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ABSTRACT

Objective: Tumour progression drives profound alterations in host metabolism, such as adipose tissue depletion, an early event of cancer
cachexia. As fatty acid consumption by cancer cells increases upon acidosis of the tumour microenvironment, we reasoned that fatty acids
derived from distant adipose lipolysis may sustain tumour fatty acid craving, leading to the adipose tissue loss observed in cancer cachexia.
Methods: To evaluate the pro-lipolytic capacities of acid-exposed cancer cells, primary mouse adipocytes from subcutaneous and visceral
adipose tissue were exposed to pH-matched conditioned medium from human and murine acid-exposed cancer cells (pH 6.5), compared to naive
cancer cells (pH 7.4). To further address the role of tumoral acidosis on adipose tissue loss, a pH-low insertion peptide was injected into tumour-
bearing mice, and tumoral acidosis was neutralised with a sodium bicarbonate buffer. Prolipolytic mediators were identified by transcriptomic
approaches and validated on murine and human adipocytes.
Results: Here, we reveal that acid-exposed cancer cells promote lipolysis from subcutaneous and visceral adipocytes and that dampening
acidosis in vivo inhibits adipose tissue depletion. We further found a set of well-known prolipolytic factors enhanced upon acidosis adaptation and
unravelled a role for b-glucuronidase (GUSB) as a promising new actor in adipocyte lipolysis.
Conclusions: Tumoral acidosis promotes the mobilization of fatty acids derived from adipocytes via the release of soluble factors by cancer cells.
Our work paves the way for therapeutic approaches aimed at tackling cachexia by targeting the tumour acidic compartment.

� 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Tumoral acidosis, as a tumour microenvironment hallmark [1], is an
adaptative feature of rapid growth and proliferation of cancer cells
[1,2]. The high energy demand provided by glycolysis and CO2 hy-
dration supports acidosis by producing lactate and Hþ ions. Acidosis is
also maintained by poor tissue perfusion [1,2]. The extracellular pH of
solid tumours (ranging mostly from 6.5 to 7.0) is lower than the
extracellular pH of normal tissues (w7.4) [1] and contributes to tumour
progression by promoting proliferation, invasion, evasion of apoptosis,
and immune surveillance, thereby conferring resistance to chemo- and
radio-therapies [1,2].
This tumoral acidosis drives a metabolic reprogramming of cancer
cells towards fatty acid mobilization, supporting tumour progression
and metastasis [3e5]. In acid-exposed cancer cells, glucose oxidation
decreases in favor of fatty acids, and glutamine to a lesser extent [3].
This fatty acid metabolism shift is driven by an increase in the uptake
of fatty acids that are either stored as triglycerides in lipid droplets or
oxidized to generate ATP to fulfil immediate cellular needs [3e5].

Targeting the fatty acid metabolism with etomoxir, an inhibitor of
carnitine palmitoyl transferase CPT1, limits the in vivo tumoral growth
of cancer cells pre-exposed to acidosis [3] and inhibits the develop-
ment of lung metastasis in mice injected intravenously with pH6.5-
exposed cancer cells [5].
The increased availability of fatty acids appears to increase fatty acid
storage and oxidation within cancer cells in parallel with their invasive
potential [6]. Along these lines, peritumoral adipocytes support tumour
proliferation, invasion, and migration, as shown by adipocyte-cancer
cell cocultures [7e9]. Recently, Deroanne’s team highlighted that in
breast cancer extracellular tumoral acidosis promotes lipolysis in
cancer-associated adipocytes [10]. Nevertheless, the role of this tu-
moral acidosis in fatty acid mobilization from distant adipose tissues,
and thereby adipose tissue depletion, is not known.
Such adipose tissue depletion is part of the cachexia syndrome [11].
60e80% of patients with advanced cancer experience cancer
cachexia, a wasting syndrome associated with involuntary weight loss
consecutive to muscle mass and adipose tissue depletion. Cancer
cachexia limits both survival and anticancer response in patients and is
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responsible for at least 20% of cancer death [11,12]. Adipose tissue
depletion is an early event in cancer cachexia [13]. Adipose tissue
depletion often precedes muscle wasting [14,15] and preserving ad-
ipose tissue mass protects against muscle loss [16]. Moreover, fat
depletion alone is sufficient to reduce the survival of patients and affect
their anticancer response [14,17].
White adipose tissue stores energy in the form of lipids (via triglyceride
synthesis, de novo lipogenesis, and adipogenesis) and releases free
fatty acids through lipolysis [18]. Lipolysis mobilizes fatty acids from
adipocytes through three lipases sequentially: adipose triglyceride
lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol
lipase (MGL), with the first two being the rate-limiting enzymes.
Lipolysis is a key process involved in the fat mass loss associated with
cancer cachexia [19]. Cachectic adipocytes display increased basal
and catecholamine-stimulated lipolysis [19e21]. Concordantly,
several clinical and preclinical studies have reported an increase in
HSL, its active form, phosphorylated HSL (pHSL), and ATGL [20e22].
In mice, genetic deletion of HSL or ATGL protects against tumour-
induced fat mass loss and muscle atrophy [16]. Increased lipolysis
was also associated with an increase in de novo lipogenesis, thereby
feeding a futile cycle [22]. Proinflammatory mediators and tumour-
derived prolipolytic factors drive these changes in adipose tissue
[12]. Several prolipolytic mediators have been proposed, such as the
tumour-derived parathyroid hormone like hormone (PTHLH), adreno-
medullin (ADM), zinc-a2-glycoprotein (ZAG), proliferin-1, tumor ne-
crosis factor alpha (TNFa) and interleukin 6 (IL6) [11,19,23].
Nevertheless, therapeutic targeting of key proinflammatory factors has
not yielded meaningful improvements in cachexia management [24]

while less conventional mediators (e.g. PTHLH, adrenomedullin and
proliferin-1) were identified only in specific cancer types.
To our knowledge, the role of tumoral acidosis in adipose tissue
depletion at distance from the tumour has not yet been investigated. A
better understanding of the cooperation between the tumour micro-
environment and macroenvironment (tumourehost interactions) could
be crucial in the development of efficient treatments against cancer
cachexia [24]. As fatty acid consumption by cancer cells increases
upon acidosis adaptation, we reasoned that fatty acids derived from
adipose tissue lipolysis could sustain tumour fatty acid craving, leading
to the adipose tissue depletion observed in cancer cachexia. We further
hypothesised that acid-exposed cancer cells foster lipolysis by
releasing prolipolytic soluble factors that reach distant adipose tissues
through the blood stream.

2. METHODS

2.1. Cell culture
Human colon HCT116, hypopharyngeal FaDu, cervix SiHa, pancreatic
MIA PaCa-2 and PANC-1 cell lines, and murine colon C26 (from Dr
Mario Colombo, Istituto Nazionale Tumori, Italy) and Lewis lung LLC
(from Pierre Sonveaux, UCLouvain, Brussels, Belgium) carcinoma cells
were maintained in DMEM (Sigma, D5030), 10% fetal bovine serum
(FBS, Biowest, South America, S181B-050), 10 mM D-glucose, 2 mM
L-glutamine, 100 Units/ml penicillin, 100 mg/ml streptomycin, buffered
with 25 mM HEPES and 25 mM PIPES with pH adjusted to 7.4 or 6.5
[25]. Acid-exposed cancer cells (pH6.5/cancer cells) were in vitro

exposed to pH6.5 for a minimum of 1 month before their use and

Abbreviations

ADM adrenomedullin
ANOVA Analysis of variance
ATGL Adipose triglyceride lipase
BMI Body weight index
BSA Bovine serum albumin
C Cachectic
C4A/B Complements C4A/B
CA2 Carbonic Anhydrase 2
CD36 Cluster of differentiation 36
CPT1 Carnitine palmitoyl transferase 1
CGI-58 Comparative gene identification-58 protein
DMEM Differentiation medium, basal medium
DPP7 Dipeptidyl Peptidase 7
EAT Epididymal adipose tissue
FBS Fetal bovine serum
FABP4 Fatty acid binding protein 4
FASN Fatty acid synthase
FSP27 Fat-specific protein 27
G0S2 GO/G1 switch 2
GUSB b-glucuronidase
HPRT Hypoxanthine guanine phosphoribosyl transferase
HSL Hormone-sensitive lipase
pHSL Phosphorylated HSL
IL6 Interleukin 6
Iso Isoproterenol
IBMX Isobuthylmethylxanthine
LAL Lysosomal acid lipase
LAMP2 Lysosomal associated membrane protein 2

Lipa Lipase A, Lysosomal acid type
MAT Mesenteric adipose tissue
MCT4 Monocarboxylate transporter 4
MDSEC Majority decision-based method for secreted proteins
MGL Monoacylglycerol lipase
NC Non-cachectic
NEFA non-esterified fatty acids
LAMA1 Laminin Subunit Alpha 1
LFC Log 2 fold change
OAZ1 Ornithine decarboxylase antizyme 1
PCA Principal Component Analysis
PERMANOVA Permutational analysis of variance
pH6.5/cancer cells Acid-exposed cancer cells
pH7.4/cancer cells Naive cells maintained at pH7.4
pHLIP pH-low insertion peptide
PLIN2 Perilipin2
PTHLH Tumour-derived parathyroid hormone like hormone
PRDM16 PR/SET domain 16
PRL2C Prolactin family 2, subfamily c
RPL6/19/27 Ribosomal protein L6/19/27
SAT Subcutaneous adipose tissue
Ser Serine
t0 time 0, at the beginning of incubation
TD-NMR Nuclear magnetic resonance
TGFb2 Transforming growth factor Beta 2
TNFa Tumor necrosis factor alpha
TNFRSF1B TNF Receptor Superfamily Member 1B active protein
Var3 variant 3
VAT Visceral adipose tissue
ZAG Zinc-alpha2-glycoprotein
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compared to naive cells maintained at pH7.4 (pH7.4/cancer cells). The
3T3-L1 (CL-173) cell line was purchased from ATCC. 3T3-L1 cells
were maintained in basal medium (DMEM, 10% FBS (Biowest, South
America, S181B-050), 25 mM D-glucose, 4 mM L-glutamine, 1 mM
pyruvate, 100 Units/ml penicillin, 100 mg/ml streptomycin)) and did not
exceed 70e80% confluence to maintain undifferentiated 3T3-L1. After
collection, cell number was assessed by cell counting using blue
trypan exclusion. All cells were maintained at 37 �C, 5% CO2.

2.2. For conditioned medium preparation
pH6.5/ and pH7.4/cancer cells were plated to reach 80% confluence in
24 h, then maintained for 48 h in pH adjusted DMEM with 2% fatty
acid-free bovine serum albumin (BSA, Sigma) replacing FBS. Control
medium was deposited in wells without cells. The conditioned and
control media were collected, spun for 5 min at 500 g to remove
suspended cells, and buffered at pH 7.4.

2.3. Isolation of primary human and murine adipocytes
Patients were recruited after signature of the full consent form be-
tween November 2022 and August 2023. The clinical study TULIP
(ClinicalTrials.gov ID: NCT05128318) was conducted in the service of
abdominal surgery and transplants at Cliniques Universitaires Saint-
Luc/Université Catholique de Louvain (Belgium), revised and approved
in December 2021 by the University-hospital Ethic committee Saint-
Luc-UCL. Inclusion criteria were as follows: 18e60 years old, who
required abdominal surgery for Nissen fondoplicature or cholecystec-
tomy, with a body weight index (BMI) between 18.5 and 30 kg/m2.
Exclusion criteria were patients non-caucasian with cancer, infection,
metabolic syndrome, autoimmune or inflammatory diseases, patients
with beta blocker, hypoglycaemic, anti-diabetic and/or lipid-lowering
treatments. 1e2 cm2 deep abdominal subcutaneous and grand epi-
ploon visceral adipose tissues were harvested from patients. Patient
characteristics are described in Table S1.
Mouse subcutaneous (SAT) and mesenteric adipose tissues (MAT)
were harvested from 8 to 12 weeks old male C57BL/6J mice (Janvier,
France) killed by cervical dislocation. Lymph nodes were removed from
adipose tissues. Each isolation required SAT and MAT pools (1,5-2 g)
from 6 mice to provide enough adipocytes.
Adipose tissues were collected and left on ice in DMEM 5,55 mM D-
glucose, 4 mM L-glutamine, 100 Units/ml penicillin, 100 mg/ml
streptomycin until adipocyte isolation. Adipose tissues were washed
with PBS before being torn into pieces. Pieces were incubated for 30e
35 min at 37 �C under agitation (220 rpm) in digestion buffer con-
taining Krebs (120 mM NaCl, 6 mM KCl, 1,2 mM KH2PO4, MgSO4),
2,5 mM CaCl2, 25 mM NaHCO3, 5 mM D-glucose, 4% fatty acid-free
bovine serum albumin (BSA, Sigma), 30 mM HEPES and 2 mg/mL
Type I collagenase (ThermoFisher), pH 7.4. The digestion was stopped
with 5 mM EDTA. Digested adipose tissues were filtered using 250 mm
Pierce� Tissue Strainers (ThermoFischer, Belgium) and spun for
1 min at 150 g at room temperature. The adipocyte fraction in sus-
pension was isolated and washed twice in Krebs buffer, pH 7.4,
1.2 mM CaCl2, 25 mM NaHCO3, 30 mM HEPES and 2% fatty acid-free
BSA, and spun 1 min at 150 g at room temperature.

2.4. Ex-vivo lipolysis on primary human and murine adipocytes
Isolated adipocytes were suspended in Krebs buffer, pH7.4, 1.2 mM
CaCl2, 25 mM NaHCO3, 30 mM HEPES and 4 % fatty acid-free BSA at
30 000 adipocytes per 200 ml. 200 ml adipocytes in suspension and
200 ml 2% fatty acid-free conditioned medium were deposed in a ratio
1:1 in 48 well plates (Greiner). For control wells, isolated adipocyte
suspension and control medium were deposited at a ratio 1:1 with or

without 10 mM isoproterenol (Iso, Sigma), a b-adrenergic agonist, or
with human recombinant glucuronidase beta (GUSB, Abcam,
ab219458, Belgium). Control medium wells, with lipolysis buffer and
control medium in ratio 1:1, were also prepared. Each condition was
tested in triplicate. Supernatants from control wells were collected at
the beginning of incubation (t0). Lipolysis occurred for 24e48 h under
250 rpm orbital agitation in a humidified 5% CO2 atmosphere at 37 �C.
Lipolytic activity of primary adipocytes was estimated as the concen-
tration of glycerol in supernatants collected at 24 h and 48 h. The
concentrations of glycerol at t0 and in the control medium were
subtracted from the concentrations measured under each condition.
Concentrations in control wells without Iso were then deducted from
the concentrations measured in each condition before normalization to
the number of cancer cells used to produce 200 ml of conditioned
medium (mM per 105 cancer cells). The previously deducted con-
centrations in control well without Iso were then re-added to this
normalised concentration.

2.5. 3T3-L1 differentiation into adipocytes and lipolysis
To induce differentiation, the 3T3-L1 fibroblast cell line was main-
tained for 2 days at confluence and then induced to differentiate into
adipocytes with basal medium supplemented with 10 mg/ml human
insulin (Actarapid, Novonordisk), 0.5 mM isobuthylmethylxanthine
(IBMX), 0.5 mM dexamethasone, 2 nM T3, 2 mM rosiglitazone. Two
days later, medium was changed to basal medium supplemented with
10 mg/ml human insulin for 48 h. Then medium was changed for 7
days with non-supplemented basal medium, refreshed every 2 days.
At day 13 post-induction of differentiation, the adipocytes were
exposed 6he24 h to basal medium with 3% fatty acid-free BSA
replacing FBS with Human recombinant proteins, b-glucuronidase
(GUSB), complements C4A and C4B (Complement Technology, A106
and A108, USA), TNF Receptor Superfamily Member 1B active protein
(TNFRSF1B, MyBiosources, MBS650291, USA), Dipeptidyl Peptidase 7
(DPP7, Biotechne, 3438-SE, USA) and Laminin Subunit Alpha 1
(LAMA1, MyBiosources, MBS2009836). Control wells with or without
1 mM Iso were included. The release of glycerol, representative of
lipolysis, was normalised to protein levels. For protein extraction,
3T3L1 cells were suspended in RIPA buffer containing phosphatase
and protease inhibitors, incubated for 1 h on ice, homogenized by
vortexing every 20 min and centrifuged (15 min 20 000 g 4 �C). Protein
supernatant collection and protein concentration measurement are
described in the western-blot section.

2.6. Mouse experiments
All mouse experiments were approved by the UCLouvain ethical
committee (approval IDs, and dates of approval: 2021/UCL/MD/046,
July 2021, A5/UCL/MD/2022, April 2022; 2023/UCL/MD/A9, June
2023; 2023/UCL/MD/48, August 2023).
Male C57BL/6J and Rj:NMRI-Fxn1 nu/nu mice (6 and 7 weeks old,
respectively, Janvier, France) were kept in specific pathogen-free
conditions and housed in individually ventilated cages with a 12 h
light/dark cycle and fed an irradiated chow diet (AO4-10, Safe, France).
Enrichment was insured through the furniture of nesting material and
shelter.
After a one-week acclimatization, mice were randomly assigned to
experimental groups based on their body weight. CT group (sham-
injected) and tumour-bearing mice were subcutaneously injected with
PBS vehicle, HCT116 or FaDu cancer cells (2 � 106 cells in 0.1 ml
PBS) respectively in right anterior flank. Body weight, fat and lean
mass, tumour size, food and water intake were monitored. Nuclear
magnetic resonance (TD-NMR, minispec mqone, Bruker) was
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performed for fat and lean mass follow-up. Tumour volume (V) was
calculated following formula V ¼ x � x � y � 0.5 (x, shortest
diameter; y, longest diameter; measured using an electronic caliper
(VWR)). Once tumour-injected, mice were monitored daily for signs of
stress and anxiety, based on their physical condition and appearance,
as well as their behaviour using a scoring grid. For these models, the
humane endpoints were as follows: loss of 20% of the initial body
weight; prolonged score (>24 h) greater than 3 or score superior to 5;
tumour ulcerations; tumour volume exceeding 2000 mm3.
In the acidosis neutralisation experiment, mice were divided into 3
groups (Figure 6D): CT group, HCT116-injected group and HCT116-
NaHCO3 (HCT116-injected mice treated ad libitum with 200 mM so-
dium bicarbonate (Qualiphar) in drinking water). NaHCO3 treatment
started 4 days post HCT116-injection until necropsy.
40 mM pHLIP(variant3) (var3: NH2-ACDDQNPWRAYLDLLFP-
TDTLLLDLLW-COOH-AF568; Europeptide Thermofisher) in PBS, a pH-
low insertion peptide targeting the tumoral acidosis [26], was injected
i.v. 4e6 h before tumour resection [5]. Tumours were embedded in OCT,
frozen in cold isopentane andmaintained at�80 �C. Hoechst (2 mg/ml in
PBS, H1399, Sigma) nuclear staining was carried out on acetone-fixed
5 mm tumour sections. Images were acquired using a slide scanner
(Axioscan.z1, Zeiss). The percentage of cells positive for pHLIP was
quantified using QuPath-0.3.2. To take tumour size into account, we
calculated a pHLIP score according to the following formula: pHLIP
score ¼ cells positive for pHLIP (%) * tumour weight (g).
Blood samples from vena cava were harvested following anesthesia
(isoflurane gas, Abbot, Belgium). In NaHCO3 experiment, the blood pH
was measured with a micro pH electrode adapted to volumes less than
100 ml (Hanna instruments) before separation of plasma. Following
SAT (right anterior, left anterior and posterior) and visceral MAT and
epididymal (EAT) adipose tissue collections. Tissues (after subcu-
taneous and mesenteric lymph nodes removal) were weighed and
frozen in liquid nitrogen. All samples were stored at �80 �C until
further analyses.

2.7. Cancer cell mRNA sequencing and tissue mRNA analyses
RNA samples from 3 human pH6.5/and pH7.4/cancer cell lines
(HCT116, SiHa and FaDu) used for conditioned medium preparation,
i.e. in 2% fatty acid-free BSA medium for 2 days, were sequenced after
polyA selection using a 2 � 150 paired-end configuration 1.5 on an
Illumina NovaSeq 6000 instrument (Genewiz, Germany). Raw
sequence data generated were processed using Illumina’s bcl2fastq
2.20 software. Raw fastq files were analysed in house as described
previously [27]: briefly sequences were quality-controlled using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
trimmed by Trimmomatic version 0.38 [28]. Sequence reads were
aligned to the annotated reference genome of Homo sapiens

GRCh37.75 using STAR version 2.6.1d [29] and count matrices were
generated from reads aligned to the reference genome using the
function summarizedOverlaps from the R package GenomicAlignments
version 1.36.0 [30]. Data were tested for differential expression and
normalised using the R package DESeq2 version 1.40.2 [31]. Raw RNA
sequences can be found in the Gene Expression Omnibus (GEO)
database (project ID: GSE253054).
To identify potential prolipolytic proteins mobilised under chronic
acidosis adaptation, a list of genes per cancer cell line was extracted
with p-adj<0.05 and a log 2 fold change (LFC)>� 0.3. These genes
were merged into a list of secreted proteins predicted by a majority
decision-based method for secreted proteins (MDSEC) downloaded in
February 2022 from “The Human Protein Atlas” library (Human Protein
Atlas proteinatlas.org) [32,33]. The MDSEC list was constructed based

on 3 peptide signal prediction methods: SignalIP, Phobius, Spoctopus
[34]. All proteins predicted to be secreted by at least 2 methods were
considered as “predicted secreted proteins”. This method excludes
genes that are predicted to reside in intracellular locations, such as
endoplasmic reticulum or Golgi, despite having a signal peptide pre-
diction. Venn diagrams (https://bioinformatics.psb.ugent.be/webtools/
Venn/) were generated from these lists. PCA and PERMANOVA ana-
lyses were performed using the R package MixOmics version 6.24.0
[35]. The fold change in the expression of the genes encoding the
predicted secreted proteins shared by the 3 cancer cell lines was
correlated with the fold change in glycerol release from pH6.5/cancer
cells on pH7.4/cancer cells using Spearman’s correlation with R
package Hmisc version 5.1e1.
Gene set enrichment analysis was conducted using clusterProfiler
version 4.8.3 [36], fgsea version 1.26.0 [37] and goseq version 1.52.0
[38] on all expressed genes ranked by log 2 fold change. We used the
gene set KEGG pathways databases as reference. Genes were mapped
and coloured according to their padj and log 2 fold change.
Total RNA was isolated from tissues or cells using TriPure reagent
(Roche, Basel, Switzerland). cDNA was prepared by reverse tran-
scription of 1 mg total RNA using the Goscript RT Mix OligoDT kit
(Promega, Leiden, Netherlands). Real-time polymerase chain reactions
(PCR) were performed with a StepOnePlus/QuantStudio Real-Time PCR
System and software (Applied Biosystems, Den Ijssel, The
Netherlands) or a CFX96 TouchTM instrument and software (Bio-Rad
Laboratories, CA, USA) using SYBR Green (GoTaq qPCR mix, Promega,
USA) for detection. All samples were run in duplicate in a single 96-
well reaction plate and data were analysed using the 2-DDCT
method. The purity of the amplified product was verified by analysing
the melt curve obtained at the end of amplification. For mouse ex-
periments, human ribosomal protein L19 (Rpl19) and ribosomal protein
L27 (Rpl27), the murine hypoxanthine guanine phosphoribosyl trans-
ferase (Hprt) or Hprt combined to the Ornithine decarboxylase antizyme
1 (Oaz1), using a geometric mean approach [39], were used as
housekeeping genes respectively for tumour derived from human
cancer cells, subcutaneous, epididymal and mesenteric adipose tis-
sue. Human Rpl27 and Rpl19, and murine ribosomal protein L6 (Rpl6),
were used respectively as housekeeping genes for human FaDu, SiHa
and HCT116 cancer cells and for murine C26 and LLC. Primer se-
quences are listed in Table S2.

2.8. Western blot analyses on adipose tissues
Total protein was extracted from adipose tissues using RIPA buffer
containing phosphatase and protease inhibitors. Adipose tissue
(50 mg) was homogenized in 300 ml of RIPA buffer using a Tissue
Lyser. The homogenate was mixed under end-over-end rotation
(20 min 4 �C) and incubated on ice for 1 h at 4 �C. Samples were
centrifuged (15 min 20 000 g 4 �C) and protein supernatant was
collected by removing the lipid layer. The 2 last steps were repeated
twice to reduce the amount of lipid in the sample. Protein concentration
was measured using Pierce� BCA Protein Assay Kit (ThermoFisher).
Total protein extracts (30 mg) were separated by 10% SDS-PAGE and
transferred to nitrocellulose membranes using a Trans-Blot Turbo
Transfer System (Bio-Rad, Hercules, CA, USA). Membranes were
stained with Ponceau S dye for protein detection, blocked in Tris-
buffered saline-Tween 20 (TBS-T) containing 5% dry milk (Régilait,
France) for 1 h at room temperature and then incubated overnight with
primary antibody at 4 �C under gentle agitation. Next morning,
membranes were rinsed with TBS-T and incubated with secondary
antibody (dilution 1/10 000; Merck, a-rabbit, IgG Antibody, Peroxidase
Conjugated #AP132P or dilution 1/4000; Dako, a-mouse IgG, HRP-
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linked Antibody #P0260) in 1% milk or BSA for 1 h at room temper-
ature. Signals were revealed using the SuperSignal West Pico, ana-
lysed with the ImageQuant TL instrument (GE Healthcare,
Waukesha,WI, USA) and quantified with the imaging software Image
Quant TL 8.2 (GE Healthcare). When necessary, membranes were
incubated in stripping buffer for 15 min at room temperature (Ther-
moFisher, #21059), rinsed with TBS-T, and then re-blocked. Because
at least two gels were required to analyse all samples, data were
normalised by the mean protein expression of two samples deposited
on each gel.
Primary antibodies (dilution 1/1000 in 5% BSA or dry milk TBS-T; Cell
Signaling): HSL (BSA; a-rabbit, #4107); phospho-HSL(Ser660) (dry
milk; a-rabbit, #45804); phospho-HSL(Ser563) (BSA; a-rabbit,
#4139); phospho-HSL(Ser565) (BSA; a-rabbit, #4137); ATGL (dry milk;
a-rabbit, #2138). b-actin primary antibody (dilution 1/5000 in 1% dry
milk TBS-T; Abcam, a-Mouse, #ab6276) was used as loading control.

2.9. Dosage of NEFA and glycerol
Glycerol and NEFA in adipocyte supernatants and plasma were
measured using glycerol (Sigma, MAK117 and F6428; Promega,
J3150) and NEFA (Randox) assay kits according to the manufacturer’s
protocol. In vivo lipolytic activity was estimated as the concentration of
circulating glycerol and NEFA, normalised to total fat mass measured
by TD-NMR.

2.10. Dosage of glucose and glutamine
Glutamine and glucose concentration in conditioned media were
measured using glutamine (Abcam) and glucose assay kits (GOD FS,
DiaSys) according to the manufacturer’s protocols.

2.11. Dosage of circulating human b-glucuronidase (GUSB)
Human GUSB was measured using a GUSB ELISA kit (Invitrogen) ac-
cording to the manufacturer’s protocol.

2.12. Cross-sectional prospective study with cancer patients
The cohort of patients and its characterisation was previously reported
[40]. This study was conducted at the Cliniques universitaires Saint-
Luc (Belgium) and approved by the University-hospital Ethic commit-
tee Saint-Luc-UCL (NCT01604642).
Patients with colorectal or lung cancer were recruited at diagnosis or
relapse, before any therapeutic intervention, from January 2012 to
March 2014. Written consent was obtained prior to enrolment in the
study. Exclusion criteria were: non-Caucasian, patients with underlying
problems leading to malnutrition, major walking handicap, ECOG
performance status �4 and conditions that would preclude partici-
pation in the full protocol. The cachectic status was determined using
the definition proposed by Fearon et al., as an involuntary weight loss
>5% over the past 6 months or weight loss>2% and BMI<20 kg/m2

or weight loss>2% and low muscularity [41]. Fat mass was assessed
by abdomen CT scan [40].

2.13. Statistical analysis
Statistical analyses were carried out using GraphPad Prism� 8.01 (La
Jolla, California, USA). Normality was checked using the ShapiroeWilk
test. Outliers were excluded using Grubbs’ test (a ¼ 0.05). Data were
analysed using a Student t-test when comparing two groups, one-way
ANOVA with Dunnett’s post-hoc tests, or two-way ANOVA with Sidak’s
post-hoc tests when appropriate. For data determined to be normal
without assuming equal variance, data were analysed using a Student
t-test with Welch’s correction when comparing two groups or using
Brown-Forsythe ANOVA and Welch ANOVA tests for more than two

groups. Non-normal data were analysed using a ManneWhitney U test
or KruskaleWallis test with Dunn’s post-tests. Concerning simple
correlations between 2 variables, Pearson’s and Spearman’s corre-
lations were performed for normal and non-normal data respectively.
For lipolysis data of murine primary adipocytes, a mixed model anal-
ysis was performed using the R packages car version 3.1e2 [42],
lme4 version 1.1e35.1 [43] and lsmeans version 2.30e0 [44]. In this
model, the conditioned medium treatment was defined as fixed effect
and each isolation was considered as random effect. We considered
p � 0.05 to be statistically significant.

3. RESULTS

3.1. Acid-exposed cancer cells foster lipolysis in primary
subcutaneous and mesenteric adipocytes
To evaluate the prolipolytic capacities of acid-exposed cancer cells,
cancer cell lines from human origin, HCT116, SiHa, FaDu, MIA PaCa-2
and PANC-1, and from murine origin, C26 and LLC, were adapted to
pH6.5 (pH6.5/cancer cells) while naive cells were maintained at pH7.4
(pH7.4/cancer cells). Primary mouse adipocytes from subcutaneous
(SAT) and mesenteric adipose tissues (MAT) were exposed to condi-
tioned medium from pH6.5/and pH7.4/cancer cells (Figures 1, S1).
Importantly, the conditioned media were buffered at pH7.4 before
adipocyte treatment to exclude a direct pH-related effect and only
evaluate the impact of factors released by acid-exposed cancer cells
(Fig. S1cef). Conditioned medium from the above acid-exposed
cancer cells (except PANC-1 and C26 cells) triggered an increase in
lipolysis, measured via glycerol release, from subcutaneous and
visceral mesenteric primary adipocytes. Both types of adipocytes
exhibited a similar response if not the strongest response in subcu-
taneous adipocytes in SiHa (at 48 h) and LLC (Table S3).
Altogether, these results highlight that acid-exposed cancer cell lines
are more likely to promote lipolysis in adipocytes via the release of
soluble factors.

3.2. Acidosis adaptation promotes mRNA expression of
exogeneous fatty acid import markers
We addressed the fatty acid metabolism shift in pH6.5/FaDu, SiHa,
HCT116, C26 and LLC under fatty acid-free conditions through non-
targeted (only in human cancer cells) and targeted transcriptomic
approaches. Principal component analysis on transcriptomics data
obtained from FaDu, SiHa and HCT116 highlighted a clear separation
between pH6.5/and pH7.4/cancer cells (Figure 2AeB). PC1 and PC2
accounted for the origin of the cell lines while PC3 revealed the
contribution of acidosis to the variance in the dataset. Accordingly, a
PERMANOVA analysis indicated that acidosis adaptation explained 9%
of the variance (p ¼ 0.033) while cell origin explained 54% of the
variance (p ¼ 0.001). Acid exposure modified the expression of 8587,
4603 and 8992 genes respectively in FaDu, SiHa and HCT116 cells
with 684 genes commonly affected [padj <0.05; log2 fold change
>0.3] (Figure 2C, full list in Table S4). Among these 684 genes, 404
genes shared similar changes of direction, with 212 genes commonly
overexpressed and 192 genes commonly downregulated. Mapping of
main lipid metabolism pathways identified significant alterations in
pH6.5/cancer cells (Figures 2D and S2). An upregulation of fatty acid
uptake was observed with consistent Cd36 (cluster of differentiation
36) increase in all pH6.5/cancer cells, but also cell type-dependent
changes in other actors of fatty acid uptake (Figures 2D, S2 and 3).
For instance, fatty acid binding protein 4 (Fabp4) expression was
enhanced in C26 and LLC cells, and transforming growth factor b2,
tgfb2, which has been previously identified as a driver of the uptake
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and storage of fatty acids in acid-exposed cancer cells [5], was
increased in pH6.5/FaDu and LLC. Transcriptomic analysis also
revealed that the fate of fatty acids was not restricted to storage as
triglycerides in lipid droplets (as in HCT116, SiHa, C26, LLC) but also
encompassed oxidation in mitochondria and/or peroxisomes (HCT116,
FaDu). Consistent with an increase in fatty acid import, human pH6.5/
FaDu, SiHa and HCT116 exhibited a decreased fatty acid synthesis
with a downregulation of fatty acid synthase (Fasn), the final enzyme of
de novo lipogenesis (Figures 2 and 3D and S2). In line with previous
RNAseq studies conducted in pH6.5/cancer cells cultured in the
presence of fatty acids [4], our transcriptomic analyses in cells
deprived of exogenous fatty acids underscore the preference of
acidosis-adapted cancer cells for exogeneous fatty acids rather than
endogenous fatty acid synthesis to fulfil their lipid requirements.
As a consequence of greater dependence on fatty acids under acidosis,
pH6.5/cancer cells consumed generally less glutamine and glucose
than pH7.4/cancer cells (Fig. S1geh). As glucose and glutamine can
both modulate lipolysis [45,46], we next aimed to determine to which
extent this reduced nutrient consumption may explain the enhanced
prolipolytic ability of acid-adapted cancer cells. Primary mouse adi-
pocytes were exposed to medium containing the same levels of
glucose and glutamine than the ones present in the conditioned me-
dium of pH6.5/and pH7.4/HCT116 for 48 h. No difference in the
lipolytic response were observed between both conditions (Fig. S1i).
We therefore concluded that the altered depletion of nutrients is not
driving the enhanced prolipolytic ability of acid-exposed HCT116.

3.3. Tumoral acidosis is associated to an enhanced lipolysis in vivo
leading to a loss of adipose tissue
Human colon HCT116 and pharynx FaDu cancer cells were previously
reported to generate tumours exhibiting a pH gradient in mice [47e
53]. HCT116 tumour-bearing mice developed cachexia, in parallel to
tumour growth, with a decrease in fat mass starting 14 days post-
HCT116 injection, earlier than the reduction of body weight and food

intake starting from 15 days post-HCT116 injection (Figure 4AeE). In
adipose tissues localized from the closest to the farthest from the
tumour (developing in the right anterior flank), we observed significant
reductions of 54% in right anterior, 50% in left anterior, 46% in
posterior SAT, and 32% and 48% in visceral EAT and MAT, respec-
tively (Figure 4FeJ). Both close and distant adipose tissues were
depleted with higher fat loss in the closest adipose tissues. Interest-
ingly, this fat mass loss precedes lean mass depletion, which occurred
16 days post-HCT116 cell injection with a 13% and 15% reduction in
the gastrocnemius and tibialis muscles, respectively (Figure 4KeN).
This adipose tissue depletion was accompanied by a 2.5e3 fold in-
crease in in vivo lipolytic activity, measured as the concentration of
plasma NEFA and glycerol normalised to the amount of total fat mass
[20] (Figure 5AeB). We next aimed to evaluate whether this increased
lipolytic activity resulted from an increased expression or activity of
lipolytic enzymes. Markers of lipolysis inhibition were decreased in
adipose tissues closer from the tumour, with a trend and a significant
decrease of phospho-HSL565, normalised to HSL, in right and left
anterior SAT. At distance from the tumour, the MAT presented an in-
crease of markers of lipolysis activation, with an upward trend for ATGL
and a significant increase of phospho-HSL660 normalised to b-actin
(Figures 5CeH and S3). The increase of ATGL protein in MAT was
supported by a higher Atgl mRNA expression. Nonetheless, ATGL and
HSL protein expressions were not altered in posterior subcutaneous
and visceral adipose tissues. Lipa (gene encoding the LAL protein), a
lysosomal lipolytic enzyme, was increased in MAT and EAT. We
explored mediators of lipolysis such as fat-specific protein 27 (Fsp27)
and GO/G1 switch 2 (G0S2), two ATGL inhibitors, and the comparative
gene identification-58 protein (CGI-58) which recruit and activate ATGL
[18] (Fig. S4). Interestingly, Cgi-58 mRNA expression increased
consistently in posterior SAT, MAT and EAT and would be a key
mediator of their lipolysis by activating ATGL. In conclusion, we found
tissue-specific changes that associated with tissue location from the
tumour, with a lower inhibition of lipolysis in adipose tissues close to

Figure 1: Conditioned medium from human acid-exposed cancer cells induces subcutaneous and mesenteric adipocyte lipolysis. Treatment of subcutaneous (SAT, top
panel, a-e) and mesenteric (MAT, bottom panel, f-j) ex-vivo adipocytes, from male C57BL/6, with conditioned medium from human pH7.4/(in green) and pH6.5/cancer cells (in
pink), FaDu (a,f), SiHa (b,g), HCT116 (c,h), MIA PaCa (d,i), and PANC-1(e,j), for 24 h or 48 h. In the control condition, adipocytes were treated with control medium collected in
parallel to the conditioned medium. The glycerol level reflects lipolysis. The glycerol level was normalised to the number of cancer cells used for preparation of the conditioned
medium. FaDu, human hypopharyngeal cancer cells; SiHa, human cervix cancer cells; HCT116, human colon cancer cells; MIA PaCa-2 and PANC-1, human pancreatic cancer
cells. Data are presented as the mean � SEM. n ¼ 6e7 (except for PANC-1, n ¼ 3). Each point represents a replicate. *p < 0.05, **p < 0.01, ****p < 0.0001.
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the tumour and a common increase of Cgi-58 in adipose tissues
distant from the tumour. In FaDu tumour-bearing mice, adipose tissues
were collected when the tumour reached 2000 mm3 or on day 44 post-

injection for the last mice (Fig. S5). FaDu injection promoted EAT loss
without affecting body weight and food intake, and independently of
muscle atrophy. Regarding in vivo lipolysis activity, NEFA levels were

Figure 2: Acidosis adaptation impacts the cancer cell transcriptome, including their fatty acid metabolism pathways. (a, b) Principal Component Analyses (PCA) performed on
gene expression in human pH6.5/(pink) and pH7.4/FaDu (circle), SiHa (cross) and HCT116 (triangle) cancer cells (green), depicting PC1 and 2 (a) and PC1 and 3 (b). (c) A Venn diagram
was generated from genes differentially expressed between human pH6.5/and pH7.4/FaDu, SiHa and HCT116 cancer cell lines (d) Overview of the expression level of genes involved in
fatty acid metabolism in pH6.5/HCT116 compared with pH7.4/HCT116 (adapted from Rolver et al., 2023 [4]). Colour indicates p-adj, p-value and average log2 fold change (LFC) across
5 replicates per condition. ABCD1/3/4, ATP binding cassette subfamily; ACACB, acetyl-CoA carboxylase beta; ACAD9, acyl-Coa dehydrogenase 9; ACAT2, acetyl-CoA acetyltransferase
2; ACLY, ATP citrate lyase; ACOX1, acyl-CoA oxidase 1; ACSL1/3/4, acetyl-CoA synthethase long chain 1/3/4; AGPAT1/3/5, 1-acylglycerol-3-phosphate O-acyltransferase 1/3/5; ATGL,
adipose triglyceride lipase; CD36, cluster of differentiation 36 or fatty acid translocase; CPT1a/2, carnitine palmitoyltransferase 1alpha/2; DG, diglyceride; DGAT1/2, diacylglycerol O-
acyltransferase 1/2; DHCR7/24,7/24-dehydrocholesterol reductase; ECH1, enoyl-CoA hydratase 1; EHHADH, enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase; ELOVL1/5,
ELOVL fatty acid elongase 1/5; ETFDH, electron transfer flavoprotein dehydrogenase; FA, fatty acid; FaDu, human hypopharyngeal cancer cells; FASN, fatty acid synthase; G3P, glycerol-
3-phosphate; GPAT2/3/4, glycerol-3-phosphate acyltransferase 2/3/4; HACD1/2/3, 3-hydroxyacyl-CoA dehydrogenase 1/2/3; HADHA/B, hydroxyacyl-CoA dehydrogenase trifunctional
multienzyme complex subunit alpha/beta; HCT116, human colon cancer cells; HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase; HSD17B4/10/12, hydroxysteroid 17-beta dehy-
drogenase 4/10/12; HSL, hormone-sensitive lipase; LCFA, long chain fatty acid; LPA, lysophosphatidic acid; LPIN1/2/3, Lipin 1/2/3; NEFA, non-esterified fatty acids; MGL, mono-
glyceride lipase; PA, palmitic acid; PEX5/6/11A, peroxisomal biogenesis factor 5/6/11 alpha; PLIN2/3, Perilipin 2/3; SLC25A1/20, solute carrier family 25 member 1/20; SiHa, human
cervix cancer cells; SLC27A1/3/5, solute carrier family 27 member 1/3/5; TECR, trans-2,3-enoyl-CoA reductase; TG, triglyceride. Created with BioRender.com.
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increased by 1.60 in FaDu tumour-bearing mice, while glycerol levels
were unaffected. Altogether, these results indicate that HCT116 are
more prone to induce adipose tissue breakdown than FaDu tumours.
To explore the association between tumoral acidosis and adipose
tissue depletion, we first reasoned that larger was a tumour, more
pronounced was the ambient tumour acidosis. Using the tumour
weight however failed to identify a correlation with the extent of adi-
pose tissue loss (Figure 6C), except with right and left anterior SAT (ie,
the closest adipose tissues from tumours). We therefore used pHLIP, a
pH-low insertion peptide to more directly evaluate, upon mouse in-
jection, the extent of acidosis in HCT116 tumours (Figure 6AeC)
[5,26]. We found that the percentage of pHLIP-positive cells did not
correlate with tumour weight (r ¼ 0.2780, p ¼ 0.38). By computing a
pHLIP score combining the percentage of cells positive for pHLIP and
the tumour weight, we found a more pronounced trend towards a
negative correlation in distant adipose tissues with however a statis-
tical significance only for posterior SAT.
In FaDu tumour-bearing mice, instead of pHLIP we used Mct4 (mon-
ocarboxylate Transporter 4) gene expression as a marker of tumour
hypoxia and thus a reasonable marker of acidosis considering its dual
lactate/Hþ symporter function [2]. Mct4 negatively correlated very
closely with left anterior and posterior SAT and EAT; a similar trend
was observed for right anterior SAT and MAT (Fig. S5i).
Altogether, these data strongly suggest a link between tumoral
acidosis and adipose tissue loss in mice.

3.4. Neutralisation of tumoral acidosis with sodium bicarbonate
prevents adipose tissue depletion in vivo

To explore more formally the contribution of tumoral acidosis to adi-
pose tissue depletion, HCT116 tumour-bearing mice were treated for

14 days with 200 mM sodium bicarbonate (NaHCO3) in drinking water
to dampen tumoral acidosis (Figures 6FeK and S6). Necropsy was
carried out at the onset of fat mass loss in HCT116 tumour-bearing
mice without NaHCO3 treatment, before any decrease in food intake
to avoid the interference of anorexia. This necropsy at an earlier stage
of cachexia led to a more modest reduction in adipose tissue weight
(Figures 4D, S6e). A delay ofw4 days in tumour growth was recorded
compared to the previous experiment (Fig. S6a), which explains the
lower fat mass loss despite the necropsy being carried over 18 days
post-injection versus 16 days for the previous experiment. Tumour
weight at necropsy and systemic pH were not affected by NaHCO3
treatment (Figures 6EeF and S6a).
To address the NaHCO3 effect on neutralisation of tumour acidosis, we
explored both pH homeostasis mediators and fatty acid metabolism in
the HCT116 tumour. The mRNA expression of the lysosomal associ-
ated membrane protein 2, LAMP2, reported to increase under acidosis
[54], was decreased under bicarbonate treatment (Fig. S6len). This
reduction was accompanied by an increase of Mct4 expression
probably to facilitate the export of Hþ and increase the pH in the
HCT116 tumour. The increase in mRNA expression of CA2, the car-
bonic anhydrase 2, would be a straight response to NaHCO3 treatment.
Indeed, CA2 can increase the intracellular pH by catalysing the reaction
transforming HCO3

� and one proton Hþ into CO2 and H2O [1]. Moreover,
the bicarbonate administration would reduce the fatty acid dependency
associated to acidosis in the HCT116 tumour with a decrease of Fabp4
and Fasn (Fig. S6oeq). Altogether, these data suggest that tumour
acidosis was neutralised by NaHCO3.
The administration of bicarbonate protected against total fat mass loss by
preventing adipose tissue depletion induced by HCT116 injection in
anterior left and posterior SAT, EAT andMAT (Figures 6GeK and S6gek).

Figure 3: Acidosis adaptation promotes exogenous fatty acid import rather than endogenous fatty acid synthesis. mRNA relative expression of fatty acid uptake genes,
Cd36 (a) and Fabp4 (b), de novo lipogenesis genes, Srebf1 (c) and Fasn (d), fatty acid storage genes, Tgfb2 (e), Dgat1 (f) and Plin2 (g), and b-oxidation gene, Cpt1a (h), in human
pH6.5/cancer cells, FaDu, SiHa, HCT116, and in murine pH6.5/C26 and LLC. Gene expression in pH6.5/cancer cells was expressed relative to the mean gene expression in pH7.4/
cancer cells (pH7.4 ¼ 1; dotted line). Cd36, cluster of differentiation 36 or fatty acid translocase; Fabp4, fatty acid binding protein 4; Srebf1, sterol regulatory element binding
transcription factor 1; Fasn, fatty acid synthase; Tgfb2, transforming growth factor beta 2; Dgat1, diacylglycerol O-acyltransferase 1; Plin2, perilipin 2; Cpt1a, carnitine palmi-
toyltransferase 1A. FaDu, human hypopharyngeal cancer cells; SiHa, human cervix cancer cells; HCT116, human colon cancer cells; C26, murine colon cancer cells; LLC, Lewis
lung carcinoma cells. Data are presented as the mean � SEM. n ¼ 4e7. Each point corresponds to one n. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Besides, NaHCO3 administration prevents the Atgl mRNA expression
increase in MAT (Figure 6L). This was not associated to a decrease of
tumoral known prolipolytic factors Il6, Tnfa, Zag or Pthlh mRNA
expression (Fig. S6reu). The above findings support a role for tumoral
acidosis in adipose tissue depletion.

3.5. Tumoral acidosis promotes the expression of GUSB, a newly
identified prolipolytic factor in vitro

To identify prolipolytic mediators released by acid-exposed cancer
cells that may reach out to adipose tissues, we first examined a set of
known prolipolytic mediators, namely IL6, TNFa, ADM, ZAG, PTHLH

and Proliferin-1 [11,19,23]. Proliferin-1 is a protein member of the
growth hormone/prolactin gene family, encoded by Prl2c (prolactin
family 2, subfamily c) gene only expressed in mice, but humans
presents proliferin-1-like molecules that could have similar effect [23].
The patterns and number of upregulated pro-lipolytic mediators vary
with the nature of acid-exposed cancer cells. For instance, pH6.5/
HCT116 cells exhibited high levels of several factors (ie, Il6, Tnfa, Zag
and Pthlh) while pH6.5/SiHa cells displayed no change (Figure 7AeF).
In a second step, to pinpoint potentially new prolipolytic mediators
shared between pH6.5/cancer cells, we took advantage of our tran-
scriptomics analysis to identify commonly predicted secreted proteins

Figure 4: HCT116 cells promote adipose tissue depletion before lean mass loss in vivo. Evolution of tumour volume (a), body weight (b), food intake (c) and fat mass (d) in
male sham-injected mice (CT) and mice injected with human colon HCT116 cancer cells (HCT116), for 16 days post-injection. (e) Delta fat mass between day 16 post-injection
(necropsy) and day 0 in CT and HCT116 tumour-bearing mice. Right anterior (f), left anterior (g) and posterior (h) subcutaneous adipose tissue (SAT), visceral epididymal (i, EAT) and
mesenteric (j, MAT) adipose tissue weights in CT and HCT116 tumour-bearing mice at necropsy. (k) Evolution of lean mass for 16 days post-injection. (l) Delta lean mass between
the day of necropsy and day 0 in CT and HCT116 tumour-bearing mice. Gastrocnemius (m) and tibialis (n) weights at necropsy. Data are presented as the mean � SEM. Each point
corresponds to one mouse (n ¼ 11e12) or mean food intake per cage (n ¼ 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5: HCT116 tumour induces adipose tissue lipolysis in vivo. Plasma non-esterified fatty acids (NEFA, a) and glycerol (b) concentrations on amount of total fat mass
measured by NMR on day 16 of necropsy in male sham- (CT) and HCT116-injected mice (HCT116). (c) Representative figure of the 3 steps of adipose lipolysis; ATGL and HSL are
the limiting enzymes of adipose lipolysis. ATGL catalyzes the transformation of triglycerides (TG) into diacylglycerides (DG), HSL transforms the DG into monoacylglycerides (MG).
HSL is regulated by phosphorylation, either by activating (on Ser660 and Ser563, in green) or inhibiting (on Ser565, in pink) adipose lipolysis. MGL converts DG into glycerol. Each
step of adipose lipolysis releases one NEFA. (deh) Protein expression of lipolysis enzymes, ATGL, non-phosphorylated HSL, phosphorylated HSL; inhibitor (pHSL565, in pink) or
activator of lipolysis (pHSL563 and pHSL660, in green), in right anterior (d), left anterior (e) and posterior (f) subcutaneous SAT, visceral epididymal (EAT, g) and mesenteric (MAT,
h) adipose tissues on the day of necropsy in CT and HCT116 tumour-bearing mice. ATGL and HSL were normalised to b-actin and phosphorylated HSL (pHSL) on HSL and to b-
actin for pHSL560. NEFA, non-esterified fatty acids; NMR, nuclear magnetic resonance; HCT116, human colon cancer cells; ATGL, adipose triglyceride lipase; HSL, Hormone-
sensitive lipase; pHSL, phosphorylated HSL; MGL, monoglyceride lipase; TG, triglyceride; DG, diacylgyceride; MG, monoglyceride; Ser, serine; SAT, subcutaneous adipose tis-
sue; EAT, epididymal adipose tissue; MAT, mesenteric adipose tissue. Data are presented as the mean � SEM. n ¼ 10e12. Each point corresponds to one mouse. *p < 0.05,
**p < 0.01.
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that are increased upon acidosis adaptation. 86 predicted secreted
proteins were identified from the 684 altered genes shared between
FaDu, SiHa and HCT116 (Figure 7GeI). Among them, only 24 were
consistently overexpressed in the 3 cell lines (Figure 7JeM). Principal
component analysis on predicted secreted proteins confirmed a clear
separation between pH6.5/cancer cells and pH7.4/cancer cells, with
cell origin and acidosis explaining 59% (p ¼ 0.001) and 9% of the
variance (p ¼ 0.034) (Figure 7HeI). The expression of the 24 over-
expressed predicted secreted proteins was correlated with glycerol
release (Fig. S7). Based on these correlations and a literature search,
13 secreted proteins were selected for further exploration. Specifically,
proteins not positively correlated with glycerol release, previously
associated with decreased lipolysis, or documented to display lower
levels in cancer, were discarded. Among the 13 selected proteins, we
focused on 7 proteins present in the plasma: b-glucuronidase (GUSB),
hexose-6-phosphate dehydrogenase (H6PD), laminin subunit a1
(LAMA1), Complements C4A and C4B, dipeptidyl peptidase 7 (DPP7)
and tumour necrosis factor receptor superfamily member 1B
(TNFRSF1B).
3T3-L1 adipocytes were incubated in presence of these proteins for
6 h and 24 h. Human recombinant proteins C4A, C4B, TNFRSF1B,
DPP7 and LAMA1 did not induce lipolysis (Fig. S8aej). Human re-
combinant H6PD was produced in a buffer that induced alone a strong
lipolytic response, making the results of the incubation of 3T3-L1
adipocytes in presence of H6PD uninterpretable. As the level of H6PD
was not increased in the plasma of HCT116 tumour-bearing mice or in
the conditioned media, we discarded H6PD as a prolipolytic mediator
involved in our setting (Fig. S8kel). Interestingly, GUSB demonstrated
prolipolytic effects on 3T3-L1 adipocytes after 6 h (300 ng/ml) and
24 h (0.3, 30 and 300 ng/ml), an effect that we confirmed in human
primary subcutaneous and mesenteric adipocytes exposed to 150 ng/
ml GUSB (Figure 8AeB). In accordance with our hypothesis, plasma
GUSB levels were increased in HCT116 tumour-bearing mice and
negatively correlated with the weight of posterior SAT and MAT
(Figure 8CeD). The levels of GUSB increased in the pH6.5/HCT116
conditioned medium but not in the pH6.5/FaDu and pH6.5/SiHa
conditioned media (Figure 8E). Consistently, no change in plasma
human GUSB was observed in FaDu tumour-bearing mice (Figure 8F).
In contrast, neither Gusb mRNA expression in the tumour nor circu-
lating GUSB protein levels were modulated in bicarbonate-treated
HCT116 tumour-bearing mice (Figure 8GeH). Of note, circulating
levels of GUSB were not increased in HCT116 tumour-bearing mice at
this early stage of fat mass loss.
Overall, we demonstrated that acid-exposed cancer cells exhibit an
increase in the expression of a panel of known prolipolytic factors,
although unshared between cancer cell lines. Furthermore, we iden-
tified GUSB as a promising new key player in the promotion of
adipocyte lipolysis.

3.6. In vivo lipolysis was increased in cachectic patients with colon
and lung cancer but negatively associated with plasma human GUSB
Finally, to further explore the role of GUSB in cachectic patients, we
measured plasma GUSB in cachectic (C) and non-cachectic (NC) pa-
tients with colorectal or lung cancer. Cachectic patients displayed
increased lipolytic activity than non-cachectic patients, as evidenced
by higher levels of plasma glycerol levels normalised to fat mass
(Fig. S9aec). Plasma GUSB levels were unchanged between cachectic
and non-cachectic patients, independently of cancer type (Fig. S9def).
Strikingly, plasma GUSB levels correlated positively with fat mass and
body mass index, and negatively with body weight loss and lipolytic
activity (Fig. S9gej). We therefore looked at plasma GUSB levels

Figure 6: Tumoral acidosis associates with adipose tissue weights in HCT116

tumour-bearing mice and neutralisation of acidosis with bicarbonate prevents

adipose tissue weight loss. (a) Representative full (left panel) and enlarged (right
panel) longitudinal tumour sections from male HCT116 tumour-bearing mice at day
16 post-injection (necropsy) with fluorescent staining for pHLIP (in red), a pH-low
insertion peptide with properties to high targeting the tumoral acidosis, and for
Hoechst (in blue), a nucleus dye. (b) pHLIP score at day of necropsy in HCT116
tumour-bearing mice. (c) Correlations of fat mass, right anterior, left anterior,
posterior subcutaneous (SAT), visceral epididymal (EAT) and mesenteric (MAT) ad-
ipose tissues (in % BW0) with tumour (in g) and pHLIP score in HCT116 tumour-
bearing mice. In green bold p < 0.05, in bold p < 0.1. (d) Male sham- (CT) and
HCT116-injected mice were treated for 14 days without (HCT116) or with 200 mM
sodium bicarbonate (HCT116 þ NaHCO3) in drinking water starting from 4 days post
HCT116-injection. Necropsy was performed on day 18 post-HCT116 injection.
Tumour weight (e) and Systemic blood pH (f) on day 18 of necropsy. Right anterior
(g), left anterior (h), posterior (i) SAT, visceral EAT (j) and MAT (k) adipose tissue
weights at necropsy. (gek) The mean adipose tissue weight in control mice was
represented by a dotted line. (lep) MAT adipose tissue mRNA relative expression of
lipolysis genes, Atgl (l), Hsl (m), Lipa (n), Cgi-58 (o), G0s2 (p) in male HCT116
tumour-bearing mice without (HCT116) or without NaHCO3 treatment (HCT116 þ

NaHCO3). (lep) Gene expression in HCT116 tumour-bearing mice was expressed
relative to the mean gene expression in the sham-injected control mice (CT ¼ 1,
dotted line). HCT116, human colon cancer cells; BW0, body weight on day 0 of
HCT116 injection; Atgl, adipose triglyceride lipase; Hsl, hormone sensitive lipase;
Mgl, monoglyceride lipase; Lipa, Lipase A, Lysosomal Acid Type; Cgi-58, compar-
ative gene identification-58 protein; G0s2, G0/G1 Switch 2. Data are presented as
the mean � SEM. n ¼ 5e12. Each point corresponds to one mouse. *p < 0.05,
**p < 0.01, ***p < 0.001. Created with BioRender.com.
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Figure 7: Expression of known prolipolytic factors and predicted secreted proteins in three human cancer cell lines exposed to acidosis. (a-f) mRNA relative expression
of Il6 (a), Tnfa (b), Adm (c), Zag (d), Pthlh (e) and Prl2c (f) in the human pH6.5/cancer cell lines, FaDu, SiHa and HCT116, and in murine pH6.5/C26 and LLC. Gene expression in
pH6.5/cancer cells was expressed relative to the mean gene expression in pH7.4/cancer cells (pH7.4 ¼ 1; dotted line). Data are presented as the mean � SEM. n ¼ 4e7. Each
point corresponds to one n. (g, j) Venn diagrams were constructed from predicted secreted proteins differentially expressed between pH6.5/and pH7.4/FaDu, SiHa and HCT116
cancer cell lines. (h,i) Principal Component Analyses (PCA) was performed on predicted secreted proteins from human pH6.5/(pink) and pH7.4/FaDu (circle), SiHa (cross) and
HCT116 (triangle) cancer cells (green) depicting PC1 and 2 (h) and PC1 and 3 (i). (k,l,m) Gene expression (in counts) of 24 predicted secreted proteins upregulated upon acidosis
and shared between FaDu (k), SiHa (l) and HCT116 (m) cancer cells, ranked by the mean log2 fold change of 3 cancer cell lines. Data are presented as the mean � SEM. (gem).
n ¼ 5. Il6, interleukin 6; Tnfa, tumour necrosis factor alpha; Adm, adrenomedullin; Zag, zinc-alpha-2-glycoprotein; Pthlh, parathyroid hormone like hormone; Prl2c, prolactin family
2 subfamily c member 2. Lama1, laminin subunit alpha 1; Tnfrsf1B, tnf receptor superfamily member 1B; Igsf10, immunoglobulin superfamily member 10; Patl2, Pat1 homolog 2;
C4B, complement c4b; C4A, complement c4a; Btn3A3, butyrophilin subfamily 3 member a3; Wdr90, wd repeat domain 90; Gusb, glucuronidase beta; Btn3A1, butyrophilin
subfamily 3 member A1; Hla-A, major histocompatibility complex, class I, A; Btn3A2, butyrophilin subfamily 3 member A2; Sowaha, sosondowah ankyrin repeat domain family
member A; Atad5, ATPase Family AAA domain containing 5; Ppox, protoporphyrinogen oxidase; Cfdp1, craniofacial development protein 1; Nptxr, neuronal pentraxin receptor;
H6pd, hexose-6-phosphate dehydrogenase/glucose 1-dehydrogenase; Mrpl55, mitochondrial ribosomal protein L55; Sema3F, semaphorin 3F, SerpinE3, serpin family E member 3;
Dpp7, dipeptidyl peptidase 7; Tmc06, transmembrane and coiled-coil domains 6; Cdc23, cell division cycle 23; FaDu, hypopharyngeal cancer cells; SiHa, cervix cancer cells;
HCT116, colon cancer cells; C26, colon cancer cells; LLC, Lewis lung carcinoma cells; pH6.5, pH6.5-exposed cancer cells; pH7.4, pH7.4-maintained cancer cells. *p < 0.05,
**p < 0.01 ***p < 0.001, ****p < 0.0001.
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stratified per BMI. Interestingly, plasma GUSB was increased only in
cachectic patients with a usual BMI <20 kg/m2 (Fig. S9k).

4. DISCUSSION

The contribution of host metabolism to tumoral growth is emerging and
may reveal new therapeutic targets. For instance, the increased
availability of fatty acids fosters triglyceride storage and lipid oxidation
within cancer cells in parallel with their invasive potential [6,7].
Furthermore, proton accumulation in tumoral acidosis has been re-
ported to promote lipolysis in cancer-associated adipocytes [10].

Therefore, we assumed that acidosis may also contribute to lipolysis at
distance from the tumour, and this would occur through soluble
secreted factors. For this reason, we exposed adipocytes to condi-
tioned medium rather than performing co-cultures. This setting
established that acid-exposed cancer cells sustain exogenous fatty
acid craving by promoting subcutaneous and visceral adipocyte
lipolysis. In vivo, tumoral acidosis was associated with distant adipose
tissue depletion and induction of adipose lipolysis. Dampening tumoral
acidosis with sodium bicarbonate buffer inhibited adipose tissue
depletion, thereby demonstrating the causal link between tumoral
acidosis and adipose tissue depletion in vivo. A transcriptomic

Figure 8: Human GUSB protein induces adipose lipolysis in murine and human adipocytes. (a) 3T3-L1 adipocytes (n ¼ 4, each point corresponds to one n) treated with
control medium without (control) or with 1 mM isoproterenol (Iso), or human recombinant GUSB at concentration of 0.3e300 ng/ml, for 6 h or 24 h. (b) Human primary sub-
cutaneous and visceral adipocytes (n ¼ 3, each point corresponds to one patient) treated with control medium (control) or 150 ng/ml human recombinant GUSB, for 24 h or 48 h.
The results of the two-way ANOVA are shown below the graphs. (c) Plasma human GUSB protein concentration in male CT mice (sham-injected) and HCT116 tumour-bearing mice
on day 16 post-injection (necropsy). (d) Correlation of right anterior, left anterior, posterior subcutaneous (SAT), visceral epididymal (EAT) and mesenteric (MAT) adipose tissue
weights with plasma human GUSB concentrations, in HCT116 tumour-bearing mice, on the day of necropsy. In bold p < 0.1, in green bold p < 0.05. (e) Human GUSB protein
concentration in conditioned media from human pH6.5/and pH7.4/FaDu, SiHa and HCT116 cancer cell lines (n ¼ 5e6, each point corresponds to one n). (f) Human plasma protein
GUSB concentrations in male FaDu tumour-bearing mice on the day of necropsy (n ¼ 12). (geh) Gusb expression in HCT116 tumour (g) and GUSB circulating levels (h) in HCT116-
tumour bearing mice treated with NaHCO3 (n ¼ 8e12, each point corresponds to one n). FaDu, human hypopharyngeal cancer cells; SiHa, human cervix cancer cells; HCT116,
human colon cancer cells; GUSB, glucuronidase beta. (c, e-f) Each point corresponds to one mouse. Data are presented as the mean � SEM. *p < 0.05, **p < 0.01,
***p < 0.001. * shown in grey are t-test analysis results compared to the control condition.
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approach comparing pH6.5-exposed and pH7.4-cultured cancer cells
led us to pinpoint potential prolipolytic mediators, such as GUSB, which
was able to induce lipolysis in mouse and human adipocytes. Alto-
gether, we demonstrated that tumoral acidosis promotes adipose
tissue lipolysis through the release of soluble prolipolytic factors such
as GUSB.
Our transcriptomic analyses underline that pH6.5/cancer cells increase
their import of fatty acids, which are either oxidised to fulfil their
metabolic needs and/or stored in lipids droplets if present in excess.
These results are in line with previous reports which used functional
assays for these pathways [3e5,25,47].
The promotion of adipocyte lipolysis upon acidosis adaptation was
observed in 5 of the 7 tested cell lines. PANC-1, a pancreatic ductal
adenocarcinoma cell line, did not promote lipolysis upon acidosis
adaptation, contrarily to MIA PaCa-2, another pancreatic ductal
adenocarcinoma cell line. Compared to other pancreatic cancer cell
lines, PANC-1 exhibits the most aggressive behaviour and the highest
metabolic plasticity towards glucose, glutamine and fatty acid sub-
strates [55,56]. Such high metabolic plasticity of pH6.5/PANC-1 cancer
cells may underlie a lower fatty acid dependency, and thereby a lack of
lipolysis induction upon acidosis adaptation in absence of fatty acids,
as suggested by the similar consumption of glutamine and glucose in
pH6.5/and pH7.4/PANC-1 cancer cells (Fig. S1geh). In contrast, other
pH6.5/cancer cells consumed less glutamine and glucose than pH7.4/
cancer cells, in line with a higher dependency for fatty acids. pH6.5/
C26 conditioned medium did not induce adipocyte lipolysis either.
Intriguingly, we observed an important heterogeneity in the lipolytic
response of primary adipocytes to pH6.5/C26 conditioned medium,
with glycerol release correlating with the expression of fatty acid
metabolism markers (Plin2, Fabp4) and prolipolytic factors (Pthlh,
Adm). It suggests that this link between cancer fatty acid metabolism
and adipocyte lipolysis induction is also present in C26. Of note, pH7.4/
C26 conditioned medium was previously reported to be prolipolytic in
3T3-L1 adipocytes [57e59]. This apparent discrepancy may arise
from the fact that we used a different model, namely primary adipo-
cytes. It is currently unclear whether the ability for cancer cells to
promote lipolysis upon acid adaptation translate systematically into
pro-cachectic properties in vivo. One key element that underlies this
translation would be the propensity of cancer cell lines to develop
acidosis in vivo [60].
Here, we paid particular attention to the type of adipose tissue
involved. SAT is the main fatty acid storage site because of its greater
capacity for adipogenesis and lipogenesis than VAT with higher levels
of stimulated lipolysis [61e63]. These differences are related to the
distinct a- (antilipolytic) and b- (prolipolytic) adrenergic responses, as
well as local inflammatory tone and insulin resistance [64]. In obesity,
the differences are well described; SAT and VAT expansion respec-
tively protect from or contribute to the metabolic alterations associated
with obesity [65e67]. In cachexia, the differences between SAT and
VAT were inconsistent from one study to another. The most described
aspect so far is the inflammatory response with, in some studies,
inflammation being more induced in the SAT than in the VAT upon
cachexia [68,69], while other studies describe the opposite [70,71].
Besides, SAT and/or VAT depletion have been associated to a poor
prognostic of survival with divergent results from one study to another
in terms of which fat depot would be the most crucial [17,72e74]. In
our study, pH6.5/conditioned medium promoted lipolysis of subcu-
taneous and visceral murine primary adipocytes to the same extent. In
HCT116 tumour-bearing mice, we observed differences in lipolysis
induction between fat depots. Adipose tissue lipolysis was more pro-
nounced in left anterior SAT than in the right one. MAT seemed to be

the most affected adipose tissue, with the highest increase in lipolysis
enzymes. Interestingly, the weight of the two anterior SAT was
associated with tumour weight, while the weight of the distant adipose
tissues was associated primarily with tumoral acidosis. Consistent with
these findings, the vicinity of the adipose tissue environment was
demonstrated as a motor in the progression of tumour and metastasis
[9,75]. Altogether, these results indicate that while the responsiveness
of adipocytes to acid-exposed cancer cells is independent of their
origin, lipolysis is not induced to the same extent in different fat depots
in vivo. Close-to-the-tumour depots may be essential for tumour
growth whereas distant tissues would release fatty acids in response
to tumoral acidosis.
FaDu and HCT116 tumour-bearing models are consistently used as
in vivo [48e53] and in vitro models [3,5,47] of tumoral acidosis. We
selected pHLIP(var3) to detect acidosis as it is a reference method for
this purpose [49,51,76,77]. Besides, pHLIP(var3) uptake and retention
presented a direct correlation with tumour pH in HCT116 tumour-
bearing mice [49]. Likewise, an accumulation of pHLIP(var3) demon-
strate the spontaneous acidosis development in our HCT116 tumour-
bearing mice.
Neutralisation of tumour acidosis with a systemic buffer is an approach
that has already been used to identify mechanisms dependent on
tumoral acidosis [1,48,78,79]. In line with previous reports, blood pH
was not affected by NaHCO3 administration in HCT116 tumour-bearing
mice [78,79]. This systemic buffer must be administrated during the
early stages of tumour growth to prevent tumour growth [78]. For this
reason, our treatment began 4 days after HCT116 injection and not
immediately after HCT116 injection. Neutralisation of acidosis with a
sodium bicarbonate buffer highlights a new role for tumoral acidosis in
tumour progression: the promotion of adipose tissue depletion at
distance from the tumour. Despite previous report highlighting a
neutralisation of tumoral acidosis in HCT116 tumour under NaHCO3
treatment [48], the absence of functional measure of acidosis in our
study constitutes a limitation. Unfortunately, sodium bicarbonate failed
to reach its dose target in phase I/II clinical trials in patients with
pancreatic cancer because of poor compliance due to unpleasant taste
and/or gastrointestinal problems [80]. Other therapeutic approaches
targeting tumoral acidosis, such as proton pump inhibitors (PPIs), have
shown promising antitumour effects and are undergoing clinical
evaluation [2]. As a more targeted approach, therapeutic agents guided
by a pHLIP would allow to specifically inhibit the growth of cancer cells
located in the acidic area [1,2,81].
Our transcriptomic approaches revealed that acid-exposed cancer
cells exhibit increased expression of a panel of known, although un-
shared, prolipolytic factors. We also identified GUSB as a promising
new key player in the promotion of adipose lipolysis. GUSB is a
lysosomal glucuronidase enzyme that is involved in the breakdown of
complex carbohydrates [82]. In hepatocellular carcinoma, GUSB has
been reported to facilitate cancer cell proliferation, invasion, migration
and resistance to anti-PDL1 agents [83]. To the best of our knowledge,
GUSB has never been associated with cancer cachexia or adipocyte
lipolysis. Here, we discovered that GUSB promotes lipolysis in both
murine adipocyte cultures and primary human subcutaneous and
visceral adipocytes.
We envisioned two hypotheses regarding the mechanisms by which
GUSB fosters lipolysis. Firstly, GUSB can bind to the mannose-6-
phosphate receptor [23,84,85], a receptor that can be bound as well
by proliferin-1, described recently for its anti-adipogenesis and proli-
polytic properties. However, this mechanism was not retained in the
prolipolytic effect of proliferin-1 [23]. Secondly, lipolysis induction may
arise from the enzymatic degradation of the extracellular 3T3-L1
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adipocyte matrix by GUSB and the subsequent release of adipocyte
inflammatory mediators [86]. However, the prolipolytic activity of GUSB
observed in primary adipocytes, whose extracellular matrix was
digested beforehand by collagenase, is not consistent with this hy-
pothesis. Therefore, the mechanism by which GUSB induces lipolysis
requires further investigation.
We speculate that the increased secretion of GUSB upon acidosis
adaptation arises from increased lysosomal trafficking to the extra-
cellular membrane. Indeed, in breast cancer, chronic acidosis was
reported to drive the exocytosis of lysosomes and increase the
secretion of degradation enzymes [54,87,88]. Hþ-ATPases on lyso-
somal membranes contribute to lysosomal traffic, lysosomal acidifi-
cation, and thereby acidification of the tumoral microenvironment
during exocytosis. A difference in lysosomal trafficking between acid-
exposed cancer cell lines may therefore explain why GUSB protein
levels were increased in the conditioned medium of one out of the 3
cell lines despite an increase in its gene expression in the 3 cancer cell
lines. Supporting this hypothesis, in parallel with the increased Gusb

expression, genes associated with lysosomal transport were overex-
pressed in pH6.5/HCT116 cancer cells (Fig. S10). Extracellular release
of GUSB is also dependent on its N-glycosylation profile [89,90] and the
nature of the N-terminal and/or C-terminal peptides [91]. These fea-
tures may also contribute to explain the difference in the GUSB
secretion profile between the pH6.5/cancer cell lines.
Intriguingly, GUSB was correlated to adipose tissue depletion and
increased in the HCT116 model. Of note, GUSB levels were not
increased at the onset of fat mass loss, leading us to conclude that
GUSB is not involved in the early phase of adipose tissue depletion and
in the mitigating effect of bicarbonate on fat mass loss. This last
observation underlines the existence of factors others than GUSB
mediating the impact of tumoral acidosis on adipose tissue loss. Of
note, cancer cachexia symptoms are thought to result from a combi-
nation of procachectic factors [33]. While GUSB can induce lipolysis per
se, it is more probably a mix of prolipolytic mediators which promote
the induction of ex vivo and in vivo lipolysis.
Our study indicates that GUSB is a novel prolipolytic mediator.
Considering the differences between the in vitro and in vivo situations
(e.g. acute versus chronic exposure, ‘one-time’ exposure versus the
continuous exposure to factors that are regularly produced), we may
speculate that while 150e300 ng/ml of GUSB is requested in vitro to
observe a large induction of lipolysis, 1 ng/ml may be sufficient in vivo
to elicit a physiological relevant prolipolytic effect. Future in vivo ex-
periments with titrated doses of GUSB in healthy animals will help
address this question. Futhermore, whether targeting GUSB is of
therapeutic interest for cachexia-associated lipolysis in human cancer
remains unclear. In patients with colorectal and lung cancer, GUSB
levels did not differ between cachectic and non-cachectic patients.
However, interestingly, GUSB was increased in cachectic patients
compared to non-cachectic patients when considering only individuals
with a low usual BMI. Unfortunately, the sample size is too low in this
subset to draw any definitive conclusion about the role of GUSB in
adipose tissue weight in this specific subtype of patients. If confirmed
in a population with a larger sample size, GUSB may hold diagnostic or
therapeutic potential, using approaches that inhibit GUSB [83], for this
subset of patients. Plasma GUSB correlated positively with fat mass
and BMI and negatively with lipolytic activity and body weight loss.
These results are in line with those of another study showing a positive
correlation between serum GUSB activity and BMI and total fat mass in
pre/postmenopausal women [92]. GUSB gene expression is increased
in the adipose tissue of genetically obese mice [93], and GUSB protein
levels are increased in 3T3-L1 adipocytes treated with insulin or TNFa

(used to induce insulin resistance) [94], raising the possibility of GUSB
secretion by adipose tissues. The contribution of adipose tissue to
plasma GUSB levels would explain the positive correlations between
GUSB plasma levels and BMI and fat mass and may mask the tumoral
contribution to GUSB levels in humans. This may also explain why
GUSB is increased in cachectic versus non-cachectic patients only in
those with a low usual BMI. We can further speculate that in patients
with a higher BMI, which often goes with insulin resistance, GUSB
production by the adipose tissue would be increased. Whether resis-
tance to GUSB prolipolytic effect may arise in obesity as it is known for
other adipokines needs to be investigated. However, these theories are
not supported by the observation that in mice, a GUSB mutation, that
leads to a disappearance of its activity, was associated to adipose
tissue depletion [95]. More investigations are needed to fully unravel
the pathophysiological role of GUSB. Key questions include whether
GUSB can trigger adipose tissue weight loss in healthy animals and to
which extent GUSB contributes to pathological weight loss in tumour-
bearing animals.
Targeting the tumour microenvironment and its crosstalk with the host
is emerging as a new cachexia treatment strategy [24]. Here, we
pinpoint, for the first time, the role of tumoral acidosis in adipose tissue
depletion associated with cancer cachexia. We highlight that acid-
exposed cancer cells promote subcutaneous and visceral adipocyte
lipolysis by releasing prolipolytic mediators. In this context, we iden-
tified GUSB as a new prolipolytic mediator, the underlying mechanisms
of which requires further investigation. Two main prospects arise from
our work. The first is the potential of tumoral acidosis as a prognostic
marker of adipose tissue depletion associated with cancer. Early
prognostic markers are of crucial importance for tackling cachexia in a
personalized and efficient manner [24]. The second is the anti-
cachectic potential of approaches targeting tumoral acidosis such as
pHLIP-guided therapeutic agents. Such concept paves the way for
dualistic approaches tackling both metastasis formation and cachexia,
two key determinants of cancer mortality.
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