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Abstract The identification of new biomarkers for the early
detection of hepatocellular carcinoma is critical in the devel-
opment of tumor-targeted therapy, which is possibly advanta-
geous on the prognosis of this disease. Results from our pre-
vious study indicated that CCL15 can be a specific proteomic
biomarker of hepatocellular carcinoma, which plays an impor-
tant role in tumorigenesis and tumor invasion. In this study,
we found that CCL15 can induce hepatocellular carcinoma
cell migration and invasion. Furthermore, CCR1, the receptor
of CCL15, was demonstrated to play a critical role in meta-
static hepatocellular carcinoma. CCR1 short hairpin RNA sig-
nificantly inhibited CCL15-induced chemotaxis and invasion
of HepG2 cells. Moreover, CCR1 knockdown significantly
l im i t ed the ac t i v i t y and exp r e s s i on o f ma t r i x
metalloproteinase-2 (MMP-2) and MMP-9. These findings
suggest that CCR1 plays critical roles in hepatocellular carci-
noma metastasis, which indicates that CCR1 may be a poten-
tial molecular target in hepatocellular carcinoma therapy.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common
and aggressive malignancies worldwide [1]. The poor prog-
nosis of HCC is mainly attributed to recurrence and metastasis
[2]. Recent studies have shown that chemokines and their
receptors play important roles in the metastatic potential of
cancer cells [3]. For example, the CXCL12/CXCR4 pair has
been identified to mediate metastasis of breast cancer cells [4].

CCL15/leukotactin-1 (Lkn-1), a member of the CC chemo-
kine family and expressed only in the gut and the liver, has
been recently cloned and partially characterized [5–7]. CCL15
was demonstrated to have a chemoattractant role for mono-
cytes, lymphocytes, neutrophils, eosinophils, and dendritic
cells [7]. In addition, this molecule plays an important role
in the development of inflammation and allergic inflammatory
diseases. CCL15 has in vitro and in vivo angiogenic activity
[8]. Moreover, desensitization studies have indicated that
CCL15 acts mainly via the CC chemokine receptor, CCR1
[6, 9]. Accumulating evidence has suggested that CCL15
may have a crucial role in the progression of tumor cells by
promoting leukocyte infiltration and modulating tumor cell
motility [9–13].

CCR1, the main and specific receptor for CCL15, is a G
protein-coupled receptor that is expressed by a variety of cells,
such as monocytes, lymphocytes, neutrophils, and eosinophils
[14]. Recent studies have verified that CCR1 is also highly
expressed in HCC cells and tissues [15], and its downregula-
tion significantly inhibits HCC cell migration and invasion
[16]. However, the function and mechanism of CCL15/
CCR1 pair in HCC cell migration and invasion are not well
understood.

Results from our previous study showed that CCL15 was
uniquely expressed in serum samples from HCC patients
using SELDI-TOF technique. Biological analysis suggested
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that CCL15 promoted HCC migration and invasion (unpub-
lished data). Hence, in this study, we investigated our hypoth-
esis that the interaction of CCL15 with CCR1 may have some
essential roles in the HCC cell migration and metastasis.

Materials and methods

Cells and materials

Hepatocellular carcinoma cell lines HepG2, HLE, and HuH7
were obtained from American Type Culture Collection (Ma-
nassas, VA), and cultured in DMEM 1640 supplemented with
10 % (v/v) fetal bovine serum (FBS). Chemotaxis chambers
and membranes were from Neuroprobe (Gaithersburg, MD,
USA). Recombinant Human CCL15/68aa was from RD Sys-
tems (USA). Antibody to CCR1 was from Abcam Inc. (CA).
Antibody to β-actin was from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). Goat anti-mouse IgG-FITC and Don-
key anti-goat IgG-FITCwere from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA).

Gene transfection

2×105 cells were cultured in 12-well plates 1 day before trans-
fection in DMEM containing 10 % FBS, 1 % non-essential
amino acids, and 1 % sodium pyruvate. After starved for 3 h,
transfection was performed by using Lipofectamine2000
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. To establish stable cell lines, the cells were
enriched using 0.6 mg/ml G418 sulfate (Gibco/Invitrogen,
USA) or 0.4 mg/ml hygromycin B from BD Biosciences.
After the cells grow up, single cell-expressing GFP was pick-
ed out and cultured into 96-well plates, and then each clone
was validated by RT-PCR and Western blotting analysis.

Reverse transcription-PCR (RT-PCR) analysis

Total RNAwas extracted from cells using Trizol (Invitrogen)
and then reverse-transcribed and amplified using the One Step
RNA PCR Kit (AMV) (TaKaRa, Shiga, Japan). The primers
sequences, the predicted amplicon sizes, and the annealing
temperatures are depicted in Table 1. The conditions for
PCR were as follows: 95 °C for 5 min followed by annealing
temperature for 1 min and 72 °C for 1 min in a 25 mL reaction
buffer containing cDNA generated from 100 ng of total RNA,
0.2 mM each dNTP, 0.2 mM each primer, and 2.5 U of Taq
polymerase (TaKaRa Biotechnology, Dalian, People’s Repub-
lic of China). Quantitation of the amount of PCR product after
35 cycles was performed after electrophoresis on 1 % agarose
gels and ethidium bromide staining.

Western blotting

Western blotting assay was performed as described by Sun
R.H. et al. [17]. Cells and clones were washed twice with
ice cold PBS pH 6.8, and then lysed by 1×SDS sample buffer
(Tris–HCl, pH 6.8, 62.5 mM, 2 % SDS, 10 % glycerol.).
Equal amounts of cell lysates (20 μg total protein per lane)
were loaded onto 10 % or 14 % SDS-PAGE gels, transferred
onto PVDF membranes (Millipore, USA), probed with anti-
CCR1 primary antibody, followed by HRP-conjugated sec-
ondary antibody and visualized by enhanced chemilumines-
cence reagents ECL (Pierce, Rockford, IL). Western blotting
analysis of β-actin was used as loading control.

Chemotaxis assay

Chemotaxis assays were performed essentially as previously
described using Boyden chambers equipped with 8-μm poros-
ity polyvinylpyrrolidone-free polycarbonate filters [18]. Brief-
ly, polycarbonate filters were coated on the lower surface with
20 μg/ml human type I collagen (Collaborative Biomedical
Products; Bedford, MA) for 30 min at 37 °C and placed be-
tween the lower chamber and upper chamber. The lower cham-
ber was filled with DMEM media containing CCL15 as
chemoattractants. Serum-deprived HepG2, Huh-7, and HLE
cells were separately washed, trypsinized, resuspended in
serum-free medium containing 1 % albumin at a concentration
of 3×105 cells/ml, and placed in the upper chamber. The cham-
bers were incubated at 37 °C in a cell-culture incubator for 6 h.
Then the filter membrane was washed, and cells attached were
fixed and stained. The number of migrating cells was counted
in six randomly chosen fields (×400) by light microscope, and
the counts were averaged (means±SD). Chemotaxis index=the
migrating cell number in a chemoattractant gradient/the migrat-
ing cell number in a medium control.

Scratch assay

Cells were seeded in 35-mm dishes for 2 days, starved in
serum-free medium overnight, after which, scrape wounds
were created with a 10-μl sterile plastic pipette tip in the con-
fluent cell monolayers. After washing with PBS, serum-free
medium (to prevent cell proliferation) was added. The widths
of the woundswere recorded at different time points (0, 3, 6, 9,
12, 24 h) using the number of grids in the ocular of our mi-
croscope. Ten grids represented 1 mm in length, and we could
therefore calculate the migration distances by the changes of
the grid number accordingly. Three measurements at different
positions along each scratching line were recorded. And in
order to test the effect of CCL15 on the motility of
hepatocarcinoma cells, the serum-free medium containing
CCL15 (1 μM) was added to the scraped cells and cultured
for 24 h.
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Matrigel invasion assay

For invasion assays, 105 cells in 400 μL serum-free DMEM
medium were plated in the top chamber of Transwells with a
Matrigel-coated membrane (Corning Incorporated, USA)
containing pores 8 μm diameter. The inserts were placed into
the bottom chamber wells of a 24-well plate containing MEM
with CCL15 as a chemoattractant. After 36 h of incubation,
cells remaining on the insert top layers were removed by cot-
ton swab scrubbing, as recommended by the manufacturer.
Cells on the lower surface of the membrane were fixed and
stained. Inserts were washed for several times in distilled wa-
ter before air drying. The membranes were photographed, and
cell counts were determined after totaling five random fields.

Gelatin zymography

Gelatin zymography assay was performed essentially as pre-
viously described [19]. Cells transfected with control or CCR1
small interfering RNA (siRNA) were treated with 1 μM
CCL15 for 12 h in serum-free medium. The conditioned me-
dium was collected and analyzed on 10 % SDS–polyacryl-
amide gel incorporated with 0.1 % gelatin.

Statistical analysis

All statistical analyses were carried out with the use of SPSS
software Version 13.0. Data were expressed as the mean±
standard error from at least three separate experiments. Statis-
tical significance of the results was analyzed by two-way
ANOVA, and p<0.05 was considered to be statistically
significant.

Results

CCL15 induced HCC cells chemotaxis and invasion

CCL15 binds wi th CCR1 and CCR3 and has a
chemoattractant role for neutrophils, monocytes, and lympho-
cytes [7]. First, we detected the messenger RNA (mRNA) and
protein expression of CCR1 in HuH7, HLE, and HepG2 cells

(Fig. 1a). The CCR1 expression could be detected in three
different HCC cell lines.

To determine the function of CCL15 in HCC cell migra-
tion, we performed chemotaxis assay. Chemotaxis refers to the
directional cell movement that is dependent on the concentra-
tion gradient. A 48-well chemotaxis model was applied to
perform CCL15-induced chemotaxis. The chemotaxis activity
of HepG2 cells depended on the concentrations of CCL15
used in the induction. Moreover, the highest chemotaxis ac-
tivity was highest observed at 1-nM recombinant human
CCL15 (Fig. 1b). This result demonstrates that the HepG2 cell
migration in response to CCL15 is dosage-dependent.

Then, we performed a scratch assay in a medium supple-
mented with 0.5 % FBS to examine the effects of CCL15 in
wound healing and cancer cell directional migration. As
shown in Fig. 1c, treatment with recombinant human
CCL15 could promote HepG2 cell migration compared with
cells without CCL15 HepG2 cells.

Cell migration is essential in tumor invasion and metasta-
sis. To measure the effects of CCL15 on HCC cell invasive-
ness, we employed a Transwell invasion system. The system
consisted of two fluid-filled stacked compartments separated
by a porous membrane filter coated with Matrigel. The quan-
titative analysis of cell numbers revealed that the invaded cells
induced by CCL15 in the HepG2 and HLE cells were higher
than in the medium alone (Fig. 1d). These results strongly
suggest that CCL15 can promote hepatocellular cell migration
and invasion.

Knockdown of CCR1 suppresses HCC cells chemotaxis
and invasion

The physiological role of CCR1 in HCC can be elucidated by
inhibiting the expression of endogenous CCR1 in HCC cell
lines. Efficient knockdown of CCR1 expression was achieved
by the successful transfection of three stealth siRNA duplexes
(si#1, si#2, and si#3 siRNA) targeting CCR1 in HepG2 cells.
Transient transfection of si#1 and si#3 siRNA specifically
downregulated CCR1 protein expression (Fig. 2a).

The migratory ability of CCR1 knockdown cells was
assessed by performing wound-healing, chemotaxis, and
Matrigel invasion assays. Differences in wound-closure ability

Table 1 Primer sequence
Target Forward primer sequences Reverse primer sequences

CCR1 CTCTTCCTGTTCACGCTTCC GCCTGAAACAGC -TTCCACTC

MMP-1 GGGAGATCATCGGGACAACTC GGGCCTGGTTGAAAAGCAT

MMP-2 CTGACCCCCAGTCCTATCTGCC TGTTGGGAACGCCTGACTTCAG

MMP-3 TATGGACCTCCCCCTGACTCC AGGTTCAAGCTTCCTGAGG

MMP-9 CTTTGACAGCGACAAGAAGTGG GGCACTGAGGAATGATCTAAGC

MMP-10 CCCACTCTACAACTCATTCACAG CATCTCTTGCTCGAAGTCCA

GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
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were more evident in CCR1 knockdown cells compared with
the control cells. As shown in Fig. 2b, the cells with downreg-
ulated CCR1 expression took a longer time to fill the wound
gap compared with the control cells. Consistently, the chemo-
taxis assay revealed that HepG2 cells exhibited significant re-
sponses to 1 nM CCL15, but the downregulation of CCR1
dramatically inhibited CCL15-induced chemotaxis (Fig. 2c).
In addition, Matrigel-based invasion assay was applied to ex-
plore the effect of CCR1 silencing on the invasive capability of
HepG2 cells. As shown in Fig. 2d, the number of migrated cells
in the control HepG2 cells was significantly higher than that in
the CCR1 knockdown cells. However, no significant difference
was observed on cell migration and invasion with or without
CCL15 after the downregulation of CCR1 expression in the
HepG2 cells (Fig. 2e). Hence, these results demonstrate that
the knockdown of CCR1 reduced the migratory and invasive
potentials of HCC cells.

Overexpression of CCR1 promotes HCC cells chemotaxis
and invasion

Overexpression of CCR1 in HCC cells was also adopted as a
complementary method to characterize the role of CCR1 in
HCC. Thus, we generated stable cell lines expressing the
CCR1 vector or the control vector (HepG2/CCR1 and
HepG2/control, respectively) by selecting transfected cells in
G418. CCR1 stable cell lines were confirmed byWestern blot
and RT-PCR (Fig. 3a). Cells that overexpressed CCR1 were
subjected to wound-healing, chemotaxis, and invasion assays.
Results revealed that cells that overexpressed CCR1 displayed
significantly enhanced cell migration and invasion than the
vector control cells (Fig. 3b–d).

Furthermore, we explored the functions of CCL15 in the
migration of cells that overexpress CCR1. The wound-healing
assay showed that recombinant human CCL15-treated cells
took a much longer time to fill the wound gap compared with
the untreated cells (Fig. 3e).

CCR1 silencing inhibits hepatocellular carcinoma cells
migration and invasion by regulatingMMP-2 andMMP-9
expression and activity

The MMP overexpression plays an important role in cancer
metastasis [20]. Thus, we also investigated the role of CCL15/
CCR1 axis on MMP expression and activity in HepG2 cells.
The expression levels of MMP-1, MMP-2, MMP-3, MMP-9,
and MMP-10 between control and siCCR1 cells were com-
pared using qPCR. The results showed that mRNA levels of
MMP-2 andMMP-9 were downregulated in the siCCR1 cells,
whereas the expression ofMMP-1,MMP-3, andMMP-10 did
not change significantly (Fig. 4a). However, no difference was
observed between the MMP-2 and MMP-9 expression of the
CCL15-treated and untreated siCCR1 cell (Fig. 4b).

The active forms of MMP-2 and MMP-9 were detected in
the culture medium of both cells using gelatin zymography.
The amounts of active MMP-2 and MMP-9 in the culture
medium were downregulated when CCR1 was reduced in
siCCR1/HepG2 cells. However, the treatment of recombinant
human CCL15 in siCCR1/HepG2 cells cannot alter the activ-
ity of MMP-2 and MMP-9.

These results suggest that the metastasis-promoting func-
tion of CCL15/CCR1 axis may occur through extracellular
matrix remodeling.

Fig. 1 Effects of CCL15 on
hepatocarcinoma cells migration
and invasion. a RT-PCR and
Western blotting analysis of
CCR1 in Huh-7, HLE, and
HepG2 cells. b Chemotaxis assay
of HepG2 cells with different
concentrations of CCL15 treat-
ment. c Wound healing assay of
HepG2 cells and HLE cells with
or without CCL15 (1 nM) treat-
ment. d Invasion assays of
HepG2 cells and HLE cells under
with or without CCL15 treatment,
with invasion pictures shown
(×200) (*p<0.05)
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Discussion

Metastasis is one of the main obstacles in the improvement of
the survival rate and long-term prognosis of patients with HCC.

The final site of metastasis of tumor cells is organ-specific, in
which chemokine receptors play important roles in the chemo-
taxis of tumor cells to target organs [21, 22]. Identification of
these metastasis-related chemokine receptors may provide

Fig. 3 Themigration and invasion assays of overexpressed CCR1 clones
of HepG2 cells. a RT-PCR and Western blotting analysis of HepG2
clones with overexpression of CCR1. b Wound healing assay of HepG2
cells and HepG2 /Clone1 at indicated time points. cWound healing assay
of CCR1 overexpressed HepG2 cells with or without CCL15 treatment. c

Chemotaxis assay of HepG2 cells and HepG2/Clone1 cells with indicated
amount of CCL15 as chemoattractant for 6 h. e Invasion assay of HepG2
cells and HepG2/Clone1 cells with CCL15 as chemoattractant for 36 h,
with pictures shown (×200) (*p<0.05, **p<0.005)

Fig. 2 CCR1 silencing impaired the migration and invasion of HepG2
cells. (aWestern blotting analysis of HepG2 cells transfected with CCR1
siRNA plasmid. Overexpression of CCR1 and β-actin was used as load-
ing control. b CCR1 downregulation inhibits the migration of HepG2
cells by wound healing scratch assay. The migrating distances of

monolayer cells were measured at 0, 3, 6, 9, 12, and 24 h after scratches
created under microscope. c Chemotaxis assay of parental cells and
siCCR1 transfected cells. d Invasion assay of parental cells and siCCR1
transfected cells. e Cell migration and invasion were not significantly
changed in siCCR1 cells with or without CCL15 treatment
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potential targets in tumor therapy. CCR1was the first identified
CC chemokine receptor that binds with CC chemokines, in-
cluding MIP-1a/CCL3, RANTES, CCL8, CCL7, Lkn-1
(CCL15)/MIP-5, CCL23, and HCC-1 [23–29]. CCR1 is
expressed in neutrophils, monocytes, eosinophils, dendritic
cells, activated T cells, and B lymphocytes [30–33]. CCR1
expression was detected in ovarian cancer tissues [34, 35] and
malignant plasma cells [36]. Mukaida et al. demonstrated that
CCR1 was the only chemokine receptor that was expressed
consistently in all hepatoma cell lines, suggesting that CCR1
may induce survival signals in hepatoma cells [15]. In this
study, HepG2 clone cells with CCR1 overexpression have
stronger migration abilities under CCL15 stimulation, whereas
the disruption of CCR1 yielded contrasting results, suggesting
that CCL15 acts mainly via its receptor CCR1 to induce hepa-
toma cell migration and chemotaxis.

MMPs are part of a large family of proteolytic enzymes,
which plays a key role in cancer invasion and metastasis

because of their ability to degrade the extracellular matrix
and basement membrane in various cancers [37]. Among
these enzymes, MMP-9 and MMP-2 have been found to be
highly associated with metastatic spread in various cancers
[38]. MMP-2 activity is necessary for Matrigel invasion of
HCC cells [39]. In this study, we found that CCR1 gene si-
lencing inhibited the CCL15-induced MMP-2 and MMP-9
upregulation, which suggests that CCL15/CCR1 axis might
regulate MMP-2 and MMP-9 production in human HCC. The
functions of CCL15/CCR1 axis on tumor cell migration and
invasion may be through induced MMP-2 and MMP-9 pro-
duction, thereby degrading the extracellular matrix.

In summary, we have shown for the first time that CCL15/
CCR1 axis has an important role in HCC cell migration and
invasion, which may be mediated by MMP-2 and MMP-9.
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