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Adipose-derived exosomes deliver miR-23a/b to regulate tumor
growth in hepatocellular cancer by targeting the VHL/HIF axis
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Abstract
Adipose tissue has long been considered to be involved in tumor progression. However, the adipocyte-secreted molecular
determinants that regulate hepatocellular cancer progression have not been defined yet. In this study, the expression pattern of
exosome miRNAs in hepatocellular carcinoma (HCC) patients with high body fat ratio (BFR) were identified by using low-
density microarray. And the targets of exosome-miRNAs in HCC cells were predicted by bioinformatics methods and verified by
in vitro as well as in vivo experiments. Here, we show that microRNA-23a/b (miR-23a/b) was significantly upregulated in both
serum exosomes and tumor tissues of HCC patients with a high body fat ratio than low BFR. Subsequently, in vitro studies
suggested that miR-23a/b was most likely to be derived from adipocytes and was transported into cancer cells via exosomes, thus
promoting HCC cell growth and migration. Meanwhile, exosome miR-23a and miR-23b confer chemoresistance by targeting the
von Hippel-Lindau/hypoxia-inducible factor axis. Our study provides evidence in that high BFR-related exosome miR23-a/b is a
promising target for future treatment of HCC.
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Introduction

Overweight and obesity have been demonstrated to be
important carcinogenic risk factors, leading to a signifi-
cant increase in HCC risk [10]. Epidemiological studies

have established that obesity has become a serious threat
to public health worldwide, leading to a number of public
health problems, such as the increased risk of liver cancer
[2, 17]. However, the direct molecular mechanism that
obesity and adipose promote occurrence and development
of HCC is still far from being fully understood.

Recent studies have shown a vital component of the tumor
microenvironment in addition to initiation via soluble media-
tors; cell-cell communication can be initiated via surface in-
teractions between circulating exosomes and trans-membrane
molecules expressed by target cells [16].

It is interesting that exosomes could transfer miRNA,
which are extremely stable and participated in lots of
physiological and pathological processes, such as cell dif-
ferentiation, proliferation, apoptosis, and tumor genesis
[3, 13]. As reported, miR-23 acted as a common onco-
gene, which could promote progression of cancer [1, 12].
It has also been reported that miR-23a could regulate the
metabolism in tumorigenesis, such as suppression of miR-
23a/b which could enhance glutamine metabolism in pros-
tate cancer [4]. Recent study has shown that miR-23b
inhibition has an anti-proliferation effect on HCC [9].

Hypoxia-inducible factor 1α (HIF-1α) is a key tran-
scription factor of oxygen homeostasis regulation [11].
The expression of HIF-1α is regulated through
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ubiquitin-mediated proteolysis, and is governed by the
activity of Von Hippel-Lindau (VHL), which is known
as a tumor suppressor [8]. VHL syndrome, an inherited
familial syndrome related to cancer, is characterized by a
predisposition to develop various types of tumors, includ-
ing clear cell renal carcinomas, retinal and central nervous
system hemangioblastomas, pheochromocytomas, and en-
dolymphatic sac tumors [5, 7, 19].

In this study, we identifiedmiR-23a/b in exosomes secreted
from adipocytes. We demonstrated that exosomes deliver
miR-23a/b from adipocytes to HCC cells, and we identified
that VHL/HIF-1α was targeted by miR-23a/b to modulate the
ability of HCC cells, including proliferation, metastasis, and
chemoresistance to 5-Fu.

Materials and methods

Human samples

Human tumor tissues from obese and non-obese patients
were obtained from the Third Xiangya Hospital. The col-
lection of human samples was approved by the local
Ethical Committee and the Review Board of the Third
Xiangya Hospital of Central South University. All the
participants were informed of the usage of the samples,
and consent forms were obtained.

Animal studies

C57BL/6J male mice were purchased from the Model
Animal Research Center of Nanjing University (Nanjing,
China). All of the experimental procedures were per-
formed in accordance with protocols approved by the
Institutional Animal Care and Research Advisory
Committee of Central South University. A lentiviral ex-
pression plasmid that can express miR-23a/b was pur-
chased from GenePharma (Shanghai, China). Hepa 1–6
cells were infected with a control lentivirus or a miR-
23a/b lentivirus. After transfecting the lentivirus, SW480
cells were subcutaneously injected into the mouse model
(3 × 106 cells in 0.2 mL PBS per mouse, 5 mice per
group). Mice were sacrificed 28 days after injection to
remove the xenografted tumors, and the weights of the
tumors were measured. A portion of the tissues was used
for protein and total RNA extraction.

Cell lines and culture conditions

BEL-7402, BEL-7402/5-Fu, Hepa1–6, and 3T3-L1 cells were
bought from the cell bank of the Chinese Academy of

Sciences (Shanghai, China). BEL-7402, BEL-7402/5-Fu,
and Hepa1–6 were maintained in DMEM medium supple-
mented with 10% FBS and penicillin/streptomycin (Life
Technologies Corp., Grand Island, NY, USA). The 3T3-L1
cells were cultured in low-glucose DMEM media containing
10% FBS.

Pre-adipocyte differentiation

The cells were induced to differentiate by culturing them
for 2 days in an induction medium consisting of DMEM
supplemented with 10% fetal bovine serum and 850 nM
insulin (Sigma-Aldrich #I1882), 0.5 μM dexamethasone
(Sigma-Aldrich #D4902), 250 μM 3-isobutyl-1-
methylxanthine (IBMX, Sigma-Aldrich #I5879), 1 μM
rosiglitazone (Cayman Chemical #71742), 1 nM 3,3,5-
triiodo-L-thyronine (T3, VWR #100567-778), and
125 nM indomethacin (Sigma-Aldr ich #I7378) .
Subsequently, after 2 days the induction medium was re-
placed with DMEM supplemented with 10% FBS and
160 nM insulin and 1 nM T3 for another 2 days. The cells
were then cultured in DMEM 10% FBS and 1 nM T3 until
day 8 of differentiation, and the medium was replaced
every other day. Oil Red O staining (Sigma-Aldrich) and
triglyceride measurements of both mature adipocytes dur-
ing differentiation were performed following the manufac-
turer’s instructions to determine adiposity.

Western blot analysis

Cell extracts were prepared in RIPA buffer (Beyotime,
Shanghai, China) containing a complete protease inhibitor
mixture (Beyotime, Shanghai, China). Proteins were sep-
arated on SDS-PAGE (Bio-Rad). The primary antibodies
were used for western blotting: anti-CD63 (ab216130),
anti-TSG101 (ab125011), anti-Alix (ab117600), anti-
CD9 (ab92726), anti-VHL (ab77262), anti-HIF-1α
(ab187524), anti-a-tubulin (ab15246), and anti-GLUT-1
(ab32551) antibodies were purchased from Abcam
(Cambridge, MA, USA).

Exosome isolation from medium and serum

Exosomes were isolated from the cell culture medium by
differential centrifugation, according to previous publica-
tions [20]. After removing cells and other debris by cen-
trifugation at 300g and 3000g, the supernatant was centri-
fuged at 10,000g for 30 min to remove shedding vesicles
and the other vesicles with bigger sizes. Finally, the su-
pernatant was centrifuged at 110,000g for 70 min (all
steps were performed at 4 °C); exosomes were collected
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from the pellet and re-suspended in PBS. Serum
exosomes were isolated by using an exosome isolation
kit (Thermo), following the manufacturer’s instruction.

Electron microscopy

For electron microscopy observation, exosome pellets were
fixed in 4% paraformaldehyde at 4 °C for 1 h. Then, the pellets
were loaded onto electron microscopy grids coated with
Formvar carbon, contrasted, and embedded in a mixture of
uranyl acetate and methylcellulose. Sections were observed
with a Philips Tecnai 10 transmission electron microscope
operating at 80 kV (Phillips Electronic Instruments,
Mathway, NJ, USA).

Quantitative real-time PCR

Total RNA was extracted from cultured cells, tissue sam-
ples, or purified exosomes using TRIzol Reagent
(Invitrogen, CA, USA). To quantify mature miR-23a/b,
TaqMan Probes were used according to the manufac-
turer’s instructions. U6 snRNA was used as an internal
control, and the relative amount of miRNA normalized
to U6 was calculated with the equation 2−ΔΔCT in which
ΔΔCT = (CTmiR-23a/b − CTU6)tumor − (CTmiR-23a/b −
CTU6)control.

For the mRNA expression analysis, oligo(dT)18 primers
(TaKaRa) were used to reverse transcribe total RNA into
cDNA. Then, a qRT-PCR was run by using SYBR Green
dye (Invitrogen) and specific primers for VHL and GAPDH.
The primer sequences were as follows: VHL (sense):
GGGAACGGGGTGGGTTTAG; VHL (antisense):
GCTCGCGTGAGTTCACAGA; α-tubulin (sense):
CGAGCCACATCGCTCAGACA; and α-tubulin (antisense):
GTGGTGAAGACGCCAG.

CCK-8 assay

BEL-7402 and BEL-7402/5-Fu cells were seeded in a 96-well
plate and then co-cultured with 3T3-exo for 24 h. After 48 h of
5-Fu treatment, the cell proliferation index was measured
using a Cell Counting Kit-8 (CK04-500, Dojindo, Japan) ac-
cording to the manufacturer’s instruction. Absorbance was
measured at a wavelength of 450 nm.

Cell migration assay

Cell migration assays were performed usingMillipore 24-well
plates containing an 8-μm pore membrane. Cells were har-
vested 24 h after co-culture with exosomes and suspended in
FBS-free DMEM culture medium. The cells were then added

to the upper chamber (2 × 104 cells/well), and 0.5 mL DMEM
plus 20% FBS was added to the lower compartment. The
transwell-containing plates were incubated for 24 h in the
incubator. After incubation, cells that had migrated to the low-
er surface of the filter membrane were fixed with 4% parafor-
maldehyde for 25 min at room temperature. The lower sur-
f aces (wi th mig ra t ing ce l l s ) were cap tu red by
photomicroscopy (BX51 Olympus, Japan), and the cells were
counted blindly (five fields per chamber).

EdU assay

BEL-7402 cells were seeded in 48-well plates (Corning).
After co-culture with exosomes, when the confluency of
SW480 cells reached 80%, an EdU assay kit (RiboBio,
Guangzhou, China) was used to determine the prolifera-
tion rate of the cells, following the manufacturer’s
instruction.

Immunohistochemical analysis

Immunolocalization of VHL was performed using the tumor
sections obtained from hepatocellular cancer patients. Slides
containing the sections were stained with commercially avail-
able anti-VHL (1:500; ab77262) antibodies from Abcam.
Target protein expression was visualized using a Betazoid
3,3′-diaminobenzidine chromogen kit (Biocare Medical,
Concord, CA, USA).

Luciferase reporter gene activity assay

BEL-7402 cells were seeded in 24-well plates 1 day be-
fore transfection. The cells were transfected with 0.2 μg
of the VHL reporter construct containing the predicted
miR23a/b-binding sites, together with 0.2 μg of β-
galactosidase (β-gal) expression plasmid (Ambion), and
equal amounts (50 pmol) of miR-23a/b mimic, miR-23a/
b inhibitor, or the scrambled negative control RNAs using
Lipofectamine 2000 (Invitrogen). The cells were
treated using a luciferase assay kit 24 h post-transfection
(Promega, Madison, WI, USA).

Statistical analysis

All data were representative of five or six independent exper-
iments. Data were expressed as mean ± s.e. of at least five
separate experiments. Statistical significance was considered
at P < 0.05 using the Student t test. In this study, *P < 0.05,
**P < 0.01, and ***P < 0.001.
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Results

Exosome miR-23a/b are upregulated in HCC patients
with high BFR

Firstly, serum exosomes of HCC patients were isolated and
identified. We characterized and quantified the serum
exosomes by electron microscopy (Fig. 1a), western blot anal-
ysis (Fig. 1b), and nanoparticle tracking analysis (NTA) (Fig.

1c). According to the mean number of BFR, we divided HCC
patients into BFR-high group and BFR-low group (Fig. 1d).
miR-23 is a vital oncogene in HCC progression; thus, we
detected serum exo-miR-23 level, which showed a positive
correlation with BFR (Fig. 1e). VHL protein, which is a tumor
suppressor, can directly mediate the ubiquitylation and
proteasomal degradation of HIF-1α to maintain HCC progres-
sion. VHL was negatively correlated, while HIF-1α was pos-
itively correlated with BFR (Fig. 1f and g). However, the VHL

Fig. 1 Serum exosomes from BFR-high HCC patients have higher
miR23a/b copy number. a Electron micrograph showing exosomes
isolated from human serum. Scale bar, 100 nm. b Exosomes were
isolated from serum of healthy donors (NC), HCC patients; CD63,
Tsg101, and Alix were used as the internal control of exosomes. c
Nanoparticle tracking analysis (NTA) of isolated exosomes. d BFR
value between HCC patients with high BFR and low BFR. e MiR-23a
and miR-23b expression in serum exosomes from HCC patients with low

and high BFR. f, g Western blotting analysis of VHL and HIF-1α in
tumor tissues from HCC patients with low and high BFR (n = 5): f
Representative images, g quantitative analysis. h Quantitative RT-PCR
analysis of VHL mRNA levels in tumor tissues from HCC patients with
low and high BFR. i The binding sites of miR-23a/b in the 3′-UTR of
VHL mRNA. j Quantitative RT-PCR analysis of miR-23a and miR-23b
levels in tumor tissues from HCC patients with low and high BFR. The
data represent the mean ± s.e.m. **P < 0.01 (Student’s t test)
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mRNA level has no significant difference between two
groups, indicating that VHL is regulated at the post-
transcriptional level (Fig. 1h). Therefore, we use the bioinfor-
matics method to predict the upstream factor of VHL, and
found the direct interaction between miR-23a/b and the target
sites in the VHL 3′-UTR (Fig. 1i). Further analysis also
showed that miR23a/b was expressed with higher levels in
the BFR-high group compared with the BFR-low group
(Fig. 1j). Thus, miR-23a/b was higher in both BFR-high
HCC serum exosomes and HCC tissues. As the target gene
of miR-23a/b, VHL was expressed lower in HCC tissues with
high BFR.

The upregulation of miR-23a/b
and the downregulation of VHL are related
to high-BFR

A total of 698 cases were selected for further analysis, and
a clear positive correlation was found between VHL
levels and survival time (Fig. 2a), while a significant neg-
ative correlation was found between HIF-1α levels and
survival time (Fig. 2b). Obesity has been demonstrated
to be closely related to HCC; thus, immunohistochemistry
was performed to evaluate the VHL expression patterns in
both the BFR-high group and BFR-low group. And the
data showed higher VHL expression in the BFR-low
group, compared with the BFR-high group (Fig. 2c).

Furthermore, we found that miR-23a/b was positively cor-
related with BFR (Fig. 2d and e), while VHL was negatively
related to BFR in HCC (Fig. 2f). The results suggested that the
new axis of miR-23/VHL/HIF-1α may play a key role in
obesity-mediated HCC development.

Exo-miR-23a/b promotes proliferation of HCC cells
through targeting the VHL-HIF-1α pathway

Subsequently, we checked whether exo-miR-23a/b ex-
pression levels are altered during adipocyte differentia-
tion. Pre-adipocytes were induced and differentiated into
mature adipocytes, and were characterized by Oil Red O
staining (Fig. 3a). Then, we isolated the exosomes from
the cultured media of mature adipocytes. The isolated
particles displayed the typical morphology and size of
exosomes and contained TSG101, CD9, and CD63, the
typical hallmarks of exosomes (Fig. 3 b and c).
Quantitative reverse transcriptase-PCR (qRT-PCR) analy-
sis was used to quantify the expression levels of miR-23a/
b, in which miR-23a/b levels in the exosomes of mature
adipocytes were higher than those of pre-adipocytes (Fig.
3d). Furthermore, we constructed a co-culture model to
determine whether exosomes could mediate miR23a/b
transferred from mature adipocytes to HCC cells (Fig.
3e). Western blotting analyses showed that 3T3 exosomes

significantly suppress VHL expression, whereas they pro-
mote the expression of HIF-1α, GLUT-1, and VEGF;
however, the effect of 3T3 exosomes was blocked when
miR-23a, miR-23b, or miR-23a/b was removed from
exosomes (Fig. 3f and g). Moreover, we performed
CCK-8 to explore the effect of 3T3 exosomes on hepato-
cellular cancer BEL-7402 cell proliferation. BEL-7402
cells co-cultured with 3T3 exosomes exhibited increased
proliferation (Fig. 3h); in contrast, the reduction of miR-
23a/b in 3T3 exosomes significantly inhibited cell prolif-
eration. Taken together, mature adipocytes secreted
exosomes, which transferred miR-23a/b to HCC cells, to
inhibit VHL expression level and promote tumor cell
proliferation.

VHL is a direct downstream target of miR-23a/b
in HCC cells

To investigate whether VHL was inversely associated with
miR-23a/b, we modulated miR-23a/b levels in HCC cell lines.
Firstly, we efficiently upregulated or downregulated the miR-
23a/b level in BEL-7402 cells with miR-23a/b mimics or in-
hibitors, respectively (Fig. 4a). Secondly, we detected the
match between the miR-23a/b sequences and the full length
of VHL, which showed that a VHL coding sequence (5′-
AAAUAAGUUUUUGCUAAAUGUGAG-3′) that had a sig-
nificant homology among multiple species was a potential
target for miR23a/b (Fig. 4b). Subsequently, the potential
miR23a/b binding sequence from VHL was cloned into the
luciferase vector and co-transfected into BEL-7402 cells with
miR-23a mimics, miR-23a inhibitors, or scrambled negative
control RNAs. It was shown that the overexpression of miR-
23a could result in a significant reduction of luciferase reporter
activity compared with cells transfected with the control mim-
ic, whereas miR-23a inhibition could result in a significant
increase in reporter activity compared with cells transfected
with the control inhibitor (Fig. 4c). Similar results were ob-
tained when miR-23b was transfected instead (Fig. 4d). Next,
we detected protein level by western blot. As anticipated,
VHL protein level was dramatically declined, while HIF-1α,
GLUT-1, and VEGF protein levels were increased upon miR-
23a/b overexpression, whereas treatment with the miR-23a/b
inhibitor increased the levels of VHL but decreased HIF-1α,
GLUT-1, and VEGF protein levels (Fig. 4e and f). However,
VHL mRNA level was not affected by the alteration of miR-
23a/b (Fig. 4g). Thus, VHL is a direct target of miR-23a/b.

Exo-miR-23a/b derived from adipocytes promotes
chemoresistance of HCC cells

To de t e rm ine whe the r exo -m iR-23a / b con f e r s
chemoresistance in hepatocellular cancer cells, we isolated
exosomes from 3T3 cells. The cells co-cultured with 3T3 cells
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exosomes showed significantly lower chemosensitivity than
did the PBS group. Moreover, obvious chemoresistance to 5-
Fu was observed in the 3T3 exosomes with a low level of
miR-23a/b compared with the 3T3 exosomes (Fig. 5a and b).

It was also shown that migration of HCC cell lines was
significantly increased when cultured with 3T3 exosomes
compared with PBS; the effects of exosomes could be
blocked with the removal of miR-23a/b from exosomes

Fig. 2 Upregulation of miR-23a/b and downregulation of VHL are
related to high-BFR. a Increased VHL expression is associated with a
better 5-year survival in HCC patients (n = 698). b Increased HIF-1α
expression is associated with a worse 5-year survival in HCC patients
(n = 698). c Immunohistochemistry (IHC) analysis of VHL in HCC

patients with BFR-high and BFR-low. d Pearson’s correlation scatter plot
of the fold changes in miR-23a and BFR rates in humanHCC tissue pairs.
e Pearson’s correlation scatter plot of the fold changes in miR-23b and
BFR rates in human HCC tissue pairs. f Pearson’s correlation scatter plot
of the fold changes in VHL and BFR rates in human HCC tissue pairs
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(Fig. 5c and d). Furthermore, Edu assay was performed to
investigate the effect of exo-miR-23a/b on HCC cells’
proliferation potential. The results showed that 3T3-exo
promoted BEL-7402 proliferation, which could be res-
cued by downregulation of miR-23a/b expression level
in 3T3 exosomes (Fig. 5e and f). These results firmly
validated the role of miR-23a/b in promoting HCC
tumorigenesis.

Exo-miR-23a/b promotes HCC growth by targeting
VHL in vivo

To further evaluate the therapeutic potential of miR-23a/b
in vivo, a flowchart is shown in Fig. 6a. Both BFR ratio and
bodyweight were elevated in the high fat diet group compared
with the standard diet group (Fig. 6b and c). Exosomes in
serum collected from mice were characterized by electron

Fig. 3 Exo-miR-23a/b promote hepatocellular cells proliferation through
VHL-HIF-1α pathway. a Pre-adipocytes cultured in standard medium;
Oil Red O staining of differentiating 3T3-L1 adipocytes. b Electron
micrograph showing exosomes isolated from the medium of 3T3 cells.
Scale bar, 100 nm. c Tsg101, CD9, and CD63 expression in both 3T3
exosomes and 3T3 cells. dQuantitative RT-PCR analysis of miR-23a and
miR-23b levels in pre-adipocytes and mature adipocytes. e Schematic

description of the experimental design: exosomes isolated from the
mature adipocytes were used to culture with HCC cells. f, g Effects of
3T3 exosomes delivered miR-23a/b on VHL, HIF-1α, GLUT-1, and
VEGF protein levels: f representative images, g quantitative analysis. h
3T3 exosomes promote growth of BEL-7402 cells. i Effects of 3T3
exosomes delivered miR-23a/b on growth of BEL-7402 cells. The data
represent the mean ± s.e.m. **P < 0.01 (Student’s t test)
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microscopy and western blot analysis (Fig. 6d and e).
Interestingly, reduction of miR-23a/b reversed the elevation
in the BFR high group (Fig. 6f). The reduction of miR-23a/b
attenuated the growth-promoting effects of obesity, indicating
miR-23a/b promote tumor growth (Fig. 6h and i).
Furthermore, VHL was significantly reduced, but levels of
HIF-1α, GLUT-1, and VEGF were increased in the tumors
of the BFR high group (Fig. 6j). Therefore, these data

suggested that miR-23a/b mediated the progression of HCC
with the treatment of high-fat diet (HFD).

Discussion

Since adipose tissue is the principal source of circulating
miRNAs, the serum exosomal miRNAs secreted from fat

Fig. 4 VHL is a direct downstream target of miR23a/b in HCC cells. a
Quantitative RT-PCR analysis of miR-23a and miR-23b levels in BEL-
7402 cells transfected with control mimic, miR-23a and miR-23b mimic,
control inhibitor, or miR-23a and 23b inhibitor. b Predicted binding sites
of miR-23a/b within the 3′-UTR of VHLmRNA. c The relative luciferase
activities in BEL-7402 transfectedwith wild-type ormutant VHL 3′-UTR
with miR-23a mimics, inhibitors, and the corresponding normal control
(n = 3). d The relative luciferase activities in BEL-7402 transfected with

wild-type or mutant VHL 3′-UTR with miR-23b mimics, inhibitors, and
the corresponding normal control (n = 3). e, f Western blot analysis of
VHL, HIF-1α, GLUT-1, and VEGF protein levels in BEL-7402 with the
overexpression or suppression ofmiR-23a or miR-23b ormiR-23a/b (n =
3): e representative images, f quantitative analysis. g Relative levels of
VHL mRNA in BEL-7402 transfected with miR-23a/b mimics or
inhibitors (n = 3). The data represent the mean ± s.e.m. *P < 0.05,
**P < 0.01 (Student’s t test)
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may act as regulators of whole-body metabolism and the
translation of mRNA in other tissues [15]. Here, we identified
significantly higher expression levels of exosomes miR23a/b
isolated from serum from high-BFR HCC patients than from
low-BFR HCC patients. Through incubating hepatocellular
cancer cells with exosomes derived from adipocytes, we con-
firmed that miR23a/b were successfully transferred into the
HCC cells.

In this study, we use in vitro studies to show that adipocytes
abundantly expressed high levels of miR23a/b, and that the
exosomes mediated the transfer of miR23a/b from adipocytes
to adjacent cancer cells, which could increase the
chemoresistance of these recipient cells to 5-Fu and promote
tumor cell migration. Therefore, our results indicated the vital
role of high BFR–related exosome miR-23a/b in HCC
progression.

Although we have provided evidence for the strong corre-
lation between exosomal miR-23a/b with body fat

composition, there is no direct evidence supporting miR-
23a/b in circulating exosomes in high BFR patients from ad-
ipocytes. Future studies will check whether the increased
miR-23a/b is due to an indirect effect of increased BFR on
other types of tissues.

It has been reported that VHL mutation is associated
with several types of tumors like pheochromocytoma,
clear cell renal cancer, central nervous system, and retinal
angiomas, which suggests that the VHL gene may play a
role as a tumor suppressor [6]. Via activation of HIF-1α
and HIF-2α, VHL mediated adaptive responses to hypox-
ia. What is more, VHL could participate in extracellular
matrix assembly, ciliogenesis, microtubule stabilization,
senescence, and DNA repair [14]. Thus, downregulation
of VHL may increase chemoresistance and tumorigenesis
in renal cell cancer [18]. We showed, for the first time,
that overexpression of miR-23a/b reduced the expression
level of both VHL and upregulated its downstream

Fig. 5 VHL is a direct downstream target of miR-23a/b in HCC cells. a
Effects of 3T3 exosomes delivered miR-23a/b on 5-Fu sensitivity in
BEL-7402 cells. b Effects of 3T3 exosomes delivered miR-23a/b on 5-
Fu sensitivity in BEL-7402/5-Fu cells. c, d Upregulated miR-23a/b

promotes migration of BEL-7402 cells (n = 3): c representative images,
d quantitative analysis. e, f Upregulated miR-23a/b promotes growth of
BEL-7402 cells (n = 3): e representative images, f quantitative analysis.
The data represent the mean ± s.e.m. **P < 0.01 (Student’s t test)
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targets, including HIF-1α, GLUT-1, and VEGF. Further
studies suggested that miR23a/b directly binds to the
VHL 3′-UTR to control the translation of VHL mRNA,
and that VHL is a direct target of miR23a/b.

In conclusion, our results indicated that exo-miR23a/b
derived from adipocytes can result in chemoresistance and
an aggressive phenotype in HCC cells, suggesting that
preventing the exosomal transfer of miR23a/b from

Fig. 6 Exo-miR-23a/b promotes HCC growth in vivo by targeting VHL.
a The C57BL6mice were pre-treated with standard diet or high-fat diet to
obtain BFR low or BFR high model, followed by orthotopic tumor
implantation; finally, mice were killed and data were analyzed on the
28th day. a A flow chart depicting the in vivo experimental design. b
BFR ratio between BFR-high and BFR-low groups. c Body weight
between BFR high and BFR low group. d Electron micrograph
showing exosomes isolated from mouse serum. e Exosomes were

isolated from serum of BFR-high and BFR-low mice; Tsg101, CD63,
and Alix were used as the internal control of exosomes. f Quantitative
RT-PCR analysis of miR-23a/b levels in serum exosomes. g Quantitative
RT-PCR analysis of miR-23a/b levels in tumor tissues from HCC mouse
models. h Representative images of tumors from the implanted mice. i
Quantitative analysis of xenografted tumor weight. j Western blot
analysis of VHL, HIF-1α, GLUT-1, and VEGF protein levels in
xenografted tumor. **P < 0.01 (Student’s t test)
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stromal cells may be a new strategy for suppressing HCC
progression.
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