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Abstract

Aim: Tumor cells and extracellular vesicles (EVs) dynamically interact with adipocytes,
contributing to tumor progression and systemic metabolic dysfunctions. While the role of
glycosylation in this process remains unclear, glycans facilitate communication between
tumors and their surrounding environment. Here, we aimed to elucidate the pivotal role of
sialyl-Tn (STn), a tumor-associated glycan, in driving a bidirectional metabolic
reprogramming between gastric cancer cells and adipocytes.

Methods: EVs were isolated from gastric cancer cells with distinct glycosylation profiles by
ultracentrifugation and characterized by transmission electron microscopy, nanoparticle
tracking analysis, and western blotting. Flow cytometry was used to quantify EV uptake by
adipocytes. EV-mediated adipocyte browning and lipolysis were measured by real-time
quantitative polymerase chain reaction, glycerol and fatty acid release, perilipin
immunofluorescence, and western blotting analysis of lipid synthesis and hydrolysis
enzymes. The reciprocal effects of beige adipocytes on tumor cells were evaluated using
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fatty acid uptake assays, metabolomics, RNA sequencing, Seahorse metabolic flux, organelle number, proliferation,
and migration assays.

Results: STn-positive gastric cancer cells and EVs induced white-into-beige transdifferentiation. These cells
exhibited an enhanced capacity to release glycerol and fatty acids, which were predominantly taken up by gastric
cancer cells displaying STn. As a feedback mechanism, gastric cancer cells shift their metabolism towards fatty acid
oxidation, concomitant with increased mitochondrial and endosomal biogenesis, and enhanced motility.

Conclusion: Our findings reveal a key role for the tumor-associated glycan STn in metabolic reprogramming of
adipocytes by tumor cells and EVs, opening new avenues for targeted therapies in cancer patients experiencing
metabolic dysfunctions, such as cancer cachexia.

INTRODUCTION

Extracellular vesicles (EVs) released by tumor cells play a crucial role in facilitating communication between
cells!"?). By carrying a diverse array of proteins, lipids, nucleic acids, and glycans, tumor-derived EVs
significantly modulate the phenotype and function of recipient cells, thereby driving tumor progression and
remodeling the tumor microenvironment"=.

Within adipose tissue, adipocytes have emerged as key metabolic partners that actively sustain tumor
growth. A growing body of evidence indicates that tumor cells and adipocytes engage in dynamic EV-
mediated crosstalk that further supports cancer progression®*’. Adipocytes are endocrine cells that secrete
adipokines, pro-inflammatory cytokines, lipids, and EVs, which can modulate tumor cell proliferation,
invasion, angiogenesis, and therapy resistance'®”. Notably, distinct adipocyte subtypes exhibit distinct
metabolic profiles that can differentially affect tumor behavior. White adipocytes primarily store energy as
lipids'™ and help regulate metabolic homeostasis”. In response to tumor-derived signals, white adipocytes
can transdifferentiate into beige-like cells. These cells are characterized by increased lipolysis and expression
of browning markers, including uncoupling protein 1 (UCP1), peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1a), and PR domain containing 16 (PRDM16)"" % Beige-like adipocytes
function similarly to brown adipocytes, which are less common in adults, by dissipating energy through
mitochondrial thermogenesis">'*. Nevertheless, upon receiving tumor signals, they can undergo a specific
program that increases the release of free fatty acids, which serve as metabolic substrates for cancer cells"”.

In gastric cancer, tumor-derived EVs carrying specific miRNAs have been shown to induce adipocyte
transdifferentiation"**°, increase lipolysis"*”, and reduce lipid storage"*'*.. Conversely, beige-like adipocytes
release free fatty acids??, miRNAs"****, and EVs??>**>?_ These processes thereby enable tumor cells to
switch their metabolism towards fatty acid oxidation. The reciprocal tumor-adipocyte crosstalk not only
sustains the high energy needs of proliferative cancer cells but also fosters an immunosuppressive and pro-
inflammatory niche that favors tumor aggressiveness'”?”!. This tumor EV-mediated metabolic
reprogramming negatively impacts cancer patients by driving energetic dysfunctions, such as cancer
cachexia, that culminate in reduced quality of life, treatment response, and overall survival®. It is estimated
that approximately 60% of patients with gastric cancer will experience cancer cachexia, resulting in an
average weight loss of more than 10%".
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Emerging evidence shows that tumor-derived EV's carry distinct glycan signatures that can modulate EV
uptake by recipient cells®** and ultimately alter their biological effects'”*. Although less studied in EVs, the
sialyl-Tn (STn) antigen is highly synthesized across several cancer types, including gastric cancer, and has
been associated with increased tumor cell motility and invasion"””**, metastasis formation”*?, altered cell
adhesion””*¥, immune evasion*’, and poor patient prognosis***’. Notably, our previous work revealed that
gastric cancer-derived EVs are enriched for the STn antigen, and that cells overexpressing this glycan
could induce unintentional body weight loss in mouse models””’. Nonetheless, the functional role of EV-
associated glycans in communication between tumor cells and adipocytes remains largely unknown.

In this study, we show that gastric cancer cells expressing high levels of STn release EV's that trigger the
transdifferentiation of white into beige-like adipocytes. This adipocyte remodeling was characterized by
increased expression of browning markers, enhanced lipolytic activity, and the release of glycerol and fatty
acids. In turn, STn-positive gastric cancer cells could take up released fatty acids and reprogram their
metabolism by activating fatty acid oxidation pathways, increasing mitochondrial number, and enhancing
migration capacity. Collectively, we uncover a novel role for the tumor-associated O-glycan STn in driving a
metabolic interplay between tumor cells and adipocytes via EVs, supporting the malignant features of cancer
cells.

METHODS

Cell lines and culture conditions

The human gastric cancer cell line MKN45 was obtained from the Japanese Collection of Research
Bioresources. MKN45 Mock and ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 1 (ST6GalNAc-I)
(MSTe-I) cell lines were established by stable transfection with the pcDNA3.1 vector, either empty or
encoding the full-length human ST6GALNAC1 gene, as detailed in"®". Cells were cultured in RPMI 1640
Glutamax medium supplemented with HEPES (Biowest, Nuaill¢, France) and 10% fetal bovine serum (FBS)
(Gibco, Waltham, USA) and maintained at 37 °C in a 5 % CO, atmosphere. For maintenance of transfected

cells, the culture medium was supplemented with 0.6 mg/ml geneticin (G418) (Invivogen, San Diego, USA).

The murine preadipocyte cell line 3T3-L1 MBX (CRL-3242™) was acquired from the American Type
Culture Collection (ATCC). Cells were cultured in high-glucose DMEM medium (PAN-Biotech, Aidenbach,
Germany) supplemented with 10% FBS and allowed to reach 100% confluence. Adipocyte differentiation was
initiated two days after reaching confluence using a standard combination of 0.5 mM 3-isobutyl-1-
methylxanthine (IBMX) (Sigma-Aldrich, Missouri, USA), 10 ug/mL insulin, and 250 nM dexamethasone
(Sigma-Aldrich, Missouri, USA) in DMEM/HAM 'S F12 (PAN-Biotech, Aidenbach, Germany)
supplemented with 10% FBS. Four days later, the differentiation medium was replaced with complete
medium containing 10 pg/ml insulin, and the cells were cultured for an additional four days. Fully
differentiated adipocytes were maintained in DMEM/HAM 'S F12 supplemented with 10% FBS.

To produce the secretome/conditioned medium (CM), tumor cells and adipocytes were washed with
phosphate-buffered saline (PBS) and incubated in serum-free RPMI or DMEM/HAM 'S F12, respectively.
After 72 h, the supernatants were collected and centrifuged at 300 g for 5 min.

White adipocyte browning was induced by exposing mature adipocytes to either tumor cell-derived
secretome (2 mL) or EVs (5 pg) for three days. The medium was refreshed every 24 h with fresh secretome or
EVs. The resulting adipocytes were thereafter referred to as transdifferentiated or beige-like adipocytes.
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Immunofluorescence

Cells were seeded onto microscope coverslips (VWR, Carnaxide, Portugal) and allowed to reach 80%
confluence for tumor cells or full confluence for white adipocytes. White adipocytes underwent
transdifferentiation into beige-like adipocytes using the secretome from MKN45 Mock or MSTs-I cells. Cells
were fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, USA) for 10 min at room temperature (RT).
After fixation, tumor cells were incubated overnight at 4 °C with the B72.3 primary antibody [Table 1], while
adipocytes were incubated with the anti-perilipin primary antibody [Table 1]. After washing, tumor cells and
adipocytes were incubated with the respective secondary antibodies [Table 1]. Nuclei were counterstained
with 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, USA). Fluorescence images were
captured with a Zeiss Imager Z.1 fluorescence microscope (Zeiss) at 200x and 630x magnifications.

Isolation of extracellular vesicles

EVs were isolated by ultracentrifugation from MKN45 Mock and MSTe-I cells after 72 h of culture under
serum-free conditions, as previously described”". Briefly, the collected medium was centrifuged at 800 g for 5
min, then at 2,000 g for 10 min. The resulting supernatant was filtered under vacuum through a 0.22 pm
constant-pore filtration system (Corning, NY, USA). The filtrate was then ultracentrifuged using a Beckman
Optima XE 100 centrifuge equipped with an SW70 Ti fixed-angle rotor and polycarbonate bottles with cap
assemblies (Beckman Coulter, California, USA). Ultracentrifugation was performed at 100,000 g for 18 h at 4
°C. Following this, a washing step with 0.9% NaCl solution (Wells, Porto, Portugal) was performed at 100,000
g for 3 h. The final EV pellet was resuspended in 0.9% NaCl solution.

Nanoparticle tracking analysis

EV size distribution and concentration were determined using a NanoSight NS300 (Malvern Technologies,
Malvern, UK), according to the manufacturer’s instructions. The system is equipped with a 488 nm blue laser
and a high-sensitivity scientific SCMOS camera. EV samples were diluted in 0.9% NaCl (Wells, Porto,
Portugal). Three 60-s videos were recorded per sample, each capturing 749 frames, with the camera level set
between 14 and 15. The temperature was maintained between 22.6 °C and 25 °C, and the number of particles
per frame ranged from 19.6 to 80.7. Video data were analyzed using NTA software (version 3.2.16). At least
four biological replicates were performed, and results are presented as mean + standard error of the mean
(SEM). Student's t-test was used for statistical analysis.

Transmission electron microscopy

EV morphology, size, and integrity were further characterized by negative-stain transmission electron
microscopy (TEM). EV samples were adsorbed onto Formvar/carbon film-coated nickel mesh grids
(FCF200-NI-50, Electron Microscopy Sciences) and stained with 1% uranyl acetate.

In addition, Mock and MSTe6-I cells were analyzed by TEM after exposure to the secretome from white or
beige-like adipocytes to visualize subcellular organelles. For ultrastructural analysis, cells were fixed
overnight at 4 °C in a solution containing 2% formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer. After washing with 0.1 M sodium cacodylate buffer, cells were embedded in Histogel™
and post-fixed for 1 h in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer. Cells were then stained
with aqueous 1% uranyl acetate for 30 min, dehydrated, and embedded in Embed-812 resin. Ultra-thin
sections (70 nm thick) were obtained using an RMC Ultramicrotome equipped with Diatome diamond
knives (PowerTome, USA), mounted on 200 mesh copper grids (FCF200-NI-50, Electron Microscopy
Sciences), and contrasted with uranyl acetate and 3% lead citrate for 5 min each. For each condition, 15 cells
were examined, and at least 5 images were acquired per cell. Quantification of mitochondria, lipid droplets,
Golgi apparatus, and endosomes was performed using Image]. Results are shown as mean + SEM, and
statistical significance was evaluated by One-way analysis of variance (ANOVA).
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Digital images of EVs and tumor cells were acquired using a JEOL JEM-1400 transmission electron
microscope (JEOL, Tokyo, Japan) equipped with a PHURONA CCD camera (JEOL, Tokyo, Japan).

Protein quantification

Protein extracts from cell lysates or EVs were prepared in RIPA buffer supplemented with 10 % PhosSTOP™
and 4% Complete™ Protease Inhibitor Cocktail (Roche, Basel). Protein content was quantified using the
Pierce™ BCA Protein Assay kit or the Pierce™ microBCA Assay kit (Thermo Fisher Scientific, Waltham,
USA). Absorbance was measured at 562 nm using Gens.11 software on a Synergy Mx microplate reader.

Western blot

Total protein extracts were separated by molecular weight using 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to a nitrocellulose membrane (GE Healthcare, UK).
After blocking, membranes were incubated overnight at 4 °C with the primary antibodies listed in Table 1.
Actin was used as a loading control. After secondary antibody incubation, membranes were developed using
Clarity™ Western ECL Substrate (BioRad, California, USA). Chemiluminescence signals were detected and
imaged with the ChemiDoc Imaging System (BioRad, California, USA). For some antibodies, band
intensities were quantified using Image Lab software. Acetyl-CoA carboxylase (ACC) and hormone-sensitive
lipase (HSL) expression levels were normalized to Actin. Phosphorylated HSL levels were normalized to both
Actin and total HSL. Two independent experiments were performed, each with one technical replicates each.
Results are shown as mean + SEM. One-way ANOV A was used for statistical analysis.

Antibodies

DiO staining of EVs

Isolated tumor-derived EVs were labeled with 10 uM of the lipophilic dye DiO (Thermo Fisher Scientific,
Waltham, USA). The same amount of DiO without EVs was used as a control. The labeling reaction for EV's
and control samples (without EVs) was carried out for 20 min at 37 °C. To remove excess unbound dye,
labeled EVs and control samples were ultracentrifuged at 100,000 g for 3 h at 4 °C. The EV pellet was
resuspended in 0.9% NaCl.

EV uptake assay

Mature 3T3-L1 adipocytes were incubated with DiO-labeled EV's (5 ug, approximately 1 x 10° particles) for 1,
3, 6, and 24 h. After incubation, EV uptake by adipocytes was assessed by flow cytometry on a BD
LSRFortessa cytometer. Flow]Jo software (v10; BD Biosciences) was used to analyze the data. Two
independent experiments were performed at 1, 3, and 6 h, and three biological experiments were performed
at 24 h. Each independent experiment included two technical replicates. Results were normalized to
adipocytes treated with control samples (DiO without EVs) and are presented as mean + SEM. One-way
ANOVA was used for statistical analysis.

RNA extraction and real-time quantitative polymerase chain reaction

White adipocytes were exposed to either tumor cell-derived secretome (2 mL) or EVs (5 ug and 10 pg) for
three days. Total RN A was extracted from adipocyte lysates using NZYol Reagent (NZYTech, Lisbon,
Portugal) according to the manufacturer’s instructions. RNA concentration and purity were assessed using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc.). For cDNA synthesis, 3 ug of total
RNA was reverse transcribed in a 20pL reaction mixture containing 1 uL of random oligonucleotide primers,
1 uL of 10 mM dNTPs, 4 uL of 5X RT buffer, 1 uL of 100 mM DTT, 1 uL of RNAseOUT™ (40 U/uL), 1uL of
SuperScriptR™ IV reverse transcriptase (200 U/puL) (Invitrogen, Waltham, USA), and RNase-free water. The
resulting cDNA was diluted 1:4 with RNase-free water before quantitative polymerase chain reaction
(qPCR).
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Table 1. List of antibodies

Primary

antibody Clone Dilution Source Secondary antibody Dilution Source Application

Anti-mouse IgG1A/Anti-

STn B72.3 13 [52] mouse conjugated to 1:25000/  Jackson

WB/IF

Alexa Fluor 488 1:500 ImmunoResearch
Alix 3A9 12,000 CellSignaling Anti-mouse 15000  Jackson WB
Technology ImmunoResearch
Lo . . Jackson
HSP70 Hsp70A-1 1:1,000 System Biosciences  Anti-rabbit 1:25,000 WB
ImmunoResearch
Actin 13E5 1000  Cell Signaling Anti-rabbit 125000  Jackson WB
Technology ImmunoResearch
Syntenin-1 S-31 1:200 Sgnta Cruz Anti-mouse 1:5,000 Jackson WB
Biotechnology ImmunoResearch
CD9 C-4 1200 ~ SantaCruz Anti-mouse 15000  Jackson WB
Biotechnology ImmunoResearch
CD81 13322 1200 ~ oanacrz Anti-mouse 15000  Jackson WB
Biotechnology ImmunoResearch
Cytochrome C 7H8 1:200 Sgnta Cruz Anti-mouse 1:5,000 Jackson WB
Biotechnology ImmunoResearch
ACC ce3glo 11000 Sl Signaling Anti-rabbit 125000  Jackson WB
Technology ImmunoResearch
HSL 4107 1000  Cell Signaling Anti-rabbit 125000  Jackson WB
Technology ImmunoResearch
Phospho-HSL Cell Signalin Jackson
(Ser660) (p- 4126 11,000 gnaing Anti-rabbit 1:25,000 wB
HSLeso) Technology ImmunoResearch
. . Cell Signaling Anti-rabbit conjugated ) ) N
Perilipin D1D8 1:1,000 Technology to Alexa Fluor 594 1:500 Thermo Fisher Scientific  IF

STn: Sialyl-Tn; HSP: heat shock protein 70; ACC: acetyl-CoA carboxylase; CD: HSL: hormone-sensitive lipase; IF: immunofluorescence; WB: western
blot.

Table 2. Primer sequences for RT-qPCR assays

Gene Name Species Forward primer (5'-3") Reverse primer (5'-3")

Ucpl Uncoupling Protein 1 Mouse  ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG
Prdm16 PR Domain Containing 16 Mouse ~ TGCTAAGCCTTCACCGTTCT  GAAGTTGAACGGGTGGTGAG
Gapdh  Glyceraldehyde-3-phosphate dehydrogenase Mouse  TCTGACGTGCCGCCTGGAG TCGCAGGAGACAACCTGGTC

RT-gPCR: Real-time quantitative polymerase chain reaction.

Real-time quantitative polymerase chain reaction (RT-qPCR) was performed using 2 pL of diluted cDNA, 0.6
uL of each primer (10 uM), 10 pL of SYBR® Green Master Mix (Thermo Fisher Scientific, Waltham, USA),
and RNase-free water to a final volume of 20 uL. Reactions were run on a 7500 Fast Real-Time PCR System
(Applied Biosystems, Massachusetts, USA). Primer sequences are listed in Table 2. For each gene, relative
quantification values were determined, and the housekeeping gene Gapdh (NCBI Gene ID: 14433) was used
for normalization. Relative gene expression was calculated using the DeltaDelta CT method [relative
quantification = 2 (st = Gdh €] - A]] conditions were normalized to untreated white adipocytes, and the
results are presented as ratios of the target gene to Gapdh. For secretome experiments, at least three and six
independent biological replicates were performed for Prdm1ie and Ucp1, respectively. For EV experiments, at
least two independent biological replicates were performed. For each biological replicate, at least two
technical replicates were performed per condition. Results are shown as mean + SEM. One-way ANOV A was
used for statistical analysis.
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RNA sequencing analysis

Cells were seeded in 6-well plates for 24 h. Cells were then treated for 24 h with 2 mL of secretome from
white and transdifferentiated/beige-like adipocytes [TWAT(Mock and MSTe-I)]. After treatment, cells were
harvested, and RNA was extracted using the PureLinkTM RNA Mini Kit (Invitrogen), according to the
manufacturer's instructions. RNA quality was initially assessed using a NanoDropTM One
Spectrophotometer (Thermo Fisher Scientific), and the samples were stored at -20 °C until further analysis.
Three biological replicates, each with one technical replicate, were performed. Read quality control was
assessed using FastQC. Sequence alignment was performed with STAR v2.7.10a using the human GRCh3s8
reference (GENCODE v44), and gene counts were generated with STAR. Before alignment, reads were pre-
processed with TrimGalore to remove adapter sequences and reads shorter than 35 bp from further analysis.
Differential gene expression analysis was conducted in R v4.1.2 using DESeq2 (v1.34), considering genes to
be differentially expressed if |log,(FoldChange)| 2 1.2 or |log,(FoldChange)| < 1.2 and an adjusted P-value <
0.05.

Glycerol release quantification

Glycerol release from adipocytes was quantified using the Free Glycerol Reagent (Sigma-Aldrich, St. Louis,
USA) according to the manufacturer’s instructions. Mature 3T3-L1 adipocytes were incubated for 3 days
with the secretome (2 mL) or EVs (5pg) derived from MKN45 Mock or MST6-I cells to induce
transdifferentiation of white-to-beige adipocytes. After treatment, adipocytes were washed with PBS and
incubated in fresh serum-free DMEM/HAM 'S F12 medium. After 72 h, the medium was collected,
centrifuged at 300 g for 5 min, and the supernatant was used for glycerol quantification. Absorbance was
measured at 540 nm using Gens.11 software on the Synergy Mx microplate reader. Two biological
experiments were performed, each with three technical replicates. Results are shown as mean = SEM. One-
way ANOVA was used for statistical analysis.

Fatty acid release quantification

Free fatty acid release was measured using the Free Fatty Acid Assay Kit (Sigma-Aldrich, St. Louis, USA),
according to the manufacturer’s protocol. Mature adipocytes were incubated with secretome (2 mL) or EV's
(5 pg) from MKN45 Mock or MST6-I cells for 3 days to induce transdifferentiation into beige-like
adipocytes. Beige-like adipocytes were washed and cultured in fresh serum-free DMEM/HAM 'S F12
medium. After 72 h, the supernatant was collected, centrifuged at 300 g for 5 min, and used for fatty acid
quantification. Absorbance was measured at 570 nm using Gen5s.11 software (Synergy Mx). At least two
independent experiments were performed, each with three technical replicates. Results are shown as mean +
SEM, and statistical analysis was performed using One-way ANOVA.

Fatty acid transfer by 3T3-L1 adipocytes

To assess fatty acid transfer, mature 3T3-L1 adipocytes were incubated with the MKN45 Mock or MST6-1
secretome (2 mL) for 3 days to induce transdifferentiation into beige-like adipocytes. Treated adipocytes
were washed twice with PBS and incubated with 5 uM BODIPY™ FL C16 (Alfagene, Carcavelos, Portugal) in
serum-free DMEM/HAM 'S F12 medium for 6 h. Adipocytes were then cultured in fresh serum-free
DMEM/HAM 'S F12 medium for an additional 72 h. The resulting secretome was collected and centrifuged
at 300 g for 5 min. This medium was added to MKN45 Mock and MSTe-1 cells (1 x 10° cells) previously
seeded on coverslips. Where indicated, cells were immediately treated with etomoxir (50 uM), as reported
in™. After 24 h, cells were fixed with 4% paraformaldehyde, and nuclei were counterstained with DAPI.
Fluorescence images were acquired using a Zeiss Imager Z.1 fluorescence microscope (Zeiss) at 630x
magnification. Fluorescence intensity was measured using Image] software, and the results are shown as
mean + SEM. Two independent experiments were performed, each with one technical replicate, and
statistical significance was determined using an unpaired t-test.
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Fatty acid uptake by tumor cells

Fatty acid uptake by tumor cells was evaluated using the Fatty Acid Uptake Kit (Sigma-Aldrich, St. Louis,
USA), according to the manufacturer’s instructions. Briefly, 2 x 10° MKN45 Mock or MST6-I cells were
seeded into a 96-well plate and treated with secretome from white or beige-like adipocytes for 24 h. Fatty
acid uptake was monitored by measuring fluorescence intensity with the Gens.11 software on a Synergy Mx
microplate reader. Two biological experiments were performed, each with three technical replicates. Results
are shown as mean = SEM. One-way ANOV A was used for statistical analysis.

Metabolomic analysis

Metabolite extraction

Mock and MST6-I gastric cancer cells were either untreated or treated with the secretome from white or
beige-like adipocytes (1 mL). A biphasic extraction method was used to extract metabolites from the samples.
Briefly, 250 pL of cold methanol: water (50:50, v/v) was added to the cell lysates, followed by 200 pL of
chloroform to achieve a final solvent composition of 1:1:2 (MeOH: H,0: CHCL,). Samples were then mixed
for 1 hat 4 °C in a Thermomixer Compact (Eppendorf Iberica S.L.U., Madrid, Spain) operating at 171 g
(1,400 rpm). Phase separation was achieved by centrifugation at 18,620 g (14,000 rpm) for 30 min at 4 °C
using a Mikro 220R centrifuge (HettichLab, Tuttlingen, Germany). The aqueous (polar) layer was collected,
completely evaporated, and reconstituted in 130 uL of acetonitrile (ACN): water (ACN: H,O; 60:40, v/v).
From this volume, 100 uL were transferred into UHPLC-ToF-MS vials, while 40 pL of each sample were
combined to generate a pooled quality control (QC) mixture. To remove potential contaminants during
sample preparation, two types of blanks were included: a solvent blank (ACN: H,O, 60:40, v/v) and an
experimental blank processed identically but without any biological material.

Untargeted metabolomics UHPLC-ToF-MS analysis

Metabolite profiling was conducted using an ultrahigh-performance liquid chromatography (UHPLC,
Acquity, Waters Inc., Manchester, UK) system coupled to a hybrid quadrupole-time of flight mass
spectrometer (Q-ToF MS, SYNAPT G2, Waters Inc., Manchester, UK), as described in**’. Chromatographic
separation was performed by injecting 2 uL of sample onto a BEH Amide column (2.1 x 10 mm, 1.7 pm;
Waters Inc., Manchester, UK), maintained at 40 °C, with a flow rate of 0.25 mL/min. For the elution
gradient, a binary solvent system was used with phase A (1 mM ammonium formate, 0.5% formic acid in
water) and phase B (1 mM ammonium formate, 0.5% formic acid, and 5% water in ACN). The gradient
started at 20% phase A, reached 99.9% phase A at minute 9, held for 1 min then returned to the starting
conditions by minute 10.1 for re-equilibration, resulting in a total run time of 13 min. Mass spectra were
acquired in both positive and negative electrospray ionization modes over the mass range 50-1,200 Da. The
cone voltage was set to 25 V, and the capillary voltages to 0.25 kV and 0.50 kV for the positive and negative
modes, respectively. Other source parameters remain constant: source temperature at 120 °C, desolvation gas
(nitrogen) temperature at 450 °C with a flow of 600 L/h, and cone gas (nitrogen) flow at 5 L/h. A 2 ng/mL
leucine-enkephalin solution in H,O/ACN/formic acid (49.9/50/0.1) was infused at 10 pL/min as a lock mass,
and the signal was measured every 36 s for 0.5 s. Spectral peaks were automatically corrected using MassLynx
V4.1 software (Waters Inc., Manchester, UK) based on lock mass data. Blank samples were injected at the
beginning and at the end of the analytical sequence. A standard polar mixture spanning the full range of
physicochemical properties across the entire chromatogram was used to evaluate mass accuracy and
chromatographic performance. QC samples were analyzed at the beginning (after blanks) to assess liquid
chromatography (LC) system conditioning, and then every 6 randomized samples to minimize time-related
effects. These QC samples were used to assess the reproducibility and stability of the system. Finally, QC
samples were also analyzed in data-independent acquisition (DIA) mode to obtain fragmentation
information for further metabolite identification. DIA method parameters included mass spectrometry (MS)
functions matching previous full scans and tandem mass spectrometry (MS/MS) functions with a mass range
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of 50 to 1,200 Da, a scan time of 0.2 s, and fixed collision energies of 10, 20, 30, and 40 V.

Data processing and deconvolution

MassLynx V4.1 was first used for general data inspection, including verification of chromatographic stability,
mass accuracy, pressure traces, and QC reproducibility. MS-Dial v5.1.230807 (https://systemsomicslab.githu
b.io/compms/msdial/main.html) was used for deconvolution, alignment, and matrix generation, using
retention time, mass-to-charge ratio (m/z), and area measurements for each detected feature (m/z - retention
time). MS-Dial parameters were adjusted based on the liquid chromatography-mass spectrometry (LC-MS)
performance. Features and ions detected in blank samples were excluded from further analysis.
Normalization and filtering steps were carried out in R v4.1.2 (R Core Team, 2021), using median fold-
change normalization to minimize variability in analytical handling. Features showing a coefficient of
variation above 30% in QC samples were removed. Whenever necessary, MATLAB (The MathWorks,
Natick, USA) was used to correct for signal intensity decay across the run sequence using the openly
available cluster toolbox v2.0 (https://github.com/ Biospec/cluster-toolbox-v2.0). The curated dataset was
then imported into SIMCA-P v18.0.1 (Umetrics, Umea, Sweden) for multivariate statistical analysis.

Statistical analysis

Data matrices from gastric cancer MKN45 Mock and MSTe6-I cells, acquired in both ionization modes, were
processed in SIMCA-P for multivariate (MVA) statistical analysis. MV A was used to determine differences
between Mock and MSTe-I cells before and after exposure to the secretome from white or beige-like
adipocytes. SIMCA-P was used for unsupervised (Principal Component Analysis, PCA) and supervised
(Partial Least Squares Discriminant Analysis, PLS-DA) approaches. PCA was applied to assess system
performance, identify general trends, and detect outlier samples. Samples beyond Hotelling’s T2 at the 95%
confidence threshold, as well as QC injections, were excluded from subsequent supervised modeling. PLS-
DA models were evaluated using the explained variance (R2) and the predicted variance (Q2) values. For
variable selection in PLS-DA models, the p-value from a cross-validation analysis of variance (CV-ANOVA)
was used. The validated PLS-DA models were used to select variables and subsequent features. Discriminant
features were selected based on variable importance on projection (VIP > 1.0) and an absolute P(corr) > 0.85.

Metabolic feature identification

The selected features were identified based on accurate m/z values for each metabolite and the fragmentation
patterns obtained from MS/MS analysis. Identification was achieved by comparing the results with in-house
and online databases and commercial standards. The annotation of confidence levels followed the
Metabolomics Standards Initiative (MSI) guidelines™*.

Metabolic pathway analysis

Identified metabolites were subjected to enrichment and pathway analyses using Metaboanalyst 6.0, an
online platform. The Homo sapiens pathway library from the Kyoto Encyclopedia of Genes and Genomes
(KEGQG) database served as the reference. These analyses enabled the identification of key metabolic
pathways based on pathway impact and adjusted p-values, calculated using the False Discovery Rate (FDR)
approach.

Proliferation assay

Cell proliferation was assessed using the 5-bromo-2’-deoxyuridine (BrdU) Labeling and Detection Kit
(Sigma-Aldrich, St. Louis, USA), according to the manufacturer’s instructions. Briefly, 1 x 10° cells/mL were
seeded into a 96-well plate. After 24 h, cells were incubated overnight at 37 °C in a 5 % CO, atmosphere with
BrdU Label, diluted 1:2,000 in fresh serum-free medium. The following day, cells were fixed and incubated
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with an anti-BrdU antibody for 1 h at RT, followed by a 30-min incubation with horseradish peroxidase
(HRP)-conjugated goat anti-mouse Immunoglobulin G (IgG) secondary antibody. The substrate solution
was then added and incubated in the dark at RT for 15 min, after which the reaction was stopped with the
provided stop solution. Absorbance was measured at 450 nm. Results were normalized to the negative
control (medium only) and to background noise (cells not exposed to BrdU). Three independent biological
experiments were performed, each with three technical replicates. Results are shown as mean + SEM.
Statistical significance was determined using One-way ANOVA.

Migration assay

Cell migration was evaluated using a wound-healing assay with 3-well silicone inserts (ibidi, Grafelfing,
Germany). Cells (8 x 10" cells per well) were seeded on each side of the insert and allowed to adhere for 24 h.
The insert was then removed to create a defined gap, and detached cells were washed with PBS. Fresh
secretome (1 mL from either white or beige-like adipocytes) was added. After 24 h, the medium was replaced
with RPMI medium, and cells were monitored for wound closure over 48 h. The cell-free area was quantified
using Image] by measuring the gap at each time point and normalizing it to the initial free area immediately
after insert removal. At least two independent biological experiments, each with four technical replicates per
condition, were performed. Results are shown as mean + SEM, and statistical analysis was performed using
two-way ANOVA.

Seahorse assay

The glycolytic rate of MKN45 Mock and MST6-I cells was measured using the Seahorse XF Glycolytic Rate
Assay Kit (Agilent 103344-100) on a Seahorse XFe24 Analyzer (Agilent Technologies, California, USA),
following the manufacturer’s instructions. Briefly, 15,000 cells per well were plated in a Seahorse XF24 cell
culture microplate and allowed to adhere for 24 h. The following day, tumor cells were treated with 1 mL of
secretomes derived from white or beige-like adipocytes and incubated for an additional 24 h. Simultaneously,
the Seahorse sensor cartridge was hydrated overnight in Seahorse XF Calibrant (Agilent). On the day of the
assay, the culture medium was replaced with Seahorse XF RPMI assay medium (103576-100, Agilent)
supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. Cells were incubated for 1 h at 37
°C in a non-CO, incubator, with or without etomoxir (50 uM). The mitochondrial complex inhibitor
rotenone/antimycin A (0.5 uM) and the glycolysis inhibitor 2-deoxy-D-glucose (2-DG) (50 mM) were
sequentially loaded into the injection ports on the sensor cartridge. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured three times in each phase, allowing the evaluation of
the basal respiration, mitochondrial ATP production, and maximal glycolytic capacity. When indicated,
etomoxir (50 uM, as reported in"*?; Sigma-Aldrich, St. Louis, USA) was added 24 h after the initial treatment
with secretome from white or beige-like adipocytes. At least two biological experiments, each with three
technical replicates per condition, were performed. Results are shown as mean + SEM, and statistical analysis
was performed using One-way ANOVA.

RESULTS

STn-positive EVs exhibit enhanced internalization by white adipocytes

In this study, we aimed to understand the role of STn in mediating crosstalk between tumor cells and
adipocytes. Therefore, we used the glycoengineered MKN45 ST6GalNAc-I (MSTs-I) gastric cancer cell line,
which overexpresses ST6GalNAc-I and synthesizes the aberrant STn O-glycan, and the MKN45 Mock
control cell line, which is negative for STn [Figure 1A and B]. EVs were isolated from both MKN45 Mock
and MSTe6-I cell lines and characterized in accordance with the International Society of Extracellular Vesicles
(ISEV) guidelines. Western blot analysis confirmed the presence of specific EV markers, including Heat
shock protein 70 (HSP70), Syntenin-1, Alix, Actin, tetraspanins CD9 and CDS81, and the absence of the
cytochrome C marker, indicating enrichment of EVs in our samples [Figure 1C]. We also detected
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Figure 1. (A) Schematic representation of the biosynthetic pathway of the short O-glycan, STn. The MKN45 ST6GalNAc-I (MST6-1)
gastric cancer cell line exhibits overexpression of the ST6GalNAc-I gene, which codifies the enzyme responsible for STn synthesis. Created
in BioRender. Duarte, H. (2026) https://BioRender.com/6xht3c; (B) Immunofluorescence detection of STn antigen in Mock and MST6-|
cells (green). Nuclei were counterstained with DAPI (blue). Images were captured at 200X and 630% magnification. Scale bar: 50 um; (C)
Western blot analysis of parental cells and derived EVs for EV markers (HSP70, Syntenin-1, Alix, Actin, CD9, and CD81), mitochondrial
marker cytochrome C, and STn antigen. At least two biological replicates were performed for EV markers and three for STn evaluation,
each with one technical replicate; (D) Representative Nanoparticle tracking analysis (NTA) histogram image showing the particle-size
distribution of Mock and MST6-I-derived EVs; (E) Total particle number and size of EVs released from Mock and MST6-I cells. Results are
shown as mean = SEM. An unpaired t-test was used for statistical analysis; (F) TEM images, acquired at 100,000% magnification, of EVs
showing their morphology and integrity. Scale bar: 100 nm; (G) Quantification of the uptake of DiO-labeled EVs (5nug) by 3T3-L1
adipocytes after 24 h of incubation. Internalization was assessed by flow cytometry, and results were normalized to control samples (DiO
without EV's - Ctr- + DiO). Results are represented as mean £ SEM. One-way ANOVA was used for statistical analysis; unless otherwise
indicated, differences were not significant (ns). Biological replicates are represented as individual data points. ns: P-value > 0.05; *: P-value
<0.05; ***: P-value £ 0.001; ****: P-value < 0.0001. STn: Sialyl-Tn; DAPI: 4',6-diamidino-2-phenylindole; EV: extracellular vesicle; TEM:
transmission electron microscopy; SEM: standard error of the mean.

high-molecular-weight glycoproteins carrying STn in EVs derived from MST6-I cells, whereas Mock EV's
were negative for STn [Figure 1C]. Nanoparticle tracking analysis (NTA) showed that the isolated EV's
displayed a typical particle size distribution characteristic of EVs [Figure 1D and E]. MST6-I cells secreted
significantly more EVs than Mock cells [Figure 1E]. Transmission electron microscopy (TEM) further
confirmed the canonical cup-shaped EV morphology of the isolated EV's [Figure 1F].

We further evaluated the internalization of DiO-labeled EVs by white adipocytes over time. EVs derived
from MSTe-I cells, characterized by the presence of the short O-glycan STn [Figure 1C], showed increased
uptake from 1 h to 24 h of adipocyte exposure [Figure 1G], reaching statistical significance at 6 h and 24 h
[Figure 1G]. At the tested time points, STn-negative EVs were never internalized by adipocytes [Figure 1G].

STn-positive gastric cancer cells and their derived EVs promote adipocyte transdifferentiation and
lipolytic remodeling

To assess the impact of gastric cancer-derived soluble factors and EV's on white adipocyte phenotype, we
treated 3T3-L1 adipocytes with either the whole secretome or isolated EVs from MKN45 Mock and MSTé6-1
cells [Figure 2A]. We observed that exposing adipocytes to the MST6-1 secretome significantly upregulated
both Ucp1 and Prdmie, compared with untreated or Mock-treated adipocytes (Figure 2B, left panel). To
confirm whether this browning-inducing capacity was consistent across other gastric cancer cell lines
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Figure 2. STn-positive gastric cancer-derived EVs and secretome promote browning and lipolysis of 3T3-L1 adipocytes. (A) Schematic
representation of the experimental workflow, in which differentiated 3T3-L1 adipocytes were treated with the secretome/CM or isolated
EVs from Mock and MST6-1 gastric cancer cells. Created in BioRender. Duarte, H. (2026) https://BioRender.com/k390bbd; (B) RT-gPCR
analysis of UcpTand Prdm16 gene expression in 3T3-L1 adipocytes after 24 h of treatment with either the secretome/CM (left panel) or
EVs (right panel - 5 or 10pug) from Mock and MST6-I cells. Results are shown as mean & SEM, with statistical significance determined by
One-way ANOVA; (C) Immunofluorescence images of 3T3-L1adipocytes (white adipocytes), untreated or treated with the
secretome/CM from Mock or MST6-I cells. Lipid droplets were stained for perilipin (red), and nuclei were counterstained with DAPI
(blue). Images were acquired at 200% and 630% magnification. Scale bar: 50 pm; (D and E) Quantification of the lipolytic activity by
measuring the free glycerol (D) and fatty acid (E) release by 3T3-L1 adipocytes after 24 h of treatment with the secretome/CM or EVs
(5pg) from Mock and MST6-| gastric cancer cells. Results are shown as mean & SEM. One-way ANOVA was used for statistical analysis;
(F) Western blot analysis of ACC and phosphorylated HSL expression in untreated 3T3-L1 adipocytes or after being exposed to either the
secretome/CM or 5pg of EVs from Mock and MST6-I cells. ACC and HSL expressions were normalized to Actin, and phosphorylated HSL
levels were normalized to both Actin and total HSL. Results are shown as mean + SEM, with statistical significance determined by One-
way ANOVA. Biological replicates are represented as individual data points. ns: P-value > 0.05; *: P-value < 0.05; **: P-value < 0.01; ***: P-
value £0.001; ****: P-value £ 0.0001. CM: Conditioned medium; EV: extracellular vesicle; ACC: acetyl-CoA carboxylase; DAPI: 4',6-
diamidino-2-phenylindole; RT-qPCR: real-time quantitative polymerase chain reaction; ANOVA: analysis of variance; HSL: hormone-
sensitive lipase; SEM: standard error of the mean.

expressing short O-glycans, we treated 3T3-L1 adipocytes with secretomes from SNU-16 cells (STn-positive)
and MKN74 cells (STn-negative) [Supplementary Figure 1A]. Consistently, the SNU-16 secretome
significantly increased Ucp1 expression, whereas the MKN74-derived secretome did not induce this effect
[Supplementary Figure 1B]. To assess whether this effect was EV-dependent, adipocytes were incubated
directly with EVs isolated from Mock and MSTs-I cells. MST6-1 EVs significantly induced Ucp1 expression
in a dose-dependent manner, whereas no differences were observed after co-culturing adipocytes with
Mock-derived EVs (Figure 2B, right panel). MST6-1 EVs also enhanced Prdm1ie expression in adipocytes
exposed to higher amounts of EVs, whereas Mock EVs had no impact (Figure 2B, right panel). Interestingly,
MSTe-I-derived EVs induced a time-dependent upregulation of Ucp1 and Prdm16 in adipocytes, with a
significant increase in Ucp1 expression observed at 24 h compared with untreated adipocytes or those treated
with Mock EVs [Supplementary Figure 1C].
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In addition, we observed that the MST6-I secretome induced lipolytic remodeling in adipocytes. Perilipin
staining was used to visualize lipid droplet morphology [Figure 2C]. Although single large lipid droplets were
often observed across all conditions, they were more common in untreated adipocytes or in those treated
with the secretome from Mock cells [Figure 2C]. In contrast, smaller lipid droplets were observed in
adipocytes treated with the secretome from MST6-I cells [Figure 2C]. This morphological shift was
accompanied by increased levels of glycerol and free fatty acids released from adipocytes, indicating
enhanced lipolytic activity upon treatment with the MST6-I secretome or EV's [Figure 2D and E]. While the
secretome from Mock cells also induced glycerol release by adipocytes, their EVs alone had no effect [Figure
2D]. Furthermore, neither the secretome nor the EVs from Mock cells induced the release of free fatty acids
from adipocytes [Figure 2E]. Western blot analysis further showed that adipocytes treated with the secretome
or EVs from Mock or MSTe-I cells exhibited reduced levels of acetyl-CoA carboxylase (ACC), a key enzyme
in fatty acid synthesis. In addition, increased phosphorylation at Ser-660 of HSL, a marker of lipolysis, was
also observed when adipocytes were exposed to the secretome from Mock or MST6-1 cells [Figure 2F].
Furthermore, EVs from MSTs6-1I promoted increased expression of the phosphorylated form of HSL (p-HSL
660), compared to untreated adipocytes [Figure 2F]. In contrast, Mock EVs did not show the same effects
[Figure 2F].

Collectively, we observed that secreted factors and EVs from MST6-I cells induce a phenotypic change in
adipocytes, consistent with browning and lipolytic remodeling of white adipocytes, to a greater extent than
either the Mock secretome or derived EVs.

Beige-like adipocytes trigger metabolic changes in gastric cancer cells

We next assessed the feedback impact of transdifferentiated/beige-like adipocytes on the metabolism of
gastric cancer cells. We started by generating the secretome/CM of the beige-like adipocytes by exposing
them to either Mock or MSTe-I cell secretome [designated as Transdifferentiated White Adipocytes -
TWAT(Mock) and Transdifferentiated White Adipocytes - TWAT(MST6-I), respectively; Supplementary
Figure 2A]. The secretome produced by beige-like adipocytes [TWAT(Mock) or TWAT(MSTe6-I)] was then
used to treat both Mock and MSTe6-I tumor cells, and metabolomic analysis was performed [Supplementary
Data 1]. We first evaluated the baseline metabolic profiles of Mock and MSTe-I cells using multivariate
analysis, including PCA, and found that these cells have distinct baseline metabolic profiles [Supplementary
Figure 2B]. Furthermore, both cell lines significantly altered their metabolic signatures after exposure to the
adipocyte-derived secretome, with treatment conditions exerting a greater influence on metabolic profiles
than the inherent baseline differences between the Mock and MST6-I cell lines [Figure 3A and B].

Through hierarchical clustering analysis, we observed that Mock and MSTe6-I cells treated with the
secretome from white adipocytes cluster together and separately from those treated with secretomes from
beige-like adipocytes [TWAT(Mock) or TWAT(MSTe-1)], which also cluster together [Figure 3B]. This
indicates that although Mock and MSTe-I cells have distinct baseline metabolisms, exposure to secretomes
from white or beige-like adipocytes induces similar metabolic alterations in both cell lines under each
condition. We have further identified metabolites in Mock and MSTe6-I cells, both untreated and after
exposure to secretomes from white- or beige-like adipocytes [Supplementary Data 2]. Using the identified
metabolites within each cluster in the heatmap in Figure 3B, we determined the top 15 enriched metabolic
pathways for untreated and treated Mock and MST6-I cells. Pathway analysis of metabolites upregulated in
untreated Mock and MST6-1I cells revealed enrichment in valine, leucine, and isoleucine degradation, as well
as lipid- and energy-related pathways, including triacylglycerol biosynthesis, the glycerol phosphate shuttle,
and ketone body metabolism (Figure 3C, upper panel). In contrast, metabolites identified as upregulated in
Mock and MSTe-I cells treated with secretomes from white or beige-like adipocytes [TWAT(Mock) or
TWAT(MSTe6-I)] were enriched in amino acid-related pathways and fatty acid oxidation pathways,
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Figure 3. Adipocyte-derived secretome reprograms gastric cancer cell metabolism. (A) PCA scores plot of Mock and MST6-I cells (R2X[1]
=0.339, R2X[2] = 0.136, 2 PCs and Pareto scaling), untreated or treated with the secretome/CM from white or TWAT(Mock) and
TWAT(MST6-1) adipocytes; (B) Hierarchical clustering of the metabolomic profiles of Mock and MST6-I cells, untreated or treated with
the secretome/CM from white or TWAT(Mock) or TWAT(MST6-1) adipocytes; (C) Pathway analysis of the top 15 enriched metabolite
sets identified as upregulated in untreated Mock and MST6-| cells (upper panel) or after exposure to secretome/CM from white or
TWAT(Mock) and TWAT(MST6-I) adipocytes (lower panel); (D) Heatmap representation of transcriptomic profiles of Mock and MST6-I
cells, either untreated or treated with secretome/CM from white or TWAT(Mock) and TWAT(MST6-1) adipocytes, related to fatty acid
metabolic processes. CM: Conditioned medium. PCA: principal component analysis; PC: principal component.

particularly the oxidation of branched-chain fatty acids and beta oxidation of very long-chain fatty acids
(Figure 3C, lower panel). PLS-DA of the metabolic data further confirmed distinct metabolic profiles
between Mock and MSTe6-I cells treated with the secretomes from white or beige-like adipocytes
[TWAT(Mock) and TWAT(MSTe-I)] [Supplementary Figure 2C]. We observed an increase in biosynthetic
pathways involving alanine, aspartate, glutamate, glutathione, glycerophospholipids, and arginine in both
Mock and MST6-I cells treated with secretomes from different adipocyte types [white or TWAT(Mock) or
TWAT(MSTe6-I)] compared with the corresponding untreated cells [Supplementary Figure 2D]. Fatty acid
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metabolism was upregulated in both Mock and MST6-I cells across treatments with secretomes from
different adipocyte types, compared with untreated cells, although to a lesser extent. This effect was
particularly pronounced in MST6-I cells treated with secretome from TWAT(MSTs6-I) adipocytes
[Supplementary Figure 2D]. Transcriptomic profiling of fatty acid metabolic genes also revealed two distinct
clusters that separated the untreated Mock and MSTs-1 cells from those treated with secretomes from white
or TWAT(Mock) or TWAT(MSTe-I) adipocytes [Figure 3D]. In particular, untreated cells displayed higher
expression of genes involved in fatty acid synthesis (SDD5, FASN, SCD, and FADS1), triglyceride metabolism
(DGAT2), and lipogenesis (INSIG1, SREBF1). In contrast, both Mock and MSTe6-I cells treated with
secretomes from white or beige-like adipocytes showed increased expression of genes associated with lipid
remodeling (AIG1, PLA2G1, and PLA2G4F) and polyunsaturated fatty acids metabolism (MFSD2A, ACOX2,
and CYP2C19). MSTe-I cells exhibited increased expression of fatty acid oxidation genes (ACAD11 and
PRKAB2), lipid remodeling genes (PNPLAS), and fatty acid trafficking genes (CAV1) when treated with
secretomes from white or TWAT(MST6-I) adipocytes, compared with Mock cells [Figure 3D].

These findings demonstrate that adipocytes significantly influence the metabolism of gastric cancer cells. We
observed that exposure to the secretome from white or beige-like adipocytes induced metabolic
reprogramming in tumor cells, which surpassed the inherent differences between Mock and MSTe-I cells.
Transcriptomic analysis further revealed upregulation of genes involved in lipid remodeling and fatty acid
oxidation, particularly in MSTe6-I cells treated with the secretome from white or beige-like adipocytes.

Beige-like adipocytes promote fatty acid metabolism and alter the phenotypic features of STn-
positive gastric cancer cells

Our previous findings demonstrated that adipocytes induce metabolic reprogramming in tumor cells. To
further elucidate how these adipocytes affect fatty acid oxidation in tumor cells, we treated Mock and MSTe-
I gastric cancer cells with the secretome from white or beige-like adipocytes [TWAT(Mock) and
TWAT(MSTse-1)] [Figure 4A] and performed a Seahorse analysis. We observed distinct basal metabolic
profiles between Mock and MST6-I cells [Supplementary Figure 3A], with untreated Mock cells exhibiting a
greater tendency toward higher glycolytic rates than untreated MSTe-I cells (Figure 4B; left panel). We
observed that inhibition of mitochondrial fatty acid oxidation with etomoxir, a carnitine palmitoyl
transferase (CPT1) inhibitor, resulted in a marked increase in basal glycolytic flux in MST6-I cells when they
were exposed to the secretome from white or beige-like adipocytes [TWAT(MSTe-1); Figure 4B, left panel].
Additionally, when fatty acid oxidation was blocked by etomoxir, MST6-I cells exposed to secretomes from
white or TWAT(MSTe-I) adipocytes showed a compensatory increase in glycolytic flux (Figure 4B, right
panel), demonstrating a preferential reliance on fatty acid oxidation under substrate exposure.

Consistent with this metabolic reprogramming, we also observed that MSTe6-I cells treated with the
secretome from TWAT(MSTe-I) adipocytes showed significantly higher fatty acid uptake than untreated
cells or those treated with secretomes from white or TWAT(Mock) adipocytes [Figure 4C]. In contrast,
Mock cells revealed no change in fatty acid uptake [Figure 4C]. To follow the transfer of fatty acids from
adipocytes to tumor cells, we pre-labeled adipocytes with BODIPY FL Ci1s, a fluorescent fatty acid analog,
and incubated both Mock and MSTe-I cells with the secretome from those adipocytes. Fluorescence
microscopy images revealed increased fatty acid accumulation in Mock and MST6-I cells incubated with
secretomes from white or beige-like adipocytes after etomoxir treatment, particularly in MSTe-I cells
exposed to the secretome of TWAT(MSTe6-I) adipocytes [Figure 4D]. Furthermore, MST6-I cells treated
with the secretome from both white and TWAT(MSTe-I) adipocytes showed a significant increase in
mitochondrial content, an effect absent in Mock cells [Figure 4E]. No significant changes were observed in
the number of lipid droplets or the Golgi apparatus in either Mock or MST6-I cells [Supplementary Figure
3B and C]. Notably, MSTe6-I cells exhibited enhanced endosome formation following exposure to the
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Figure 4. Adipocyte-derived secretome enhances fatty acid metabolism and mitochondria biogenesis in STn-positive gastric cancer cells.
(A) Schematic illustration of the workflow used, in which 3T3-L1 adipocytes were treated with Mock or MST6-I secretome/CM to
generate transdifferentiated white adipocytes (TWAT)(Mock) or TWAT(MST6-1). The secretome/CM from these adipocytes, enriched in
free fatty acids, was used to treat the gastric cancer cells. Created in BioRender. Duarte, H. (2026) https://BioRender.com/iz3w8pf; (B)
Seahorse analysis of glycolytic activity in Mock and MST6-I cells treated with secretome/CM from white or transdifferentiated/beige
adipocytes [TWAT(MST6-1)]1. When indicated, etomoxir was added. Quantification of basal (left panel) and compensatory glycolysis
(right panel) is shown as mean £ SEM. One-way ANOV A was used for statistical analysis; unless otherwise indicated, differences were
not significant (ns); (C) Quantification of fatty acid uptake by Mock and MST6-I gastric cancer cells relative to untreated controls. Results
are shown as mean = SEM, with statistical significance determined by One-way ANOVA; (D) Fluorescence microscopy images and
quantification of fluorescence intensity in Mock (upper panel) and MST6-1 (bottom panel) cells, untreated or incubated with
secretome/CM from white or transdifferentiated/beige adipocytes pre-labeled with BODIPY FL C16 (green). Where indicated, etomoxir
was added. Nuclei were counterstained with DAPI (blue). Images were acquired at 630% magnification. Scale bar: 10 um. Results are
shown as mean £ SEM, with statistical significance determined by an unpaired t-test; (E) Representative electron microscopy images of
Mock and MST6-I cells after treatment with white or transdifferentiated/beige [TWAT(MST6-1)] secretome/CM (left panel) and
quantification of mitochondrial number per cell (right panel). Arrows indicate mitochondria (yellow), the Golgi apparatus (purple), lipid
droplets (pink), and endosomes (orange). Images were acquired at 20,000% magnification. Scale bar: 500 nm. Results are shown as mean
+ SEM, with statistical significance determined by One-way ANOVA. Biological replicates are represented as individual data points. ns: P-
value > 0.05; *: P-value £ 0.05; **: P-value < 0.01; ***: P-value £ 0.001; ****: P-value £ 0.0001. CM: Conditioned medium; STn: sialyl-Tn;
SEM: standard error of the mean; ANOVA: analysis of variance; DAPI: 4',6-diamidino-2-phenylindole.

secretome from TWAT(MST6-I) adipocytes [Supplementary Figure 3D], suggesting additional alterations in
intracellular trafficking and possibly exosome production.
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Figure 5. Adipocyte-derived secretome enhances the migration capacity of gastric cancer cells. (A) Proliferation capacity of Mock and
MST6-I cells after exposure to the secretome/CM from white or transdifferentiated/beige adipocytes. One-way ANOVA was used for
statistical analysis. (B) Migration capacity of Mock and MST6-I cells after exposure to the secretome/CM from white or
transdifferentiated/beige adipocytes. Two-way ANOVA was used for statistical analysis. Biological replicates are represented as
individual data points. ns: P-value > 0.05; ***: P-value < 0.001; ****: P-value £ 0.0001. CM: Conditioned medium; ANOVA: analysis of
variance.

Following the metabolic alterations induced by secretomes from white or beige-like adipocytes, we evaluated
their functional impact on Mock and MSTe-I cells. Treatment of both Mock and MSTe-1 cells with
secretomes from different adipocyte types did not affect the proliferation rates of either cell line [Figure 5A].
However, we observed a significant increase in the migration capacity of Mock and MSTe-I gastric cancer
cells upon exposure to secretomes from both white and TWAT(Mock or MST6-I) adipocytes, with a greater
effect in MST6-I cells exposed to the secretome from TWAT(MSTs-I) adipocytes [Figure 5B].

Together, these results showed that exposure of MST6-1 cells to secretomes from white and beige-like
adipocytes promoted a metabolic shift towards increased fatty acid uptake and oxidation, increased
mitochondrial number, and reduced cytoplasmic lipid accumulation, indicating enhanced fatty acid
consumption. Furthermore, we observed increased migration in both Mock and MSTe-I cells after treatment
with secretomes from white or beige-like adipocytes, with MST6-1 cells showing the most pronounced

response.

DISCUSSION

The metabolic crosstalk between tumor cells and adipose tissue is recognized as a key driver of tumor
growth, dissemination, and systemic metabolic dysfunctions, including cancer cachexia”**"\. This metabolic
syndrome, characterized by severe loss of body fat and skeletal muscle, is particularly concerning since
cancer cachexia profoundly affects patients' quality of life and treatment outcomes"’. Currently,
management of cachexia is limited to treating the underlying conditions and providing nutritional support,
underscoring the urgent need for novel therapeutic targets”®. Given the proximity of the stomach to visceral
fat depots, adipocytes may actively support gastric cancer progression through endocrine and paracrine
mechanisms"**?/. EVs have emerged as crucial messengers in tumor cell-adipocyte interplay, carrying
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bioactive molecules that reprogram the metabolism and phenotype of recipient cells'*. Notably, tumor-
derived EVs can induce substantial metabolic reprogramming of adipocytes, thereby contributing to the
development and progression of cancer cachexia®*. Importantly, we previously observed that gastric cancer
cells expressing short O-glycans, such as the STn antigen, induce unintentional weight loss in mouse models,
which was reversed after tumor removal®”, underscoring the putative clinical implications of tumor
glycosylation in tumor progression, particularly in cancer cachexia. Furthermore, these short O-glycans have
also been detected in gastric cancer-derived EVs®*?l. Despite growing recognition of the role of EVs in
tumor-adipocyte crosstalk, the impact of tumor-associated glycosylation on this metabolic interplay remains
largely unknown.

To address this gap, we investigated how short O-glycans, particularly the STn antigen, present in gastric
cancer cells and EVs, modulate communication between gastric cancer cells and adipocytes. Our results
revealed that STn-positive cells release more EVs than STn-negative cells, with no significant differences in
size distribution. Several studies have shown that glycans, including glycosphingolipids'**’ and
proteoglycans®** ! can modulate exosome biogenesis and release. Specifically, previous research
demonstrated that cancer cells overexpressing STn secrete more EVs®*¥. Furthermore, EVs were enriched
for O-glycoproteins carrying the STn antigen compared with their parental cells, indicating selective
packaging of STn-modified proteins into EVs and suggesting that STn might play a role in both EV release
and cargo selection.

Notably, STn-positive EVs were internalized by white adipocytes in a time-dependent manner. On the other
hand, STn-negative EVs were not internalized by adipocytes within 24 h of exposure. This preferential
uptake likely enables STn-positive EV's to exert an effect on recipient adipocytes, in contrast to STn-negative
EVs. Previous studies have shown that the surface glycans of EV's significantly influence their recognition
and uptake by recipient cells, thereby modulating their biological effects”"*”. Indeed, our results showed that
STn-positive EVs induced pronounced reprogramming of white adipocytes toward a beige-like state. This
transformation was evidenced by the upregulation of the browning genes Ucp1 and Prdm1e, activation of
HSL (p-HSL**°), and increased glycerol and free fatty acid release. Interestingly, Ucp1 expression in
adipocytes increased after exposure to STn-positive EV's, consistent with the trend toward enhanced
internalization. These results suggest that the presence of STn, or the absence of more elongated O-glycans,
in EVs is essential for EV internalization by adipocytes, thereby contributing to their browning phenotype.
Previous studies in pancreatic and breast cancers have shown that tumor-derived EVs or direct tumor cell-
adipocyte contact stimulate lipolysis in adipocytes, a response characterized by reduced triglyceride content,
increased release of glycerol and free fatty acids, and HSL activation!**7°). In breast cancer, the lipolytic
response of adipocytes triggered by tumor-derived EVs was also associated with the transfer of cyclic
adenosine monophosphate (cAMP)-dependent protein kinase A (PKA) from cancer cells to adipocytes'™.
Moreover, EVs from lung, gastric, and prostate cancer cells have been reported to increase intracellular
cAMP levels and PKA activity in adipocytes™"7?l. Other studies noted that pancreatic cancer-derived
exosomes carrying adrenomedullin activated the p38 and the Ras-dependent extracellular signal-
regulated/mitogen-activated protein kinases (ERK/MAPK) signaling pathways in adipocytes, resulting in
HSL phosphorylation and glycerol release”. Furthermore, EVs carry miRNAs (miR204-5p and miR-155)
that have been implicated in increasing leptin and hypoxia-inducible factor 1o (HIF-1a) levels in
adipocytes”, regulating lipolytic enzymes such as HSL and ATGL, reducing lipogenesis, and stimulating
adipocyte browning by inducing Ucp1 upregulation”””. In line with these observations, our data suggest that
STn-positive gastric cancer cells and EV's drive metabolic reprogramming of adipocytes, enhancing lipid
mobilization and fostering a nutrient-rich environment that supports tumor growth. This remodeling of
white adipocytes into beige-like adipocytes often results in global body weight loss, contributing to the
cancer cachexia phenotype®”!. Importantly, several additional studies have shown that EV effects on
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adipocyte browning and lipolysis in the prostate”, breast”*7, gastric!"”, colorectal””, and lung cancers”7**),
often involve the transfer of specific proteins, miRNAs, or hormones. Although these studies did not address
glycosylation, STn is highly prevalent in these cancer types"®"’, which may also contribute to the observed EV-
mediated adipocyte browning. It is also worth noting that the secretome from STn-negative cells reduced
ACC expression, increased p-HSL*® activation, and increased glycerol release. However, their derived EV's
did not show the same effect, most likely because they were not internalized. Furthermore, other secretome
components from STn-negative cells may also contribute to lipolytic activity in white adipocytes. Indeed,
tumor cells can release interleukins (IL-6 and IL-1B), TNF-q, interferon gamma (IFN-y), zinc-a2-
glycoprotein (ZAG), or parathyroid hormone-related protein (PTHrP), which can promote adipocyte
browning and lipolysis'™*.

Given the role of STn-positive gastric cancer cells and their derived EVs in remodeling adipocyte phenotype
and metabolism, we next evaluated whether tumor cells use free fatty acids released by these adipocytes.
Remarkably, we found that STn-positive cells exhibit increased free fatty acid uptake and display metabolic
features consistent with enhanced fatty acid oxidation. Seahorse analysis revealed a compensatory shift
toward glycolysis after etomoxir-mediated inhibition of fatty acid oxidation, indicating metabolic flexibility
in STn-positive cells. Moreover, the increased fluorescence intensity of BODIPY -labeled fatty acids in these
cells after etomoxir treatment further supports the reliance of STn-positive cells on fatty acids as an energy
source. Importantly, these effects were not observed in STn-negative cells, highlighting a distinct metabolic
profile between STn-positive and STn-negative gastric cancer cells. Previous studies in colon and breast
cancer cells have reported that enhanced fatty acid oxidation correlates with 5" adenosine monophosphate-
activated protein kinase (AMPK) activation, reduced ACC levels, and upregulation of carnitine
palmitoyltransferase 1 (CPT1)"***. Furthermore, the adipocyte-derived secretome stimulated expression of
phosphatidylinositol transfer protein, cytoplasmic 1 (PITPNC1) in gastric cancer cells, thereby promoting
expression of SREBP1, PPARy, CD36, and CPT1B, facilitating fatty acid uptake and stimulating fatty acid
oxidation in these cells'®. Importantly, consistent with these reports, our transcriptomic analysis revealed
increased expression of the protein kinase AMP-activated non-catalytic subunit beta 2 (PRKAB2), a
regulatory subunit of AMPK™, in STn-positive cells after exposure to secretomes from white or beige-like
adipocytes. This finding suggests a shift toward AMPK-driven oxidative metabolism, enabling STn-positive
cells to efficiently use fatty acids as an energy source under metabolic stress and highlighting AMPK as a
potential therapeutic target to mitigate adipocyte-mediated metabolic dysfunctions and disease progression
in gastric cancer. Interestingly, inhibition of fatty acid oxidation with etomoxir has also been shown to
redirect tumor cell energy production towards glucose metabolism'®.

Building on these metabolic insights, we further explored how secretomes from white and beige-like
adipocytes affect lipid metabolism pathways in tumor cells. We found that gastric cancer cells treated with
adipocyte secretomes undergo metabolic reprogramming from lipogenesis to lipid remodeling,
polyunsaturated fatty acid (PUFA) metabolism, and mitochondrial and peroxisomal p-oxidation. Untreated
gastric cancer cells displayed higher expression of genes involved in fatty acid synthesis (SCD5, FASN, SCD,
and FADS1), triglyceride metabolism (DGAT2), and lipogenesis regulation (INSIG1 and SREBF1), indicating
endogenous lipid production and storage. Conversely, exposure of gastric cancer cells to secretomes from
white or beige-like adipocytes promoted upregulation of phospholipases and lipid-remodeling enzymes
(AIG1, PLA2G1, and PLA2G4F) and of genes related to PUFA oxidation (MFSD2A, ACOX2, and CYP2C19).
Upregulation of AIG1”>°' and PLA2 family®>* enzymes suggest increased hydrolysis of
glycerophospholipids and lipid esters, thereby releasing free fatty acids that could sustain mitochondrial and
peroxisomal B-oxidation. Furthermore, MFSD2A"", ACOX2"), and CYP2C19"7** expression has been
shown to support increased PUFA uptake and metabolism, as well as peroxisomal p-oxidation of long-chain
fatty acids. Altogether, our findings indicate that the adipocyte-derived secretome reprograms gastric cancer
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cell metabolism, favoring lipid uptake and oxidation, potentially driving tumor growth and progression.
Notably, we also detected Cav-1 upregulation in STn-positive cells after exposure to the secretome from
white or beige-like adipocytes. Cav-1 is known to regulate fatty acid uptake by modulating the localization
and function of the fatty acid translocase (FAT/CD36)">'™. Adipocytes have also been shown to promote
fatty acid uptake and metastatic potential in ovarian cancer cells. By upregulating fatty acid-binding protein
4 (FABP4)"*l or CD36!""* in tumor cells, adipocytes could facilitate the uptake and accumulation of long-
chain fatty acids. In addition, depriving ovarian cancer cells of adipocyte-derived fatty acids by CD36
inhibitors reduced their adhesion, migration, and invasion capacities''”*). Moreover, activation of the
AXL-CAV1-p-catenin signaling axis has been implicated in the invasive potential of melanoma cells"".
Interestingly, our results further showed that the adipocyte-derived secretome (from white or beige-like
adipocytes) also increased the migration capacity of gastric cancer cells, particularly when STn-positive cells
were treated with secretome from beige-like adipocytes. Several other types of cancer have already shown
that exposure to adipocytes can enhance the motility of breast?>'°*'*”), melanomal*"'°*), colorectal "/,
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pancreatic!"'®"""), prostate!"?, hepatocellular®¥, and nasopharyngeal cancers"'” cells. This pro-migratory
phenotype has been linked to adipokines (IL-8 and IL-1p) and fatty acids released by adipocytes?>'°*!],
increased HIF-1a activity!*>''?), and activation of several signaling pathways"'*"**), highlighting how the
secretome and EVs derived from adipocytes not only supply metabolic substrates but also promote
malignant features in tumor cells. Together, our results suggest that the adipocyte secretome may facilitate
tumor progression by enhancing gastric cancer cell migration. In addition, increased fatty acid uptake by
STn-positive cells may result from Cav-1 upregulation, which could regulate CD36 localization and function,
as reported in other cell types. Although CD36 did not appear upregulated in our RNA-seq analysis, as Cav-1
did, we cannot exclude that the Cav-1/CD36 pathway may represent another therapeutic target to inhibit

fatty acid internalization by tumor cells and ultimately impair adipose tissue consumption.

In line with this metabolic remodeling, we also observed an increase in mitochondrial number and
upregulation of lipid remodeling enzymes, including patatin-like phospholipase domain-containing 8
(PNPLAS) and ACAD11, in STn-positive gastric cancer cells after exposure to the secretome from white or
beige-like adipocytes. This response aligns with previous findings in breast and melanoma cancer models, in
which adipocyte-derived EVs, leptin, and fatty acids promote mitochondrial reprogramming and fatty acid
oxidation in tumor cells?>*'°*"'*/_ Furthermore, treatment of tumor cells with exogenous leptin enhanced
lipid consumption for energy production!'”""*). PNPLAS, also known as iPLA2y, is a mitochondrial and
peroxisomal phospholipase that could promote the production of unsaturated fatty acids and eicosanoids"**.
Its overexpression was associated with phospholipid metabolic reprogramming, cell viability, and migration
in breast cancer"*”), and with metastases and poor prognosis in patients with colorectal cancer!*"".
Furthermore, H O,-mediated activation of iPLA2y could promote its interaction with mitochondrial carriers
such as UCPs, thereby preventing oxidative stress">**?. ACAD11, a p53-regulated mitochondrial acyl-CoA
dehydrogenase, supports tumor cell survival under metabolic stress'"*>'**I. Therefore, the observed
upregulation of genes involved in mitochondrial function and lipid remodeling in our study may reflect an
adaptive response that enhances mitochondrial fatty acid mobilization, thereby contributing to the metabolic
flexibility of STn-positive gastric cancer cells and enabling them to better adapt and thrive in diverse
metabolic environments.

Given the role of EVs in mediating tumor-adipocyte communication, we assessed how adipocytes influence
the biogenesis of tumor-derived EVs. Notably, we observed an increase in endosomes in STn-positive cells
after exposure to the secretome from beige-like adipocytes. Similarly, treating breast cancer cells with leptin
increased exosome release by upregulating Tsg101, an important subunit of the endosomal sorting complex
required for transport I (ESCRT-I)""**.. This suggests that adipocyte-derived factors in the adipocyte
secretome may enhance EV biogenesis in cancer cells, potentially amplifying reciprocal communication
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between tumor cells and adipocytes. Therefore, targeting EV biogenesis, release, or uptake by recipient cells
may represent a promising therapeutic approach to disrupt this tumor-adipocyte metabolic crosstalk and
impair tumor progression. Indeed, pharmacological or genetic inhibition of EV release (using GW4869""*",
Rab27A knockdown!", inhibition of HSP70/HSP90-dependent EV release with omeprazole!*” or
atractylenolide I treatment"*') has been shown to inhibit adipocyte transdifferentiation and lipolysis and to
attenuate weight loss in mouse models of lung and colon cancer, supporting the therapeutic potential of EV-
targeted therapies to disrupt the metabolic interplay between tumor cells and adipocytes that fuels tumor
progression and cancer cachexia. Recent evidence indicates that tissue-resident macrophages clear locally
released EVs and those entering from circulation, thereby influencing circulating EV levels"*”. Importantly,
the presence of STn in tumor cells and potentially in their EV's may protect them from immune clearance*..
Nevertheless, these generic strategies might have substantial side effects in cancer patients. Therefore,
targeting STn-positive EV's in circulation to block tumor-adipocyte crosstalk might be a promising approach
to tackle cancer cachexia.

Limitations of the study

This study provides important insights into the role of STn-positive EVs in mediating metabolic crosstalk
between gastric cancer cells and adipocytes. However, several limitations should be considered. This study
was based on in vitro observations. Although in vitro systems offer control over experimental conditions,
they do not fully replicate the complexity of tumor-host interactions in a physiological context. Using
primary adipocytes, additional cancer cell lines, or patient-derived gastric organoids would enhance the
translational relevance of our results. Furthermore, given that STn is highly synthesized across multiple
cancer types, it would be important to validate whether STn-associated effects on adipocyte browning extend
beyond gastric cancer. Our results suggest that STn in both cells and EV's serves as a key mediator of
adipocyte remodeling. Nevertheless, STn-positive EVs lack elongated O-glycans. Indeed, STn-negative EV's
that display elongated O-glycans were not internalized by adipocytes and did not induce the browning and
lipolytic responses observed with STn-positive EVs. Future experiments addressing other glycosylation traits
and aiming to identify EV protein carriers could reveal additional mechanisms with therapeutic implications
for targeting tumor-adipocyte communication.

Conclusions

Our results show that EV glycosylation, specifically STn, plays a crucial role in intercellular communication
between gastric cancer cells and adipocytes. STn-positive EVs induced browning and lipolysis in white
adipocytes, resulting in the release of glycerol and fatty acids. In turn, fatty acids released by adipocytes were
internalized by STn-positive gastric cancer cells, reprogramming their metabolism toward fatty acid
oxidation, accompanied by increased mitochondrial number and enhanced tumor cell migration. We
propose that tumor-associated glycosylation, particularly STn in gastric cancer cells and EVs, enhances EV
uptake by adipocytes, thereby initiating a reciprocal metabolic reprogramming cycle that drives tumor
progression. Disrupting this communication axis may offer a promising strategy to disrupt the metabolic co-
dependency between tumor cells and adipocytes, ultimately improving clinical outcomes for gastric cancer
patients and providing new insights into the management of cancer cachexia.

DECLARATIONS

Acknowledgments

We acknowledge the support provided by the i3S Scientific Platforms, particularly the Histology and
Electron Microscopy platform, assisted by Sofia Pacheco, and the Advanced Light Microscopy platform,
members of the national infrastructure PPBI-Portuguese Platform of Bioimaging (PPBI-POCI-01-0145-
FEDER-022122). We also thank the Cell Culture and Genotyping, and Genomics facilities at i3S. The
graphical abstract (Biorender. Duarte, H. (2026) https://BioRender.com/bt3976u) and schematic illustrations
were created in Biorender.

Authors’ contributions


https://BioRender.com/bt3976u

Page 1077 Ramos et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:1056-83

Conceptualization: Freitas D

Methodology and validation: Ramos CC, Albéniga OE, Rodrigues AR, Garcia-Vallicrosa C, Peixoto J,
Fernandes R, Cavadas B, Gouveia AM, Reis CA, Falcon-Pérez JM, Freitas D

Data analysis: Ramos CC, Albéniga O, Peixoto J, Cavadas B, Falcon-Pérez JM, Freitas D;

Writing - original draft: Ramos CC, Freitas D

Writing - review and editing: all authors

Supervision: Falcon-Pérez JM, Freitas D

Funding acquisition: Freitas D.

Availability of data and materials

RNA-Seq data are available at the European Nucleotide Archive (ENA), under the Project ID PRJEB105016.
Metabolomics data are available at the NTH Common Fund's National Metabolomics Data Repository
(NMDR) website and the Metabolomics Workbench (https://www.metabolomicsworkbench.org), where
they have been assigned Project ID PR002875. The data can be accessed directly via its Project DOI: (https://
doi.org/http://dx.doi.org/10.21228/M81V97). This work is supported by Metabolomics Workbench/National
Metabolomics Data Repository (NMDR) (U2C-DK119886) and Common Fund Data Ecosystem (CFDE)
(0OT2-0D030544).

Al and Al-assisted tools Statement

During the preparation of this manuscript, the AI tool Grammarly (v1.2.228.1813) was used solely to
improve spelling, grammar, clarity, and readability during manuscript preparation. The tool did not
influence the study design, data collection, analysis, interpretation, or the scientific content of the work. All
authors take full responsibility for the accuracy, integrity, and final content of the manuscript.

Financial support and sponsorship

Freitas D acknowledges FEDER financial support related to operation no. 15820, operation code in the
Funds Portal COMPETE2030-FEDER-00693000, under the Call for Applications no. MPr-2023-12. This
research was also supported by the Portuguese Foundation for Science and Technology (FCT)
(2020.04384.CEECIND and 2024.08410.CEECIND to DF and EXPL/MED-ONC/1001/202 to Freitas D), and
BIAL Foundation, in the scope of the Maria de Sousa Award 2/2021 to Freitas D. Ramos CC acknowledges
the financial support of the FCT and i3S for the PhD research scholarship (UI/BD/152090/2021).
Additionally, the authors acknowledge the “P.CCC: Centro Compreensivo de Cancro do Porto” -
NORTE-01-0145-FEDER-072678, supported by Norte Portugal Regional Operational Program (NORTE
2020), under the PORTUGAL 2020 Partnership Agreement, through the European Regional Development
Fund (ERDEF).

Conflicts of interest

Falcon-Pérez JM is an Associate Editor of the journal Extracellular Vesicles and Circulating Nucleic Acids.
Falcon-Pérez JM was not involved in any steps of the editorial process, including reviewers’ selection,
manuscript handling, or decision-making. The other authors declare no conflicts of interest.

Ethical approval and consent to participate
The experiments in this study used established human (MKN45, MKN74 and SNU-16) and mouse (3T3-L1
MBX) cell lines. MKN45 and MKN74 cells were obtained from the Japanese Collection of Research
Bioresources and the SNU-16 and 3T3-L1 MBX from the American Type Culture Collection (ATCC). Since
this study did not involve human participants or animal subjects, formal approval from an ethics committee
or institutional review board was not required.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2026.


https://www.metabolomicsworkbench.org
https://doi.org/http://dx.doi.org/10.21228/M81V97
https://doi.org/http://dx.doi.org/10.21228/M81V97

Ramos et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:1056-83 Page 1078

Supplementary Materials

Supplementary Materials

REFERENCES

1.

20.

21.

22.

23.

24.

25.

Van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19:213-28.
DOI PubMed

Bebelman MP, Smit MJ, Pegtel DM, Baglio SR. Biogenesis and function of extracellular vesicles in cancer. Pharmacol Ther.
2018;188:1-11. DOI PubMed

Yanez-Mo6 M, Siljander PRM, Andreu Z, et al. Biological properties of extracellular vesicles and their physiological functions. J
Extracellular Vesicle. 2015;4:27066. DOI PubMed PMC

Rackles E, Lopez PH, Falcon-Perez JM. Extracellular vesicles as source for the identification of minimally invasive molecular signatures
in glioblastoma. Semin Cancer Biol. 2022;87:148-59. DOI PubMed

Picatoste B, Guaman HM, Herrero-Matesanz M, Pifieres LV, Benito-Martin A. Extracellular vesicles and the lipid messengers: the
adipose tissue connection to cancer and metabolic disease. Semin Cancer Biol. 2025;116:59-68. DOI PubMed

Moraes JA, Encarnacdo C, Franco VA, et al. Adipose tissue-derived extracellular vesicles and the tumor microenvironment: revisiting
the hallmarks of cancer. Cancers. 2021;13:3328. DOI PubMed PMC

Bouche C, Quail DF. Fueling the tumor microenvironment with cancer-associated adipocytes. Cancer Res. 2023;83:1170-2. DOI
PubMed

Torres N, Vargas-castillo A, Tovar A. Adipose tissue: white adipose tissue structure and function. Encyclopedia of food and health.
Elsevier; 2016. pp. 35-42. DOI

Trayhurn P, Beattie JH. Physiological role of adipose tissue: white adipose tissue as an endocrine and secretory organ. Proc Nutr Soc.
2007;60:329-39. DOI

Petruzzelli M, Schweiger M, Schreiber R, et al. A switch from white to brown fat increases energy expenditure in cancer-associated
cachexia. Cell Metab. 2014;20:433-47. DOI

Harms M, Seale P. Brown and beige fat: development, function and therapeutic potential. Nat Med. 2013;19:1252-63. DOI

Agustsson T, Rydén M, Hoffstedt J, et al. Mechanism of increased lipolysis in cancer cachexia. Cancer Res. 2007;67:5531-7. DOIL
Kliewer KL, Ke J, Tian M, Cole RM, Andridge RR, Belury MA. Adipose tissue lipolysis and energy metabolism in early cancer
cachexia in mice. Cancer Biol Ther. 2014;16:886-97. DOI PubMed PMC

Kir S, White JP, Kleiner S, et al. Tumour-derived PTH-related protein triggers adipose tissue browning and cancer cachexia. Nature.
2014;513:100-4. DOI PubMed PMC

Virtanen KA, Lidell ME, Orava J, et al. Functional brown adipose tissue in healthy adults. N Engl J Med. 2009;360:1518-25. DOI

Cohen P, Spiegelman BM. Brown and beige fat: molecular parts of a thermogenic machine. Diabetes. 2015;64:2346-51. DOI PubMed
PMC

Lengyel E, Makowski L, Digiovanni J, Kolonin MG. Cancer as a matter of fat: the crosstalk between adipose tissue and tumors. 7rends
in Cancer. 2018;4:374-84. DOI PubMed PMC

Sun D, Ding Z, Shen L, Yang F, Han J, Wu G. miR-410-3P inhibits adipocyte differentiation by targeting IRS-1 in cancer-associated
cachexia patients. Lipids Health Dis. 2021;20:115. DOI PubMed PMC

Liu Y, Wang M, Deng T, et al. Exosomal miR-155 from gastric cancer induces cancer-associated cachexia by suppressing adipogenesis
and promoting brown adipose differentiation via C/EPBp. Cancer Biol Med. 2022:1-14. DOI PubMed PMC

Liu A, Pan W, Zhuang S, Tang Y, Zhang H. Cancer cell-derived exosomal miR-425-3p induces white adipocyte atrophy. Adipocyte.
2022;11:487-500. DOI PubMed PMC

Lazar I, Clement E, Dauvillier S, et al. Adipocyte exosomes promote melanoma aggressiveness through fatty acid oxidation: a novel
mechanism linking obesity and cancer. Cancer Res. 2016;76:4051-7. DOI

Clement E, Lazar I, Attané C, et al. Adipocyte extracellular vesicles carry enzymes and fatty acids that stimulate mitochondrial
metabolism and remodeling in tumor cells. EMBO J. 2020;39:EMBJ2019102525. DOI PubMed PMC

Liu S, Benito-Martin A, Pelissier Vatter FA, et al. Breast adipose tissue-derived extracellular vesicles from obese women alter tumor cell
metabolism. EMBO Rep. 2023;24:EMBR202357339. DOI PubMed PMC

LiuY, TanJ, Ou S, Chen J, Chen L. Adipose-derived exosomes deliver miR-23a/b to regulate tumor growth in hepatocellular cancer by
targeting the VHL/HIF axis. J Physiol Biochem. 2019;75:391-401. DOI

Wang J, Wu 'Y, Guo J, Fei X, Yu L, Ma S. Adipocyte-derived exosomes promote lung cancer metastasis by increasing MMP9 activity
via transferring MMP3 to lung cancer cells. Oncotarget. 2017;8:81880-91. DOI PubMed PMC


https://file.oaecenter.com/published/pdf/25eb1e1288fc69bf61f95c4e26889a3e/1783323667/evcna7016-SupplementaryMaterials.zip
https://dx.doi.org/10.1038/nrm.2017.125
https://www.ncbi.nlm.nih.gov/pubmed/29339798
https://dx.doi.org/10.1016/j.pharmthera.2018.02.013
https://www.ncbi.nlm.nih.gov/pubmed/29476772
https://dx.doi.org/10.3402/jev.v4.27066
https://www.ncbi.nlm.nih.gov/pubmed/25979354
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4433489
https://dx.doi.org/10.1016/j.semcancer.2022.11.004
https://www.ncbi.nlm.nih.gov/pubmed/36375777
https://dx.doi.org/10.1016/j.semcancer.2025.09.003
https://www.ncbi.nlm.nih.gov/pubmed/40975244
https://dx.doi.org/10.3390/cancers13133328
https://www.ncbi.nlm.nih.gov/pubmed/34283044
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8268128
https://dx.doi.org/10.1158/0008-5472.can-23-0505
https://www.ncbi.nlm.nih.gov/pubmed/37057599
https://dx.doi.org/10.1016/b978-0-12-384947-2.00006-4
https://dx.doi.org/10.1079/pns200194
https://dx.doi.org/10.1016/j.cmet.2014.06.011
https://dx.doi.org/10.1038/nm.3361
https://dx.doi.org/10.1158/0008-5472.can-06-4585
https://dx.doi.org/10.4161/15384047.2014.987075
https://www.ncbi.nlm.nih.gov/pubmed/25457061
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4622729
https://dx.doi.org/10.1038/nature13528
https://www.ncbi.nlm.nih.gov/pubmed/25043053
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4224962
https://dx.doi.org/10.1056/nejmoa0808949
https://dx.doi.org/10.2337/db15-0318
https://www.ncbi.nlm.nih.gov/pubmed/26050670
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4477363
https://dx.doi.org/10.1016/j.trecan.2018.03.004
https://www.ncbi.nlm.nih.gov/pubmed/29709261
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5932630
https://dx.doi.org/10.1186/s12944-021-01530-9
https://www.ncbi.nlm.nih.gov/pubmed/34563222
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8465700
https://dx.doi.org/10.20892/j.issn.2095-3941.2021.0220
https://www.ncbi.nlm.nih.gov/pubmed/35179324
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9500219
https://dx.doi.org/10.1080/21623945.2022.2108558
https://www.ncbi.nlm.nih.gov/pubmed/35941833
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9367658
https://dx.doi.org/10.1158/0008-5472.can-16-0651
https://dx.doi.org/10.15252/embj.2019102525
https://www.ncbi.nlm.nih.gov/pubmed/31919869
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6996584
https://dx.doi.org/10.15252/embr.202357339
https://www.ncbi.nlm.nih.gov/pubmed/37929643
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10702795
https://dx.doi.org/10.1007/s13105-019-00692-6
https://dx.doi.org/10.18632/oncotarget.18737
https://www.ncbi.nlm.nih.gov/pubmed/29137230
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5669856

Page 1079 Ramos et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:1056-83

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Ramos-andrade I, Moraes J, Branddo-costa RM, et al. Obese adipose tissue extracellular vesicles raise breast cancer cell malignancy.
Endocr-Relat Cancer. 2020;27:571-82. DOI

Dirat B, Bochet L, Dabek M, et al. Cancer-associated adipocytes exhibit an activated phenotype and contribute to breast cancer invasion.
Cancer Res. 2011;71:2455-65. DOI

Fearon K, Strasser F, Anker SD, et al. Definition and classification of cancer cachexia: an international consensus. The Lancet Oncology.
2011;12:489-95. DOI

Baracos VE, Martin L, Korc M, Guttridge DC, Fearon KCH. Cancer-associated cachexia. Nat Rev Dis Primers. 2018;4:17105. DOI
PubMed

Escrevente C, Keller S, Altevogt P, Costa J. Interaction and uptake of exosomes by ovarian cancer cells. BMC Cancer. 2011;11:108.
DOI PubMed PMC

Pocas J, Marques C, Gomes C, et al. Syndecan-4 is a maestro of gastric cancer cell invasion and communication that underscores poor
survival. Proc. Natl. Acad. Sci. U.S.A. 2023;120:€2214853120. DOI PubMed PMC

Williams C, Pazos R, Royo F, et al. Assessing the role of surface glycans of extracellular vesicles on cellular uptake. Sci Rep.
2019;9:11920. DOI PubMed PMC

Wang L, Chen X, Meng F, et al. a2,6-Sialylation promotes hepatocellular carcinoma cells migration and invasion via enhancement of
nSmase2-mediated exosomal miRNA sorting. J Physiol Biochem. 2022;79:19-34. DOI

Wang L, Chen X, Wang L, et al. Knockdown of ST6Gal-I expression in human hepatocellular carcinoma cells inhibits their exosome-
mediated proliferation- and migration-promoting effects. /[UBMB Life. 2021;73:1378-91. DOI PubMed

Zhang Q, Higginbotham JN, Jeppesen DK, et al. Transfer of functional cargo in exomeres. Cell Reports. 2019;27:940-954.¢6. DOI
PubMed PMC

Reis CA. ST6GalNAc-I controls expression of sialyl-Tn antigen in gastrointestinal tissues. Front Biosci. 2011;E3:1443-55. DOI PubMed
Freitas D, Campos D, Gomes J, et al. O-glycans truncation modulates gastric cancer cell signaling and transcription leading to a more
aggressive phenotype. EBioMedicine. 2019;40:349-62. DOI PubMed PMC

Pinho S, Marcos NT, Ferreira B, et al. Biological significance of cancer-associated sialyl-Tn antigen: Modulation of malignant
phenotype in gastric carcinoma cells. Cancer Lett. 2007;249:157-70. DOIL

Tamura F, Sato Y, Hirakawa M, et al. RNAi-mediated gene silencing of ST6GalNAc I suppresses the metastatic potential in gastric
cancer cells. Gastric Cancer. 2014;19:85-97. DOI

Nakagoe T, Sawai T, Tsuji T, et al. Predictive factors for preoperative serum levels of sialy Lewis(x), sialyl Lewis(a) and sialyl Tn
antigens in gastric cancer patients. Anticancer Res. 2002;22:451-8. PubMed

Kakeji Y, Maehara Y, Morita M, et al. Correlation between sialyl Tn antigen and lymphatic metastasis in patients with Borrmann type
IV gastric carcinoma. Br J Cancer. 1995;71:191-5. DOI PubMed PMC

Ozaki H, Matsuzaki H, Ando H, et al. Enhancement of metastatic ability by ectopic expression of ST6GalNAcl on a gastric cancer cell
line in a mouse model. Clin Exp Metastasis. 2012;29:229-38. DOI PubMed PMC

Rajesh C, Radhakrishnan P. The (Sialyl) Tn antigen: contributions to immunosuppression in gastrointestinal cancers. Front. Oncol.
2023;12:1093496. DOI PubMed PMC

Terashima S, Takano Y, Ohori T, et al. Sialyl-Tn antigen as a useful predictor of poor prognosis in patients with advanced stomach
cancer. Surg Today. 1998;28:682-6. DOI

Nakagoe T, Sawai T, Tsuji T, et al. Pre-operative serum levels of sialyl Tn antigen predict liver metastasis and poor prognosis in patients
with gastric cancer. EJSO-Eur J Surg Onc. 2001;27:731-9. DOI

Takahashi I, Maehara Y, Kusumoto T, et al. Predictive value of preoperative serum sialyl tn antigen levels in prognosis of patients with
gastric cancer. Cancer. 1993;72:1836-40. DOI

Maeda K, Chung Y, Onoda N, et al. Serum sialyl-Tn antigen level as a prognostic indicator in patients with gastric-cancer. /nt J Oncol.
1994;4:129-32. DOI

Ma XC, Terata N, Kodama M, Jancic S, Hosokawa Y, Hattori T. Expression of sialyl-Tn antigen is correlated with survival time of
patients with gastric carcinomas. Eur J Cancer. 1993;29:1820-3. DOI PubMed

Lugo R, Avila-Nava A, Garcia-Pérez R, Herrera-Escalante S, De La Cruz-Acosta J, Gutiérrez-Solis AL. Systematic review and meta-
analysis of the clinical survival significance of sialyl-Tn expression in histological tissues from cancer patients. Trans! Cancer Res TCR.
2020;9:547-55. DOI PubMed PMC

Freitas D, Balmana M, Pocas J, et al. Different isolation approaches lead to diverse glycosylated extracellular vesicle populations. J
Extracell Vesicles. 2019;8:1621131. DOI PubMed PMC

Marcos NT, Pinho S, Grandela C, et al. Role of the human ST6GalNAc-I and ST6GalNAc-II in the synthesis of the cancer-associated
sialyl-Tn antigen. Cancer Res. 2004;64:7050-7. DOIL


https://dx.doi.org/10.1530/erc-19-0507
https://dx.doi.org/10.1158/0008-5472.can-10-3323
https://dx.doi.org/10.1016/s1470-2045(10)70218-7
https://dx.doi.org/10.1038/nrdp.2017.105
https://www.ncbi.nlm.nih.gov/pubmed/29345251
https://dx.doi.org/10.1186/1471-2407-11-108
https://www.ncbi.nlm.nih.gov/pubmed/21439085
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3072949
https://dx.doi.org/10.1073/pnas.2214853120
https://www.ncbi.nlm.nih.gov/pubmed/37155874
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10193992
https://dx.doi.org/10.1038/s41598-019-48499-1
https://www.ncbi.nlm.nih.gov/pubmed/31417177
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6695415
https://dx.doi.org/10.1007/s13105-022-00917-1
https://dx.doi.org/10.1002/iub.2562
https://www.ncbi.nlm.nih.gov/pubmed/34559939
https://dx.doi.org/10.1016/j.celrep.2019.01.009
https://www.ncbi.nlm.nih.gov/pubmed/30956133
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6559347
https://dx.doi.org/10.2741/e345
https://www.ncbi.nlm.nih.gov/pubmed/21622148
https://dx.doi.org/10.1016/j.ebiom.2019.01.017
https://www.ncbi.nlm.nih.gov/pubmed/30662000
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6413340
https://dx.doi.org/10.1016/j.canlet.2006.08.010
https://dx.doi.org/10.1007/s10120-014-0454-z
https://www.ncbi.nlm.nih.gov/pubmed/12017332
https://dx.doi.org/10.1038/bjc.1995.39
https://www.ncbi.nlm.nih.gov/pubmed/7819038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2033471
https://dx.doi.org/10.1007/s10585-011-9445-1
https://www.ncbi.nlm.nih.gov/pubmed/22228572
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3275730
https://dx.doi.org/10.3389/fonc.2022.1093496
https://www.ncbi.nlm.nih.gov/pubmed/36686742
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9852904
https://dx.doi.org/10.1007/bf02484612
https://dx.doi.org/10.1053/ejso.2001.1199
https://dx.doi.org/10.1002/1097-0142(19930915)72:6<​1836::aid-cncr2820720607>3.0.co;2-7
https://dx.doi.org/10.3892/ijo.4.1.129
https://dx.doi.org/10.1016/0959-8049(93)90529-o
https://www.ncbi.nlm.nih.gov/pubmed/8260233
https://dx.doi.org/10.21037/tcr.2019.11.53
https://www.ncbi.nlm.nih.gov/pubmed/35117399
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8799194
https://dx.doi.org/10.1080/20013078.2019.1621131
https://www.ncbi.nlm.nih.gov/pubmed/31236201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6571546
https://dx.doi.org/10.1158/0008-5472.can-04-1921

Ramos et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:1056-83 Page 1080

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Martins AM, Lopes TM, Diniz F, et al. Differential protein and glycan packaging into extracellular vesicles in response to 3D gastric
cancer cellular organization. Adv Sci. 2023;10:2300588. DOI PubMed PMC

Hernandez P, Rackles E, Alboniga OE, et al. Metabolic profiling of brain tissue and brain-derived extracellular vesicles in Alzheimer’s
disease. J Extracell Vesicles. 2025;14:¢70043. DOI PubMed PMC

Schymanski EL, Jeon J, Gulde R, et al. Identifying small molecules via high resolution mass spectrometry: communicating confidence.
Environ Sci Technol. 2014;48:2097-8. DOI

Dumas J, Brisson L. Interaction between adipose tissue and cancer cells: role for cancer progression. Cancer Metastasis Rev.
2020;40:31-46. DOI PubMed

Mukherjee A, Bilecz AJ, Lengyel E. The adipocyte microenvironment and cancer. Cancer Metastasis Rev. 2022;41:575-87. DOI
PubMed

Kir S, Spiegelman BM. Cachexia and brown fat: a burning issue in cancer. Trends in Cancer. 2016;2:461-3. DOI PubMed PMC

NiJ, Zhang L. Cancer cachexia: definition, staging, and emerging treatments. Cancer Manag Res. 2020;12:5597-605. DOI PubMed
PMC

Shang J, Zhu J, Bai L, et al. Adipocytes impact on gastric cancer progression: prognostic insights and molecular features. World J
Gastrointest Oncol. 2024;16:3011-31. DOI PubMed PMC

Tan Y, Lin K, Zhao Y, et al. Adipocytes fuel gastric cancer omental metastasis via PITPNC1-mediated fatty acid metabolic
reprogramming. Theranostics. 2018;8:5452-68. DOI PubMed PMC

Hamabe-Boriike T, Harada SI, Yoshida K, Kinoshita J, Yamaguchi T, Fushida S. Adipocytes contribute to tumor progression and
invasion of peritoneal metastasis by interacting with gastric cancer cells as cancer associated fibroblasts. Cancer Rep. 2022;6:¢1647. DOIL
PubMed PMC

Matsuoka T, Yashiro M. Molecular mechanism for malignant progression of gastric cancer within the tumor microenvironment. /nt J
Mol Sci. 2024;25:11735. DOI PubMed PMC

Phuyal S, Hessvik NP, Skotland T, Sandvig K, Llorente A. Regulation of exosome release by glycosphingolipids and flotillins. The
FEBS Journal. 2014;281:2214-27. DOI PubMed

Ghossoub R, Chéry M, Audebert S, et al. Tetraspanin-6 negatively regulates exosome production. Proc. Natl. Acad. Sci. U.S.A.
2020;117:5913-22. DOI PubMed PMC

Roucourt B, Meeussen S, Bao J, Zimmermann P, David G. Heparanase activates the syndecan-syntenin-ALIX exosome pathway. Cell
Res. 2015;25:412-28. DOI PubMed PMC

Baietti MF, Zhang Z, Mortier E, et al. Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. Nat Cell Biol. 2012;14:677-85.
DOI PubMed

Nagao K, Maeda K, Hosomi K, Morioka K, Inuzuka T, Ohtsubo K. Sialyl-Tn antigen facilitates extracellular vesicle-mediated transfer of
FAK and enhances motility of recipient cells. J Biochem. 2022;171:543-54. DOI

Shibata C, Otsuka M, Seimiya T, Kishikawa T, Ishigaki K, Fujishiro M. Lipolysis by pancreatic cancer-derived extracellular vesicles in
cancer-associated cachexia via specific integrins. Clin Transl Med. 2022;12:¢1089. DOI PubMed PMC

Wang S, Xu M, Xiao X, et al. Pancreatic cancer cell exosomes induce lipidomics changes in adipocytes. Adipocyte. 2022;11:346-55.
DOI PubMed PMC

Williams J, Camarda R, Malkov S, et al. Tumor cell-adipocyte gap junctions activate lipolysis and contribute to breast tumorigenesis.
Nat Commun. 2025;16:7438. DOI PubMed PMC

Hu W, Xiong H, Ru Z, et al. Extracellular vesicles-released parathyroid hormone-related protein from Lewis lung carcinoma induces
lipolysis and adipose tissue browning in cancer cachexia. Cell Death Dis. 2021;12:134. DOI PubMed PMC

Giannitti G, Kaminska K, Marchesi S, et al. Extracellular vesicles released from prostate cancer cells confer pro-tumor properties to
adipocytes by stimulating lipolysis. Biofactors. 2025;51:¢70067. DOI PubMed PMC

Sagar G, Sah RP, Javeed N, et al. Pathogenesis of pancreatic cancer exosome-induced lipolysis in adipose tissue. Gut. 2016;65:1165-74.
DOI PubMed PMC

HuY, Liu L, Chen Y, et al. Cancer-cell-secreted miR-204-5p induces leptin signalling pathway in white adipose tissue to promote
cancer-associated cachexia. Nat Commun. 2023;14:5179. DOI PubMed PMC

Sun S, Wang Z, Yao F, et al. Breast cancer cell-derived exosome-delivered microRNA-155 targets UBQLN1 in adipocytes and
facilitates cancer cachexia-related fat loss. Hum Mol Genet. 2023;32:2219-28. DOI PubMed PMC

Zhao D, Wu K, Sharma S, et al. Exosomal miR-1304-3p promotes breast cancer progression in African Americans by activating cancer-
associated adipocytes. Nat Commun. 2022;13:7734. DOI PubMed PMC

Di W, Zhang W, Zhu B, Li X, Tang Q, Zhou Y. Colorectal cancer prompted adipose tissue browning and cancer cachexia through
transferring exosomal miR-146b-5p. J Cell Physiol. 2020;236:5399-410. DOI


https://dx.doi.org/10.1002/advs.202300588
https://www.ncbi.nlm.nih.gov/pubmed/37340602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10460857
https://dx.doi.org/10.1002/jev2.70043
https://www.ncbi.nlm.nih.gov/pubmed/39901643
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11791017
https://dx.doi.org/10.1021/es5002105
https://dx.doi.org/10.1007/s10555-020-09934-2
https://www.ncbi.nlm.nih.gov/pubmed/33009650
https://dx.doi.org/10.1007/s10555-022-10059-x
https://www.ncbi.nlm.nih.gov/pubmed/35941408
https://dx.doi.org/10.1016/j.trecan.2016.07.005
https://www.ncbi.nlm.nih.gov/pubmed/28459108
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5407404
https://dx.doi.org/10.2147/cmar.s261585
https://www.ncbi.nlm.nih.gov/pubmed/32753972
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7358070
https://dx.doi.org/10.4251/wjgo.v16.i7.3011
https://www.ncbi.nlm.nih.gov/pubmed/39072151
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11271780
https://dx.doi.org/10.7150/thno.28219
https://www.ncbi.nlm.nih.gov/pubmed/30555557
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6276097
https://dx.doi.org/10.1002/cnr2.1647
https://www.ncbi.nlm.nih.gov/pubmed/35691615
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9875653
https://dx.doi.org/10.3390/ijms252111735
https://www.ncbi.nlm.nih.gov/pubmed/39519285
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11546171
https://dx.doi.org/10.1111/febs.12775
https://www.ncbi.nlm.nih.gov/pubmed/24605801
https://dx.doi.org/10.1073/pnas.1922447117
https://www.ncbi.nlm.nih.gov/pubmed/32108028
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7084133
https://dx.doi.org/10.1038/cr.2015.29
https://www.ncbi.nlm.nih.gov/pubmed/25732677
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4387558
https://dx.doi.org/10.1038/ncb2502
https://www.ncbi.nlm.nih.gov/pubmed/22660413
https://dx.doi.org/10.1093/jb/mvac008
https://dx.doi.org/10.1002/ctm2.1089
https://www.ncbi.nlm.nih.gov/pubmed/36314286
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9619371
https://dx.doi.org/10.1080/21623945.2022.2084900
https://www.ncbi.nlm.nih.gov/pubmed/35734893
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9235897
https://dx.doi.org/10.1038/s41467-025-62486-3
https://www.ncbi.nlm.nih.gov/pubmed/40835606
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12368202
https://dx.doi.org/10.1038/s41419-020-03382-0
https://www.ncbi.nlm.nih.gov/pubmed/33510128
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7843996
https://dx.doi.org/10.1002/biof.70067
https://www.ncbi.nlm.nih.gov/pubmed/41383039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12699169
https://dx.doi.org/10.1136/gutjnl-2014-308350
https://www.ncbi.nlm.nih.gov/pubmed/26061593
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5323066
https://dx.doi.org/10.1038/s41467-023-40571-9
https://www.ncbi.nlm.nih.gov/pubmed/37620316
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10449837
https://dx.doi.org/10.1093/hmg/ddad055
https://www.ncbi.nlm.nih.gov/pubmed/37017334
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10281747
https://dx.doi.org/10.1038/s41467-022-35305-2
https://www.ncbi.nlm.nih.gov/pubmed/36517516
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9751138
https://dx.doi.org/10.1002/jcp.30245

Page 1081 Ramos et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:1056-83

78.

79.

80.

81.
82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Hu W, RuZ, Zhou Y, et al. Lung cancer-derived extracellular vesicles induced myotube atrophy and adipocyte lipolysis via the
extracellular IL-6-mediated STAT3 pathway. BBA - Mol Cell Biol Lipids. 2019;1864:1091-102. DOI

Xiong H, Ye J, Luo Q, Li W, Xu N, Yang H. Exosomal EIF5A derived from Lewis lung carcinoma induced adipocyte wasting in cancer
cachexia. Cell Signal. 2023;112:110901. DOI

Xiong H, Ye J, Xie K, Hu W, Xu N, Yang H. Exosomal IL-8 derived from lung cancer and colon cancer cells induced adipocyte atrophy
via NF-kB signaling pathway. Lipids Health Dis. 2022;21:147. DOI PubMed PMC

Munkley J. The role of sialyl-Tn in cancer. Int J Mol Sci. 2016;17:275. DOI PubMed PMC

Rupert JE, Narasimhan A, Jengelley DH, et al. Tumor-derived IL-6 and trans-signaling among tumor, fat, and muscle mediate pancreatic
cancer cachexia. J Exp Med. 2021;218:¢20190450. DOI PubMed PMC

Fang R, Yan L, Liao Z. Abnormal lipid metabolism in cancer-associated cachexia and potential therapy strategy. Front. Oncol.
2023;13:1123567. DOI PubMed PMC

Dalal S. Lipid metabolism in cancer cachexia. Ann. Palliat. Med. 2019;8:13-23. DOI PubMed

Nguyen TD, Miyatake Y, Yoshida T, Kawahara H, Hanayama R. Tumor-secreted proliferin-1 regulates adipogenesis and lipolysis in
cachexia. Int J Cancer. 2020;148:1982-92. DOI PubMed

Wen Y, Xing X, Harris JW, et al. Adipocytes activate mitochondrial fatty acid oxidation and autophagy to promote tumor growth in
colon cancer. Cell Death Dis. 2017;8:€2593. DOI PubMed PMC

Wang YY, Attané C, Milhas D, et al. Mammary adipocytes stimulate breast cancer invasion through metabolic remodeling of tumor
cells. JCI Insight. 2017;2:¢87489. DOI PubMed PMC

Ross FA, Mackintosh C, Hardie DG. AMP-activated protein kinase: a cellular energy sensor that comes in 12 flavours. The FEBS
Journal. 2016;283:2987-3001. DOI PubMed PMC

Schlaepfer IR, Glodé LM, Hitz CA, et al. Inhibition of lipid oxidation increases glucose metabolism and enhances 2-deoxy-2-
[18F]fluoro-d-glucose uptake in prostate cancer mouse xenografts. Mol Imaging Biol. 2015;17:529-38. DOI PubMed PMC

Parsons WH, Kolar MJ, Kamat SS, et al. AIG1 and ADTRP are atypical integral membrane hydrolases that degrade bioactive FAHFAs.
Nat Chem Biol. 2016;12:367-72. DOI PubMed PMC

Erikei Ertunc M, Kok BP, Parsons WH, et al. AIG1 and ADTRP are endogenous hydrolases of fatty acid esters of hydroxy fatty acids
(FAHFAS) in mice. J Biol Chem. 2020;295:5891-905. DOI PubMed PMC

Pucer A, Brglez V, Payré C, Pungercar J, Lambeau G, Petan T. Group X secreted phospholipase A2 induces lipid droplet formation and
prolongs breast cancer cell survival. Mol Cancer. 2013;12:111. DOI PubMed PMC

Murakami M, Sato H, Taketomi Y. Updating phospholipase A2 biology. Biomolecules. 2020;10:1457. DOI PubMed PMC

Astudillo AM, Balboa MA, Balsinde J. Selectivity of phospholipid hydrolysis by phospholipase A2 enzymes in activated cells leading to
polyunsaturated fatty acid mobilization. BBA - Mol Cell Biol Lipids. 2019;1864:772-83. DOI

Tiwary S, Morales JE, Kwiatkowski SC, Lang FF, Rao G, Mccarty JH. Metastatic brain tumors disrupt the blood-brain barrier and alter
lipid metabolism by inhibiting expression of the endothelial cell fatty acid transporter Mfsd2a. Sci Rep. 2018;8:8267. DOI PubMed PMC
Bjoerklund SS, Kristensen VN, Seiler M, et al. Expression of an estrogen-regulated variant transcript of the peroxisomal branched chain
fatty acid oxidase ACOX2 in breast carcinomas. BMC Cancer. 2015;15:524. DOI PubMed PMC

Apaya MK, Hsiao P, Yang Y, Shyur L. Deregulating the CYP2C19/epoxy-eicosatrienoic acid-associated FABP4/FABPS signaling
network as a therapeutic approach for metastatic triple-negative breast cancer. Cancers. 2020;12:199. DOI PubMed PMC

Apaya MK, Shiau J, Liao G, et al. Integrated omics-based pathway analyses uncover CYP epoxygenase-associated networks as
theranostic targets for metastatic triple negative breast cancer. J Exp Clin Cancer Res. 2019;38:187. DOI PubMed PMC

Daquinag AC, Gao Z, Fussell C, et al. Fatty acid mobilization from adipose tissue is mediated by CD36 posttranslational modifications
and intracellular trafficking. JCI Insight. 2021;6:¢147057. DOI PubMed PMC

Ring A, Le Lay S, Pohl J, Verkade P, Stremmel W. Caveolin-1 is required for fatty acid translocase (FAT/CD36) localization and
function at the plasma membrane of mouse embryonic fibroblasts. BBA - Mol Cell Biol Lipids. 2006;1761:416-23. DOIL

Nieman KM, Kenny HA, Penicka CV, et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth.
Nat Med. 2011;17:1498-503. DOI PubMed PMC

Mukherjee A, Chiang C, Daifotis HA, et al. Adipocyte-induced FABP4 expression in ovarian cancer cells promotes metastasis and
mediates carboplatin resistance. Cancer Res. 2020;80:1748-61. DOI PubMed PMC

Dai W, Luo W, Fang H, et al. Cancer-associated adipocytes promote peritoneal metastasis of colorectal signet ring cell carcinoma via
FABP4 induction. Cell Commun Signal. 2025;24:29. DOI PubMed PMC

Ladanyi A, Mukherjee A, Kenny HA, et al. Adipocyte-induced CD36 expression drives ovarian cancer progression and metastasis.
Oncogene. 2018;37:2285-301. DOI PubMed PMC

Chocarro-Calvo A, Jociles-Ortega M, Garcia-Martinez JM, et al. Fatty acid uptake activates an AXL-CAV1-B-catenin axis to drive
melanoma progression. Genes Dev. 2025;39:463-89. DOI PubMed PMC


https://dx.doi.org/10.1016/j.bbalip.2019.04.006
https://dx.doi.org/10.1016/j.cellsig.2023.110901
https://dx.doi.org/10.1186/s12944-022-01755-2
https://www.ncbi.nlm.nih.gov/pubmed/36581870
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9798689
https://dx.doi.org/10.3390/ijms17030275
https://www.ncbi.nlm.nih.gov/pubmed/26927062
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4813139
https://dx.doi.org/10.1084/jem.20190450
https://www.ncbi.nlm.nih.gov/pubmed/33851955
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8185651
https://dx.doi.org/10.3389/fonc.2023.1123567
https://www.ncbi.nlm.nih.gov/pubmed/37205195
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10185845
https://dx.doi.org/10.21037/apm.2018.10.01
https://www.ncbi.nlm.nih.gov/pubmed/30525767
https://dx.doi.org/10.1002/ijc.33418
https://www.ncbi.nlm.nih.gov/pubmed/33252827
https://dx.doi.org/10.1038/cddis.2017.21
https://www.ncbi.nlm.nih.gov/pubmed/28151470
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5386470
https://dx.doi.org/10.1172/jci.insight.87489
https://www.ncbi.nlm.nih.gov/pubmed/28239646
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5313068
https://dx.doi.org/10.1111/febs.13698
https://www.ncbi.nlm.nih.gov/pubmed/26934201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4995730
https://dx.doi.org/10.1007/s11307-014-0814-4
https://www.ncbi.nlm.nih.gov/pubmed/25561013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4493937
https://dx.doi.org/10.1038/nchembio.2051
https://www.ncbi.nlm.nih.gov/pubmed/27018888
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4837090
https://dx.doi.org/10.1074/jbc.ra119.012145
https://www.ncbi.nlm.nih.gov/pubmed/32152231
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7196635
https://dx.doi.org/10.1186/1476-4598-12-111
https://www.ncbi.nlm.nih.gov/pubmed/24070020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3852912
https://dx.doi.org/10.3390/biom10101457
https://www.ncbi.nlm.nih.gov/pubmed/33086624
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7603386
https://dx.doi.org/10.1016/j.bbalip.2018.07.002
https://dx.doi.org/10.1038/s41598-018-26636-6
https://www.ncbi.nlm.nih.gov/pubmed/29844613
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5974340
https://dx.doi.org/10.1186/s12885-015-1510-8
https://www.ncbi.nlm.nih.gov/pubmed/26183823
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4504068
https://dx.doi.org/10.3390/cancers12010199
https://www.ncbi.nlm.nih.gov/pubmed/31941087
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7016875
https://dx.doi.org/10.1186/s13046-019-1187-y
https://www.ncbi.nlm.nih.gov/pubmed/31072371
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6507159
https://dx.doi.org/10.1172/jci.insight.147057
https://www.ncbi.nlm.nih.gov/pubmed/34314388
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8492349
https://dx.doi.org/10.1016/j.bbalip.2006.03.016
https://dx.doi.org/10.1038/nm.2492
https://www.ncbi.nlm.nih.gov/pubmed/22037646
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4157349
https://dx.doi.org/10.1158/0008-5472.can-19-1999
https://www.ncbi.nlm.nih.gov/pubmed/32054768
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10656748
https://dx.doi.org/10.1186/s12964-025-02569-2
https://www.ncbi.nlm.nih.gov/pubmed/41354793
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12805693
https://dx.doi.org/10.1038/s41388-017-0093-z
https://www.ncbi.nlm.nih.gov/pubmed/29398710
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5920730
https://dx.doi.org/10.1101/gad.351985.124
https://www.ncbi.nlm.nih.gov/pubmed/40015991
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11960706

Ramos et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:1056-83 Page 1082

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

La Camera G, Gelsomino L, Malivindi R, et al. Adipocyte-derived extracellular vesicles promote breast cancer cell malignancy through
HIF-1a activity. Cancer Lett. 2021;521:155-68. DOI

Cavaleri MP, Pusceddu T, Sileo L, et al. When fat talks: how adipose-derived extracellular vesicles fuel breast cancer. Int J Mol Sci.
2025;26:9666. DOI PubMed PMC

Giannitti G, Marchesi S, Garavaglia R, et al. Adipocyte-derived extracellular vesicles endow melanoma cells with stem-like traits via
PGC-1a-mediated mitochondrial reprogramming. Antioxidants. 2026;15:333. DOI PubMed PMC

Haque PS, Paris SL, Souza RF, et al. Obese adipose tissue-derived extracellular vesicles enriched with glycolytic cargo promote
colorectal cancer tumorigenesis. Cancer Lett. 2025;635:218104. DOI PubMed PMC

Noda K, Sato Y, Okada Y, et al. Exosomal miR-199a-3p secreted from cancer-associated adipocytes promotes pancreatic cancer
progression. Cancer Medicine. 2024;13:¢70265. DOI PubMed PMC

Sun Z, Sun D, Feng Y, et al. Exosomal linc-ROR mediates crosstalk between cancer cells and adipocytes to promote tumor growth in
pancreatic cancer. Molecular Therapy - Nucleic Acids. 2021;26:253-68. DOI PubMed PMC

Fontana F, Anselmi M, Carollo E, et al. Adipocyte-derived extracellular vesicles promote prostate cancer cell aggressiveness by enabling
multiple phenotypic and metabolic changes. Cells. 2022;11:2388. DOI PubMed PMC

Yin H, Qiu X, Shan Y, et al. HIF-1o downregulation of miR-433-3p in adipocyte-derived exosomes contributes to NPC progression via
targeting SCD1. Cancer Sci. 2021;112:1457-70. DOI PubMed PMC

Lin R, Wang S, Zhao RC. Exosomes from human adipose-derived mesenchymal stem cells promote migration through Wnt signaling
pathway in a breast cancer cell model. Mol Cell Biochem. 2013;383:13-20. DOI

Wang S, Su X, Xu M, et al. Exosomes secreted by mesenchymal stromal/stem cell-derived adipocytes promote breast cancer cell growth
via activation of Hippo signaling pathway. Stem Cell Res Ther. 2019;10:117. DOI PubMed PMC

Gelsomino L, Del Console P, Murfuni M, et al. Adipocyte-derived extracellular vesicles sustain mitochondrial metabolism in breast
cancer cells: New insights into the cross-talk between cancer cells and the tumor microenvironment. /nt J Oncol. 2025;67:1-18. DOI
PubMed PMC

Liu Q, Sun Y, Fei Z, et al. Leptin promotes fatty acid oxidation and OXPHOS via the c-Myc/PGC-1 pathway in cancer cells. Acta
Biochim Biophys Sin. 2019;51:707-14. DOIL

Blanquer-rossello MDM, Oliver J, Sastre-serra J, Valle A, Roca P. Leptin regulates energy metabolism in MCF-7 breast cancer cells. nt
J Biochem Cell Biol.2016;72:18-26. DOI

Tan Z, Deme P, Boyapati K, et al. Key regulator PNPLAS drives phospholipid reprogramming induced proliferation and migration in
triple-negative breast cancer. Breast Cancer Res. 2023;25:148. DOI PubMed PMC

Zhou P, Zhu D, Chen Y, et al. High patatin like phospholipase domain containing 8 expression as a biomarker for poor prognosis of
colorectal cancer. World J Gastrointest Oncol. 2024;16:787-97. DOI PubMed PMC

Jezek J, Dlaskova A, Zelenka J, Jabirek M, Jezek P. H,O,- iactivated mitochondrial phospholpase iPLA,y prevents lipotoxic oxidative
stress in synergy with UCP2, amplifies signaling via G-protein-coupled receptor GPR40, and regulates insulin secretion in pancreatic f3-
cells. Antioxid Redox Signaling. 2015;23:958-72. DOI PubMed PMC

Jaburek M, Prichova P, Holendova B, Galkin A, Jezek P. Antioxidant synergy of mitochondrial phospholipase PNPLAS/iPLA2y with
fatty acid-conducting SLC25 gene family transporters. Antioxidants. 2021;10:678. DOI PubMed PMC

Jiang D, Lagory EL, Kenzelmann Broz D, et al. Analysis of pS3 transactivation domain mutants reveals Acadl1 as a metabolic target
important for p53 pro-survival function. Cell Rep. 2015;10:1096-109. DOI PubMed PMC

Zhao J, Zhou X, Chen B, et al. p5S3 promotes peroxisomal fatty acid f-oxidation to repress purine biosynthesis and mediate tumor
suppression. Cell Death Dis. 2023;14:87. DOI PubMed PMC

Giordano C, Gelsomino L, Barone I, et al. Leptin modulates exosome biogenesis in breast cancer cells: an additional mechanism in cell-
to-cell communication. JCM. 2019;8:1027. DOI PubMed PMC

Hu W, Ru Z, Xiao W, et al. Adipose tissue browning in cancer-associated cachexia can be attenuated by inhibition of exosome
generation. Biochem Biophys Res Commun. 2018;506:122-9. DOI

Liu Z, Xiong J, Gao S, et al. Ameliorating cancer cachexia by inhibiting cancer cell release of Hsp70 and Hsp90 with omeprazole. J
cachexia sarcopenia muscle. 2021;13:636-47. DOI PubMed PMC

Fan M, Gu X, Zhang W, et al. Atractylenolide I ameliorates cancer cachexia through inhibiting biogenesis of IL-6 and tumour-derived
extracellular vesicles. J cachexia sarcopenia muscle. 2022;13:2724-39. DOI PubMed PMC

Tiash S, Russo M, Pai Y, et al. Immune cells regulate circulating adipocyte extracellular vesicle levels in response to metabolic shifts.
Physiology 2025. DOI PubMed PMC

Carrascal MA, Severino PF, Cabral MG, et al. Sialyl Tn-expressing bladder cancer cells induce a tolerogenic phenotype in innate and
adaptive immune cells. Mol Oncol. 2014;8:753-65. DOI PubMed PMC


https://dx.doi.org/10.1016/j.canlet.2021.08.021
https://dx.doi.org/10.3390/ijms26199666
https://www.ncbi.nlm.nih.gov/pubmed/41096931
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12524705
https://dx.doi.org/10.3390/antiox15030333
https://www.ncbi.nlm.nih.gov/pubmed/41897479
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13024706
https://dx.doi.org/10.1016/j.canlet.2025.218104
https://www.ncbi.nlm.nih.gov/pubmed/41167580
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12673786
https://dx.doi.org/10.1002/cam4.70265
https://www.ncbi.nlm.nih.gov/pubmed/39431622
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11492146
https://dx.doi.org/10.1016/j.omtn.2021.06.001
https://www.ncbi.nlm.nih.gov/pubmed/34513308
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8413664
https://dx.doi.org/10.3390/cells11152388
https://www.ncbi.nlm.nih.gov/pubmed/35954232
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9368412
https://dx.doi.org/10.1111/cas.14829
https://www.ncbi.nlm.nih.gov/pubmed/33511729
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8019221
https://dx.doi.org/10.1007/s11010-013-1746-z
https://dx.doi.org/10.1186/s13287-019-1220-2
https://www.ncbi.nlm.nih.gov/pubmed/30971292
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6458638
https://dx.doi.org/10.3892/ijo.2025.5806
https://www.ncbi.nlm.nih.gov/pubmed/41070614
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12543315
https://dx.doi.org/10.1093/abbs/gmz058
https://dx.doi.org/10.1016/j.biocel.2016.01.002
https://dx.doi.org/10.1186/s13058-023-01742-0
https://www.ncbi.nlm.nih.gov/pubmed/38017485
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10683240
https://dx.doi.org/10.4251/wjgo.v16.i3.787
https://www.ncbi.nlm.nih.gov/pubmed/38577466
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10989391
https://dx.doi.org/10.1089/ars.2014.6195
https://www.ncbi.nlm.nih.gov/pubmed/25925080
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4623989
https://dx.doi.org/10.3390/antiox10050678
https://www.ncbi.nlm.nih.gov/pubmed/33926059
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8146845
https://dx.doi.org/10.1016/j.celrep.2015.01.043
https://www.ncbi.nlm.nih.gov/pubmed/25704813
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4365998
https://dx.doi.org/10.1038/s41419-023-05625-2
https://www.ncbi.nlm.nih.gov/pubmed/36750554
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9905075
https://dx.doi.org/10.3390/jcm8071027
https://www.ncbi.nlm.nih.gov/pubmed/31336913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6678227
https://dx.doi.org/10.1016/j.bbrc.2018.09.139
https://dx.doi.org/10.1002/jcsm.12851
https://www.ncbi.nlm.nih.gov/pubmed/34729960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8818607
https://dx.doi.org/10.1002/jcsm.13079
https://www.ncbi.nlm.nih.gov/pubmed/36085573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9745491
https://dx.doi.org/10.1101/2025.07.11.664236
https://www.ncbi.nlm.nih.gov/pubmed/40791461
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12338570
https://dx.doi.org/10.1016/j.molonc.2014.02.008
https://www.ncbi.nlm.nih.gov/pubmed/24656965
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5528624

Page 1083 Ramos et al. Extracell Vesicles Circ Nucleic Acids. 2026;7:1056-83

Disclaimer/Publisher’s Note: All statements, opinions, and data contained in this publication are solely those of the individual author(s) and
contributor(s) and do not necessarily reflect those of OAE and/or the editor(s). OAE and/or the editor(s) disclaim any responsibility for harm to
persons or property resulting from the use of any ideas, methods, instructions, or products mentioned in the content.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License

EY (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution and
reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were made.


https://creativecommons.org/licenses/by/4.0/

