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Abstract: Human malignant hepatocellular carcinoma (HCC) is a common tumor, which severely threatens human 
health and shortens longevity. The poor prognosis of HCC is primarily attributed to distant metastases. C-X-C motif 
chemokine 10 (CXCL10) regulates the control of several cellular and developmental processes including tumor cell 
proliferation, apoptosis, and cell metastasis. Previous studies have confirmed that CXCL10 functions as an onco-
gene in several cancers. However, the expression and biological functions of CXCL10 in HCC, especially with regard 
to metastasis, need further investigation. In this study, CXCL10 was found to be over expressed in invasive HCC 
cells and HCC clinical samples. While the over-expression of CXCL10 enhanced migration, invasion, and metastasis 
of HCC cells in vitro as well as in vivo, silencing of CXCL10 resulted in inhibition of HCC cell metastasis. Further, 
CXCL10 was found to accelerate epithelial-mesenchymal transition of HCC cells. The microarray analysis indicated 
that matrix metallopeptidase-2 (MMP-2) functions as a downstream factor of CXCL10. This study demonstrates that 
CXCL10 partakes in the metastasis of HCC by activating MMP-2 expression.
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Introduction

Hepatocellular carcinoma (HCC) is considered 
as the most prevalent cancer worldwide and 
the leading cause of cancer-related mortality 
among all cancers [1]. Several risk factors such 
as hepatitis B and C infections, xenobiotics, 
alcohol abuse, primary biliary cirrhosis, diabe-
tes, non-alcoholic fatty liver disease, and 
genetic disorders have been identified in recent 
years [2]. Although the great advances in func-
tional genomics of cancer provide an increas-
ingly comprehensive understanding of HCC 
genesis and development, the molecular patho-
genesis of HCC remains poorly understood [3]. 
Tumor resection, liver transplantation, and 
small molecule inhibitors of several tyrosine 
protein kinases are palliative treatments for 
HCC patients. HCC is clinically resistant to con-
ventional chemotherapy treatments, which are 
rejected in any case by clinical practitioners as 
a treatment option for HCC because of its toxic 
side effects [4]. Therefore, early detection of 
HCC becomes important because effective 

treatment of small tumors is possible by surgi-
cal resection. The clinical heterogeneity of com-
plex HCC patients combined with the lack of 
sensitive and early diagnostic biomarkers and 
treatment strategies have led to a high mortali-
ty rate in HCC patients. Meanwhile, the unfavor-
able prognosis of HCC is attributed to metasta-
sis of HCC cells, frequent intrahepatic spread of 
hepatocellular carcinoma, and extrahepatic 
metastasis during the initial diagnosis of the 
disease [5]. Therefore, development of effec-
tive targeted therapies is necessary for treat-
ment of HCC.

Tumor epithelial-mesenchymal transitions 
(EMT) are defined as specific phenotypic altera-
tions and morphological changes in epithelial 
tumor cells, causing them to transform into 
mesenchymal cells during cancer metastasis 
[6]. In tumor EMT, tumor cells surrounding the 
epithelial cells and matrix lose their polarity and 
adhesive properties to become morphologically 
similar to fibroblasts, thereby enhancing the 
cells’ migratory and invasive abilities [7]. The 
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occurrence of tumor EMT is accompanied by 
differential expression of epithelial and mesen-
chymal molecular tumor markers. In tumor 
EMT, epithelial molecular markers, including 
E-cadherin, α-catenin, γ-catenin, and β-catenin 
are down-regulated, whereas the expression of 
mesenchymal molecular markers, including 
N-cadherin, vimentin, and fibronectin are up-
regulated [8]. In addition, EMT is also closely 
associated with tumor resistance to chemo-
therapy [9].

Chemokines are induced by inflammatory cyto-
kines, growth factors, and pathogenic stimuli 
and secreted by different types of cells includ-
ing tumor cells and tumor-infiltrating immune 
cells [10]. C-X-C motif chemokine 10 (CXCL10) 
is a small secretory immune modulator belong-
ing to a larger CXC subfamily [11]. In line with 
the known functions of CXC cytokines, CXCL10 
mediates inflammation, leukocyte trafficking, 
adaptive immunity, hematopoiesis, tumor me- 
tastasis, and angiogenesis [12]. CXCL10 sig-
nals through the G-protein-coupled (chemo-
kine) receptors, which are divided into four sub-
groups (CC, CXC, CX3C, and C). Signaling occurs 
through the recruitment of CXCL10, with the 
downstream activation of multiple pathways 
involved in tumorigenicity, proliferation, apopto-
sis, angiogenesis, invasion, and metastasis of 
tumor cells [13]. In addition to tumor survival, 
metastasis, and angiogenesis, CXCL10 have 
recently been implicated in poor treatment 
response. A number of studies have estab-
lished that radiation can exert considerable 
effect on CXCL10 expression, thus being indic-
ative of the role of CXCL10 in resistance to 
chemo- and radiotherapy [14]. Therefore, 
CXCL10 appears to be an interesting molecular 
target, possessing characteristics of a natural 
immune modulator and considering that mono-
clonal antibodies against chemokine receptors 
have been used previously in experimental set-
tings to inhibit growth and spread of malignant 
tumors. Chemokines such as CXCL12 and its 
ligands are often expressed in the inflammato-
ry microenvironment of cancer cells in HCC 
[15]. However, the expression of CXCL10 and 
the role of CXCL10 in cancer-cell metastasis in 
HCC remains unknown.

In this study, we investigated the potential func-
tion of CXCL10 in the metastasis of HCC. We 
found that CXCL10 expression was up-regulat-
ed in the majority of HCC cell lines and tissues. 

Up-regulation of CXCL10 was significantly asso-
ciated with poor prognosis in HCC patients. 
Moreover, in vitro and in vivo assays showed 
that CXCL10 knock-down significantly sup-
pressed HCC cells metastasis, while, CXCL10 
over-expression significantly enhanced the 
migration, invasion, and metastasis of HCC 
cells. Microarray analysis results suggested 
that CXCL10 performs its functions by regulat-
ing matrix metallopeptidase-2 (MMP-2). MMP-2 
knockdown inhibited CXCL10-induced migra-
tion and invasion, and EMT of HCC cells. These 
results provide a clear understanding of the 
oncogenic functions of CXCL10 in liver cancers 
and the underlying mechanism by which 
CXCL10 inhibits HCC.

Materials and methods

Cell lines and cell culture

The human hepatocellular carcinoma cell lines 
(HepG2, MHCC97H, SMMC-7721, MHCC97L) 
and the non-tumorigenic human liver cells LO2 
used as control were obtained from the Chinese 
Academy of Sciences Cell Bank of Type Culture 
Collection (CBTCCCAS, Shanghai, China). The 
hepatocellular carcinoma cell lines were cul-
tured as monolayers in RPMI 1640 culture 
media or Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% fetal bovine 
serum (FBS) (Wisent, Quebec, Canada), penicil-
lin (100 μg/mL), and streptomycin (100 μg/mL) 
and LO2 was cultured in RPMI 1640 culture 
media (Invitrogen, Carlsbad, CA) supplemented 
with 10% FBS. All cell lines were maintained in 
an incubator with 5% CO2/95% air atmosphere 
at 37°C.

Oncomine data analysis

To determine the expression pattern of CXCL10 
in hepatocellular carcinoma, the Mas Liver [16] 
dataset in Oncomine database (www.onco-
mine.org) was used. The gene expression of 
CXCL10 was compared between hepatocellular 
carcinoma tissues with normal liver tissues 
according to the standard procedures as previ-
ously described. 

Plasmid constructs and transfection

Full-length human CXCL10 complementary 
DNA (cDNA) was amplified with PCR and cloned 
into the pcDNA3.1 (+) expression vector 
(Invitrogen) before being transfected into 
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HepG2 and MHCC97H cells using Lipofecta- 
mine 2000 transfection reagent (Invitrogen) 
according to the manufacturer’s instructions. 
HepG2 and MHCC97H cells transfected with 
empty vector was used as control. Lentiviruses 
containing shRNAs targeting CXCL10 were pur-
chased from GeneChem (GeneChem, China). 
The shCXCL10 target sequence was 5’-TAG- 
ATTCCGGATTCAGACATC-3’. Cells transfected 
with scrambled shRNA was used as control 
[17].

RNA interference

Oligonucleotides for human MMP-2 siRNA kit 
were purchased from OriGene (Rockville, MD, 
USA). The kit contains three predesigned 
duplexes targeting a specific gene of interest, 
and we used a pool of three target siRNAs to 
ensure work efficiency. Cells were transfected 
with MMP-2 siRNA or non-specific siRNA using 
the opti-MEM plus X-tremeGENE siRNA trans-
fection reagent (Roche, Mannheim, Germany) 
according to the instruction manual. After 24 h 
post-transfection, the cells were further per-
formed western blot analyses and migration 
assay [18].

Wound-healing assay

Cells migration in vitro was examined by wound-
healing assay. Briefly, HepG2 or MHCC97H 
cells were cultured to about 90% confluence in 
a 6-well plate. Then a wound was created by a 
sterile 100 μL micropipette tip. Cell debris was 
washed with phosphate buffer saline (PBS) 
three times, and then 1 mL serum-free culture 
medium was added. The migrated cells count 
was determined at 0 h and 48 h [19]. The 
wound healing experiment was performed in 
triplicate.

Cell invasion assay

Invasion of HepG2 or MHCC97H cells was mea-
sured in Matrigel (BD) coated Transwell inserts 
containing polycarbonate filters with 8 μm 
pores (Costar). The inserts were coated with 1 
mg/ml Matrigel matrix (100 μl). 1×104 cells in 
200 μl of serum-free culture medium were plat-
ed in the upper chamber, whereas 600 μl of 
culture medium containing 10% FBS were 
added to lower chamber. After 6 h incubation, 
HepG2 or MHCC97H cells that migrated to the 
lower surface of the membrane were fixed with 

1% paraformaldehyde and stained with 1% 
crystal violet [20]. 

Western blotting

After cells transfection, cells were harvested 
and total protein was extracted with 1×SDS 
Sample Buffer [100 mM Tris-HCl, 4% SDS, 10% 
Glycine, 10 mM EDTA]. The protein concentra-
tion was determined with BCA Protein Assay 
Kit. Protein extracts were separated by 10% 
SDS-PAGE and transferred to polyvinylidene 
fluoride (PVDF) membranes. The membranes 
were then blocked with 5% skim milk in TBST 
for 1.5 h, and then incubated overnight at 4°C 
in TBST with primary antibody, including rabbit 
anti-CXCL10 (1:1000, Sigma), anti-E-cadherin 
(1:1000, Cell Signaling Technology), anti-N-cad-
herin (1:1000, Cell Signaling Technology), anti-
fibronection (1:1000, Cell Signaling Techno- 
logy), anti-vimentin (1:1000, Cell Signaling 
Technology), anti-MMP-2 (1:1000, Cell Signaling 
Technology), anti-MMP-9 (1:1000, Cell Signaling 
Technology) and GAPDH (1:1000, Cell Signaling 
Technology). Following incubation with horse-
radish peroxidase-conjugated IgGs (1:10000, 
Bioworld Biotechnology) for 1.5 h, the mem-
branes were detected using enhanced chemilu-
minescence (ECL) kit (PerkinElmer) and visual-
ized with the ChemiDoc XRS system (Bio-Rad). 
GAPDH was used as a control to verify equal 
protein loading [21].

Quantitative RT-PCR

PCR reaction was conducted with 2 μL cDNA 
sample, 0.4 μL forward primer (10 μmol/L), 0.4 
μL reverse primer (10 μmol/L), 11.2 μL RNase-
free water, and 6 μL 2× EsayTaq PCR SuperMix 
(TransGen BIotech, Beijing, China). PCR reac-
tion was performed using the following cycle 
parameters: 95°C for 5 minutes, (94°C for 30 
seconds, 56°C for 30 seconds, 72°C for 45 
seconds) for 30 cycles, 72°C for 7 minutes. 
RT-PCR products were separated on 2% aga-
rose gels. After stained with ethidium bromide, 
gel images were photographed with ChemiIma- 
gerTM 4400. RT-PCR was performed at least 3 
times for each sample. The sequences of the 
primer pairs are: CXCL10 forward: 5’-GTGGC- 
ATTCAAGGAGTACCTC-3’, CXCL10 reverse: 5’-TG- 
ATGGCCTTCGATTCTGGATT-3’, MMP-2 forward: 
5’-GATACCCCTTTGACGGTAAGGA-3’, MMP-2 re- 
verse: 5’-CCTTCTCCCAAGGTCCATAGC-3’, MMP- 
9 forward: 5’-GGGACGCAGACATCGTCATC-3’, 
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MMP-9 reverse: 5’-TCGTCATCGTCGAAATGGGC- 
3’, E-cadherin forward: 5’-AAAGGCCCATTTCC- 
TAAAAACCT-3’, E-cadherin reverse: 5’-TGCGT- 
TCTCTATCCAGAGGCT-3’, N-cadherin forward: 
5’-TCAGGCGTCTGTAGAGGCTT-3’, N-cadherin re- 
verse: 5’-ATGCACATCCTTCGATAAGACTG-3’, Fibr- 
onection forward: 5’-CGGTGGCTGTCAGTCAA- 
AG-3’, Fibronection reverse: 5’-AAACCTCGGCT- 
TCCTCCATAA-3’, Vimentin forward: 5’-TCCACAC- 
GCACCTACAGTCT-3’, Vimentin reverse: 5’-CCG- 
AGGACCGGGTCACATA-3’, GAPDH forward: 5’-AC- 
AACTTTGGTATCGTGGAAGG-3’, GAPDH reverse: 
5’-GCCATCACGCCACAGTTTC-3’. The GAPDH 
was used as internal control. Relative quantita-
tion was analyzed by taking the difference 
ΔC(T) between the C(T) of GAPDH and C(T) of 
indicated genes and computing 2-ΔΔC(T) as 
described previously [22].

Gene expression profiling

The total RNA quantity from indicated cells 
were assayed by NanoDrop ND-1000 and 
Agilent 2100 Bioanalyzer. The GeneChip 
Human Genome HU U133 plus 2.0 arrays 
(Affymetrix) were used according to manufac-
turer’s protocol. The data was normalized and 
summarized using robust multiarray average 
(RMA) normalization algorithms in Affymetrix® 
Expression Console Software. Altered genes 
between CXCL10 knock-down cells and its con-
trol cells were indicated significantly by scatter 
plots and the genes up-regulated and down-
regulated ≥ 5-fold. Clustering analysis was 
done using Gene Cluster v2.0 software, and the 
heatmap was visualized by Java TreeView 
v1.1.4 software. Gene set enrichment analysis 
was performed using the gene set enrichment 

Figure 1. CXCL10 is highly expressed in HCC. A. CXCL10 expression in LO2 and several HCC cell lines as determined 
by western blot analysis (left). Quantitative analysis of CXCL10 protein level in HCC cell lines are shown (right). B. 
Total RNA was extracted from LO2 and all HCC cells. CXCL10 mRNA level was determined by quantitative real-time 
PCR (qRT-PCR) and normalized to the mRNA level of GAPDH. The fold changes of mRNA expression of CXCL10 gene 
in HCC cells were compared as a ratio to that of the LO2 cells. Data are shown as mean ± SD of three independent 
experiments. *P < 0.05, **P < 0.01 compared with the LO2 cells. C. Box plots derived from gene expression data 
in Oncomine comparing expression of CXCL10 gene in normal liver (left plot) and liver cancer (right plot). D. Kaplan-
Meier survival curve (SurvExpress, Tsuchiya Rusyn Liver GSE17856) shows the survival of HCC patients with high or 
low CXCL10 expression. High and low expression levels are represented in red and green, respectively.
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Figure 2. Silencing CXCL10 decreases the migration and invasion of MHCC97H cells. A. Control shRNA or shRNA 
against CXCL10 were transfected into MHCC97H cells. After transfection, both cell types were subjected to western 
blot analysis for measuring the CXCL10 levels in them. B. MHCC97H cells were incubated with control shRNA or 
shRNA against CXCL10 followed by analysis of the mRNA level of CXCL10 in the established cell lines by qRT-PCR. C. 
CXCL10- and control-shRNA were transfected into MHCC97H cells wounded with a pipette, and the wound closure 
percentage was quantified at 48 h after scratch relative to that at 0 h. D. MHCC97H cells with silenced CXCL10 
exhibit less invasiveness compared with that of control cells in Transwell Matrigel assay. E. Silencing CXCL10 sig-
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and gene set relation mapping tool: ConceptGen 
[23]. 

In vivo tumor metastasis

BALB/c nude mice were purchased from 
Shanghai Slac Laboratory Animal Co. Ltd and 
maintained in SPF conditions. All animals were 
used in accordance with institutional guide-
lines and the current experiments were 
approved by the Use Committee for Animal 
Care of the Affiliated Baiyun Hospital of Guizhou 
Medical University. For HCC cells metastasis 
assays, 1×107 HepG2 or MHCC97H cells trans-
duced with control vector or CXCL10 plasmid 
were re-suspended in PBS and were injected 
into the tail vein of BALB/c nude mice. All the 
mice were killed by CO2 25 days after injection. 
The metastasis nodules in the lung tissues 
were stained with hematoxylin and eosin [24].

Statistical analysis

The data were described as mean ± SD. 
Differences in the results of two groups were 
evaluated using either Student’s two-tailed 
t-test or ANOVA test. The differences between 
mean values with P < 0.05 were considered 
statistically significant.

Results

CXCL10 is highly expressed in human hepato-
cellular carcinoma

Compared to the normal human liver cell line, 
LO2, the expression of CXCL10 was significant-
ly higher in the tested HCC cells, particularly in 
invasive HCC cells, such as MHCC97H and 
SMMC-7721 (Figure 1A). The mRNA levels of 
CXCL10, when determined by qRT-PCR analy-
sis, were found to be consistent with those 
obtained by western blot (Figure 1B). Next, we 
evaluated whether CXCL10 expression was up-
regulated in the clinical specimens. By analyz-
ing the published mRNA expression profiles 
obtained from 19 normal liver tissues and 38 
hepatocellular carcinoma tissues, we found 
that CXCL10 expression was significantly up-
regulated in HCC tissues compared to the nor-

mal tissues (Figure 1C). To investigate the 
association between CXCL10 levels and the 
survival of HCC patients, the biomarker was 
assessed using the online biomarker validation 
tool, SurvExpress, in 47 HCC and non-tumor 
liver samples (Tsuchiya Rusyn Liver GSE17856) 
[25]. As shown in Figure 1D, the survival curves 
indicated that HCC patients with higher CXCL10 
levels had poor survival rates than those pati- 
ents with lower CXCL10 expression. Together 
with the systemic analysis results, these find-
ings suggested a negative correlation between 
the over-expression of CXCL10 and longer sur-
vival rate in HCC patients.

Down-regulation of CXCL10 suppresses migra-
tion and invasion of HCC cells

To delineate the underlying role of the effect of 
SOSTDC1 on HCC cells metastasis, the silenc-
ing of CXCL10 expression in a highly metastatic 
HCC cell line MHCC97H was established  
and designated as MHCC97H-shCXCL10. The 
mRNA and protein expression levels of CXCL10 
were verified in MHCC97H-shCXCL10 cells by 
western blotting and qRT-PCR. (Figure 2A and 
2B). Cancer-cell migration and invasion are 
considered critical for tumor metastasis. 
Wound healing analysis and Transwell Matrigel 
assay were performed to evaluate the effects 
of CXCL10 on migration and invasion in the 
MHCC97H-shCXCL10 and control cells. As 
shown in Figure 2C, the wound closure ratio 
was markedly reduced to 61% in CXCL10-
shRNA transfected MHCC97H cells, compared 
to the rates in control cells. Likewise, silencing 
of CXCL10 expression significantly reduced the 
invasion by MHCC97H cells through the 
Matrigel-coated membrane in the Transwell 
chamber compared with that of control cells 
(Figure 2D). To further examine the function of 
CXCL10 in MHCC97H metastasis in vivo, 
MHCC97H-shCXCL10 and the corresponding 
control cells were injected into nude mice via 
the tail vein. The number of mice with distant 
metastasis was found to have significantly 
decreased after injecting with MHCC97H-
shCXCL10 cells (Figure 2E). As expected, the 
mean incidences of metastatic foci in the liver 

nificantly decreases the number of mice with distant metastasis. Representative images of H&E stained sections 
derived from lung metastatic nodules. Metastatic lesions in the lungs of mice injected with MHCC97H-shCXCL10 
cells or control cells are shown at 6 weeks after implantation. F. Fewer metastatic foci in the liver are observed in 
mice injected with CXCL10-silenced MHCC97H cells. Each bar represents the mean ± SD of three independent 
experiments. *P < 0.05, **P < 0.01.
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Figure 3. CXCL10 over-expression increases HepG2 cells migration and invasion. A. Control vector or CXCL10 were 
transfected into HepG2 cells for 24 hours. After transfection, the established cells were subjected to western blot 
analysis for measuring the CXCL10 level. B. qRT-PCR analysis was performed to evaluate the CXCL10 mRNA level 
in the established HepG2 cell lines. C. Wound healing assay was conducted to evaluate the HepG2 cell motility 
after transfection with CXCL10 or control vector. Each bar represents the mean ± SD of three independent experi-
ments. *P < 0.05, **P < 0.01 compared with cells transfected with control vector. D. HepG2 cells with high levels 
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of each mouse after injecting with the 
MHCC97H-shCXCL10 cell group and with the 
control group were 80% and 20%, respectively 
(Figure 2F). All these results suggested that 
shCXCL10 could efficiently inhibit cell migration 
and invasion of HCC cells in vitro and inhibit 
HCC cell metastasis in vivo.

Over-expression of CXCL10 promotes metasta-
sis of HCC cells

To investigate the biological role of up-regula-
tion of CXCL10 expression in HCC metastasis, 

HepG2 cell line that stably expressed CXCL10 
was established and designated as HepG2-
CXCL10. Both mRNA (Figure 3A) and protein 
levels (Figure 3B) of CXCL10 were found to 
increase in HepG2 cells compared to the cells 
transfected with the control vector. We found 
that ectopic expression of CXCL10 in HepG2 
cells markedly increased the migration rate as 
shown in the wound healing assay (Figure 3C). 
Matrigel assay results were also evaluated to 
determine the invasive potential of HepG2 cells 
in the event of CXCL10 over-expression. Con- 

of CXCL10 expression exhibit stronger invasive abilities in Transwell Matrigel assays. E. CXCL10 over-expression 
significantly increased the number of mice with distant metastasis. F. High numbers of metastatic foci in liver were 
counted in each mouse injected with HepG2 over-expressing CXCL10. Each bar represents the mean ± SD of three 
independent experiments. *P < 0.05, **P < 0.01 compared with mice injected into control HepG2 cells.

Figure 4. CXCL10 regulates the EMT in HCC cells. A. Silencing CXCL10 in MHCC97H increased up-regulation of E-
cadherin and down-regulation of N-cadherin, fibronectin, and vimentin. MHCC97H cells, seeded in 6-well plates, 
were transfected with shCXCL10 or control shRNA. After 24 h since transfection, cells were subjected to western blot 
analysis for measuring protein levels. B. MHCC97H cells, seeded in 6-well plates, were transfected with shCXCL10 
or control shRNA. After 24 h since transfections, qRT-PCR analysis was performed to assess epithelial and mesen-
chymal cell marker levels. C. Western blot analysis was performed to determine the epithelial and mesenchymal 
cell marker expression levels in HepG2 cells transfected with CXCL10 plasmid or control vector. D. HepG2 cells were 
seeded in 6-well plates and then transfected with CXCL10 or control vector. qRT-PCR analysis showed that CXCL10 
over-expression led to the down-regulation of epithelial cell marker (E-cadherin) and up-regulation of mesenchymal 
cell marker (N-cadherin, fibronectin, and vimentin) mRNA levels.
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Figure 5. CXCL10 regulates MMPs expression. A. Clustering of genes differentially expressed after CXCL10 silencing. 
B. Enrichment scores of differential gene expression in the CXCL10-silencing cell line. MMP expression was affected 
by CXCL10. C. MHCC97H cells were seeded in 6-well plates and transfected with shCXCL10 or control shRNA. After 
24 h since transfection, total protein samples were subjected to western blot analysis for measuring MMP-2 and 
MMP-9. D. The MMP-2 and MMP-9 expression levels in the CXCL10 silencing cell line were assayed by qRT-PCR 
analysis. The data were presented as mean ± SD. For indicated comparisons, *P < 0.05 and **P < 0.01 compared 
to control MHCC97H cells. E. Control vector or CXCL10 were transfected into HepG2 cells. After 24 h since transfec-
tion, MMP-2 and MMP-9 expression in CXCL10 overexpression cell line was detected by western blot analysis. F. The 
mRNA levels of MMP-2 and MMP-9 in indicated HepG2 cells was measured by qRT-PCR. The data are presented as 
mean ± SD. For indicated comparisons, *P < 0.05 and **P < 0.01 compared to control HepG2 cells.

sistent with the migration assay results, inva-
sion by HepG2 cells significantly increased in 

cells with high CXCL10 expression (Figure 3D). 
To further investigate the role of CXCL10 in 
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HepG2 cell metastasis in vivo, HepG2-CXCL10 
cells and the corresponding control cells were 
injected into immunocompromised mice via the 
tail vein. As shown in Figure 3E, up-regulation 

of CXCL10 expression increased the number of 
mice with incidence of metastatic foci in the 
liver, the incidence observed being 30% and 
76% in mice injected with the HepG2-CXCL10 

Figure 6. MMP-2 is involved in CXCL10-regulated HCC cell metastasis. A. Western blot results show that the expres-
sion of MMP-2 was elevated in cells transfected with CXCL10. GAPDH was used as a loading control. B. qRT-PCR 
analysis of MMP-2 level in the established HepG2 cells. PCR values were normalized to the levels of GAPDH. Data 
are presented as the mean ± SD from three independent measurements. C. In the presence of siRNA target-
ing MMP-2, confluent cell monolayers were wounded to evaluate HepG2 cell invasiveness after transfection with 
CXCL10 pcDNA3.1. The wound closure was monitored at 0 hour and 24 hours. D. In the presence of siRNA targeting 
MP-2, Transwell assay was conducted to evaluate HepG2 cell invasiveness after transfection. Silencing MMP-2 in 
HepG2 cells results in decreased cell invasion induced by CXCL10 over-expressiong. E. Silencing MMP-2 reverses 
the CXCL10-induced changes in the EMT marker in HepG2 cells. Column data are presented as mean ± SD of three 
independent experiments. For indicated comparisons, *P < 0.05, **P < 0.01, compared to control cells.
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cell and control groups, respectively (Figure 
3F). Collectively, these results suggest that 
CXCL10 up-regulation promotes aggressive 
metastasis of HCC cells in vitro and in vivo.

CXCL10 regulates the transition between epi-
thelial and mesenchymal phenotypes in HCC 
cells

EMT is a key step for tumor progression and 
plays an important role in migration and inva-
siveness of cancer cells. EMT progression is 
inherently marked by a decrease in tumor cell-
cell adherence via the transcriptional repres-
sion of cadherins and the functional loss of 
E-cadherin. Mesenchymal-epithelial transition 
typically increases the functional loss of 
N-cadherin while the equivalent epithelial fila-
ment protein E-cadherin is increased. In this 
study, the expression levels of the EMT protein 
markers were evaluated to explore the associa-
tion between CXCL10 and EMT. In the CXCL10-
silenced MHCC97H cells, the epithelial cell 
marker (E-cadherin) was up-regulated, while 
the mesenchymal cell markers (N-cadherin, 
fibronectin, and vimentin) were down-regulat-
ed, as determined by western blot analysis 
(Figure 4A) and qRT-PCR (Figure 4B) assay. 
Furthermore, CXCL10 over-expression signifi-
cantly increased levels of the mesenchymal 
cell markers (N-cadherin, fibronectin, and 
vimentin) and decreased the epithelial cell 
marker (E-cadherin), as determined by western 
blot analysis in CXCL10 over-expressed HepG2 
cells (Figure 4C). The mRNA of the EMT mark-
ers exhibited a trend consistent with the above-
mentioned immunoblotting results (Figure 4D). 
This suggested that CXCL10 plays important 
roles in EMT.

CXCL10 regulates MMP-2 expression

To elucidate the mechanisms by which CXCL10 
is engaged in the metastasis of HCC cells, 
microarray assay was performed using the 
MHCC97H-shCXCL10 cell line, and appropriate 
control cells with an empty vector. Microarray 
results revealed a list of genes that were dif-
ferentially expressed subsequent to the silenc-
ing of CXCL10 (Figure 5A). Gene set enrichment 
analysis indicates that matrix metalloprotein-
ases (MMPs) were significantly enriched in 
CXCL10 knockdown cells (Figure 5B). This 
result supports the hypothesis that CXCL10 
regulates EMT and that the HCC cell invasion 

and metastasis might be mediated by MMPs. 
To further verify the relationship between 
CXCL10 and MMPs, MMP-2 and MMP-9 expres-
sion in the above mentioned HCC cell lines was 
evaluated by western blot analysis and qRT-
PCR assay. In cell lines with CXCL10 silencing, 
the MMP expression, especially that of MMP-2, 
decreased significantly as compared to that in 
the control vector cells (Figure 5C), while 
CXCL10 over-expression could increase the 
MMP-2 protein and mRNA expression levels 
(Figure 5D). 

MMP-2 mediates CXCL10-induced migration, 
invasion, and EMT in HCC cells

To evaluate whether the migration and invasion 
of CXCL10-induced HCC cells were mediated by 
MMP-2, siRNA was used to silence the MMP-2 
expression in HepG2-CXCL10 cells. The pres-
ence of HepG2 cells with MMP-2 silencing was 
verified by western blot (Figure 6A) and qRT-
PCR analyses (Figure 6B). The knock-down of 
MMP-2 decreased the migration capacity of 
HepG2-CXCL10 cells, as shown by the wound 
healing assay (Figure 6C). Consequent to the 
silencing of MMP-2 by siRNA in HepG2-CXCL10 
cells, HepG2 cell invasion was also inhibited 
(Figure 6D). Levels of the epithelial marker, 
E-cadherin, increased, whereas those of mes-
enchymal markers, including N-cadherin, fibro-
nectin, and vimentin, decreased (Figure 6E). 
Overall, these results show that MMP-2 medi-
ates CXCL10-induced EMT, migration, and inva-
sion in HCC cells.

Discussion

HCC remains a major clinical challenge because 
of its aggressive metastasis and the minimal 
effective strategies available against metasta-
sis [26]. Our study reported that CXCL10 plays 
a functional role in HCC metastasis and EMT 
[27]. Silencing of CXCL10 in HCC cells inhibits 
EMT, cell migration, and invasion in vitro and 
decreases the metastatic capacities in vivo. By 
contrast, CXCL10 over-expression reverses 
these events in the otherwise poorly aggres-
sive and invasive HCC cells. Microarray data 
showed that CXCL10 regulates matrix metallo-
proteinase-2 (MMP-2) expression in HCC cells. 
Effects of silencing MMP-2 in CXCL10 over-
expressed HCC cells are similar to those caused 
by CXCL10 knock-down. In conclusion, our re- 
sults reveal a new target for intervention in HCC 
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metastasis and may increase the future treat-
ment options of hepatocellular carcinoma.

Malignant HCC has one of the highest risks of 
cancer deaths owing to its highly metastatic 
potential [28]. In recent years, the incidence 
and mortality rate of HCC continues to climb 
and there are dedicated efforts to identify 
newer therapeutic strategies. In most cases, 
for patients with HCC, surgical resection 
remains the curative treatment choice [29]. 
Currently, however, there is no effective thera-
peutic option for metastatic HCC owing to the 
complicated molecular mechanisms underlying 
metastasis in HCC cells. Therefore, an under-
standing of these novel cellular and molecular 
mechanisms is crucial for the exploitation of 
novel therapeutic approaches. The expression 
disorder of genes belonging to the chemokines 
family in tumor has been reported and investi-
gators have proposed that CXC chemokines 
and their receptors may be involved in tumor 
development and metastasis [30]. CXCL10 is 
highly expressed in a wide range of human dis-
eases and in cancer, CXCL10 is secreted from a 
variety of cells, such as epithelial cells, activat-
ed neutrophils, endothelial cells, eosinophils, 
monocytes, and stromal cells [31]. Interactions 
between chemokines and their receptors were 
proposed to be of importance in the initiation 
and metastasis of cancer. In breast cancer 
cells, RAS induces CXCL10 over-expression by 
way of both RAF and PI3 kinase (PI3K) signaling 
pathways. CXCL10 binds to its receptor CXCR3 
and down-regulates CXCR3, further promoting 
cell growth in breast cancer [32]. CXCL10 has 
also been verified as an autocrine invasion fac-
tor in nasal natural killer/T-cell lymphoma, 
which promotes metastasis of colon-cancer 
cells and tumorigenesis in human glioma and 
basal cell carcinoma [33]. Our results suggest 
that the CXCL10 expression in HCC cells was 
higher than that in normal liver cells. CXCL10 
expression in HCC tumor tissue has also been 
shown to be higher than that in normal liver tis-
sue, which suggests that CXCL10 may function 
as an oncogene in HCC. CXCL10 has been 
found to regulate the tumor growth factor in 
tumor and the metastatic behavior of tumor 
cells in diseases such as lung cancer, breast 
cancer, and bladder cancer. In the present 
study, silencing CXCL10 significantly reduces 
the migration and invasion of HCC cells in vitro. 
The process also weakens the metastatic abili-

ty of HCC cells in vivo. CXCL10 over-expression 
confers the opposite action on the HCC cells. 

EMT significantly regulates tumor progression 
and confers fundamental abilities to cancer 
cells that are essential for tumor metastasis 
[34]. EMT-driven cancer cells metastasize by 
generating cancer stem cells that are capable 
of colonizing other tissues to form secondary 
tumor lesions. The occurrence of EMT is accom-
panied by altered expression levels of several 
molecular markers, such as E-cadherin, 
N-cadherin, fibronectin, and vimentin. Our 
results also indicate that CXCL10 down-expres-
sion in highly metastatic HCC cells inhibits EMT, 
and over-expression of CXCL10 in HCC cells 
with poor metastatic potential promotes EMT. 
In addition, CXCL10 has been proven to induce 
EMT by repressing expression of E-cadherin 
and increasing that of mesenchymal cell mark-
ers (N-cadherin, fibronectin, and vimentin). 
Microarray analysis was conducted to investi-
gate the mechanism of CXCL10 in regulating 
the metastasis of HCC cells. MMPs were identi-
fied as effective mediators of CXCL10-induced 
metastasis. MMPs are major proteolytic 
enzymes that are involved in tumor cell migra-
tion and metastasis. Silencing MMP-2 in 
CXCL10 over-expressing HCC cells resulted in a 
phenomenon similar to that caused by CXCL10 
knock-down. Thus, the present study identified 
a novel function of CXCL10 in HCC cell metasta-
sis by regulating EMT. In conclusion, CXCL10 
up-regulation is correlated with HCC metasta-
sis and CXCL10-mediated induction of EMT is 
MMP-2 dependent.
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