Acidosis-induced regulation of adipocyte G0S2 promotes crosstalk between adipocytes and breast cancer cells as well as tumor progression.
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Abstract
[bookmark: _Hlk120623178]Bidirectional interactions between cancer cells and their microenvironment govern tumor progression. Among the stromal cells in this microenvironment, adipocytes have been reported to upregulate cancer cell migration and invasion by producing fatty acids. Conversely, cancer cells alter adipocyte phenotype notably via increased lipolysis. We aimed to identify the mechanisms through which cancer cells trigger adipocyte lipolysis and evaluate the functional consequences on cancer progression. Here, we show that cancer cell-induced acidification of the extracellular medium strongly promotes preadipocyte lipolysis through a mechanism that does not involve lipophagy but requires adipose triglyceride lipase (ATGL) activity. This increased lipolysis is triggered mainly by attenuation of the G0/G1 switch gene 2 (G0S2)-induced inhibition of ATGL. G0S2-mediated regulation in preadipocytes affects their communication with breast cancer cells, modifying the phenotype of the cancer cells and increasing their resistance to chemotherapeutic agents in vitro. Furthermore, we demonstrate that the adipocyte-specific overexpression of G0S2 impairs mammary tumor growth and lung metastasis formation in vivo. Our results highlight the importance of acidosis in cancer cell-adipocyte crosstalk and identify G0S2 as the main regulator of cancer-induced lipolysis, regulating tumor establishment and spreading.
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1. Introduction
Throughout the course of tumor progression, cancer cells closely interact with the tumor microenvironment (TME). The TME consists of various soluble and insoluble proteins and contains numerous cell types, including immune cells, endothelial cells, fibroblasts, and adipocytes. Progressive crosstalk takes place between cancer cells and various other types of cells in the TME, which gradually changes the phenotypes of the interacting cells and contributes to tumor growth[1]. Among TME cells, adipocytes are particularly enriched near various types of cancer cells, including breast cancer, prostate cancer, ovarian cancer, and melanoma cells [2-5]. Mutual cell interactions in the TME lead to the release of fatty acids (FAs) by adipocytes, and these FAs are then consumed as nutrients for building block production and biomolecule signaling by cancer cells, enabling these cells to produce and store energy [6, 7]. Furthermore, TME adipocytes promote cancer cell migration, proliferation, survival, and resistance to chemotherapy [8-10].
On the other hand, the metabolism of adipocytes is highly modified, leading to hyperactive lipolysis and increases in the amount of FAs exported [6]. Lipolysis consists of the breakdown of triglycerides (TAG) into three FAs and one molecule of glycerol. It requires the successive intervention of three lipases: Adipose Triglyceride Lipase (ATGL), Hormone Sensitive Lipase (HSL) and Monoacylglycerol Lipase (MGLL). ATGL catalyzes the first and rate-limiting step of TAG breakdown. Its activity is positively modulated by comparative gene identification-58 (CGI-58) and inhibited by G0/G1 switch gene 2 (G0S2) or fat-specific protein 27 (FSP27) [11]. Cancer cells have been shown to stimulate lipolysis in TME adipocytes, notably by increasing ATGL and/or HSL expression levels. However, the potential role of other proteins or factors involved in lipolysis and the specific mechanism by which cancer cells regulate adipocyte lipolysis have not yet been fully elucidated. Several inflammatory cytokines and hormones, such as TNF-, IL-1 and catecholamines, can stimulate lipolysis in noncancerous contexts and have been proposed as lipolytic factors produced by cancer cells [5, 12, 13]. However, the nature of lipolytic signaling is still a matter of debate and may depend on the tumor type [6, 14].
Cancer cells have also been reported to alter the physicochemical characteristics of the TME. Under physiological conditions, extracellular pH (pHe) is tightly regulated and maintained at approximately 7.4. In the TME, the pHe can decrease to 6.5 or lower depending on the cancer type [15]. This outcome reflects the dysregulation of acid‒base homeostasis due to a combination of factors, including the specific metabolic features of cancer cells and/or the poor efficacy of tumor vasculature [16]. It has even been suggested that acidic tumor pHe is not a simple consequence of dysregulated tumor metabolism but is actively maintained via a homeostatic mechanism because it is promoted by and beneficial to cancer cells [17-19], although it negatively impacts the phenotype of tumoral host cells. Indeed, it has been demonstrated that acidosis in the TME can also impact the phenotype of host cells, notably by decreasing the response of the immune system, which further favors cancer progression [20]. The purpose of this study is to identify the mechanisms triggered by cancer cells to induce adipocyte lipolysis and its consequences on tumor progression. We highlight for the first time the role of cancer cell-induced acidosis in adipocyte metabolism, especially lipolysis. We identified adipocyte G0S2 as an acidosis-responsive gene whose regulation governs not only lipolysis but also the in vitro interactions between cancer cells and adipocytes and, most importantly, mammary tumor progression in PyMT model mice.


2. Materials and methods.
2.1. [bookmark: _Hlk138080551][bookmark: _Hlk138080572]Cells – The MDAMB231 human breast adenocarcinoma cell line and 3T3-L1 (CL-173) embryo fibroblasts were obtained from ATCC, and the E0771 murine breast cancer cell line was obtained from CH3 Biosystems (USA). 3T3-L1 and MDAMB231 cells were cultured in DMEM (VWR, #L0103-500) supplemented with 7% fetal bovine serum (FBS) (GIBCO, #10270-106). E0771 cells were cultured in RPMI 1640 (VWR, #L0498-500) supplemented with 7% FBS and 10 mM HEPES. To induce differentiation, 3T3-L1 cells were first maintained at confluence for 2 days and then cultured in differentiation medium (DMEM supplemented with 7% FBS, 5 µg/mL insulin, 300 µM dbcAMP, 1 µM dexamethasone) for 3 days. Then, these cells were transferred to adipocyte growth medium (DMEM supplemented with 7% FBS, 5 µg/ml insulin), which was refreshed every 2 days. Cells continued to differentiate from 10 to 12 days, at which time more than 90% of cells had differentiated, as estimated via visualization of the cell phenotypes. For experiments with cocultured 3T3-L1 and cancer cells (E0771 or MDAMB231), the cells were cocultured in DMEM with or without FBS supplementation, depending on the experiment. All media were supplemented with penicillin‒streptomycin (100 units/mL each) and Fungizone (250 ng/mL). The autophagy inhibitors bafilomycin A1 and chloroquine were used at concentrations of 0.1 µM and 10 µM that is in the range recommended for autophagy inhibition in cellular culture [21]. We did not observe an effect of these drugs on cell viability in our assay. We tested concentrations of atglistatin up to 20µM without visible effect on cell viability.
2.2. Isolation, culture, and adipocyte differentiation of murine primary preadipocytes – Subcutaneous fat tissues were isolated from 6 male C57Bl6j mice (11 weeks old, Janvier, France), pooled and subjected to collagenase digestion (2 mg/mL, 30 min, Thermo Fisher, # 17018029). After digestion, fat tissues were passed through a cell strainer (Thermo Fisher, 250-µm pores, #87791). The cell suspension was centrifuged (500 × g, 5 min), and the supernatant containing mature adipocytes was discarded. The pellet was resuspended, and the red blood cells were lysed for 10 min with ACK buffer. The suspension was centrifuged, and the supernatant was discarded. The remaining pellet containing the adipose stromal cells (ASCs) was immediately frozen and stored in liquid nitrogen. ASCs were cultured in DMEM supplemented with 10% FBS (VWR, 89510-194), 25 mM HEPES, 5 U/mL heparin, 100 µM sodium phospho-ascorbate and 5 ng/mL hFGF. ASCs were differentiated into preadipocytes by culturing for 8 days in DMEM/F12 (Gibco, 11-320033) supplemented with 10% FBS (VWR, 89510-194), 1 µg/mL human insulin, 0.5 mM IBMX, 2 µM rosiglitazone, 10 µg/mL transferrin, 0.5 µM dexamethasone and 2 nM T3. All media were supplemented with penicillin‒streptomycin (100 units/mL each).
2.3. Generation of 3T3-L1 cells overexpressing mG0S2 – The full cDNA sequence of mG0S2 was cloned into a GVV_303 pLV-TRE IRES EG lentiviral vector. An empty vector was used to create control 3T3-L1 (3T3-ctr) cells. The generation of lentiviral particles and the transduction of 3T3-L1 cells were performed in the facilities of the viral vector platform at the GIGA (Liège, Belgium). 3T3-L1 cells overexpressing mG0S2 in a doxycycline-dependent manner (3T3-L1mG0S2) and 3T3-L1-ctr cells were cultured in the presence of 1000 µg/mL G418 + 10 µg/mL Blasticidin®. During the differentiation process and experimental procedures, G418 and Blasticidin® were omitted. For all the assays using 3T3-L1mG0S2 cells, we used control cells to verify that treatment with doxycycline did not affect the measured parameters. mG0S2 overexpression in 3T3-L1mG0S2 is illustrated in Supplementary Figure S1.
2.4. siRNA transfection – 3T3-L1 preadipocytes were transfected with 20 nM control siRNA (DharmaconTM, # D-001810-01-05) or 20 nM siRNA targeting mouse C/EBP (DharmaconTM, # J-040561-05-0005) with DharmaFECT® (DharmaconTM, # T-2001-01) transfection reagent following the protocol from the manufacturer of the reagent. To enhance transfection efficiency, cells were trypsinized immediately prior to transfection. The cells were prepared for western blotting or RT‒qPCR analysis 48 h after transfection.
2.5. Extracellular flux analysis – All experiments were performed with a Seahorse XFp extracellular flux analyzer (Agilent). 3T3-L1 preadipocytes were seeded at a density consistent with confluence in XFp mini-plates (Agilent) and allowed to differentiate for 12 days. The mitochondrial oxygen consumption rates (OCR – pmoles/min) and extracellular acidification rate (ECAR) were measured as previously described [22]. The results were normalized on the basis of a protein assay.
2.6. [bookmark: _Hlk135984434][bookmark: _Hlk135984503][bookmark: _Hlk135905912] Measurement of lipid transfer – Differentiated 3T3-L1mG0S2 cells cultured in 6-well plates were labeled with 0.1 µCi/mL 14C-acetate (PerkinElmer, # NEC553050UC) for 24 h. The cells were rinsed 3 times and cultured for 24 h with and without 2 µg/mL doxycycline to induce and not induce G0S2 overexpression, respectively. The cells were rinsed 3 times and cocultured for 72 h with 3x105 E0771 cells seeded in ThincertsTM tissue culture inserts with and without 2 µg/mL doxycycline to induce and not induce the overexpression of G0S2, respectively. After coculture, E0771 cells were rinsed 3 times and then harvested. An aliquot of cell suspension was collected for protein measurement, on which dosing was determined, and the rest of the suspension was processed to isolate the lipid fraction as previously described [23] (details are presented in supplementary files), and the associated radioactivity was measured. We observed that immediately before starting the coculture, more than 99% of the 14C was incorporated in the organic phase of 3T3-L1. Hence, this labeling procedure allowed us to specifically follow the lipids transferred from 3T3-L1 to cancer cells. Moreover, the radioactivity incorporated in 3T3-L1 cells was not altered by the overexpression of mG0S2 (Supplementary Figure S2).
2.7. Lactate assay – 3T3-L1 cells differentiated in 6-well plates were cultured for 24 h in DMEM, 7% FBS, 20 mM 2-(N-morpholino) ethanesulfonic acid (MES) (DFM) at a pH 7.4 or 6.5. The lactate released by the 3T3-L1 preadipocytes was quantified with an L-lactate assay kit (Sigma, MAK329) following the manufacturer’s instructions.
2.8. Glycerol assay – 3T3-L1 cells differentiated in 6-well plates were rinsed twice with DMEM without phenol red (DSR) (GIBCO, #21063029) and incubated for one hour with 0.5 ml of DSR supplemented with 0.2% bovine serum albumin (Sigma, A7030). The glycerol released by the 3T3-L1 preadipocytes was quantified with a free glycerol reagent kit (Sigma, F6428) following the manufacturer’s instructions.
2.9. Western blotting - Cells were lysed in SDS‒PAGE lysis buffer, and proteins were separated by polyacrylamide gel electrophoresis. Proteins were transferred to a ProtranTM nitrocellulose transfer membrane (NEN Life Science Products). Membranes were then blocked for 1 h and incubated overnight with diluted primary antibody following the manufacturer’s instructions. Membranes were then washed three times, incubated in the diluted secondary horseradish peroxidase-conjugated antibody for 1 h, and revealed by chemiluminescence using a homemade ECL kit. The membranes were reprobed with anti-Erk1/2 antibodies to obtain protein loading normalization data. The antibodies used are listed in Supplementary Table S2.
2.10. [bookmark: _Hlk138061440]Real-time quantitative PCR - Total RNA was isolated from differentiated 3T3-L1 cells using a High Pure RNA Isolation Kit (#11828665001, Roche Molecular Biochemical) following the manufacturer’s instruction. Five hundred nanograms of total RNA was reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen). Real-time qPCR was performed in a final volume of 20 µL containing 2 µL of cDNA (corresponding to 10 ng of total RNA), 300 nM of each primer and 10 µL of the qPCR MasterMix Plus for SYBR® Green (Eurogentec) in a StepOneTM Real-Time PCR system (Applied Biosystems, Halle, Belgium). The results were analyzed with StepOneTM Software and normalized to level of the 36B4 transcript. The primers used for qPCRs are listed in Supplementary Table S3.
2.11. Chromatin immunoprecipitation (ChIP) assay – 3T3-L1 cells were allowed to differentiate in 10-cm dishes. After 24 h of culture in the presence of DFM at pH 7.4 or 6.5, cells were processed for ChIP analysis with a SimpleChIP ® Plus Enzymatic Chromatin IP Kit (#9005s) from Cell Signaling Technology (Bioke, The Netherlands) following the instructions of the manufacturer. Oligos targeting the PPAR-binding region in the mG0S2 promoter are described in Supplementary Table S3. The antibodies used are listed in Supplementary Table S2.
2.12. aP2G0S2 FVB/N PyMT mouse model – Mice were maintained within the accredited Mouse Facility of the University of Liège (Liège, Belgium). The mice studied were used in accordance with European Community recommendations (2010/63/UE) after approval by the local Ethics Committee (approval no. 1701). Mice overexpressing specifically G0S2 in adipocytes (aP2G0S2) were generated as previously described [24]. They were backcrossed with FVB/N mice for 8 generations. aP2G0S2 FVB/N females were crossed with MMTV-PyMT FVB/N transgenic males expressing the polyoma middle T antigen oncogene driven by a mouse mammary tumor virus promoter [Tg(MMTV-PyVT)634Mul]. Genotyping was performed by PCR with tail genomic DNA and specific primers (listed in Supplementary Table S3). aP2G0S2 PyMT and WT PyMT females were sacrificed after 13 weeks of experimentation. The overexpression of G0S2 in the adipose tissue of aP2G0S2-PyMT mice was confirmed by western blot analysis (Supplementary Figure S3).
2.13. Statistical analysis – Statistical analysis was performed with GraphPad Prism version 9 software, and the results are expressed as the mean ± SD. For 2-group comparisons, a 2-tailed unpaired t test was performed. For multiple-group comparisons, Brown-Forsythe and Welch ANOVAs were performed. For generating Kaplan-Meier plots, log-rank (Mantel‒Cox) tests were performed. Graphs show exact P values or asterisks. P values less than 0.05 were considered to induce significance. In the figures, data are expressed as the mean ± standard deviation of at least three biological replicates, and the annotations represent the following levels of significance: not significant (ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
3. Results
3.1.  Breast cancer cell-induced acidosis is a key driver of adipocyte lipolysis.
[image: Une image contenant capture d’écran

Description générée automatiquement]Breast cancer cells are  particularly well-suited to study the crosstalk between adipocytes and cancer cells, as adipocytes are considered the main cellular components of the breast tumor microenvironment [14]. In addition, numerous studies have highlighted the contribution of adipocytes to breast cancer progression (reviewed in [14]). Hence, to investigate the soluble interaction between cancer cells and adipocytes, differentiated 3T3-L1 preadipocytes (referred to hereafter as preadipocytes unless otherwise explicated) were cocultured with breast cancer cells (E0771 murine or MDAMB231 human cells) for 72 h. The model is shown in the inset of Figure 1A.
[bookmark: OLE_LINK1]Fig. 1. Acidosis of the culture medium is a key driver of adipocyte lipolysis. Glycerol production by 3T3-L1 preadipocytes after 72 h in culture alone or in coculture with E0771 murine breast cancer cells or MDAMB231 breast adenocarcinoma cells (A). Inset in (A), schematic representation of the coculture model. Glycerol production by 3T3-L1 preadipocytes was measured after 24 h of culture at the indicated pH (B). Glycerol production by 3T3-L1 preadipocytes (C) or primary preadipocytes (D) was measured after 24 h in culture with fresh medium (control) or with conditioned medium from E0771 cell culture with (pH 7.3) or without (pH 6.5) pH correction. Glycerol production is expressed in µg/mg of cellular protein. One representative experiment (with n=3 (A-C) or n=4 (D) biological replicates) of three is shown. Unpaired Student’s t test (A) or Brown-Forsythe and Welch ANOVAs (B-D) were performed. The data are presented as the mean + SD. P< 0.05 (*), P< 0.01 (**), P< 0.001 (***).

At the end of the coculture period, the specific lipolytic activity of preadipocytes was assessed by measuring the amount of glycerol released. Coculturing with each of the two cancer cell lines induced a >2-fold increase in the preadipocyte lipolysis rate (Fig. 1A) coupled with the acidification of the culture medium (the pH was at 7.32±0.04 under the control condition; at 6.58+0.07 under the E0771 cell coculture condition; at 6.72+0.01 under the MDAMB231 coculture condition). To evaluate whether there is a direct link between acidosis and preadipocyte lipolysis, we first cultured preadipocytes with medium set at various pH values. A progressive increase in preadipocyte lipolysis was observed in parallel with a pH decrease, demonstrating that acidosis was sufficient to induce preadipocyte lipolysis (Fig. 1B). The delipidation of preadipocytes was observed by BODIPY® labeling (Supplementary Fig. S4A), but it did not seem to be associated with adipocyte dedifferentiation, as the expression of HSL and FABP4, two markers of adipocyte differentiation [25], was not altered by acidosis (Supplementary Fig. S4B). Then, we cultured preadipocytes for 24 h in medium from E0771 cell culture. We observed a 3-fold increase in the lipolysis rate compared to that observed when cells were cultured with unconditioned medium. Interestingly, the ability of conditioned medium to induce lipolysis was greatly reduced after pH neutralization (Fig. 1C). Similar results were observed with primary preadipocytes, strengthening the evidence that cancer cell-induced acidosis was responsible for the induction of lipolysis in preadipocytes (Fig. 1D).
3.2. Acidosis regulates the ATGL/G0S2 balance.
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Description générée automatiquement]
[bookmark: OLE_LINK2][bookmark: _Hlk138149741]Fig. 2. Acidosis regulates the ATGL/G0S2 balance. RT‒qPCR measurements (A-D) and western blot analysis (E-G) of ATGL, CGI-58, G0S2 and FSP27 expression in 3T3-L1 preadipocytes cultured for 72 h alone (control) or with E0771 or MDAMB231 cells (A, E), cultured for 24 h at the indicated pH (B, F), or cultured for 24 h with fresh medium (control) or with conditioned medium from E0771 cell cultures with (CM pH 7.3) or without (CM pH 6.5) pH correction (C, G). RT‒qPCR measurements (D) and western blot analysis (H) of ATGL, CGI-58, G0S2 and FSP27 expression in primary preadipocytes after 24 h in culture with fresh medium (control), with conditioned medium from E0771 cell cultures with (CM pH 7.3) or without (CM pH 6.5) pH correction. The protein fold change was calculated from densitometric measurements of ATGL, CGI-58, G0S2 or FSP27 signals normalized to that of Erk1,2, which was used as the loading control. One representative experiment (with n=3 biological replicates) of three is shown. Unpaired Student’s t test (A, B and E) or Brown-Forsythe and Welch ANOVA (C, D, F, G, H) was performed. The data are presented as the mean + SD. P< 0.05 (*), P < 0.01 (**), P < 0.001 (***).

[bookmark: _Hlk138059144]The first and rate-limiting step of lipolysis is catalyzed by ATGL, which is positively modulated by comparative gene identification-58 (CGI-58) and inhibited by G0/G1 switch gene 2 (G0S2) and fat-specific protein 27 (FSP27) [11]. We evaluated the expression of these factors in preadipocytes cocultured with either E0771 or MDA-MB231 cancer cells. The strongest inhibitions were observed for G0S2 and FSP27, both at the mRNA and protein levels (Fig. 2A and E), leading to an increased ratio between the positive and negative regulators of the first step of lipolysis. To evaluate the potential role of acidosis in the regulation of the expression of these lipolysis-related genes, we analyzed their expression in preadipocytes cultured in fresh medium at various pH values. Acidification of the culture medium at pH 6.5 increased the expression of ATGL and profoundly decreased the expression of G0S2 at both the mRNA and protein levels (Fig. 2B and F), supporting the increase in lipolysis rate as shown in Figure 1B. In contrast, CGI-58 expression was barely affected at the mRNA level but not at the protein level, and FSP27 expression was not changed (Fig. 2B and F). Altogether these data showed that a significant part of the regulations observed in cocultures (Fig. 2A and E) could be directly related to acidosis. To verify this hypothesis, preadipocytes were cultured for 24 h with fresh medium (control) or with conditioned medium from E0771 cells that was untreated (pH 6.5) or neutralized (pH 7.3) (Fig. 2C and G). In this model, the untreated conditioned medium stimulated the expression of ATGL and repressed the expression of G0S2 (compared to the levels of the control cells), supporting the increased lipolysis rate shown in Figure 1C. Neutralization of the conditioned medium (to pH 7.3) restored the expression of ATGL and G0S2 to values close to those obtained with fresh medium. Similar data were obtained with primary preadipocytes (Fig. 2D and H), confirming that acidosis led to these regulatory effects and suggesting that the balance between ATGL and G0S2 level is the key link between acidosis and preadipocyte lipolysis.
3.3. Acidosis-induced lipolysis does not involve lipophagy but requires ATGL activity.
Lipophagy is an autophagy-related cellular process that leads to the degradation of lipid droplets in lysosomes and results in increased lipolysis with free FAs and glycerol released [26]. It is involved in lipid metabolism as well as in energy homeostasis and is induced during nutrient deprivation [27]. To investigate the role of lipophagy in acidosis-induced regulatory effects, we cultured preadipocytes at pH 7.4 and 6.5 and treated them for 24 h with the autophagy inhibitors bafilomycin A1 or chloroquine. The increase in lipolysis rate at pH 6.5 was not altered by bafilomycin A1 or chloroquine treatment, suggesting that lipophagy is not involved in acidosis-induced lipolysis (Fig. 3A and B). In contrast, the specific ATGL inhibitor atglistatin profoundly reduced the lipolysis rate, confirming the requirement of ATGL activity for this effect (Fig. 3C). Moreover, the overexpression of only G0S2 significantly decreased the lipolysis rate (Fig. 3D), highlighting the central role of this protein in acidosis-induced lipolysis.
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[bookmark: OLE_LINK4]Fig. 3. Acidosis-induced lipolysis is not dependent on lipophagy but requires ATGL activity. Glycerol production by 3T3-L1 preadipocytes cultured for 24 h at pH 7.4 or pH 6.5 with or without 0.1 µM bafilomycin A1 (A), 10 µM chloroquine (B) or 10 µM atglistatin (C) treatment. Glycerol production by either control (CTR) or overexpressing G0S2 (+ G0S2) 3T3-L1 preadipocytes cultured for 24 h at pH 7.4 or pH 6.5 (D). Glycerol production is reported as µg/mg of cellular proteins. One representative experiment (with n=3 biological replicates) of three is shown. Brown-Forsythe and Welch ANOVAs were performed. The data are presented as the mean + SD. N.S. (not significant), P< 0.05 (*), P < 0.01 (**), P < 0.001 (***).

3.4.  Potential role of PPARand C/EBP in acidosis-induced regulation of G0S2
All these data indicate that among the genes regulating the first step of lipolysis, adipocyte G0S2 appears to play a major role in the response to acidosis. Indeed, it is the only gene that is similarly inhibited under the different culture conditions, resulting in increased lipolysis, and, moreover, its overexpression is sufficient to repress acidosis-induced lipolysis. To further characterize the metabolic switching of preadipocytes upon acidosis, we investigated the glycolytic rate of these cells and observed that glycolysis was greatly repressed (Fig. 4A and B). The oxygen consumption rate (OCR) kinetics were also slightly but significantly altered (Fig. 4C), with the ATP-related OCR significantly reduced by 40%, suggesting an overall reduction in the intracellular energy level (Fig. 4D). Energy depletion has been previously reported to trigger the inhibition of the PI3K/mTORC1/Akt pathway [28]. Here, we observed decreased Akt phosphorylation of serine 473 in preadipocytes in culture at an acidic pH (Fig. 4E), and we showed that the pharmacological inhibition of PI3K in preadipocytes was sufficient to greatly decrease G0S2 expression (Fig. 4F). Akt was previously shown to regulate 

[image: Une image contenant capture d’écran, conception

Description générée automatiquement]
[bookmark: _Hlk136433072][bookmark: OLE_LINK3]Fig. 4. Preadipocytes cultured at an acidic pH are associated with glycolysis and mitochondrial respiration inhibition and with dephosphorylation of AKT. The lactate secreted into the culture medium over 24 h by preadipocytes cultured at the indicated pH values was measured by colorimetric assay, and the results are expressed in mg of lactate produced per mg protein over 24 h (A). In preadipocytes cultured at pH 7.4 or 6.5, the extracellular acidification rate (ECAR) and mitochondrial bioenergetics were measured using Agilent Seahorse XF technology. Measurement of basal level of oxygen consumption rate (OCR) was followed by sequential injections of oligomycin, FCCP, and rotenone/antimycin A (B, C). Graph showing the ATP production-related OCR (D). Western blotting analysis of whole-cell extracts of 3T3-L1 preadipocytes cultured for 24 h at the indicated pH value with specific antibodies against phospho-AKT and total AKT. F.I.: fold induction as calculated with densitometric measurement data of the phospho-AKT signal normalized to that of total AKT (E). RT‒qPCR measurements of G0S2 expression in 3T3-L1 preadipocytes cultured for 24 h with (Ly294) or without (ctr) 10 µM Ly294 (F). One representative experiment (with n=3 biological replicates) of three is shown. Unpaired Student’s t tests were performed. The data are presented as the mean + SD. P< 0.05 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****).



adipogenesis by relieving the inhibitory effect exerted by GATA-2 on the activity of C/EBP and PPAR [29, 30], which are critical regulators of adipocyte differentiation [31]. In addition, G0S2 has been previously reported to be a PPAR target gene [32, 33]. The treatment of preadipocytes with rosiglitazone, an activator of PPARɣ, allowed us to reactivate G0S2 expression at acidic pH to levels close to those observed at neutral pH at both the mRNA and protein levels (Fig. 5A-C). PPARɣ is constitutively associated with the promoter of its target genes, and its transcriptional activity is modulated by its interaction with negative (NCOR1, Foxo1) or positive (C/EBPα or β) regulators [34].
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Fig. 5. Potential involvement of the PPAR/C/EBP pathway in acidosis-induced adipocyte G0S2 inhibition. RT‒qPCR (A) and western blot (B) analysis of adipocyte G0S2 expression in whole-cell lysates of 3T3-L1 preadipocytes cultured for 24 h at pH 6.5 or 7.4 in the presence (+) or absence (-) of 2 µM rosiglitazone. (C) Densitometric measurements of the western blots. The results are reported as the mean ± SD of three independent experiments. (D) 3T3-L1 preadipocytes cultured at the indicated pH were analyzed by chromatin immunoprecipitation (ChIP) with primers flanking the PPARɣ-binding site in the promoter of mouse G0S2 and antibodies against NCOR1 and C/EBPα. The results are reported as the mean ± SD of three independent experiments. In (E), RT‒qPCR measurements of G0S2 expression in 3T3-L1 preadipocytes 48 h after transfection with control siRNA (siCtr) or siRNA targeting mouse C/EBP (siC/EBP). On the right, western blots of the whole-cell lysate of 3T3-L1 preadipocytes 48 h after transfection with control siRNA (siCtr) or siRNA targeting mouse C/EBP (siC/EBP) as determined with specific antibodies against C/EBP and Erk1/2. One representative experiment (with n=3 biological replicates) of three is shown. Brown-Forsythe and Welch ANOVAs (A, C) or unpaired Student’s t test (D and E) was performed. The data are presented as the mean ± SD. N.S.: not significant, P< 0.05 (*), P < 0.01 (**).


Therefore, we decided to investigate whether the binding of PPAR regulators to the promoter region in G0S2 was affected by acidosis. Performing chromatin immunoprecipitation, we observed that the association of C/EBPα with the G0S2 promoter was significantly decreased at an acidic pH, while that of NCOR1 was not changed (Fig. 5D). Moreover, we demonstrated that the silencing of C/EBP in preadipocytes cultured at neutral pH was sufficient to decrease the expression of G0S2 (Fig. 5E). These data suggest that the mechanism underlying the increased rate of lipolysis as pH decreases may involve a decrease in PPARɣ transcriptional activity, due to reduced cooperation with positive regulators such as C/EBPresulting in reduced G0S2 expression, and, consequently, in increased TAG breakdown via ATGL activity.
3.5. Adipocyte G0S2 regulation governs breast cancer cell-adipocyte crosstalk.
Tumor-surrounding adipocytes have been reported to stimulate cancer cell proliferation, migration and resistance to chemotherapy [9, 35], partly due to the increase in the amount of lipids released by adipocytes through lipolysis [8]. Having shown the critical role of G0S2 in preadipocyte lipolysis in models of acidosis and cocultures with breast cancer cells (Fig. 2E and 3D), we investigated more functional models related to the cancer cell phenotype. 
[image: Une image contenant capture d’écran

Description générée automatiquement]Fig. 6. In a coculture model, adipocyte G0S2 overexpression decreases adipocyte lipolysis and the transfer of radiolabeled lipids to cancer cells. (A) Glycerol production by 3T3-L1 preadipocytes overexpressing (+G0S2) or not overexpressing (CTR) G0S2 after 72 hours of coculture with E0771 breast cancer cells. (B) 3T3-L1 preadipocytes were first labeled with 14C-acetate for 24 h. Then, G0S2 overexpression was induced (+G0S2) or not (CTR), and the cells were cultured for 24 h. 3T3-L1 preadipocytes were cocultured for 72 h with E0771 cells with (+G0S2) or without (CTR) G0S2 overexpressed. After cell coculturing, the lipids were extracted from the E0771 cells, and the associated radioactivity was measured. One representative experiment (with n=3 (A) or n=5 (B) biological replicates) of three is shown. An unpaired Student’s t test was performed. The data are presented as the mean + SD. P < 0.01 (**).

We first confirmed that overexpression of G0S2 in preadipocytes inhibited lipolysis induced by coculturing preadipocytes with breast cancer cells (Fig. 6A) and, therefore, resulted in reduced lipid transfer from preadipocytes to cancer cells (Fig. 6B). Considering these data, we hypothesized that the downregulation of G0S2 in adipocytes may be central in the crosstalk between adipocytes and cancer cells and therefore may promote tumorigenesis. To test this hypothesis, we analyzed several phenotypical characteristics of cancer cells that had been either exposed to preadipocyte-conditioned medium or cocultured with preadipocytes overexpressing or not overexpressing G0S2. We observed that preadipocytes exerted a strong promigratory effect on breast cancer cells that was nearly abolished when G0S2 was overexpressed, as shown 
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Fig. 7. G0S2 overexpression antagonizes the protumoral effects of adipocytes in vitro. (A) MDAMB231 cells were cultured for use in a wound assay in the presence of control medium (control) or conditioned medium from cultures of 3T3-L1 preadipocytes overexpressing (+G0S2) or not overexpressing (CTR) G0S2. Bar = 100 µm. The graph on the right shows the surface of the wound covered after 10 hours. (B) E0771 cells were seeded in a Boyden chamber and cultured alone (control) or cocultured with 3T3-L1 preadipocytes overexpressing (+G0S2) or not overexpressing (CTR) G0S2 for 8 hours. Bar = 250 µm. Inset in (B), schematic representation of the coculture model. The graph on the right represents the number of migrating cells. (C) MDAMB231 cells were cultured in soft agar for 10 days in the presence of control medium (control) or in the presence of conditioned medium from cultures of 3T3-L1 preadipocytes overexpressing (+G0S2) or not overexpressing (CTR) G0S2. One representative experiment of three independent experiments is shown with n=12 (A), n=8 (B), and n=4 (C) biological replicates. (D) E0771 cells were treated with the chemotherapeutic agent doxorubicin. Cells were cultured alone (control) or cocultured with 3T3-L1 preadipocytes overexpressing (+G0S2) or not overexpressing (CTR) G0S2. Graphs show the survival rate measured in three independent experiments. Brown-Forsythe and Welch ANOVAs were performed. The data are presented as the mean + S.D. P< 0.05 (*), P < 0.01 (**), P < 0.001 (***).

[bookmark: _Hlk137807204]in a “wound scratch” assay (Fig. 7A) and in an assay of cell migration through a semi-porous membrane (Fig. 7B). Similarly, we found that preadipocyte-conditioned medium increased the anchorage-independent growth of tumor cells and that this effect was significantly reduced when G0S2 was overexpressed in preadipocyte (Fig. 7C). Finally, we observed that the prosurvival effect exerted by preadipocytes on tumor cells treated with the chemotherapeutic drug doxorubicin was significantly decreased when G0S2 was overexpressed in preadipocyte (Fig. 7D). These results underscore the importance of adipocyte G0S2 regulation for optimal crosstalk between cancer cells and preadipocytes in vitro.
3.6.  In vivo overexpression of G0S2 in adipocytes represses spontaneous tumor growth and metastases.
Transgenic aP2G0S2 mice, with G0S2 overexpressed exclusively in adipocytes [24], which led to a decreased adipocyte lipolysis rate in vivo, were backcrossed with mice with an FVB/N background. Then, FVB/N aP2G0S2+/- females were crossed with FVB/N MMTV-PyMT males (mice characterized by the formation of spontaneous mammary tumors that metastasize to the lung). Tumor progression was then evaluated in parallel in MMTV-PyMT WT and MMTV-PyMT aP2G0S2+/- females. G0S2-specific overexpression in adipose tissues led to a significant 
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[bookmark: OLE_LINK5]Fig. 8. Overexpression of adipocyte G0S2 in vivo represses spontaneous primary tumor growth and metastasis formation. (A) Kaplan‒Meier plot showing the percentage of tumor-free PyMT mice. Palpable tumors appeared later in the PyMT mice with adipocyte-specific expression of G0S2 (aP2G0S2-PyMT) than in WT mice (WT-PyMT). (B-D) Spontaneous tumor growth and lung metastasis formation were analyzed in MMTV-PyMT mice (PyMT) overexpressing (aP2G0S2-PyMT) or not overexpressing (WT-PyMT) G0S2 in adipose tissue. Mice were sacrificed after 13 weeks. Mammary tumors were then weighed (B), and lung metastases were counted (C). (D) Representative histological sections of the lungs in 13-week-old WT-PyMT and aP2G0S2-PyMT mice. Bar = 2 mm. n=17 (WT) and n=12 (aP2G0S2) mice. For the Kaplan‒Meier plot shown in (A), the log-rank (Mantel‒Cox) test was performed. For that in B and C, unpaired Student’s t tests were performed. The data are presented as the mean + SEM. P< 0.05 (*), P < 0.01 (**), P < 0.001 (***).


delay in the appearance of palpable tumors (Fig. 8A). At necropsy, which was performed after 13 weeks, the total tumor weight (Fig. 8B) and the number of lung metastases (Fig. 8C and D) were significantly reduced in the transgenic aP2G0S2 mice. These data demonstrate that overexpression of G0S2 specifically in adipocytes in vivo was sufficient to repress mammary tumor growth and metastasis.

Discussion
To survive in the harsh tumor microenvironment (TME), cancer cells must display high phenotypical flexibility to take advantage of the nutrient sources available in the vicinity. For this purpose, cancer cells gradually adapt their metabolism, and also modulate the phenotype of surrounding host cells so that they provide them with the necessary nutrients. In several cancer types, the main cellular components of the TME are adipocytes [36], and it has been demonstrated by several groups that cancer cells induce surrounding adipocytes to release nutrients, particularly lipids and fatty acids [8, 10, 37]. Although several factors secreted by tumor cells, including catecholamines or inflammatory cytokines, have been proposed to be inducers of adipocyte lipolysis, the nature of the triggering signaling is unclear [6, 14] and is at the center of the present study.
Using in vitro models, we first confirmed that cancer cells induce lipolysis in both 3T3-L1 preadipocytes and primary preadipocytes. Searching for the involved mechanisms, we then demonstrated that the main mediator of this regulation was not a biological factor but the decrease in pH values resulting from cancer cell metabolism. This original observation was validated with preadipocyte monocultures in which lowering the pH to values like those in the TME was sufficient to induce lipolysis. It had been previously established that acidosis exerts a profound modulating effect on the phenotype of cancer cells [38], leading to an increase in their invasive capacity, proliferation and drug resistance [39-41]. Host cells in the TME, such as cancer-associated fibroblasts, are also greatly affected by acidosis, showing marked effects on cancer aggressiveness [42]. Finally, a low pH value also contributes to tumor cell immune escape by repressing antitumor immunity and increasing the protumorigenic effects of the immune system [20] [43]. Our data demonstrate, for the first time, another critical effect of acidosis: the stimulation of lipolysis in preadipocytes. In addition to directly affecting the phenotype of adipocytes [44], which may modify their crosstalk with the other cell types present in the TME, lipolysis feeds cancer cells by increasing the intra-tumor levels of fatty acids and glycerol. It is therefore important to decipher the molecular mechanisms involved. The release of fatty acids first requires the hydrolysis of triglycerides in adipocytes. By using specific inhibitors, we have shown that lipophagy, a special type of autophagy that targets lipid droplets during nutrient deprivation [27], was not involved. In contrast, the canonical lipolysis pathway was clearly implicated since the inhibition of ATGL (with atglistatin) suppressed acidosis-induced glycerol release. The expression of ATGL was not induced in all the conditions in which we observed an increased lipolysis. These differences between the coculture model or the culture with CM of cancer cells and the culture in acidified medium are likely related to the type of interactions (bidirectional versus unidirectional), their nature (cytokines, pH) and/or their duration. A full elucidation of these differences would require further investigations but is beyond the scope of this study. The activity of ATGL depends on its expression but also on its interactions with an activator (CGI-58) and two inhibitors (FSP27 and G0S2). The expression of these 3 factors was therefore evaluated in our different experimental conditions. It appeared that the expression of G0S2 was the most highly correlated with pH modification, strongly implicating it in acidosis-induced lipolysis in adipocytes. This working hypothesis was later supported by evidence showing that the forced expression of only G0S2 reversed acidosis-induced lipolysis, clearly showing that the increase in ATGL activity in adipocytes exposed to acidosis was mostly a result of G0S2 downregulation. The repression of G0S2 expression associated with an induction of lipolysis had been previously reported in other contexts, notably in adipocytes treated with factors such as -adrenergic agonist or TNF [45] [46]. G0S2 is a labile protein with high turnover and has been proposed to allow the rapid adaptation of the lipolysis rate to meet energy demands [47, 48]. In preadipocytes cultured at acidic pH, glycolysis was dramatically inhibited, and the level of ATP produced through respiration was also decreased, leading to a global decline in energy availability. The inhibition of Akt activity in preadipocytes cultured at acidic pH was likely related to energy depletion, as had been previously reported with NIH3T3 cells [28]. PPAR is a potent regulator of adipocyte differentiation, and its activity is regulated through the cooperative action of activators, notably C/EBP, via their binding to adjacent specific promoter regions, ensuring optimal transcription [49]. Akt has been reported to activate PPAR, one of the main regulators of G0S2 gene transcription [32], via the phosphorylation of GATA-2. Mechanistically, the phosphorylation of GATA-2 decreases its affinity for C/EBP which is thus available to cooperate with PPAR [29, 30]. Our observations suggest that the inhibition of PPAR activity at acidic pH is mediated via the inactivation of Akt, leading to decreased association of C/EBP with the PPAR-binding site in the promoter of G0S2.
[bookmark: _Hlk138070171][bookmark: _Hlk138070233]Having demonstrated that cancer cells induce phenotype modifications in preadipocytes through the acidosis-regulated expression of G0S2, we then investigated the potential consequences of these changes on tumor growth. Breast cancer cells were used as model cells because they are specifically found in vivo close to adipose tissues, and cancer cell–adipocyte interactions are instrumental for tumor progression. Furthermore, MMTV-PyMT model mice are characterized by the acidification of tumor/stroma boundaries [50], making them particularly suited for in vivo investigations into the effect of the acidosis-induced regulation of adipocyte G0S2 during tumor progression. In human cancers, adipocytes in the TME lose differentiation markers and display a decreased lipid content due to enhanced lipolysis (for a review, see [51]).  These features have also been observed in vitro in adipocytes cocultured with breast cancer cells [5, 35]. Adipocytes displaying these specific traits, which have been named cancer-associated adipocytes [35], engage in a dynamic exchange of metabolites with cancer cells.  It has been reported that adipocyte ATGL and HSL are required for lipolysis and FFA transfer from adipocytes to breast cancer cells [8], where they are consumed by the fatty acid -oxidation (FAO) pathway and in pathways sustaining cancer cell proliferation and migration [8, 10]. All these previous data suggested that decreased expression of G0S2 may contribute to the crosstalk between breast cancer cells and adipocytes by regulating ATGL activity and, therefore, the release of fatty acids. This hypothesis was first confirmed in vitro by experiments demonstrating, for the first time, that preadipocytes with forced expression of G0S2 transfer fewer lipids to cancer cells and lose their capacity to stimulate cancer cells. In vivo, we compared spontaneous mammary tumor formation and progression using MMTV-PyMT mice, either as control mice or as mice with aP2G0S2 transgenic background characterized by decreased adipose lipolysis and fatty acid flux [24]. Forced expression of G0S2 in adipocytes in the aP2G0S2 transgenic mice markedly impaired spontaneous tumor growth and metastasis formation. Our data confirmed previous studies reporting the role of ATGL activity in the crosstalk between adipocytes and cancer cells [8], and further revealed a previously unknown mechanism allowing cancer cells to regulate ATGL activity via the acidosis-induced repression of G0S2 expression in adipocytes.
The study of acidosis in tumor progression and response to treatment is a research topic of growing interest. However, most of this research focuses on the direct effects of acidosis on tumor cell properties or on the anticancer immune responses. Here, we show for the first time how acidosis resulting from metabolic activity in the tumor microenvironment regulates the properties of surrounding adipocytes, inducing them to release fatty acids, which then contribute to cancer cell growth and resistance to chemotherapy. The identification of the underlying mechanism, involving a balance between factors stimulating or repressing lipolysis, will likely help in the rational design of therapies targeting the tumor microenvironment through adipocyte lipolysis inhibition. These treatments would decrease free lipid availability for cancer cells and, therefore, inhibit tumor progression and metastasis dissemination.
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