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Abstract
Background  The tumor microenvironment (TME) supplies critical metabolites that support cancer cell survival and 
progression. Adipocytes support tumor progression by secreting free fatty acids (FFAs) and adipokines; however, the 
role and mechanisms underlying lipid droplet (LD) release from adipocytes remain elusive.

Methods  Using two nasopharyngeal carcinoma (NPC) cell lines and primary human pre-adipocytes (HPA), we 
evaluate the effect of LDs on cell growth, proliferation, colony formation, and migration. We also assess the roles of 
LD on the tumor progression in vivo. Using RNA-seq analysis, we elucidate the effect of hypoxic NPC cell-derived 
exosomes (H-exo) on the gene expression profile of adipocytes. By co-culture system, we investigated the effect of 
vacuolar protein sorting 4 homolog B (VPS4B)-annexin A5 (ANXA5) interaction on adipocyte LD maturity and release.

Results  Herein, we report that LDs, rather than FFAs, are the primary lipid form transferred from adipocytes to NPC 
cells, enhancing cancer progression. NPC cells internalize LDs directly via macropinocytosis, while H-exo induces 
oxidative stress and membrane fluidity in adipocytes, leading to LD release. Transcriptomic and proteomic analyses 
reveal that VPS4B triggers LD release by interacting with ANXA5, and low LKB1 in H-exo enhances VPS4B O-linked 
N-acetylglucosamine (O-GlcNAc) modification through the inhibition of serine/threonine kinase 11 (STK11/LKB1)-
AMP-activated protein kinase (AMPK) pathway and activation of the hexosamine biosynthesis pathway (HBP) flux.

Conclusions  This study uncovers critical mechanisms of LD transfer in the TME, suggesting new therapeutic avenues 
in NPC.
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Introduction
Nasopharyngeal carcinoma (NPC), originating from 
the nasopharyngeal epithelium, is prevalent in South-
east Asia, especially China [1], and often presents with 
advanced lymph node metastases at diagnosis, impacting 
patient quality of life [2]. Despite various NPC biomark-
ers being studied for their precision oncology potential, 
the mechanisms of NPC progression remain unclear.

Lipid metabolic reprogramming is considered a hall-
mark of NPC and increases the tumorigenic potential. 
Recently, evidences have revealed that, METTL14 pro-
motes lipid synthesis and sustains NPC progression via 
enhancing m(6)A modification of ANKRD22 mRNA [3], 
protein C receptor maintains cancer stem cell properties 
via activating lipid synthesis in metastatic or recurrent 
NPC [4], the HILPDA-CLS1 axis-mediated lipidomic 
remodeling promotes NPC radioresistance by accelerat-
ing mitophagy [5]. Therefore, overseeing lipid metabolic 
reprogramming is important for upholding proper cell 
function and countering NPC expansion, metastasis, and 
resistance to therapy.

Lipid droplets (LDs) are energy-storing organelles that 
prevent lipotoxicity by storing excess lipids [6]. These 
organelles possess a hydrophobic core surrounded by a 
phospholipid monolayer embedded with proteins that 
mediate receptor-ligand interactions and signaling path-
ways [7]. LDs have emerged as promising cancer bio-
markers [8] with high LD content linked to cancer stem 
cell populations [9]. Meanwhile, the established impor-
tance of LDs, as the most important functional organ-
elles in adipose tissue, in tumors contrasts sharply with 
our limited knowledge of their molecular basis, which 
has long been confusing in the research on NPC patho-
genesis. Based on a previous study, Epstein–Barr virus 
(EBV)-encoded latent membrane protein 1 (LMP1) pro-
motes cell division by inducing lipogenesis in NPC [10]. 
EBV persistence is favored in adipose tissue near bone 
marrow metastatic NPC foci [11]. However, these studies 
did not consider the role of LDs in NPC progression.

While cancer research has predominantly focused on 
tumor-intrinsic lipid synthesis, LD accumulation can also 
be influenced by tumor microenvironment (TME) [12]. 
In colorectal cancer, cancer-specific FBXW7β mutations 
coupled with CSN6 inhibit fatty acid synthase (FASN) 
degradation, fostering lipogenesis [13]. Glioblastoma 
cells with CDKN2A deletions show diminished polyun-
saturated fatty acid (PUFA) sequestration and elevated 
lipid peroxidation [14]. Exosomes also modify the TME 
[15], our previous work found hypoxic adipocyte-derived 
exosomes promote LD accumulation in NPC cells [16]. 
Adipocytes have been shown to release lipid-filled vesi-
cles, potentially providing a direct lipid source [17], yet 
little research explores LD transfer from cancer-asso-
ciated adipocytes (CAAs) to tumor cells [18]. Thus, we 

examined whether NPC cells benefit from stimulating LD 
release from adipocytes.

In this study, we identified vacuolar protein sorting 4 
homolog B (VPS4B) as a key regulator of adipocyte LD 
release in the hypoxic NPC microenvironment. Mecha-
nistically, VPS4B interacts with annexin A5 (ANXA5) via 
its ATPase domain to facilitate LD mature and release. 
Additionally, O-linked N-acetylglucosamine (O-GlcNAc) 
modification of VPS4B is enhanced to maintain VPS4B 
function by the suppressed serine/threonine kinase 11 
(STK11/LKB1)-AMP-activated protein kinase (AMPK) 
pathway. Our findings suggest a novel therapeutic strat-
egy targeting LD accumulation in NPC, providing new 
insights into potential treatment approaches.

Materials and methods
Cell culture
The CNE2 and C666-1 cell lines were gifted by the 
Sun Yat-Sen University Cancer Center and cultured in 
RPMI-1640 media (Gibco: C118775500BT) with 10% 
fetal bovine serum (Gibco: 10099141) and 1% penicillin/
streptomycin (Gibco: 15140-122). Human pre-adipocytes 
(HPA) were purchased from ScienCell (cat. no.7220) and 
induced using a Human Adipose-Derived Mesenchy-
mal Stem Cell Adipogenic Differentiation Kit (Cyagen: 
HUXMD-90031). The STR profile of CNE2 cell line was 
controlled before the use. Cells were grown at 37 °C with 
5% CO2. For hypoxia treatment, cells were cultured in 1% 
O2 for 24 h. All experiments were conducted within five 
passages of the cell lines after thawing for recovery and 
were routinely tested for Mycoplasma contamination.

Adipocytes vesicles isolation and labeling
Adipocytes were incubated with BODIPY (Thermo 
Fisher, D3922) and C12 (Thermo Fisher, D3835) at 37 °C 
for 1 h in the dark. Labeled adipocytes were incubated in 
a medium without serum at 37 °C (10^6 cells/mL). After 
24  h, the CM was collected and centrifuged at 1200× g 
for 15 min. The resulting supernatant was passed through 
a 0.8-µm syringe filter (Sigma, CLS431221) and then 
concentrated via 100-kDa centrifuge filters (Millipore, 
UFC910008). The filtrated (< 100 kDa) and concentrated 
vesicle-enriched (> 100 kDa) media were used to co-cul-
ture with NPC cells for 4 h before imaging.

Cell proliferation assay
For the colony formation assay, NPC cells were seeded 
into six-well plates at a density of 100 cells/well. Cells 
were stained with crystal violet after one week of incu-
bation, and images were taken under a white plate for 
observation.

EdU staining was performed using the Cell-Light EdU 
Apollo 567 In Vitro Imaging Kit (RiboBio: C10310-1). 
NPC cells were counted and seeded at 5000 cells/ well 
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in the 96-well. After undergoing EdU labeling, cell fixa-
tion, and staining, the numbers of cells labeled with (red 
dots) or without (blue dots) were calculated. EdU incor-
poration (%) = EdU-positive cells (red dots)/ EdU-positive 
cells (red dots) + Hoechst-positive cells (blue dots).

Transwell
Transwell assays were conducted using Corning Tran-
swell plates (24 well; 8  μm pores). NPC cells (10^4) in 
200 µL of serum-free medium were seeded in the upper 
chambers, with 500 µL of medium containing 10% FBS 
added to the lower chambers. After 12–16 h of incuba-
tion, non-migrating or non-invading cells on the upper 
chamber surface were removed, while the remaining cells 
were fixed, stained, imaged and counted.

Scratch assay
NPC cells were seeded in a six-well plate and grown to 
a confluent monolayer. We calculated and analyzed the 
scratch areas without cells immediately after scratching 
and at the end of the assay (after 24 h) based on digital 
pictures.

LDs extraction experiment
Adipocytes were incubated with BODIPY (Thermo 
Fisher, D3922) and C12 (Thermo Fisher, D3835) at 37 °C 
for 1  h in the dark. LDs were extracted using a Lipid 
Droplet Isolation Kit (ab242290; Abcam).

Exosome isolation and uptake
Exosomes were purified from the conditioned medium 
(CM) of NPC cells using gradient centrifugation. After 
ultracentrifugation at 100,000  g for 90  min at 4℃, exo-
somes were suspended in PBS. The exosome sediment 
was stained with a 3% tungstic acid phosphate aqueous 
solution and fixed for transmission electron microscopy.

In the uptake experiment, exosomes were incubated 
with PKH-67 dye (Sigma-Aldrich: MIDI67) at 37  °C for 
20 min, ultracentrifuged again, and then co-cultured with 
adipocytes. Nuclei were stained using Hoechst.

Quantification of LD levels in adipocyte supernatant
The TG content was quantified using a Triglyceride Assay 
Kit (ab65336; Abcam). When the inhibitors (10 µM of 
MSC1094308 or 18 µM of brefeldin A) were used for 4 h 
before exosomes, quantitative analysis of LDs in the CM 
was standardized by manually counting the number of 
labeled LDs in three images from each group.

Fluorescence recovery after photobleaching (FRAP) assay
Adipocyte phospholipid membranes were pre-labeled 
with C12. A high-intensity pulsed laser was used to irra-
diate the cell membrane in the same area for each group 
of cells, causing light quenching of fluorescent molecules 

in this area. Low-intensity laser scanning was used to 
detect and record the diffusion rate of non-quenched 
fluorescent molecules around the 60  s quenched area. 
The fluorescence recovery fraction was calculated as the 
fluorescence intensity at the end-time point normalized 
to that before bleaching.

Animal procedures
To detect the role of LDs in NPC progression in vivo, 
we established tumor xenograft models by implanting 
2 × 10^6 CNE2 or C666-1 cells subcutaneously on the 
backs of (4- to 5-week-old) nude mice. All experiments 
were approved by the Committee on Ethics of the Labo-
ratory Animal Center of Nantong University (RDD num-
ber: S20230420-007).

In the experiment aimed to provide evidence for the 
role of LDs in NPC progression in vivo, one week after 
tumor inoculation, the mice were peritumorally injected 
with LDs and intraperitoneally injected with PBS/5-(N-
ethyl-N-isopropyl) amiloride (EIPA) (0.25  mg/kg) every 
other day until the endpoint.

In the experiment aimed to determine the effect of LD 
uptake on tumor progression, mice were fed a high-fat 
diet (HFD) (60% of calories were from fat) or a chow diet 
for six weeks before being subcutaneously injected with 
NPC cells. When tumor volumes reached 50–100 mm3, 
mice in the experimental groups were peritumorally 
injected with endocytic inhibitors (5 mg/kg chlorproma-
zine or 0.25 mg/kg EIPA) every other day.

In the experiment designed to confirm the ATPase role 
of VPS4B in NPC tumorigenesis, mice were fed an HFD 
for six weeks before being subcutaneously injected with 
NPC cells. Then, mice were peritumorally injected with 
exosomes (10  µg/100 µL PBS) from hypoxic and nor-
moxic NPC cells and intraperitoneally injected with PBS/
Brefeldin A (50 mg/kg) /MSC1094308 (50 mg/kg) every 
other day one week post–tumor inoculation.

Immunohistochemistry (IHC)
IHC for Ki67, hypoxia-inducible factor 1 subunit alpha 
(HIF-1α), perilipin 2 (PLIN2) and CK19 was performed 
as previously described [16]. Paraffin sections were 
deparaffinized, after antigen retrieval and block endog-
enous peroxidase, tissue sections were incubated with 
the primary antibody at 4℃ overnight. Then, tissues 
were counter-stained with diamine benzidine (DAB) and 
hematoxylin (Sigma) staining. The staining intensity A 
was divided into: 1, negative; 2, weakly positive; 3, mod-
erately positive; 4, strongly positive. The dyeing area B 
was divided into: 1, 0-25%; 2, 26-50%; 3, 51-75%; 4, > 75%. 
The staining score was defined as dyeing intensity area A 
× dyeing area B.
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RNA-seq and proteomic analysis
Mature adipocytes were co-cultured with exosomes 
derived from normoxic or hypoxic CNE2 cells for 24 h. 
Total RNA was extracted from each group and quanti-
fied. RNA-seq was performed, and the corresponding 
heatmap, Gene set enrichment analysis (GSEA), and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis were visualized by Bioprofile Technology Co., 
Ltd (Shanghai, China).

Adipocytes were pretreated with control or lentiviral 
vectors expressing VPS4B purchased from GENE (Shang-
hai, China). Co-IP assays were conducted using a Co-IP 
Kit (Thermo Fisher, 14321D), as previously described 
[19], and different species of IP and WB antibodies were 
used. BiotechPack Scientific (Beijing, China) performed 
the proteomic analysis of the IP samples.

ROS
Intracellular ROS production in adipocytes was mea-
sured by a dihydroethidium probe kit (DHE, BestBio, 
Beijing, China). Adipocytes pretreated with exosomes 
from hypoxic and normoxic NPC cells were digested 
with trypsin and resuspended in 500 µL PBS, probes were 
added and incubated for 1  h at 37  °C in the dark, and 
480–535  nm wavelength excitation was used to detect 
cellular ROS content.

NADP+/NADPH assay
Regarding the NADP+/NADPH assay kit (KA1663, 
Abnova), 40µL NADP+/NADPH standards or cell sam-
ples were added into wells of a clear bottom 96-well plate. 
After incubating at RT for 20 min, 80µL working reagent 
was added quickly. After tapping plate to mix liquid 
briefly and thoroughly, the values of OD0 (optical den-
sity at time “zero”) and OD30 (optical density for 30-min 
incubation at RT) were recorded at 565 nm. NADP+ and 
NADPH concentrations were calculated from two sepa-
rate standard curves.

Immunofluorescence (IF) assay
HPA cells were seeded in 24-well plates with cell-climb-
ing slices. After the induction, adipocytes were fixed with 
4% paraformaldehyde for 15  min at RT and permeabi-
lized with 0.5% Triton X-100/PBS for 10  min. The sec-
tions were blocked with 5% normal goat serum for 1  h 
at RT, and incubated overnight at 4  °C with VPS4B and 
ANXA5 antibodies from different species.

AI drug screening and molecular Docking experiments
Based on the RNA-seq data, we identified 551 genes with 
high expression (log2FoldChange > 1) and 731 genes with 
low expression (log2FoldChange < -1). The Connectivity 
Map database (https://clue.io/) was queried to identify 
potential small-molecule compounds that can reverse 

global gene expression changes. The query parameter 
was set to Gene expression (L1000). Dicumaral and buf-
lomedil were screened as NADPH inhibitors to reverse 
NADPH/NADP+ ratio. The molecular structures of dicu-
marol and buflomedil were obtained from PubChem (​h​t​t​
p​​s​:​/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​​i​.​n​l​​m​.​​n​i​h​.​g​o​v​/). The three-dimensional 
(3D) coordinates of proteins VKORC1 (ID: Q9BQB6), 
NQO1 (ID: P15559), CRYZ (ID: Q08257), ADRAA (ID: 
P35348), and CACNA1C (ID: Q13936) were downloaded 
from UniProt (https://www.uniprot.org). Visualization of 
the model was performed using PyMOL 2.5.8 ​(​​​h​t​t​p​s​:​/​/​p​y​
m​o​l​.​o​r​g​/​2​/​​​​​) with default parameters.

Cell transfection
Cells were transiently transfected by the lipofectamine 
3000 kit. The HA-tagged full-length and truncated 
VPS4B plasmids were designed and synthesized by 
Azenta Life Sciences (Suzhou, China). Flag-tagged 
ANXA5 plasmid was purchased from GENE (Shanghai, 
China). ShLKB1 (5′-​C​C​G​G​C​A​T​C​T​A​C​A​C​T​C​A​G​G​A​C​T​T​
C​A​C​C​T​C​G​A​G-​G​T​G​A​A​G​T​C​C​T​G​A​G​T​G​T​A​G​A​T​G​T​T​T​
T​T​G-3′).

Western blots
Western blotting was performed as previously described 
[19]. In brief, the lysates were denatured for 10  min at 
100 °C, separated in 10% polyacrylamide gels, and trans-
ferred to PVDF blotting membranes. Membranes were 
blocked in 5% nonfat milk and incubated with primary 
antibodies overnight at 4  °C and secondary antibodies 
for 1 h at RT. Band signals were visualized by enhanced 
chemiluminescence (Thermo,32106). The follow-
ing primary antibodies were used: anti-ALIX (Abcam; 
ab275377, 1:1000), anti-TSG101 (Abcam; ab133586, 
1:1000), anti-CD63 (Proteintech Group; 25682-1-AP, 
1:400), anti-CD9 (Abcam; ab236630, 1:1000), anti-actinin 
4 (Abcam; ab227166, 1:1000), anti-flotillin 1 (Abcam; 
ab133497, 1:10000), anti-VPS4B (Proteintech Group; 
17673-1-AP, 1:500), anti-ANXA5 (Proteintech Group; 
11060-1-AP, 1:2000), anti-ANXA4 (Abclonal; A9203, 
1:1000), anti-ANXA6 (Abclonal; A18069, 1:1000), anti-
ANXA7 (Abclonal; A3733, 1:1000), anti-ANXA11 
(Abclonal; A20841, 1:1000), anti-Flag (Beyotime; 
AF2852, 1:1000), anti-HA (Beyotime; AF0039, 1:1000), 
anti-LKB1 (Abclonal; A22636, 1:1000), anti-O-GlcNAc 
(Thermo Fisher; MA1-072, 1:1000), anti-GFAT (Pro-
teintech Group; 14132-1-AP, 1:1000), anti-P-GFAT (IBL; 
28123, 1:2000), anti-AMPK (Proteintech Group; 10929-
2-AP, 1:1000), anti-P-AMPK (Sangon Biotech; D151212, 
1:500), and anti-ACTB (Proteintech Group; 81115-1-RR, 
1:5000).

https://clue.io/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.uniprot.org
https://pymol.org/2/
https://pymol.org/2/
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Statistical analysis and reproducibility
Except for RNA-seq, all statistical analyses were per-
formed using GraphPad Prism software. Data are pre-
sented as the means ± standard error of the mean (s.e.m.) 
across triplicate experiments at two independent times 
to ensure consistency of the results. Data were com-
pared between two groups using an unpaired two-tailed 
t-test. Survival curves were analyzed using the Kaplan–
Meier log-rank test. Correlations between variables 
were assessed using Pearson’s correlation coefficients. 
All results with a P < 0.05 were considered statistically 
significant.

Results
Adipocyte-derived LDs promote the malignant biological 
behavior of NPC cells
It is reported that lung-infiltrating neutrophils transfer 
their stored LDs rather than free fatty acids (FFAs) to 
metastatic tumor cells, fueling breast cancer lung metas-
tasis [18], which triggered us to investigate the role of 
LDs in NPC progression. In this study, we used 100-kDa 
centrifuge filters to divide C12 and BODIPY fluorescent 
lipid-labeled adipocyte CM into two fractions: one con-
taining large particles, such as LDs and macromolecu-
lar proteins, and the other containing small particles, 
such as FFAs and the majority of soluble proteins. The 
experimental design is shown in Fig.  1A. Upon incuba-
tion of these two CM portions with CNE2 cells, the large 
CM portion was determined to be the primary contribu-
tor of lipids to tumor cells (Fig. 1B, C). Thus, NPC cells 
are likely to uptake lipids primarily through the form 
of LD. We quantified the content of LDs in co-cultured 
NPC cells and found that tumor cells can uptake LDs 
(Fig. S1A). Next, we investigated how NPC cell behavior 
changed after the internalization of LDs purified from 
adipocytes. NPC cell proliferation (Fig. 1D, E) and migra-
tion (Fig.  1F–I) were enhanced after co-culturing with 
LDs. Therefore, LDs can be transferred from adipocytes 
to NPC cells, allowing them to migrate and proliferate 
under nutrient-deprivation stress. Interestingly, C666-1 
cells appear to have a greater ability to migrate than 
CNE-2 cells, which might be linked to the higher quan-
tity of LDs in C666-1 compared to the CNE-2 cell line.

NPC cells uptake adipocyte LDs mainly via 
macropinocytosis in hypoxia
To elucidate the mechanism of LDs internalization by 
NPC cells, we performed an in vitro simulation experi-
ment (Fig.  2A). Adipocytes were stained with BODIPY, 
and fluorescently labeled LDs were collected and co-
cultured with CNE2 cells. Three common endocytosis 
inhibitors were used to block LD absorption by CNE2 
cells. Thus, the inhibition of macropinocytosis with EIPA 
had a stronger suppressive effect than the inhibition of 

clathrin-dependent endocytosis with chlorpromazine or 
caveolae-dependent endocytosis with genistein (Fig.  2B, 
C). The addition of EIPA reversed the LD-promoted NPC 
cell proliferation (Fig. 2D, E). Furthermore, tumor xeno-
graft models in nude mice demonstrated a similar inhibi-
tory role of EIPA in stabilizing tumor growth caused by 
adipocyte-derived LDs (Fig. 2F–J and Fig. S1B-E). There-
fore, macropinocytosis is considered to be the principal 
LD-uptake method for NPC cells.

A HFD mouse model was used to simulate in vivo LD 
accumulation (Fig. 2K). The injection of chlorpromazine 
and EIPA to inhibit macropinocytosis and caveolae-
dependent endocytosis resulted in the drastic arrest of 
HFD-induced tumor growth (Fig. 2L, M and Fig. S1F, G). 
In the present study, EIPA considerably inhibited tumor 
progression. This may be due to the fact that a HFD 
not only allows NPC cells to uptake LDs but also pro-
motes tumor cell self-renewal, such as enhanced meta-
bolic reprogramming. Immunostaining of tumor tissues 
showed a close correlation between HIF-1α and PLIN2, 
an important LD-associated protein (Fig. 2N, O and Fig. 
S1H, I), which means that there may be a positive corre-
lation between LD infiltration and hypoxic TME.

Next, we explored the effects of LD infiltration in 
human tumors by analysing datasets. Given that HIF-2α/
PLIN2 dependent lipid storage protects clear cell renal 
cell carcinoma cells against pharmacological ER stress 
under oxygen limitation [20], we investigated the prog-
noses of patients with head and neck squamous cell car-
cinoma (HNSC) overexpressing both PLIN2 and HIF-1α 
using data from The Cancer Genome Atlas (TCGA). 
Fig. S1J shows that the combination of high expression 
of HIF-1α and PLIN2 predicts poor outcomes. The mes-
senger RNA gene expression profiles for NPCs in the 
GSE61218 dataset show that PLIN2 expression correlated 
positively with HIF-1α expression (Fig. S1K). Therefore, 
the hypoxia is a substantial factor for LD accumulation 
in vivo.

Exosomes derived from hypoxic NPC cells stimulate LD 
release in adipocytes
The crucial functions of LDs in the TME include provid-
ing nutrition, regulating metabolism, and transmitting 
signals [6]. Studies have shown that adipocyte cytokines 
[21], hormones [22], apoptosis, and differentiation [23] 
can promote the release of FFAs. However, studies on 
the mechanisms of LD release are lacking. Exosomes 
may mediate interactions within the tumor ecosystem 
and affect phenotypic inter-tumoral heterogeneity [24]. 
We established an in vitro model to confirm the role of 
exosomes in metabolic symbiosis between adipocytes 
and NPC cells (Fig. 3A). We purified exosomes from nor-
moxic and hypoxic NPC cells and identified them using 
marker proteins and electron microscopy (Fig.  3B, C). 
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The coculture experiments showed that hypoxic NPC 
cell-derived exosome (H-exo) rather than normoxia NPC 
cell-derived exosome (N-exo) facilitates the progress of 
adipocyte LD release (Fig.  3D, E). As expected, quanti-
tative analysis of triglycerides (TGs) and LDs fluores-
cently pre-labeled with C12 in the adipocyte supernatant 
showed that the H-exo concentration gradient affected 
adipocyte LD release (Fig.  3F–I). Next, we developed a 
model to observe the ability of NPC cells to absorb LDs 

(Fig. 3J), and found that CNE2 cells exhibited increased 
LD absorption in the adipocyte-conditioned supernatant 
pretreated with H-exo (Fig. 3K, L). Therefore, we specu-
late that exosomes released by hypoxic NPC cells cause 
adipocytes to release LDs, which are then absorbed by 
NPC cells for reuse.

Fig. 1  Adipocyte-derived LDs promote the malignant biological behavior of NPC cells. (A) Experimental design to identify the main form of lipids 
transfer from adipocytes to NPC cells: Adipocytes were stained with C12 and BODIPY to mark LDs. The supernatant of adipocytes was then collected and 
separated into small-sized (< 100 kDa) and large-sized (> 100 kDa) CM portions. The fluorescent microscopy images of CNE2 cells were collected after 
co-culture with filtrated CM for 4 h. (B, C) Representative images of LD internalization in CNE2 cells (B) and statistical chart (C). NC, negative control. Scale 
bars, 10 μm. LD 10, LD 20, and LD 50 refer to LDs extracted from 10 mL, 20 mL, or 50 mL adipocyte supernatant, respectively. (D, E) Results of colony 
formation assay (D) and statistical chart (E) when LDs are added to CNE2 cells in a concentration-dependent manner. (F–I) Representative images of 
Transwell (F) and scratch assay (H) after adding LDs extracted from 10 mL, 20 mL, or 50 mL adipocyte supernatant to NPC cells. Scale bars, 100 μm. ns, 
not significant, **P < 0.01, ***P < 0.001
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ATPase VPS4B participates in adipocyte LD release
Changes in the fluidity of the cell membrane are gener-
ally involved in the release of cellular contents [25]. The 
FRAP assay showed that the effects of hypoxic exosomes 
on the membrane fluidity of adipocytes were not imme-
diate and occurred 6  h after incubation (Fig.  4A). To 
identify the key proteins that maintain optimal adipocyte 

membrane fluidity for LD release, we performed RNA-
seq of adipocytes pretreated with N-exo and H-exo 
(Fig. 4B, C). GSEA revealed an enrichment of the hypoxia 
signal and a reduction in oxidative phosphorylation in 
adipocytes with exposure to H-exo (Fig. S2A, B). This 
is in agreement with a previous study showing that 
hypoxia reprograms the metabolic mode of tumor cells 

Fig. 2  NPC cells uptake adipocyte LDs mainly via macropinocytosis in hypoxia. (A) Schematic of experimental approach used to detect the main endo-
cytosis LD pattern in CNE2 cells. (B, C) The effects of chlorpromazine, genistein, and EIPA in blockage of LD internalization of NPC cells (chlorpromazine: 
clathrin-dependent endocytosis inhibitor; genistein: caveolae-dependent endocytosis inhibitor; EIPA: macropinocytosis inhibitor). Scale bars, 10 μm. (D, 
E) NPC cells were pretreated with EIPA (20 µM) for 1 h, and representative images and quantification data of EdU assays after adding LDs in CNE2 and 
C666-1 cells for 24 h. (F) Schematic of nude mice subcutaneous tumor model. (G) Images of xenografts in nude mice injected with C666-1 cells. (H) The 
tumor weight of the three groups. (I, J) Representative images and quantification of Ki67 staining. Scale bars, 50 μm. (K) Schematic of HFD mice subcu-
taneous tumor model. (L) Images of xenografts in nude mice injected with C666-1 cells. (M) The tumor weight of the four groups. (N) Representative 
IHC images of CK19, HIF-1α, and PLIN2. Scale bars, 50 μm. (O) Pearson’s correlation analysis of HIF-1α and PLIN2 according to IHC scores (n = 12). *P < 0.05, 
**P < 0.01, ***P < 0.001
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Fig. 3  Exosomes derived from hypoxic NPC cells stimulate LD release in adipocytes. (A) Schematic of the in vitro adipocyte LD release experiments. (B) 
Western Blot analysis of ALIX, TSG101, CD63, CD9, Actinin 4, and Flotillin 1 in exosomes from normoxic and hypoxic CNE2 cells and CNE2 total proteins. (C) 
Electron micrographs of the cup-shaped vesicular structure of exosomes (scale bars, 100 nm) and the typical image of exosomes ingested by adipocytes 
(scale bars, 10 μm). (D, E) The addition of exosomes derived from CNE2 cells in normoxic and hypoxic conditions affected the LD release in adipocytes 
supernatant. Live adipocytes were stained with BODIPY (2 µM) at 37 °C for 1 h. Then, exosomes derived from NPC cells were added to adipocytes and 
incubated for 24 h. LDs in adipocyte supernatant were microscopically observed (D) and quantitatively analyzed (E). Scale bars, 50 μm. (F–I) Typical im-
ages of LDs (F), relevant density quantification (G), analysis of TG content (H), and fluorescence detection of C12-labeled LDs (I) after co-culturing with 
exosomes from hypoxic NPC cells in a dose-dependent manner (CM-Exo: NPC cell culture medium without exosomes; Mock: EBSS group; CM: NPC cell 
culture medium for 24 h; Exo: exosomes; Exo 10, 20, 50 refers to exosomes extracted from 10 mL, 20 mL or 50 mL NPC cell supernatant, respectively). Scale 
bars, 50 μm. (J) Schematic of the model for NPC cell uptake LDs. (K, L) Typical images of CNE2 cells uptake of LDs and relevant LD density quantification. 
Scale bars, 20 μm. *P < 0.05, **P < 0.01, ***P < 0.001
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by decreasing oxidative phosphorylation [26]. In adipo-
cytes pretreated with H-exo, the ROS level and NADPH/
NADP+ increased (Fig. S2C, D), further suggesting that 
adipocytes undergo oxidative stress as a result of exo-
somes released by hypoxic NPC cells. To reverse the 

adverse changes in gene profiles caused by oxidative 
stress in adipocytes, we queried the Connectivity Map 
database (https://clue.io/) based on the differentially 
expressed genes in the RNA-seq data (Fig.  4C). Among 
the selected small-molecule compounds, dicumarol and 

Fig. 4  ATPase VPS4B participates in adipocyte LD release. (A) Changes in adipocyte membrane fluidity after the addition of exosomes derived from 
normoxic and hypoxic CNE2 cells. (B) Schematic of adipocyte membrane fluidity detection and RNA-seq.  Specifically, adipocytes were treated with 
exosomes derived from normoxic and hypoxic CNE2 cells. Then, the RNA-seq of the two groups of adipocytes was carried out. (C) The volcano plot of 
the differentially expressed genes in adipocyte RNA-seq data. (D) GSEA showed significant enrichment in secretion, and the top 10 proteins are dem-
onstrated on the right. (E) The volcano plot revealed the differential expression of ATPase between the two groups of adipocytes with the addition of 
exosomes from normoxic and hypoxic CNE2 cells. (F) In adipocytes pretreated with normoxic and hypoxic CNE2 exosomes, levels of VPS4B mRNA were 
detected. (G) Schematic of the in vitro LD-release experiments. (H, I) Typical images of LDs in different adipocyte supernatant and relevant LD density 
quantification. Scale bars, 50 μm. (J, K) Analysis of TG content (J) and fluorescence detection of C12-labeled LDs (K) after co-culturing with exosomes and 
functional inhibitors. (L) Schematic of HFD mice subcutaneous tumorigenesis model. (M) Observation of changes in tumorigenicity in HFD nude mice 
(n = 5). (N) The tumor weight of the four groups. (O, P) Representative IHC images (O) and quantitative analysis (P) of Ki67 and PLIN2 staining. Scale bars, 
50 μm. *P < 0.05, **P < 0.01, ***P < 0.001
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buflomedil showed the greatest potential in reversing 
NADPH/NADP + ratio caused by oxidative stress in adi-
pocytes treated with H-exo (Fig. S2E).

Notably, GSEA confirmed the enrichment of protein 
secretion (Fig.  4D). Since LD release is an energy-con-
suming process, we further examined the differential 
ATPase expression status. The volcano plot showed that 
31 ATPases were highly expressed in adipocytes treated 
with H-exo (Fig.  4E). Based on these findings and the 
GSEA results, VPS4B was proposed as a key signaling 
protein involved in LD release, and increased VPS4B 
expression was validated (Fig.  4F). VPS4B is a vesicular 
trafficking–associated member of the AAA ATPase fam-
ily associated with diverse cellular activities [27]. It per-
forms a key function in this pathway of disassembling 
membrane-associated ESCRT-III assemblies, which are 
vital for forming multivesicular bodies (MVBs), possi-
bly in conjunction with membrane remodeling [27, 28]. 
We speculate that VPS4B promotes the maturation and 
release of LDs by forming MVBs. In the LD release exper-
iments, brefeldin A, an inhibitor of protein secretion, and 

MSC1094308, a VPS4B-allosteric inhibitor, prevented LD 
release from adipocytes stimulated by H-exo (Fig. 4G–K). 
In parallel, HFD-fed mice were used to establish subcuta-
neous tumorigenesis models to directly monitor the role 
of VPS4B in tumorigenicity (Fig. 4L). H-exo was used to 
trigger the release of LDs from adipocytes into the TME, 
intraperitoneal injection of brefeldin A and MSC1094308 
consistently reversed tumorigenesis caused by LD accu-
mulation (Fig. 4M–P and Fig. S3A–D). These results sug-
gest that the ATPase VPS4B moderately increased LD 
release to favor hypoxic NPC growth.

ANXA5 interacts with VPS4B to enhance cell membrane 
fluidity
We further assessed whether an interacting protein of 
VPS4B was involved in LD release. After confirming the 
efficiency of VPS4B overexpression (Fig. S4A–C), the 
Co-IP products of the control and VPS4B-overexpression 
group of adipocytes were subjected to protein sequenc-
ing analysis. Functional enrichment analysis identified 
various functional binding proteins (Fig.  5A). Next, we 

Fig. 5  ANXA5 binds to the ATPase domain of VPS4B. (A–C) Adipocytes were first transfected with lentivirus to overexpress VPS4B, and Co-IP assay com-
bined with mass spectrometry analysis was utilized to screen and identify the immunoprecipitated proteins. (A) The functional enrichment analysis of 
differential genes. (B) A comparison of transcription efficiency between genes in the overexpressed VPS4B group and those in the control group. (C) 
Aggregation analysis of genes between up-regulated genes and lipid binding proteins. (D) Co-IP analysis between VPS4B and ANXA5 in adipocytes. (E) 
The ANXA5 mRNA expression according to RNA-seq data mentioned in Fig. 4C. (F, G) Analysis of ANXA5 binding domains with VPS4B. Various truncated 
forms of HA-VPS4B (F) were individually co-transfected with Flag-ANXA5 into adipocytes, and Co-IP was performed with an anti-HA antibody (G). (H) 
Mechanism diagram of the interaction between VPS4B and ANXA5 in LD release. *P < 0.05
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conducted an aggregation analysis of lipid-binding pro-
teins and 65 upregulated proteins in the VPS4B-over-
expressing group (Fig.  5B, C; Table S1). Interestingly, 
five annexins were among the enriched proteins. Co-IP 
assays were also performed (Fig.  5C, D and Fig. S4D), 
and ANXA5 was identified as an important VPS4B inter-
action protein. Since ANXA5 is essential for membrane 
repair and form a protective two-dimensional array at 
the membrane damage site [29], it may maintain optimal 
membrane fluidity by recognizing VPS4B. Notably, high 
ANXA5 expression was observed in the RNA-seq data 
(Fig. 5E). Since ANXA5 has been found in exosomes from 
colorectal carcinoma [35], it is reasonable to assume that 
hypoxic NPC cells might deliver more ANXA5 to adipo-
cytes through exosomes. Consistently, ANXA5 content 
was higher in hypoxic than in normoxic NPC cell-derived 
exosomes (Fig. S4E). Moreover, high ANXA5 expression 
predicted poor prognosis in patients with HNSC (Fig. 
S4F).

VPS4B collaborates with ANXA5 through its ATPase 
domain to promote LD release, tumor cell proliferation and 
migration subsequently
Next, to map the specific ANXA5-interacting region 
in VPS4B, we designed several plasmids with truncated 
VPS4B and a hemagglutinin (HA) tag, each group of adi-
pocytes was pre-transfected with a Flag-tagged ANXA5 
plasmid (Fig. 5F). Co-IP results showed that the small and 
large AAA ATPase domains of VPS4B, but not the micro-
tubule-interacting and trafficking (MIT) domain, were 
required for its interaction with ANXA5 (Fig. 5G). These 
data suggest an intriguing role of VPS4B in LD release 
by cooperating with ANXA5 via its ATPase domains. In 
addition, immunofluorescence showed that ANXA5 co-
localized with VPS4B in the cytoplasm (Fig. S4G, H). We 
conducted in vitro cellular experiments to understand 
the effects of domain binding on LD release. Quantifi-
cation of LDs in the adipocyte supernatant showed that 
ANXA5 enhanced LD release, and this effect was ampli-
fied in the presence of abundant VPS4B ATPase domains 
(Fig. S5A, B). Transwell and EdU assays supported a close 
association between LD content in the conditional media 
mentioned prior and the malignant phenotypes of NPC 
cells (Fig. S5C–F). Therefore, the significance of the inter-
action between ANXA5 and the VPS4B-ATPase domains 
lies in their roles in LD mature and alterations in cell 
membrane fluidity.

H-exo transmits suppressed LKB1-AMPK signaling to 
induce VPS4B O-GlcNAc modification for adipocyte LD 
release
It is well known that LKB1 activates the AMPK pathway 
in response to metabolic stress [30]. Notably, KEGG anal-
ysis showed suppression of AMPK signaling in adipocytes 

pretreated with H-exo (Fig.  6A and Table S2). We also 
found that low expression of LKB1 in H-exo transmit-
ted suppressed LKB1-AMPK signaling in adipocytes 
(Fig. 6B–G). Moreover, VPS4B was predicted to contain 
numerous O-GlcNAc modification sites (​h​t​t​p​​s​:​/​​/​s​e​r​​v​i​​c​e​s​​
.​h​e​​a​l​t​h​​t​e​​c​h​.​​d​t​u​​.​d​k​/​​s​e​​r​v​i​c​e​s​/​Y​i​n​O​Y​a​n​g​-​1​.​2​/) (Fig.  6H). Of 
note, O-GlcNAc modification is an important post-trans-
lational protein modification that dynamically regulates 
intracellular metabolism and signaling pathways [31]. 
Since glutamine-fructose‐6‐phosphate amidotransferase 
(GFAT) is a key enzyme in the HBP [32] (Fig. 6J), and its 
high expression was observed in adipocytes pretreated 
with exosomes from hypoxic NPC cells (Fig. 6B) but not 
in NPC cell-derived exosomes (Fig.  6I), we speculated 
that adipocytes may undergo HBP metabolic remodeling. 
It is possible that the suppression of LKB1-AMPK sig-
naling in adipocytes results in the activation of the HBP 
pathway, leading to an increase in the O-GlcNAc level 
of VPS4B and an enhancement in the protein stability 
of VPS4B (Fig. 6J). Therefore, we investigated the effects 
of O-GlcNAc modification on VPS4B expression in adi-
pocytes. As a result, VPS4B and ANXA5 expression was 
influenced by HBP flux, with O-GlcNAc modification 
promoting VPS4B expression (Fig. 6K). These results sug-
gest that the inhibition of LKB1-AMPK signaling leads to 
the activation of HBP flux in adipocytes.

Discussion
The complex communication between adipose and tumor 
tissues supports a parallel evolution model for tumors. 
Several key factors were identified in the transformation 
of adipocytes into cancer-associated adipocytes, includ-
ing peroxisome proliferator-activated receptor gamma 
(PPARγ) [33]; CCAAT enhancer binding protein alpha 
(C/EBPα) [34]; lipase E, hormone-sensitive lipase (LIPE/
HSL) [35]; and fatty acid binding proteins (FABPs) [36]. 
In addition, the adipose tissue promotes the formation 
of pro-inflammatory niches, systemically precondition-
ing the TME for future metastasis [37]. Our findings 
extend the concept of lipid metabolism reprogramming. 
Our analysis shows that adipocytes serve as an energy 
reservoir to provide a continuous stream of LDs for the 
malignant biological behavior of NPC cells. In addition, 
macropinocytosis functioned as a rapid endocytic path-
way for LD uptake by NPC cells. These data support the 
hypothesis that NPC cells induce adipocytes to gener-
ate more LDs for energy supply and malignant growth 
through a symbiotic metabolic relationship.

Extensive research has focused on the role of exosomes 
in the intercellular communication between tumor 
cells and adipocytes. Adipocytes were endowed with 
tumor-promoting properties by exosomes derived from 
hepatocarcinoma cells [38]. Exosomal long intergenic 
non-protein coding RNA regulator of reprogramming 

https://services.healthtech.dtu.dk/services/YinOYang-1.2/
https://services.healthtech.dtu.dk/services/YinOYang-1.2/
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Fig. 6  H-exo transmits suppressed LKB1-AMPK signaling to induce VPS4B O-GlcNAc modification for adipocyte LD release. (A) KEGG analysis of differen-
tially expressed genes in adipocytes based on RNA-seq data from Fig. 4C. Specifically, adipocytes were treated with exosomes derived from normoxic and 
hypoxic CNE2 cells. (B, C) Western blotting detected LKB1, P-AMPK, AMPK and GFAT expression in adipocytes following exosomes added from normoxic 
and hypoxic NPC cells. (D, E) Western blotting analysis of LKB1 in exosomes derived from NPC cells under hypoxia and normoxia. (F, G) In adipocytes 
transfected with NC and shLKB1, Western blotting identified the expression levels of LKB1, P-AMPK, AMPK, P-GFAT, and GFAT. (H) The multiple potential 
O-GlcNAc sites on VPS4B were predicted by YinOYang Database (​h​t​t​p​s​:​​​/​​/​s​e​r​v​i​​c​e​​​s​.​h​e​​a​l​t​​h​t​​e​c​​h​​.​d​​t​​u​.​​d​​k​/​​s​e​r​v​i​c​e​s​/ YinOYang-1.2/). (I) Western blotting experi-
ment represented no GFAT protein expression detected in exosomes derived from NPC cells. (J) Schematic diagram of the HBP pathway. GFAT, GNPNAT1 
(Glucosamine 6-phosphate N-acetyltransferase), PGM3 (Phosphoacetylglucosamine mutase 3), and UAP1(UDP-N-acetylglucosamine pyrophosphorylase 
1) are key enzymes for UDP-GlcNAc synthesis. The dynamic cycling of O-GlcNAc modifications is regulated by OGT (O-GlcNAc transferase) and OGA (O-
GlcNAcase). (K) After transfection of the OGT inhibitor OSMI and protein glycosylation reactions substrate UDP-GlcNAc, the O-glycosylation level of VPS4B 
was detected by Co-IP in adipocytes. (L) Schematic of the metabolic symbiosis between NPC cells and adipocytes through exosomes and LDs. ns, not 
significant, **P < 0.01, ***P < 0.001
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(LINC-ROR) released by pancreatic cancer cells con-
tributes to the dedifferentiation of adipocytes into fibro-
blast-like cells, sustaining tumor cell proliferation and 
migration [39]. Our results demonstrate that H-exo can 
promote LD release by increasing membrane fluidity in 
adipocytes. Subsequently, we examined the molecules 
responsible for altering the fluidity of adipocyte mem-
branes. VPS4B was selected as a candidate because of its 
possible role in ATP-dependent membrane fission. Sup-
pression of ATPase function by MSC1094308 effectively 
weakened tumorigenicity in vivo. Several studies have 
investigated the oncogenic role of VPS4B. VPS4B inac-
tivation reduces the autophagic ability of KPC cells and 
increases the infiltrative ability of cluster of CD8 + T cells 
[40]. Additionally, VPS4B functions in the biogenesis of 
enveloped viruses in an ESCRT III-dependent manner, 
enabling them to resist antibody-mediated neutraliza-
tion [41]. Moreover, a strong synthetic lethal dependency 
exists between VPS4A and VPS4B in cancers with chro-
mosome 18q or 16q deletions [42]. In this study, we found 
that ANXA5 in hypoxic NPC cell-derived exosomes 
mainly acts by binding to the ATPase domain of VPS4B. 
When the ANXA5 and VPS4B ATPase domains were 
overexpressed, adipocytes tended to release more LDs. 
Thus, we speculate that VPS4B facilitates LD matura-
tion in adipocytes by promoting the formation of MVBs, 
transporting LDs to the plasma membrane boundary, and 
recruits ANXA5 for calcium- and phospholipid-binding, 
thereby inducing alterations in cell membrane fluidity 
and expediting LD release (Fig.  5H). The invasive and 
proliferative abilities of NPC cells were stronger when 
they absorbed more LDs from the conditioned medium.

Concurrent mutations in KRAS and LKB1 in NSCLC 
lead to the activation of HBP by GFPT2 [43]. GFPT1 
activity is inhibited by AMPK phosphorylation at serine 
243 [44]. These results raise the possibility that the direct 
phosphorylation of key enzymes by AMPK helps regu-
late HBP metabolic flux. In line with these findings, we 
demonstrated that GFAT-mediated HBP flux activation 
via inhibition of LKB1-AMPK signaling is required for 
VPS4B O-GlcNAc modification. The O-GlcNAc modifi-
cation maintained the stability of VPS4B, thus facilitat-
ing the interaction between ANXA5 and VPS4B for LD 
release in adipocytes (Fig. 6L). However, as no clinically 
approved drugs exist that inhibit GFAT in a well-toler-
ated manner, targeting the HBP flux with other metabolic 
drugs is worth exploring.

This study is limited by its exclusive focus on LDs 
from adipocytes, neglecting the significant contribu-
tions of neutrophils and macrophages as sources of LDs. 
Interestingly, cancer cells synthesize more lipid droplets 
themselves while phagocytose more LDs compared with 
normal cells. The biological significance of cancer cells 
phagocytosing LDs in alleviating lipotoxicity, relieving 

oxidative stress, and obtaining energy deserves more 
research.

Conclusions
In this study, we showed that hypoxic NPC cells release 
exosomes containing LKB1-AMPK inhibitory signals 
into adipocytes, resulting in the activation of GFAT 
expression and HBP metabolic flux as well as an increase 
in the O-GlcNAc levels of VPS4B. Then, VPS4B recruits 
ANXA5 to induce alterations in cell fluidity and form 
a cascade of LD release. Ultimately, macropinocytosis 
of LDs by NPC cells from the TME favored malignant 
behavior. Our data uncover a new model of metabolic 
symbiosis between NPC cells and adipocytes, highlight-
ing a promising direction for improving NPC therapy 
by targeted drug design against VPS4B O-GlcNAc 
modification.
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