

F-actin also suggest that CD36 blocking antibody can prevent actin rearrangement 

in 6.5/cancer cells (Fig. 32b).   
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Figure 32: Actin cytoskeletal remodeling in acid-adapted cancer cells. (a)  Representative 

immunoblotting of RhoA and HSP90 in native and acidosis-adapted SiHa and HCT116 cells after 

transfection of control or TSP-1-targeting siRNA; relative quantification is indicated for SiHa cell 

conditions. Of note, a longer film exposure is also presented to better reveal RhoA signal in HCT116 

cells. (b) Representative immunofluorescence images of parental and acidosis-adapted SiHa cells with 

or without treatment with anti-CD36 antibody FA6-152. Red color corresponds phalloidin; cells are 

also stained with WGA (green) and nuclei appear in blue.  These experiments were repeated twice 

with similar results. 
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3.4 Conclusions 

 

The two main findings of this study are the identification of two critical 

events induced by acidosis that support the capacity of TGF-β2 to promote cancer 

cell invasiveness. First, we have identified the upregulation of TSP-1 under acidic 

conditions and showed how the promoted interaction of TSP-1 with latent TGF-β2 

contributed to the activation of the cytokine. Second, we have documented how 

the polarization of CD36 expression in specific locations within the plasma 

membrane (ie. filopodia) could favor TGF-β2 autocrine signaling.   

We found that importantly the exquisite compartmentation of the different 

actors, namely CD36, TSP-1, TGF-β2 and its receptor, was particularly relevant to 

induce the cytoskeleton rearrangement associated with cell migration.  

These data further support the concept of a feed-forward loop promoted 

by acidosis. We have indeed previously reported how TGF-β2 could promote both 

the expression of TGF-β2 itself and the translocation of CD36 at the plasma 

membrane in a PKCζ-dependent manner [398]. Whether fatty acids themselves 

influence the role of scaffold played by CD36 warrants further studies. 

Nevertheless, the capacity of CD36 to promote the activation of TGF-β2 makes 

therefore the loop particularly suited to support a strong EMT process as long as 

the cancer cell remains in the acidic environment. Interestingly, it has been 

reported that TGF-β-mediated RhoA proteasomal degradation was achieved by 

phosphorylation of PAR-6 [143] through the recruitment of PKCζ [144, 145]. The 

implication of this atypical PKC appears therefore key to support activation of the 

whole process of compartmentation of the TGF-β2 production and associated 

cytoskeleton rearrangement [144-146] needed to facilitate cell motility and 

support EMT [276]. 
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3.5 Methods 

 

Cell culture 

The human cell lines SiHa (#HTB-35), FaDu (#HTB-43), HCT-116 (#CCL-247) and HT-

29 (#HTB-38) were purchased from ATCC. Cells were stored according to the 

supplier’s instructions and used within 6 months after resuscitation of frozen 

aliquots. All cell lines were maintained in DMEM supplemented with 10% heat-

inactivated FBS, 10 mM D-glucose, 2 mM L-glutamine and 25 mM of both PIPES and 

HEPES before adjusting pH to 7.4 or 6.5. Acidic pH-adapted tumor cells were 

established as previously described [34, 343]. All cell lines were tested for 

mycoplasma contamination with the MycoAlert™ Mycoplasma Detection kit 

(#LT07-318; Lonza) before being used.  

 

Cell treatment and transfection 

Cell treatment was performed in a full culture medium with 4 ng/ml recombinant 

human TGF-β2 (#ab84070; Abcam), 10 µM LSLK (#as-60877) and 10 µM SSLK (#as-

60875) peptides, 2 µg/ml JC63.1 (ab23680; Abcam), or 1 µg/ml FA6-152 (ab17044; 

Abcam) anti-CD36 blocking antibodies, 25 µg/ml nystatin (N6261, Sigma) and 50 

µg/ml Cholesterol (C8667, Sigma) at different timings as indicated in the figure 

legends. Cell transfection with non-targeting control or human TSP1-targeting 

siRNA sequences (pool of 4 siRNA sequences; #SO-2688721G; Dharmacon) was 

carried out with Lipofectamine™ RNAiMAX transfection reagent (#13778150; 

Thermo Fisher Scientific), according to manufacturer’s instructions. 
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Immunocytochemistry 

Cells grown on coverslips were fixed with 0.5% PFA for 5 min. After blocking with 

5% BSA for 1h, cells were incubated overnight at 4°C with anti-CD36, anti-TSP1, 

anti-TGFBR1 or phalloidin-FITC antibodies (#ab23680, #ab85762, #ab31013 and 

P5282 respectively). Cells were then incubated with Alexa Fluor 488- and/or 568-

conjugated and/or 647-conjugated secondary antibodies (#A11034, #A11036 and 

#A21236 respectively; Thermo Fisher Scientific) for 1h. In some experiments cell 

membrane were stained with WGA Alexa Fluor® 488 conjugate (W11261, 

Invitrogen) for 20min. The nuclei were counterstained with DAPI. Slides were 

prepared with a fluorescence mounting medium (Dako) and staining was visualized 

with a Zeiss Imager 1.0 Apotome microscope or Zeiss Spinning disk confocal 

microscope. 

 

ELISA anti-TGFβ2 

Active human TGF-β2 protein levels were assessed by using dedicated ELISA 

detection kits (#DB100B and #DB250, respectively; R&D Systems) following the 

manufacturer’s instructions with some modifications. Indeed, samples 

(conditioned media or cell lysates) were not activated by acid treatment; this 

modified protocol allowed us to determine the levels of “naturally” active TGF-β, 

without the fraction of latent TGF-β being “artificially” activated to an 

immunoreactive form with the acid treatment. 

 

Western blot analysis 

Protein samples were denatured for 5 min at 95°C with Laemmli sample buffer 

containing 10% 2-mercaptoethanol. Samples (20 µg per well) were then loaded 

onto 8 to 15% acrylamide/bis-acrylamide gels and SDS-PAGE. Nitrocellulose 
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membranes were blocked with 5% BSA for 1h at RT. Primary antibodies against E-

cadherin (#3195; cell signaling; 1:1000), N-cadherin (#13116; cell signaling; 1:1000), 

Smad2/3 (#D7G7; cell signaling; 1:1000); phospho-Smad2/3 (#D27F4; cell signaling; 

1:1000) phospho-Smad3 (#9520; cell signaling; 1:1000), Snail (#3879; cell signaling; 

1:1000), vimentin (#5741; cell signaling; 1:1000), Anti-β-actin (#A5441; Sigma-

Aldrich; 1:1000), anti-CD36 (#100011; Cayman Chemical Company; 1:1,000), anti-

RhoA (#ab54835; abcam; 1:1000), and anti-HSP90 (#610419; BD Biosciences; 

1:2,000), were applied at 1:1,000 in 5% BSA overnight at 4°C. In some experiments, 

cell lysates (1 mg) were first pre-cleared with 5 µg rabbit IgG (#02-6102; Thermo 

Fisher Scientific) and 30 µl Dynabeads Protein G (#10003D; Thermo Fisher 

Scientific) for 1h, at 4°C on an end-to-end roller, and then incubated with 5 µg anti-

acetylated lysine (#9441; Cell Signaling Technology) or rabbit IgG (overnight, 4°C). 

Immunoprecipitated proteins were pulled down after incubation with 30 µl 

Dynabeads Protein G (2h, 4°C) and then eluted with 60 µl Laemmli 2X. 

 

Proximity ligation assay 

Proximity ligation assay was done according with the kit Duolink PLA Technology 

from Sigma (#DUO92101). Cells grown on coverslips were fixed with 0.5% PFA for 

5 min and then blocked with the kit blocking solution for 30min in a humidity 

chamber at 37°C. Primary antibodies were then added, TSP-1 overnight and CD36 

for 2H at room temperature. Then, PLA probes were added for 1H at 37°C follow by 

30min with Ligation mix (ligation stock and ligase diluted in high purity water). The 

signal is then amplified by an amplification mix (amplification stock together with 

polymerase diluted in high purity water) incubated for 1hour and 45min at 37°C. 

Nuclei were counterstained with DAPI. Slides were prepared with a fluorescence 
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mounting medium (Dako) and staining was visualized with a Zeiss Imager 1.0 

Apotome microscope. 

 

Migration assay 

In this assay, we use a transmembrane/Boyden Chamber with 8 µm pore-sized 

membrane coated with 1% growth factor-reduced Matrigel (#356231; Corning). 

Cells are seeded on one side of the membrane with 0.1% FBS-containing medium, 

in presence or not of the treatments. A medium containing 10% FBS was added in 

the lower chamber and the cells were incubated for 4 hours at 37°C. After an 

incubation period, the membrane is fixed with ice-cold methanol and stained with 

DAPI. Cells that had not invaded through the chamber were removed. The number 

of cells which have migrated through the pores to the underside of the membrane 

are counted microscopically with the Axiovert 100 (CarlZeiss) (excitation filter G365 

and emission filter Band Pass 445/50), and four fields were independently counted 

from each invasion chamber. 

 

Immunoprecipitation 

Lysates containing 1mg of protein were precleared by adding 100 ml of Dynabeads 

Protein G (#10009D, thermos fisher) for 1 h at 4 °C. The supernatant was incubated 

at 4°C for 2 hours in the presence of 5µg anti-TSP-1 antibody (ab85762, abcam) or 

rabbit immunoglobulin (X0903, DAKO). 100µl of Dynabeads Protein G were added 

overnight at 4°C. Beads were washed three times with lysis buffer and resuspended 

in Laemmli 2x (5 min, 95°C). 
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Data mining  

Data from patients with cervical cancer, colon adenocarcinoma or the healthy 

counterparts were analyzed for survival curves and correlation of expression 

between TGFB2 and THBS1 genes [418]. This was performed using GEPIA data-

mining platform (http://gepia.cancer-pku.cn/). For the survival curve, 292 and 270 

cervical and colon adenocarcinoma (respectively) cancer patients were analyzed.  
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GENERAL DISCUSSION 
 

1. Novelty and significance  
 

The pH in solid tumors becomes more acidic as the tumor grows and this 

acidic environment, in turn, promotes the selection of more aggressive cancer cells. 

Our work is based on these two premises and identified a major metabolic rewiring 

of cancer cells as the link between extracellular acidosis and increased invasiveness. 

In the first part of this thesis, we indeed document that cancer cells 

exposed to acidosis exhibit a dysregulated fatty acid metabolism with the 

coexistence of FA oxidation with glutamine-fueled FA synthesis (figure 33). At first 

glance, to imagine FAO and FAS occurring at the same time in a single cell may look 

like a futile cycle but the pressure put on cells by acidosis forced them to adopt the 

concomitance of these apparently paradoxical metabolic paths.  

Proliferating cancer cells are known to depend upon de novo FA synthesis 

to support the needs to build up lipid membranes.  We showed that acid-exposed 

cancer cells exploit the reductive glutamine metabolism to form FA. At the same 

time, proliferating cancer cells also need energy to support cell division. Here, while 

other cells could use glucose- or lactate fueled-TCA cycle and OXPHOS, we found 

that under acidosis, cancer cells prefer to use FAO. This is made possible through 

the downregulation of the mitochondrion-anchored ACC2 enzyme which thereby 

reduces the abundance of malonyl-CoA. In healthy cells, malonyl-CoA acts as an 

inhibitor of the mitochondrial FA transporter CPT1 (to avoid a futile cycle in cells 

performing FAS). Other investigators in the lab documented that under acidosis, 

histone deacetylation leads to ACC2 downregulation, thereby allowing cancer cells 
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to bypass the inhibitory mechanism and thus allowing FAO and FAS to occur in the 

same cell. Together with FAO becoming the main source of energy in acid-adapted 

cancer cells, glucose metabolism is abrogated to minimize the prejudicial 

accumulation of protons that results from high glycolytic turnover.  

 

Figure 33 – The acidosis adapted cancer cell model (part 1 out of 4). Acidosis adapted cancer 
cells show a dependency on fatty acid metabolism  

The metabolism of acidosis adapted cancer cells is to a great extend based on fatty acids. FAS 
plays a big role in replenish the acetyl CoA needed as building block, and FAO is required for 
energy fueling. The two are allowed to proceed at the same time due to the low levels of malonyl-
CoA. The latter is affected by the downregulation of ACC2 which is caused by histone 
deacetylation.   
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In the second part of the thesis, we identified TGF-β2 as a major trigger of 

the increased invasive potential of cancer cells under acidosis and importantly 

established a direct link between this cytokine and the lipid metabolism rewiring 

that we had identified. This study was inspired by the observation of the elongated, 

mesenchymal-like morphology of acid-adapted cancer cells, together with the 

presence of large vesicles inside in their cytosol. The identification of these vesicles 

as being lipid droplets led us to document their supportive functions in survival, 

anoikis resistance and invasiveness. Through these features, LD account for a large 

part of the metastatic potential of acidosis-adapted cancer cells and thus making 

them an attractive therapeutic target to reduce metastasis formation. Although we 

have clearly documented how LD support the above biological processes, the 

rationale for their formation is still unknown. Still, we may propose that the 

dramatic shift from glucose to fatty acid metabolism drives an excessive uptake of 

free fatty acids and since those may be toxic at high concentrations, they are 

concentrated and thus masked within lipid bodies. The mechanisms underlying FA-

induced lipotoxicity remain inconclusive, however, it is accepted that reactive 

oxygen species and endoplasmic reticulum stress are the major pathways involved. 

Palmitate was indeed reported to induce multiple signals like apoptosis, autophagy, 

and endoplasmic reticulum stress [419]. Also, FA accumulation in cancer cells may 

prevent lipid peroxidation and associated cell damages to occur as previously 

reported in drosophilas. Lipid droplets were reported as essential to protect 

drosophila from PUFA peroxidation [420]. 
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Importantly, we demonstrated that  TGF-β2 was greatly accountable for LD 

formation in acid-adapted cancer cells by promoting the translocation of CD36 (that 

facilitates the uptake of FA) and the upregulation of DGAT-1 (that support the last 

step of triglyceride synthesis) and PLIN2 (a major coat protein that stabilizes LD 

formation). 

While the link between TGF-β2 and lipid metabolism was a major finding, 

the connection with EMT was more obvious. Still, although TGF-β has indeed been 

extensively reported as an EMT promoter, our work brought a series of new insights 

Figure 34 – The acidosis adapted cancer cell model (part 2 out of 4). Acidosis adapted cancer 
cells store fatty acids in lipid droplets. 

Activation of the TGF-β receptors by TGF-β2 leads to translocation of CD36 to the cell membrane, 
in a process mediated by PKCζ. The high level of membrane CD36 leads to a large internalization 
of FFA. The pressure created by the high quantities of FFA forces the upregulation of DGAT-1 in 
order to produce TAG that can be stored in LD. These LD are reach in Plin2, which allows their 
stabilization. The LD can be used as fuel upon needed and were described to guarantee invasion 
capacity and anoikis resistance. 
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on the role of this cytokine in supporting the mesenchymal transition associated 

with acid-adapted cancer cells.  

First, we showed that the TGF-β2 isoform but not the more classically 

studied TGF-β1 isoform was involved in acid-adapted cancer cells. We documented 

that thrombospondin was directly helping with the maturation of TGF-β2, which 

contrary to TGF-β1 and TGF-β3 does not contain a RGD sequence. The lack of a RGD 

motif does not allow the recognition and activation by integrins αVβ6. This limits 

the activation methods available for TGF-β2, making TSP-1-dependent activation 

even more vital. It should also be emphasized that the autocrine TGF-β2 signaling 

is reinforced by the capacity of the cytokine to induce its own expression. We found 

indeed that TGF-β2-dependent expression of ZEB1 led to an increase in the TGF-β2 

mRNA expression in acidosis-adapted cancer cells.  

Second, we showed that the modulation of lipid metabolism by TGF-β2 

directly reinforced the downstream signal transduction as well as the biological 

consequences associated with the EMT. We indeed showed that Smad2 was 

acetylated in acid-adapted cancer cells as a direct consequence of the increased 

extent of FAO in these cells. Acetylation of Smad is known to occur in the Smad2 

lysine residues (Lys19, Lys20, and Lys39) and perhaps Smad3 [421]. The acetylation 

contributes to the nuclear accumulation of the two proteins by diminishing the rate 

of nuclear exportation [421]. Also, we showed that upon LD deprivation, cancer 

cells were less prone to invasion than normally their mesenchymal phenotype 

would entitle them. In other words, the two axes, namely the mesenchymal shift 

and the rewiring of FA metabolism are needed to make the cells more invasive and 

prone to form metastases. 
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Finally, by making TGF-β2 as a switch exquisitely dependent on the acidic 

condition, it offers an explanation of how MET, the reverse process of EMT, can be 

initiated. When present in a non-acidic microenvironment, cells lose the stimulus 

(TGF-β2) to perform EMT, allowing them to transition back to a more epithelial 

phenotype. This capacity brings plasticity to the new mesenchymal cells that can 

easily do the inverse transition – MET – and proliferate to form a new tumor. 

Figure 35 – The acidosis adapted cancer cell model (part 3 out of 4). TGF-β-mediated EMT 
improves the metastatic aggressiveness of acidosis adapted cells 

Activation of the TGF-β receptors by TGF-β2 leads to R-Smad activation (phosphorylation of Smad 
2 and 3). Smad 2 is further acetylated by the excess of acetyl CoA that is present in the cell, this 
enhances the nuclear localization of this protein. P-Smad 2 and 3 connect with Smad 4 (co-smad) 
and enter in the nucleus where they can transcribe a series of genes. Between the genes 
promoted, there are transcription factors for EMT (ZEB, Snail, …), these will not only allow an EMT 
transition but also the production of latent TGF-β2. Ultimately, acidosis adapted cancer cells gain 
EMP that allows them to be more metastatic aggressive. 
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 In the last part of this thesis, we further dissected the process of 

thrombospondin-induced activation of TGF-β2 and identified an unique 

compartmentation of different actors supporting cancer cell invasiveness within 

lipid rafts. The previous knowledge of CD36 being able to bind TSP1 and our 

observation that the expression of both was increased under acidosis, led us to 

hypothesize that this could reinforce the capacity of acid-exposed cancer cells to 

activate TGF-β2. In the course of this study, we realized that CD36 expression was 

polarized at the plasma membrane in filopodias suggesting that besides an 

increased capacity to generate TGF-β2, the location of this production could have 

a functional role. This hypothesis is further supported by evidence that CD36 is 

specifically located within lipid rafts together with TGF-β receptors. Altogether this 

set of data led us to propose the model depicted in Figure 35. Although further 

investigations are needed, our work may be directly related to a previous 

publication in Science where TGF-β drives the polarized and rapid proteasomal 

degradation of RhoA to support the motility of cancer cells. The role of TSP1 at the 

interface between CD36 and TGF-β2 therefore appears critical to generate the 

cytokine at the vicinity of its receptor located in lipid rafts (together with CD36). As 

a first evidence of this role, we showed that silencing TSP-1 restored the expression 

of RhoA, thereby abrogating the increased invasive potential of acid-adapted 

cancer cells. 
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2. Therapeutic implications 
 

The final goal of cancer studies should be to find the best therapeutic 

strategy for a certain tumor situation and hence aid the patients in need of 

treatment. With that in mind, we will focus this part of the discussion in what can 

be the best clinical strategy to tackle tumor acidosis-dependent aggressivity. 

Different approaches to interfere with tumor pH have been already tested in vitro 

and even in vivo. There are two major ways to directly target tumor acidosis: (i) 

globally increase the pH of the tumor and (ii) targeting and inhibiting membrane 

proton transporters to disrupt pH control. 

Figure 36 – The acidosis exposed cancer cell model (part 4 out of 4). TSP-1-dependent TGF-β 
activation in the filopodia of acidosis adapted cancer cells.  

Lipid rafts allow the co-localization of TGF-β receptors and CD36. TSP-1, connects with LAP-TGF-
β2, and uses CD36 to activate the cytokine. The proximity to a TGF-β receptor allows it to be 
activated locally. TGF-β signaling causes PAR6 phosphorylation that in turns inhibits RhoA. This is 
an important process for the formation of filopodia. Finally, this gives a high migratory capacity to 
the acidosis adapted cancer cells.  
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 For centuries, chemists know that an acid can be neutralized with a basic 

buffer. Therefore, an obvious therapeutic approach to interfere with tumor acidosis 

has been to directly interfere with tumor pH. One of the most used buffers is 

bicarbonate (HCO3
−), normally administrated orally in conjugation with sodium 

(NaHCO3). In mouse experiments, bicarbonate by neutralizing tumor pH has been 

shown to improve immunotherapy [422] and inhibit spontaneous metastases 

[423], without affecting the systemic pH (according to 3D mathematical models the 

pH in the blood remains unchanged with NaHCO3 concentrations that can impact 

tumor growth [424]). However, in humans, it is well known that bicarbonate 

ingestion has some risks and is for instance associated with hypokalaemia and QT 

interval prolongation [1]. 

For several years drugs targeting lactate membrane transporters and acid 

efflux proteins have been synthesized. Both small molecules and antibodies have 

the final goal of dysregulating pH control within acidosis-exposed cancer cells, 

leading them to their demise. This therapeutic strategy is present at various stages 

of clinical trials and its appropriately resumed in the review from Dario Neri and 

Claudiu T. Supuran [425]. However, the less specific targeting of acidosis can cause 

off-target harm. pH-controlling enzymes have multiple isoforms, some not 

connected to malignant tumors, making difficult to target only the desired isoform 

from a chemical viewpoint. Also, targeting proteins involved in crucial physiological 

processes can cause disturbances in healthy cells. For example, a drug targeting 

NHE1 was stopped in Phase III of clinical trials because it could cause strokes [425].  

Although more work is ongoing to identify drugs able to selectively target 

tumor acidosis while sparing pH homeostasis in healthy tissues, our work suggests 

that targeting the consequences of acidosis may offer the specificity needed to 

impact cancer progression without inducing major toxic events for the patients. We 
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have indeed documented how the lipid metabolic reprogramming introduced 

vulnerabilities in acid-adapted cancer cells. Hence, drugs targeting FAO and LD 

formation were shown to have a high impact on the survival and/or invasive 

potential of acid-exposed cells. We identified etomoxir and CD36 blocking 

antibodies to inhibit FA transport at the mitochondria and the plasma membrane 

respectively, as relevant strategies to inhibit cancer cell growth and invasion. 

Similar results were obtained with DGAT inhibitors as well as atglistatin through the 

inhibition of FA storage in LD and FA mobilization from LD, respectively. Our work 

can also be correlated to changes observed after antiangiogenic treatment, during 

which intensified glycolysis and lactate production is observed [426], causing an 

acidic microenvironment. Sounni et al. observed that during the treatment 

withdrawal (i.e. a more oxygenated tumor) there was a metabolic shift towards 

lipid metabolism and TCA activity [427]. It was also detected an increased 

abundance of lipid droplets (stabilized by PLIN) in the tumors [427]. These 

observations indicate that a treatment applied to acidic tumors could also be 

effective for tumors previously treated with antiangiogenic drugs. Targeting TGF-

β2 could also represent an attractive strategy, in particular by expanding the use of 

Trabedersen, an anti-TGF-β2 oligonucleotide, the clinical use of it being currently 

restricted to glioma where low doses of Trabedersen were more beneficial than 

chemotherapy [428, 429]. Although based on our results, such TGF-β2 mRNA 

repressors, TGF-β2 ligand traps, neutralizing anti-TGF-β2 antibodies may offer 

some advantages when compared with blockers of TGF-β receptor II or Smad 

inhibitors, further investigation is warranted to proceed with strategies aiming to 

disrupt TGF-β2 signaling. As emphasized in the Introduction, TGF-β may indeed 

exert both tumor suppressive and tumorigenic roles. More insights will very likely 

arise from the ongoing clinical trials exploring strategies to tackle TGF-β signaling;  
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out of the thirty-two anti-TGF-β signaling drugs described today, thirteen of them 

were in a clinical trial in 2014 [430].  

Of note, since the tumorigenic effects of TGF-β signaling are “generally” 

obtained when the levels of TGF-β signaling are above the normal physiological 

levels, an attractive strategy could be to restore “normal” levels of TGF-β. Our 

identification of TSP-1 as the driver of TGF-β2 activation under acidic conditions 

suggests that blocking the role of TSP-1 in TGF-β2 maturation could be of interest.  

Besides developing new drugs to target tumor acidosis or the phenotypical 

consequences of it, there is also an imperious need to have a biomarker of acidic 

pH to determine which cancers will be the more prone to be treated with these 

strategies. While hypoxic zones in experimental tumors can be easily detected by 

CA IX staining [52, 431], reductive compounds such as pimonidazole [432] or even 

HIF-1a labeling [431], detection of acidic tumor area is still in its infancy. Yet, some 

molecules, including the pH-low insertion peptides (pHLIP) have shown some 

potential to act as a specific acidic marker. The pHLIP consists of a water-soluble 

membrane that can be inserted across a cellular membrane in response to a lower 

extracellular pH in contrast with a normal physiologic pH [433, 434]. This gives 

pHLIP the capacity of identifying cells in the presence of an extracellular acidosis 

and therefore, it has been normally associated with imaging proteins (e.g. tracers) 

in order to detect tissue acidity or metastatic lesions. Of note, pHLIP can also be 

conjugated with drugs that target specific pathways in acidic exposed cells. 

Designed peptides like pHLIP are just one example of acidosis-specific drug delivery 

system that also includes nanogels [435], polymersomes [436], and micelles [437]. 

These drug delivery systems can be modified to only be responsive in acidic 

environments. For example, MPEG-b-PNLG nanogels are stable at pH 7.4, but the 

contact with acidic environments leads them to rapidly release their content [438]. 
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3. Future directions 
 

In this thesis, we explored extensively the phenotype of acidosis-adapted 

cancer cells from the metabolic adaptation till the increased metastatic potential. 

Our work has also opened various perspectives, a few of them are briefly 

mentioned here below.  

Discovering the TSP-1 regulator 

We identified TSP-1 as the major regulator of the TGF-β2 levels, but 

nothing is still known for what causes the TSP-1 to increase. This process appears 

to happen in early acidosis, since acute acidic exposure can quickly promote the 

translation of this protein (fig. 27). HIF-2α is known to upregulate TSP-1 levels [439, 

440]. Since it has been identified as a key regulator of metabolic adaptation in 

acidosis-adapted cancer cells [307], we considered it as a potential candidate for 

TSP-1 regulation in our experimental setup. However HIF2α silencing had no impact 

in TPS-1 levels (data not shown). Lactate is also described to upregulate TSP-1 [441]. 

Although it would make sense in vivo in a context of acidosis, it cannot explain our 

in vitro changes. There is a possible reinforcement, but not initiating event, through 

TGF-β signaling since SMAD3 is known to bind to the THBS1 gene promoter and 

promote its transcription [442]. AP-1 (activator protein-1), CREB (cAMP response 

element binding protein) and NF-κB (nuclear factor-κB) are major transcription 

factors for which consensus binding sites are present in the THBS1 gene promoter 

[443]. Among them NF-κB is attractive since it can be activated through acid-

sensing anion channel ASIC1 [444] and was recently proven to induce TSP-1 

transcription [445]. More work is need to test this hypothesis in our acid-adapted 

cancer cell models. 
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Further describing the goal of lipid uptake 

We have demonstrated that acidosis-adapted cancer cells can uptake a 

large amount of fatty acids that are mostly stored in lipid droplets. Furthermore, 

we did a lipidomic analysis (supplement table 1) that illustrates the entry of mostly 

saturated and monounsaturated FA. Nonetheless, it would be interesting to follow 

the fate of specific fatty acids that are uptaken by the cells.   

Further understand the process of lamellipodia and filopodia 

formation  

Lamellipodias and filopodias are extremely important for the migration 

capacity, and therefore, the invasive capacity of the cells. The presence of CD36 and 

TGF-β2 in these structures is quite intriguing. TGF-β-dependent RhoA inhibition is a 

well-described process. However, it might not be the only cause for the observation 

of atypic CD36 localization.  The role of CD36 in facilitating FA uptake in specific 

(polarized) cellular locations cannot be completely ruled out. Although 

lamellipodias and filopodias are narrow structures that render the presence of 

mitochondria to burn locally captured FA (confirmed in our hands by the failure to 

detect them by immunostaining), the local increase in fatty acid bioavailability 

could sub serve other functions. Very recent work has revealed the release of a 

large quantities of cholesterol-rich particles during migrating movement involving 

lamellipodias and filopodias [446]. It is possible that CD36 has a role on replacing 

the cholesterol and other specific lipids in order to keep with projections and 

retractions done by filopodia and lamellipodia filaments. It would be interesting to 

investigate whether our finding of CD36/TSP1/TGF-β receptor co-localization can 

somehow be further associated with discovery. 
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