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Abstract: Metabolic syndrome is a significant risk factor for the development of hepatocellular carcinoma (HCC). 
25-HC (25-hydroxycholesterol) synthesized from cholesterol plays an important role in lipid metabolism. However, 
the functions and mechanism of 25-HC in HCC remain largely unknown. In this study, we demonstrated that 25-HC 
promoted HCC cells migration and intrahepatic and extrahepatic metastasis while did not affect the cells prolifera-
tion and apoptosis. Mechanistically, the promotive effect of 25-HC was through up-regulation of Toll-like receptor 4 
(TLR4) dependent fatty acid binding protein 4 (FABP4). Inhibition of FABP4 hindered 25-HC-induced cells migration 
and metastasis. Moreover, up-regulation of FABP4 was observed in HCC tissues from database analysis. In sum-
mary, our study reveals the effects and mechanism of 25-HC/TLR4/FABP4 axis in promoting HCC metastasis, which 
provides novel avenue for therapeutic intervention against HCC progression.
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Introduction

Primary liver cancer is the sixth most common 
malignant tumor and the third largest cause of 
cancer mortality in the world [1]. Hepatocellular 
carcinoma (HCC) is the most common histologi-
cal type of liver cancer. Accumulating evidenc-
es have demonstrated that metabolic disorders 
could raise risks of HCC [2, 3]. 

Dysregulated cholesterol biosynthesis is fre-
quently observed in HCCs, which could induce 
mitochondrial impairment, confer resistance to 
apoptosis and support growth of carcinoma 
[4-6]. Studies have reported that cholesterol 
intake is an independent risk factor for HCC  
of which the underlying mechanisms might be 
the dysregulating expressions of genes involved 
in inflammation and metabolism and inducing 
of oncogenic mutations and gene expressions 
[7, 8]. Furthermore, using of statins is associ-
ated with the reduced risk of HCC development 
[9].

25-HC (25-hydroxycholesterol), one form of oxy-
sterol, is synthesized from cholesterol by cho-

lesterol 25-hydroxylase (CH25H) and has been 
identified as a lipid ligand of integrins and a key 
regulator of lipid metabolism [10, 11]. 25-HC 
has been demonstrated to inhibit the replica-
tion of a wide range of viruses [12-14]. 

A few studies to date have explored the role of 
25-HC in cancers. 25-HC has been found to 
activate ERα and stimulate cells proliferation in 
breast and ovarian cancer [15]. In the melano-
ma tumor micro-environment, 25-HC can inhibit 
CCR7 expression on DC cells, leading to tumor 
immune escape and promotion [16]. Wang et 
al. reported 25-HC promoted lung adenocarci-
noma cells migration and invasion [17]. Our  
previous study also found 25-HC decreased  
the sensitivity of human gastric cancer cells to 
5-fluorouracil and promoted cells invasion via 
the TLR2/NF-κB signaling pathway [18]. 

However, the functional role and underlying 
molecular mechanisms of 25-HC in HCC has 
not been investigated which prompted us to 
explore deeply. In this study, we revealed th- 
at 25-HC promotes HCC cells migration and 
metastasis both in vitro and in vivo while has no 
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effects on cells proliferation. The probable me- 
chanism might be the up-regulating of TLR4-
depedent FABP4. These findings indicate that 
25-HC or FABP4 might act as a potential thera-
peutic target for HCC.

Materials and methods

Cells and reagents

Human hepatocellular carcinoma cell line He- 
pG2 was purchased from the ATCC and main-
tained in DMEM medium supplemented with 
10% FBS and 1% penicillin-streptomycin. Cells 
were maintained at 37°C under a humidified 
5% CO2 atmosphere. All cell culturing reagents 
were purchased from Gibco (Shanghai, China).

25-HC was bought from Sigma-Aldrich (Shang- 
hai, China) and dissolved in ethanol as a stock 
solution. Recombinant human FABP4 was bo- 
ught from Cloud-Clone Corp. (Houston, TX, USA) 
and dissolved in PBS. FABP4 inhibitor BMS-
309403 was bought from MedChem Express 
(Shanghai, China) and dissolved in DMSO.

Cell viability measurement and apoptosis 
analysis

Cell viability was measured by CCK-8 assay kit 
(Beyotime, Shanghai, China) and cells apopto-
sis was determined by Annexin V-FITC/PI stain-
ing (Lianke Biotech, Co., Ltd., Hangzhou, China) 
as previously described [19]. For cell viability 
measurement, the optical density at 450 nm 
was measured with ultra-microplate reader 
(EMax; Molecular Devices, Sunnyvale, CA, 
USA). For cells apoptosis, stained cells were 
analyzed by flow cytometry (BD FACScan; BD 
Biosciences, San Jose, CA, USA).

Animal studies

5-6-week-old female BALB/C nude mice were 
bought from Shanghai Laboratory Animal Com- 
pany (SLAC; Shanghai, China) and maintained 
in the animal facility at Zhejiang University 
(Hangzhou, China). Mice were provided with 
water and food ad libitum and kept under stan-
dard conditions. Current study received ethical 
approval from the Animal Care and Use Com- 
mittee of Zhejiang University, and experiments 
and animal care were performed according to 
the approved protocols.

Xenograft tumors were generated via the sub-
cutaneous injection of HepG2 cells (2 × 106) 

into the right flanks of the mice. When the vol-
umes of xenograft tumors reached an average 
of 100 mm3, mice were randomly divided into 
PBS group and 25-HC group. For 25-HC group, 
mice were intraperitoneally injected with 25-HC 
(10 mg/kg) every 3 days for 20 days. For PBS 
group, mice were received the same volume of 
PBS. Tumor size was measured by a slide cali-
per, and tumor volume was calculated using 
the formula: V = 1/2 × (length × width2). After 
20 days, mice were sacrificed and the tumors 
were harvested, weighed and proteins were 
extracted for Western blotting. 

To establish the orthotopic HCC mouse models 
by intrahepatic inoculation of HepG2 cells, 
mice were anesthetized with 75 mg/kg pento-
barbital by intraperitoneal injection. Skin was 
sterilized with iodophor before 5 × 106 HepG2 
cells suspended in 50 μL PBS were injected 
into right lobes of the liver with a syringe. Af- 
terwards, the injection site was gently pressed 
with cotton to reduce bleeding and leakage of 
cell suspensions. Then, the peritoneum and 
skin were closed with 6-0 sutures. Mice were 
monitored weekly for their behavior. 3 weeks 
later, mice were sacrificed by cervical disloca-
tion, livers were removed, tumor nodules in the 
liver and abdominal cavity were observed, 
counted and photographed. For FABP4 inhi- 
bition, BMS-309403 (45 mg/kg) was intrape- 
ritoneally injected twice a week after cells in- 
oculation. 

Western blotting

For protein extraction, cells or tumor tissues 
were washed with PBS twice before lysed with 
RIPA buffer (Beyotime). Protein concentration 
was quantified by BCA assay (Cwbiotech, Bei- 
jing, China) according to the manufacturer’s 
instructions. Total proteins (30 μg) were sepa-
rated by 10% SDS-PAGE gels and transferred  
to polyvinylidene difluoride (PVDF) membranes. 
Membranes were probed with primary antibod-
ies against MMP1 (#10371-2-AP), MMP2 (#10- 
373-2-AP), MMP3 (#17873-1-AP), MMP9 (#103- 
75-2-AP), MMP13 (#18165-1-AP), FABP4 (#12- 
802-1-AP), GAPDH (#10494-1-AP) (all bought 
from Proteintech, Wuhan, China), Bcl-2 (#34- 
98), Bax (#2772), p-Erk1/2 (#4370), Erk1/2 
(#4695), p-p38 (#9211), p38 (#9212), p-SAPK/
JNK (#4668), SAPK/JNK (#9252), p-PI3K p85/
p55 (#4228), PI3K p85 (#4292), p-Akt (#4060), 
Akt (#4691), p-Stat3 (#9145), Stat3 (#4904), 
p-NF-κB p65 (#3039), NF-κB p65 (#8242), 
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β-Actin (#8457) (all bought from Cell Signaling 
Technologies, Danvers, MA, USA), TLR2 (#DF- 
7002), TLR4 (#AF7017), TLR5 (#DF6575), TLR7 
(#DF6173) and TLR9 (#DF2970) (all bought 
from Affinity Biosciences, Jiangsu, China) at 
4°C overnight, followed by incubation for 1  
hour at room temperature with the HRP-linked 
goat anti-rabbit secondary antibody. Immuno- 
blotting for β-actin or GAPDH served as load- 
ing control. The protein bands were detected 
with FluorChem E System (ProteinSimple, San- 
ta Clara, CA, USA).

Cell migration assay 

Cells migration was assayed with a 24-well 
8-μm Transwell chambers (Corning Costar, 
Corning, NY, USA). Briefly, 2 × 105 HepG2 cells 
suspended in 200 μL serum-free medium we- 
re added to the Transwell inserts in the ab- 
sence or presence of 25-HC or FABP4 or BMS-
309403. The lower chamber filled with 600 μL 
of medium supplemented with 20% FBS was 
used as a chemoattractant. Following incuba-
tion for 36 hours at 37°C, non-invading cells 
remaining on the upper surface were removed 
and cells on the lower surface were fixed with 
ice-cold methanol and stained with 0.1% crys-
tal violet for 30 min at room temperature. 

lated from Ct values using the Delta delta CT 
(2-ΔΔCq) strategy.

Luciferase reporter assay

The pNF-κB-luc, pAP-1-luc and pSTAT3-TA-luc 
reporter plasmids were bought from Beyotime. 
HepG2 cells were seeded in 96-well plate at a 
density of 2 × 104 per well 1 day prior to tr- 
ansfection. Cells were transient transfected 
with the luciferase reporter plasmid with Lipo- 
fectamine 2000 (Thermo Fisher Scientific, Car- 
lsbad, CA) according to the manufacturer’s 
instructions. After 24 hours post transfection, 
cells were treated with 25-HC for the indicated 
concentrations. 24 hours later, cells were col-
lected, and the luciferase activities were deter-
mined with the Bright-Glo luciferase assay sys-
tem (Promega Corp., Madison, WI).

SiRNA transfection

SiRNA targeting human TLR4, TLR9, FABP4 and 
scramble siRNA (siNC) were purchased from 
GenePharma Technologies (Shanghai, China). 
SiRNA sequences were listed in Table 2. Hep- 
G2 cells were transfected with the siRNAs with 
Lipofectamine 2000 following the manufac- 
turer’s instructions. After transfection for 24 

Table 1. The primer sequence of target genes
Gene Name Forward Reverse
MMP1 CTCTGGAGTAATGTCACACCTCT TGTTGGTCCACCTTTCATCTTC
MMP2 CCCACTGCGGTTTTCTCGAAT CAAAGGGGTATCCATCGCCAT
MMP3 AGTCTTCCAATCCTACTGTTGCT TCCCCGTCACCTCCAATCC
MMP9 AGACCTGGGCAGATTCCAAAC CGGCAAGTCTTCCGAGTAGT
MMP13 TCCTGATGTGGGTGAATACAATG GCCATCGTGAAGTCTGGTAAAAT
TLR2 TTATCCAGCACACGAATACACAG AGGCATCTGGTAGAGTCATCAA
TLR4 AGACCTGTCCCTGAACCCTAT CGATGGACTTCTAAACCAGCCA
TLR5 TCCCTGAACTCACGAGTCTTT GGTTGTCAAGTCCGTAAAATGC
TLR7 TCCTTGGGGCTAGATGGTTTC TCCACGATCACATGGTTCTTTG
TLR9 CTGCCTTCCTACCCTGTGAG GGATGCGGTTGGAGGACAA
FABP4 ACTGGGCCAGGAATTTGACG CTCGTGGAAGTGACGCCTT
β-actin GTATCCTGACCCTGAAGTACC TGAAGGTCTCAAACATGATCT

Table 2. Sequences of siRNA
Gene Sense Antisense
TLR4 GCUCACAAUCUUAUCCAAUTT AUUGGAUAAGAUUGUGAGCTT
TLR9 AGCUUAACCUGUCCUUCAA UUGAAGGACAGGUUAAGCU
FABP4 UCAAGAGCACCAUAACCUUTT AAGGUUAUGGUGCUCUUGATT
NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

Images were captured and 
counted under an Olympus CK- 
X41 light microscope (Olym- 
pus, Shanghai, China; magnifi-
cation, × 100).

Reverse transcriptase-quanti-
tative polymerase chain reac-
tion (RT-qPCR)

Total RNA was extracted with 
the Ultrapure RNA kit (Cwbi- 
otech, Beijing, China) and re- 
verse transcriptase PCR was 
performed with the HiFiScript 
cDNA Synthesis kit (Cwbio- 
tech). Quantitative PCR (qPCR) 
was performed with the iTaq 
Universal SYBR-Green Super- 
mix (Cwbiotech). The expres-
sion level of each target gene 
(sequences of the primers we- 
re listed in Table 1) was nor-
malized to a housekeeping ge- 
ne encoding β-actin. Relative 
expression values were calcu-



The promotive role of 25-HC in hepatocellular carcinoma

2143 Am J Cancer Res 2019;9(10):2140-2155

hours, cells were prepared for further experi-
ments. Cells transfection efficiency was deter-
mined by Western blotting.

Database analysis

The mRNA expression of FABP4 in HCC was 
analyzed from the GEPIA (Gene Expression 
Profiling Interactive Analysis) database (http://
gepia.cancer-pku.cn/). The DNA copy number 
of FABP4 in HCC was analyzed within the 
Oncomine database (www.oncomine.org). FA- 
BP4 expression was assessed in HCC tissues 

relative to its expression in normal tissues. 
EMBL-EBI bioinformatics website (http://www.
ebi.ac.uk/gxa/home) was used to determine 
the expression of FABP4 in hepatocellular carci-
noma cell lines. UALCAN database (http://ual-
can.path.uab.edu) was used to analyze the 
expression of FABP4 in various tumor sub-
groups based on cancer stages, tumor grade or 
other clinicopathological features. The correla-
tion between expression of FABP4 and the 
prognosis of patients with HCC was assessed 
in OncoLnc (http://www.oncolnc.org).

Figure 1. 25-HC has no effects on HepG2 cells proliferation and apoptosis both in vitro and in vivo. (A) HepG2 cells 
were treated with the indicated concentrations of 25-HC for 24, 48 or 72 hours and CCK-8 assay was performed. 
Results are shown as the cells absorbance at 450 nm. (B) HepG2 cells were treated with the indicated concentra-
tions of 25-HC for 48 hours followed by the flow cytometry analysis of cell apoptosis. The percentage of FITC positive 
cells indicating apoptotic HepG2 cells were calculated and statistically analyzed. (C) Nude mice were inoculated 
subcutaneously with HepG2 cells (2 × 106) followed by PBS or 25-HC treatment intraperitoneally. The volume of the 
tumor and the body weight was monitored. Tumors were photographed at the end of the experiment. (D) Proteins 
of xenograft tumors of two groups were extracted and the expressions of MMP2, MMP3, MMP9, MMP13, Bcl-2 
and Bax were determined by Western blotting. Results were obtained from 3 independent experiments (A and B) 
or 2 independent experiments (C and D) and are expressed as the means ± SEM. Statistical significance in (C) was 
determined by Student’s t-test. ns, not significant. 
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Statistical analysis

Data are expressed as means ± SEM. Statisti- 
cal significance was determined by Student’s 
t-test or one-way analysis of variance (ANOVA) 
followed by Dunnett’s test. P-value <0.05 was 
considered as statistical significance.

Results

25-HC has no effects on HepG2 cells prolifera-
tion and apoptosis both in vitro and in vivo 

To evaluate the functions of 25-HC on HCC 
cells, we first performed CCK-8 assay on HepG2 

cells. As shown in Figure 1A, the proliferation 
of HepG2 cells was not affected by 25-HC treat-
ment with varied concentrations from 0-10 μM. 
Then we detected the cells apoptosis by flo- 
wcytometry. Likewise, there was no significant 
difference between two groups (Figure 1B) 
(P>0.05). We also assessed the tumor growth 
in vivo by inoculating HepG2 cells into BALB/C 
nude mice subcutaneously to establish the 
xenograft tumor models followed by injecting 
with PBS or 25-HC intraperitoneally. In accor-
dance with the in vitro results, 25-HC treatment 
had no effects on cells proliferation as demon-
strated by the similar tumor volume and weight 

Figure 2. 25-HC promotes HepG2 cells migration in vitro. A. Migratory ability of HepG2 cells after treated with 25-HC 
for 36 hours was determined by Transwell assay. Numbers of cells migrated through the membrane were calculated 
in five fields per well. B. HepG2 cells were treated with the indicated concentrations of 25-HC for 24 hours before 
mRNA was extracted and expressions of MMPs were examined by RT-qPCR. C. HepG2 cells were treated with the 
indicated concentrations of 25-HC for 24 hours or treated with 25-HC at 10 μM for the indicated times before pro-
tein was collected to detect the MMPs expressions by Western blotting. Results were obtained from 3 independent 
experiments and are expressed as the means ± SEM. Statistical significance was determined by one-way ANOVA 
followed by Dunnett’s test. ns, not significant, *P<0.05, **P<0.01, ***P<0.001.
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(Figure 1C). Furthermore, we detected the pro-
tein expressions of Bax, Bcl-2, MMP2, MMP3, 
MMP9 and MMP13 in xenograft tumor tissues 
(Figure 1D). Notably, 25-HC treatment signifi-
cantly increased the MMPs expressions com-
pared with that of PBS group while had relative-
ly less or no effect on the expressions of apop-
tosis related proteins Bax and Bcl-2. These 
data indicated that 25-HC has no effects on 
cells proliferation and apoptosis but promotes 
HepG2 cells MMPs expression which was relat-
ed to the cell metastasis. 

25-HC promotes HCC cells migration in vitro 
and metastasis in vivo

Based on the results in xenograft tumors, 
Transwell migration assay was performed to 
validate the effects of 25-HC on HCC cells 
migration. As shown in Figure 2A, 25-HC mar- 
kedly increased the number of HepG2 cells 
migrated through the membrane in a dose-
dependent manner. In addition, MMP1, MMP2, 
MMP3, MMP9 and MMP13 expressions were 
detected by RT-qPCR and Western blotting, 

Figure 3. 25-HC promotes HepG2 cells intrahepatic and abdominal metastasis. BALB/C nude mice were intrahepat-
ic inoculation of 5 × 106 HepG2 cells followed by intraperitoneally injection with PBS or 25-HC. At the end of the ex-
periment, mice were sacrificed, (A) livers were removed and imaged. (B) The number of abdominal metastasis was 
counted, and body weight was recorded. (C) The survival of mice for the whole experiment was recorded. Results 
were obtained from 2 independent experiments and are expressed as the means ± SEM. Statistical significance 
was determined by Student’s t-test, ***P<0.001.
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respectively (Figure 2B and 2C). In line with  
the migration results, 25-HC increased the 
expressions of the detected MMPs in a dose 
and time-dependent manner. Taken together, 
these results demonstrated that 25-HC pro-
motes the migratory ability of HCC cells by regu-
lating MMPs in vitro. 

To further clarify the role of 25-HC in HCC 
metastasis, HepG2 cells were orthotopically 
implanted into the livers of nude mice followed 
by PBS or 25-HC treatment. 3 weeks later, the 
mice were sacrificed, abdominal and intrahe-
patic metastasis were observed and recorded 
(Figure 3A). 25-HC treatment resulted in the 
more tumors spreading accompanying with the 
increased body weight of the mice which 
resulted from the ascitic fluid caused by tumor 
(Figure 3B). Meanwhile, the mortality rate of 
mice in the 25-HC group were higher than 
that in the PBS group (Figure 3C).

25-HC enhances the activation of multiple sig-
naling pathways 

To get a further understanding of the mecha-
nisms by which 25-HC affected HepG2 cells 
migration, we next analyzed the phosphoryla-
tion level of Erk, p38, SAPK/JNK, PI3K, Akt, 
Stat3 and NF-κB p65 by Western blotting. To 
our surprise, 25-HC up-regulated all the phos-
phorylation level of the detected proteins in a 
dose- and time-dependent manner (Figure 4A). 
Then, the activities of NF-κB, activator protein-1 
(AP-1) and Stat3 were further determined by 
luciferase reporter assay. As shown in Figure 
4B, 25-HC at 10 μΜ significantly increased the 
luciferase activity of NF-κB for 4.92-fold, AP-1 
for 5.9-fold and Stat3 for 9.7-fold in HepG2 
cells. These data indicated that 25-HC pro-
motes HCC migration via the activation of mul-
tiple signaling pathways.

The migration of HepG2 cells induced by 25-
HC is partly mediated by TLR4

Our previous study in gastric cancer cells dem-
onstrated that 25-HC could increase TLR2 ex- 
pression [18]. Thus, we wondered whether the 
promotive effects of 25-HC on HCC cells migra-
tion was related to TLRs expressions. HepG2 
cells can express TLR2, 3, 4, 5, 6, 7 and 9 whi- 
le TLR3 and TLR6 expression was significantly 
lower [20]. Thus, the expressions of TLRs (TLR2, 
TLR4, TLR5, TLR7 and TLR9) in HepG2 cells 

were examined after treated with the indicat- 
ed concentrations of 25-HC for varied times. 
Based on the Western blotting results, 25-HC 
significantly increased the protein expressions 
while did not affect the mRNA expressions of 
TLR4 and TLR9 in HepG2 cells (Figure 5A and 
5B). Next, we elucidated the role of TLR4 and 
TLR9 in 25-HC induced cells migration by tr- 
ansfection with the corresponding siRNAs. As 
shown in Figure 5C and 5D, knockdown of TL- 
R4 in HepG2 cells significantly inhibited the 
induced MMPs expressions and cells migra-
tion, while knockdown of TLR9 had no obvious 
effects, implying that the promotion of cells 
migration induced by 25-HC is partly mediated 
by TLR4.

25-HC increases FABP4 expression via TLR4 
to facilitate HepG2 cells migration

To further investigate the mechanisms involved 
in the 25-HC induced cells migration, we used 
Fatty Acid Metabolism RT2 Profiler PCR Array  
to analyze the genes associated with fatty me- 
tabolism in HepG2 cells after treated with 25- 
HC and found that FABP4 was the highest 
induced. Meanwhile, expressions of FABP4 we- 
re validated by RT-qPCR and Western blotting 
(Figure 6A). As expected, 25-HC dramatically 
up-regulated FABP4 expression in a dose-de- 
pendent manner. Then we treated HepG2 cells 
with human recombinant FABP4 in vitro, we 
observed that FABP4 up-regulated MMP1, 
MMP2, MMP3 and MMP9 expressions accom-
panying with the increased cells migration 
(Figure 6B and 6C). 

Further, the effects of FABP4 in 25-HC-induc- 
ed cells migration was detected. First, we me- 
asured the effects of FABP4 on HCC cells prolif-
eration by knocking down FABP4 and CCK-8 
was performed. As shown in Figure 7A, knock-
ing down FABP4 has no effects on HepG2 cells 
proliferation. Then the migration assay was car-
ried out, it was obvious that knockdown of 
FABP4 has no effects on cells migration, while 
after 25-HC treatment, FABP4 knockdown sig-
nificantly decreased the number of cells migrat-
ed as well as the MMPs expression. Similar to 
the siRNA results, BMS-309403 (a FABP4 spe-
cific inhibitor) treatment also inhibited cells 
migration induced by 25-HC (Figure 7B). To in- 
vestigate whether the functions of FABP4 are 
mediated through TLR4, HepG2 cells were tr- 
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Figure 4. 25-HC enhances the activation of multiple signaling pathways. A. HepG2 cells were treated with the in-
dicated concentrations of 25-HC for 24 hours or treated with 25-HC at 10 μM for the indicated times before protein 
was collected to detect the p-Erk1/2, Erk1/2, p-p38, p38, p-SAPK/JNK, SAPK/JNK, p-Akt, Akt, p-PI3K p85/p55, 
PI3K p85, p-Stat3, Stat3, p-NF-κB p65, NF-κB p65 expressions by Western blotting. B. HepG2 cells were transfected 
with pNF-κB-luc, pAP-1-luc and pSTAT3-TA-luc reporter plasmids for 24 hours before cells were treated with the indi-
cated concentrations of 25-HC for 24 hours. The luciferase activities were measured with the Bright-Glo luciferase 
assay system. Results were obtained from 3 independent experiments and are expressed as the means ± SEM. Sta-
tistical significance was determined by one-way ANOVA followed by Dunnett’s test. *P<0.05, **P<0.01, ***P<0.001.

decreased FABP4 expression (Figure 7C). Th- 
ese findings indicated that increased FABP4 

ansfected with siRNA against TLR4. Intere- 
stingly, knocking down of TLR4 resulted in the 
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expression by 25-HC was partly dependent on 
TLR4 to facilitate HepG2 cells migration. 

To further examine the role of FABP4 in the 
25-HC-promoted HCC cells metastasis, the in 
vivo experiment was performed by intra-perito-
neal injection of BMS-309403 with 25-HC. As 
shown in Figure 8A, 25-HC treatment induced 
more tumors spreading which was consistent 
with the results in Figure 3A. As expected, inhi-
bition of FABP4 by BMS-309403 significantly 
decreased 25-HC-induced tumor metastasis 

(P<0.05) (Figure 8B). While, there were no big 
differences of the body weight.

FABP4 was up-regulated in HCC tissues

To determine the clinical significance of FABP4 
in HCC, we first examined FABP4 mRNA expres-
sion in HCC and its normal tissues with GEPIA 
(Gene Expression Profiling Interactive Analysis) 
dataset (http://gepia.cancer-pku.cn/). The re- 
sults indicated that the expression level of 
FABP4 was higher in liver hepatocellular carci-

Figure 5. The migration of HepG2 cells induced by 25-HC is partly mediated by the up-regulation of TLR4. (A) HepG2 
cells were treated with the indicated concentrations of 25-HC for 24 hours before mRNA was extracted and expres-
sions of TLR2, TLR4, TLR5, TLR7 and TLR9 were examined by RT-qPCR. (B) HepG2 cells were treated with the indi-
cated concentrations of 25-HC for 24 hours or treated with 25-HC at 10 μM for the indicated times before protein 
was collected to detect the TLR2, TLR4, TLR5, TLR7 and TLR9 expressions by Western blotting. HepG2 cells were 
transfected with siNC or siTLR4 or siTLR9 for 24 hours, (C) then cells were treated with the indicated concentrations 
of 25-HC for 24 hours before proteins were collected and the expressions of MMP1, MMP2, MMP3 and MMP9 were 
determined by Western blotting. (D) Or migratory ability of HepG2 cells after treated with 25-HC for 36 hours was 
determined by Transwell assay. Results were obtained from 3 independent experiments and are expressed as the 
means ± SEM. Statistical significance was determined by Student’s t-test. *P<0.05, ***P<0.001.
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noma than in normal liver samples (Figure  
9A). We also analyzed the DNA copy numbers 
of FABP4 from TCGA database. Consistently, 
FABP4 DNA copy number is increased in pri- 
mary human HCC tissues (Figure 9B). Then 
EMBL-EBI bioinformatics website (http://www.
ebi.ac.uk/gxa/home) was used to determine 
the expression of FABP4 in hepatocellular carci-
noma cell lines, and results indicated that 
FABP4 was decreased in most cell lines of HCC 
while increased in HepG2 and SNU-182 cells 
(Figure 9C). Sub-group analysis of multiple clin-
ic pathological features of HCC samples from 

the UALCAN consistently showed high tran-
scription of FABP4. The transcription level of 
FABP4 was significantly higher in HCC patients 
than healthy people in subgroup analyses ba- 
sed on gender, age, patients’ weight, race, dis-
ease stages and tumor grade (Figure 9D). Cor- 
relation between expression of FABP4 and the 
prognosis of patients with HCC was assess- 
ed in OncoLnc. Result revealed that expression 
of FABP4 was not a prognostic factor for HCC 
(P=0.08, Figure 9E). Furthermore, the FABP4 
expression in primary HCC without metastasis, 
primary HCC with metastasis and the metastat-

Figure 6. 25-HC increases FABP4 expression which could directly enhance HepG2 cells migration. A. HepG2 cells 
were treated with the indicated concentrations of 25-HC for 24 hours before mRNA or protein was extracted to deter-
mine the expression of FABP4 by RT-qPCR or Western blotting, respectively. B. HepG2 cells were treated with the in-
dicated concentrations of FABP4 (0, 20, 40 and 100 ng/mL) for 24 hours before mRNA or protein was extracted. The 
mRNA expressions of MMP2 and MMP9 were examined by RT-qPCR and the protein expressions of MMP1, MMP2, 
MMP3, MMP9 were detected by Western blotting, respectively. C. Migration assay of HepG2 cells after stimulation 
of FABP4 for 36 hours was performed. Results were obtained from 3 independent experiments and are expressed 
as the means ± SEM. Statistical significance was determined by one-way ANOVA followed by Dunnett’s test. ns, not 
significant, *P<0.05, **P<0.01, ***P<0.001.
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Figure 7. Inhibition of FABP4 decreases the promotive effects of 25-HC on HepG2 cells migration. A. HepG2 cells 
were transfected with siNC or siFABP4 and CCK-8 assay was performed. Results are shown as the cells absorbance 
at 450 nm. HepG2 cells were transfected with siNC or siFABP4 for 24 hours before cells were treated with 25-HC 
at 10 μM. 36 hours later, migratory ability of HepG2 cells was determined by Transwell assay. Or 24 hours later, 
cells were collected for mRNA or protein extraction to determine the expressions of MMPs by RT-qPCR or Western 
blotting, respectively. B. HepG2 cells were stimulated with 10 μM 25-HC with or without 30 μM BMS-309403. 36 
hours later, migration assay was performed. Or 24 hours later, cells were collected for mRNA or protein extraction 
to determine the expressions of MMPs by RT-qPCR or Western blotting, respectively. C. HepG2 cells were trans-
fected with siNC or siTLR4 for 24 hours before 25-HC treatment. 24 hours later, the mRNA and protein expression 
of FABP4 was assessed by RT-qPCR and Western blotting, respectively. Results were obtained from 3 independent 
experiments and are expressed as the means ± SEM. Statistical significance was determined by Student’s t-test. 
*P<0.05, **P<0.01, ***P<0.001.
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ic tumor sites from the in vivo study were also 
determined. As shown in Supplementary Figure 
1, there is a slight increase of FABP4 expres-

sion in HCC with metastasis, while the eleva-
tion of FABP4 in peritoneal metastatic sites 
was significantly. 

Figure 8. Inhibition of FABP4 decreases the 25-HC-induced HepG2 cells intrahepatic and abdominal metastasis. 
BALB/C nude mice were intrahepatic inoculation of 5 × 106 HepG2 cells followed by intraperitoneally injection with 
PBS or 25-HC (10 mg/kg) or 25-HC with BMS-309403 (45 mg/kg). At the end of the experiment, mice were sacri-
ficed, (A) livers were removed and imaged. (B) The number of abdominal metastasis was counted, and body weight 
was recorded. Results were obtained from 3 independent experiments and are expressed as the means ± SEM. 
Statistical significance was determined by Student’s t-test, **P<0.01. ns: no significant.

Figure 9. FABP4 was up-regulated in HCC tissues. (A) The mRNA expression of FABP4 in hepatocellular carcinoma 
and normal tissues (GEPIA). T, tumor tissues, N, normal tissues. (B) DNA copy number of FABP4 in hepatocellular 
carcinoma from The Cancer Genome Atlas (TCGA). (C) The expression of FABP4 in hepatocellular carcinoma cell 
lines (EMBL-EBI). (D) FABP4 transcription in subgroups of patients with hepatocellular carcinoma, stratified based 
on gender, age, weight, race, tumor grade and cancer stages (UALCAN). (E) Correlation between FABP4 expression 
and the prognosis of patients with hepatocellular carcinoma (OncoLnc). Data are expressed as the means ± SEM. 
Statistical significance was determined by Student’s t-test (A and B) or one-way ANOVA followed by Dunnett’s test 
(D). *P<0.05, **P<0.01, ***P<0.001.
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Discussion

HCC is a highly prevalent and lethal cancer. 
Metabolic syndrome is a significant risk factor 
for development of HCC [21]. Here, we demon-
strate that as one of the oxysterols, 25-HC dis-
plays the promotive effects on HCC cells migra-
tion and metastasis. Further study reveals that 
the possible molecular mechanism is the up-
regulating of TLR4-dependent FABP4. 

Fatty acid binding protein 4 (FABP4), also kn- 
own as adipocyte-type fatty acid binding pro-
tein (A-FABP), is a key adipokine for fatty acid 
transport. FABP4 has been reported to play 
important roles in insulin resistance, type 2 dia-
betes and atherosclerosis [22]. The role of 
FABP4 in cancer has been extensively studied 
including breast cancer, colorectal cancer, pro- 
state cancer, bladder cancer and so on [23-27]. 
In HCC, McKillop et al. reported that the circu-
lating levels of FABP4 increased in patients and 
in liver tissues of a chemically induced HCC 
mouse model suffered from a high fat diet. 
Meanwhile, exogenous FABP4 treatment signifi-
cantly increases HCC cells proliferation and 
migration [28]. However, one study reported 
that FABP4 is down-regulated in HCC tissues 
and suppresses cells proliferation and inva-
sion, suggesting that FABP4 acts as a tumor 
suppressor [29], which was inconsistent with 
our results that we showed exogenous FABP4 
enhanced HCC cells migration. This contradic-
tory result requires further research and more 
clinical samples. More recently, Paradis et al. 
demonstrated that FABP4 exerts oncogenic ef- 
fects on hepatoma cell lines by upregulating 
the angiogenesis gene signature and path- 
ways involved in the cell cycle, leading to in- 
creased cell proliferation and migration, and 
downregulating HIF1 pathway which could be 
reversed by the FABP4 specific inhibitor BMS-
309403 [30]. 

25-HC is synthesized by cholesterol 25-hydrox-
ylase (CH25H), which is an interferon-stimulat-
ed gene and could be up-regulated in macro-
phages by TLRs activation [31]. In our study,  
the effect of 25-HC was proved to be partly 
dependent on TLR4, since knockdown of TLR4 
alleviated the promotive effects of 25-HC in 
HepG2 cells. Till now there was no study repor- 
ted that 25-HC up-regulates TLRs expressions 
in macrophages which could be studied further 

to detect the function of this positive feedback 
loop.

The prognosis for HCC patients with extrahe-
patic metastasis is very poor. Thus, studies ai- 
med at understanding cells metastasis associ-
ated with metabolic syndrome might find thera-
peutic applications to improve survival in HCC 
patients. Our current study offers a therapeu- 
tic strategy that targeting 25-HC or FABP4 mi- 
ght reduce HCC metastasis.
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Supplementary Figure 1. FABP4 expression was up-regulated in the metastatic tumor sites. BALB/C nude mice 
were intrahepatic inoculation of 5 × 106 HepG2 cells followed by intraperitoneally injection with PBS or 25-HC (10 
mg/kg) or 25-HC with BMS-309403 (45 mg/kg). At the end of the experiment, mice were sacrificed, the tumor tis-
sues in the livers of the mice without metastasis, with abdominal metastasis and the metastatic tumor sites were 
extracted. The mRNA and protein expression of FABP4 was assessed by RT-qPCR and Western blotting, respectively. 
Results were obtained from 2 independent experiments and are expressed as the means ± SEM. Statistical signifi-
cance was determined by Student’s t-test. *P<0.05, **P<0.01, ***P<0.001.


