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C-C chemokine receptor type 2 promotes
epithelial-to-mesenchymal transition by upregulating
matrix metalloproteinase-2 in human liver cancer
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Abstract. C-C chemokine receptor type 2 (CCR?2) is aberrantly
expressed in a variety of tumor cells, and participates in the
regulation of tumor cell progression, metastasis and immune
escape. However, the mechanism of action of CCR2 in liver
cancer remains unclear. In the present study, the aim was to
elucidate the molecular mechanism underlying the regulation of
epithelial-to-mesenchymal transition (EMT) by CCR2 in liver
cancer cells. Initially, CCR2 expression in liver cancer tissues
was measured, and the survival time of patients was analyzed
by Kaplan-Meier analysis. In liver cancer cells, the mRNA and
protein expression levels of CCR2, matrix metalloproteinase-2
(MMP2), E-cadherin and vimentin were evaluated by reverse
transcription-quantitative polymerase chain reaction and western
blotting. Cell viability, migration and invasion were determined
by Cell Counting Kit-8, wound healing and Transwell chamber
assays, respectively. Additionally, the binding between CCR2
and MMP?2 was identified by co-immunoprecipitation (Co-IP).
It was observed that CCR2 was abnormally upregulated in
liver cancer tissues and significantly associated with the tumor
diameter, metastasis and stage. The survival of patients with
high CCR2 expression was lower compared with that of patients
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with low CCR2 expression. In addition, the number of cells that
penetrated the transwell chamber membrane was significantly
reduced following treatment with CCR2-small interfering
RNA (siRNA). Furthermore, CCR2 was found to participate in
MMP2-induced EMT, while CCR2-siRNA transfection reduced
the expression and activity of MMP2, and confirmed the specific
binding between CCR2 and MMP2. Co-IP also identified the
independent interaction between endogenous proteins in HepG2
cells. These results revealed that CCR2 promotes EMT in liver
cancer. Thus, CCR?2 is an attractive novel target for inhibiting
invasion and metastasis of liver cancer cells.

Introduction

Liver cancer is the sixth most common cancer worldwide and
the second major tumor type in China (1,2). Despite significant
advances in the detection and treatment of liver cancer, the
survival of liver cancer patients remains poor and the precise
mechanisms underlying liver cancer remain unclear (3).
Therefore, novel diagnostic markers are urgently needed to
improve the survival rate of liver cancer patients (4).

Previous investigations have demonstrated that epithe-
lial-to-mesenchymal transition (EMT) participates in the
progression and metastasis of various types of tumor, including
liver cancer (5,6). Since EMT is the initial step of tumor metas-
tasis, further understanding on the mechanisms of EMT will
shed new light on the use of targeted therapeutic strategies for
liver cancer. However, the molecular mechanism of EMT is yet
unknown. An increasing number of transcription factors that
can promote EMT have been identified, including zinc finger
E-box-binding homeobox 1 (ZEBI1), ZEB2 and Twist (7).

C-C chemokine receptor type 2 (CCR?2) is the specific
receptor of monocyte chemoattractant protein-1 (MCP-1),
which is also known as C-C motif chemokine ligand 2 (CCL2),
and is also a receptor for CCL7, CCL8, CCL11, CCL12 and
CCLI13. CCR2A and CCR2B are the two isoforms of CCR2,
both of which are derived from the same gene, with the



LI et al: CCR2 PROMOTES EMT BY UPREGULATING MMP2

exception of a difference in the carboxy-terminus, and CCR2B
is the major functional form. CCR2 is abnormally expressed
in a variety of tumor cells, including prostate cancer, renal
cell carcinoma, non-small cell lung cancer, myeloma and
colorectal cancer (8-10). Furthermore, it is associated with
tumor invasion and metastasis (11,12). However, the specific
mechanism of CCR2 in the regulation of liver cancer remains
to be clarified.

Given the importance of CCR2 in tumor progression,
the aim of the present investigation was to elucidate the
possible mechanism of CCR2 in liver cancer cell inva-
sion. Kaplan-Meier survival analysis demonstrated that the
survival time of patients with high expression of CCR2 was
lower in comparison with that of patients with low expres-
sion of CCR2. In addition, wound healing and the Transwell
chamber invasion assays revealed that the number of cells
transfected with CCR2-small interfering RNA (siRNA) was
significantly reduced. Matrix metalloproteinase 2 (MMP2)
expression and activity were also significantly decreased
following CCR2-siRNA transfection. Furthermore, there
was a positive correlation between CCR2 and MMP2 in liver
cancer tissues, and CCR2 interacted with MMP2 in HepG2
cells. Taken together, the present study results revealed that
CCR2 promotes EMT through MMP?2 in liver cancer, and that
CCR2 is an attractive, novel target for inhibiting the invasion
and metastasis of liver cancer cells.

Materials and methods

Clinical samples. Liver cancer tissues (n=39) and paired
normal tissues were obtained from the First Affiliated Hospital
of the Fourth Military Medical University (Xi'an, 710032,
China) between June 2004 and June 2007. All tissues were
obtained by resection surgery, and none of the patients had
previously received preoperative radiotherapy, chemotherapy
or biotherapy. The present study was approved by the First
Affiliated Hospital of the Fourth Military Medical University
(approval no. KY20163226-1) and written informed consent
was obtained from all patients. The clinicopathological data
of the included cases are shown in Table I. Tumor and paired
tissues were snap-frozen in liquid nitrogen and preserved at
-80°C.

Immunohistochemical staining. Liver cancer tissues samples
were fixed in 10% neutral formaldehyde for 24 h, dehydrated
and embedded in paraffin. Next, 5-um sections were cut from
each tissue. Subsequent to dewaxing and blocking the endog-
enous peroxidase activity, specimens were incubated with
antibodies against CCR2 (dilution 1:100; cat. no. LBP60766;
Abcam, Cambridge, MA, USA) at 4°C overnight. Next, speci-
mens were incubated with the Biotin-labled goat anti-mouse
(1:1,000; ZSGB-BIO, Beijing, China) for 60 min at room
temperature. Following treatment with horseradish peroxi-
dase-labeled streptavidin solution (ZSGB-BIO) for 30 min at
room temperature, the samples were stained with 3,3'-diami-
nobenzidine. Finally, the sections were counterstained with
0.02% hematoxylin and visualized under a microscope.

Cell culture and treatment. Three human liver cancer cell
lines (HepG2, SMMC-7721 and MHCC97-H) and a normal
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liver cell line (HL-7702) were purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA). All cell
lines were cultured in Dulbecco's modified Eagle's medium
(DMEM)/high glucose supplemented with 10% fetal bovine
serum (FBS; both from Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) at 37°C in humidified chamber
with 5% CO,. Cells were transfected with CCR2-siRNA and
negative control siRNA (Shanghai GenePharma Co., Ltd.,
Shanghai, China) were transfected using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol.

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR) analyses. Total RNA was
extracted from the cells or tissues with Fast 200 kit (Fastagen,
Shanghai, China), RNA concentration was measured by
NanoDrop. Next, 1-2 ug RNA was reverse transcribed into
cDNA using the RevertAid First Strand cDNA Synthesis kit
(Thermo Fisher Scientific, Inc.) and qPCR was performed on
the CFX96 Touch Real-Time PCR detection system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The conditions for the
gPCR reaction were as follows: Initial denaturation at 95°C
for 10 sec, followed by 40 cycles of 95°C for 5 sec, 55°C for
15 sec and 72°C for 20 sec. The primers used in PCR are listed
in Table II. ACq values were normalized to GAPDH, serving
as the internal control, and comparative quantification was
performed with the 2224 method (13).

Western blot assay and antibodies. Cells were lysed in
radioimmunoprecipitation assay buffer containing 1 mM
phenylmethane sulfonyl fluoride and cocktail protease
inhibitor (Roche Diagnostics, Nutley, NJ, USA). Protein
concentration was measured by BCA protein assay Kkit, then
separated by 12% SDS-PAGE gel and transferred to nitrocel-
lulose membranes. The nitrocellulose membrane was then
blocked with 5% non-fat milk in 0.01 M PBS buffer for 1 h
at room temperature, followed by incubation with primary
antibodies against E-cadherin (1:1,000; cat. no. ab76055;
Abcam, Hong Kong, China), vimentin (1:500; cat. no. 5741;
Cell Signaling Technology, Danvers, MA, USA), CCR2
(1:1,000; cat. no. LBP60766; Abcam), MMP2 (1:1,000;
cat. no. 40994; Cell Signaling Technology, Inc.) and GAPDH
(1:1,000; cat. no. 2118; Cell Signaling Technology, Inc.). After
washing with PBST, the blots was reacted with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit IgG (1:2,000;
cat. nos. 7076 or 7074; Cell Signaling Technology, Inc.). The
immunoreactive bands were subsequently detected with an
enhanced chemiluminescence detection kit (Pierce; Thermo
Fisher Scientific, Inc.), and the signals were analyzed by
ChemiDoc MP Imaging System and (Bio-Rad Laboratories,
Inc.).

Cell viability assay. Cells were seeded in 96-well plates
(3x10%well) and incubated for 24, 48 or 72 h. Subsequently,
cell growth was tested by Cell Counting Kit-8 (CCK-8; 7Sea,
Shanghai, China), according to the protocol provided by the
manufacturer. At 2 h after addition of CCK-8, cell growth
viability was detected by measuring the optical density
at 450 nm on an EnSpire plate reader (PerkinElmer, Inc.,
Waltham, MA, USA).



2736

Table I. Association of CCR2 expression with the clinicopathological characteristics of liver cancer patients.
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CCR2 expression
Clinical characteristics Case no. Low High P-value
Total 39 18 21
Sex 0.573
Male 25 11 14
Female 14 7 7
Age (years) 0.720
<60 18 10 8
>60 21 9 12
Tumor size (cm) 0.0221*
<5 21 14 7
=5 18 4 14
Histologic grade (differentiation) 0.215
Good/moderate 20 10 10
Poor 19 8 11
N status 0.0187¢
NO 15 10 5
N1/2 24 8 16
Clinical stage 0.0158"
I-II 17 10 7
I-1v 22 8 14

*P<0.05. CCR2, C-C chemokine receptor type 2.

Table II. Primer and siRNA list.

mRNA

Sequence (5'-3")

Experimental use

CCR2

GAPDH

MMP2

E-cadherin

Vimentin

CCR2-siRNA

Control-siRNA

F: GAGCGGTGAAGAAGTCACCA
R: CAGAAGCAAACACAGCCACC

F: AAATCCCATCACCATCTTC
R: TCACACCCATGACGAACA

F: GCATCCAGACTTCCTCAGGC

R: CCATTAGCGCCTCCATCGTAG
F: GCTGCTCTTGCTGTTTCTTCG
R: CCGCCTCCTTCTTCATCATAG
F: AAGTTTGCTGACCTCTCTGAGGCT
R: CTTCCATTTCACGCATCTGGCGTT

F: AAGCCAGGACGGTCACCIT
R: AAGGTGACCGTCCTGGCTT

F: TTTTCGCATCGAGTCACGTCT
R: AGACGTGACTCGATGCGAAAA

gPCR

gqPCR

qPCR

gPCR

gqPCR

RNA interference

RNA interference

CCR2, C-C chemokine receptor type 2; MMP2, matrix metalloproteinase-2; siRNA, small interfering RNA; F, forward; R, reverse; qPCR,

quantitative polymerase chain reaction.

Migration and invasion assays. The migration assay was
conducted using a 24-well Transwell chamber, while the

invasion assay was performed in a similar fashion using
Matrigel-coated chambers. Briefly, cells (5x10°/ml in
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serum-free medium) were seeded in 100 gl in the top chamber.
The bottom wells were filled with complete medium containing
20% FBS. After culturing for 24 h for the migration assay and
48 h for the invasion assay, cells on the upper surface was
wiped off with cotton swabs. Cells in the lower membrane
surface were fixed with methanol and stained using 0.1%
crystal violet. Finally, cells were detected, counted and aver-
aged in five random fields under a phase contrast microscope
(original magnification, x100).

Co-immunoprecipitation (Co-IP). The Co-IP experiments
were conducted utilizing the Pierce Crosslink IP kit (Thermo
Fisher Scientific, Inc.) following the manufacturer's protocol.
The Co-IP protocol was performed on ice, unless otherwise
indicated. Briefly, HepG2 cells (150 cm? plate, 107 cell/plate)
were treated with 1 ml extraction buffer, and the binding of
the anti-CCR2 or anti-MMP?2 to Protein A/G Agarose was
performed according to the procedure described in the kit.
Subsequently, the Protein A/G Agarose was incubated with
anti-CCR2 or anti-MMP?2 antibody on a mixer at 25°C for 1 h.
The immunoprecipitated products were eluted with Laemmli
buffer. The eluting mixture was finally tested by western blot
assay.

Statistical analysis. Data are presented as the mean + standard
error of the mean, and were analyzed by one-way analysis of
variance using the SPSS version 18.0 (SPSS, Inc., Chicago,
IL, USA) and GraphPad Prism version 5 (GraphPad Software,
Inc., La Jolla, CA, USA) statistical software. The patient
survival rate was analyzed by the Kaplan-Meier method, and
the log-rank test was performed to evaluate the presence of
significant differences. Differences were considered to be
statistically significant at P<0.05.

Results

CCR2isupregulatedin liver cancer tissues and associated with
liver cancer progression. In order to compare the expression
of CCR2 in different liver cancer tissues, the mRNA levels
of CCR2 were detected in 39 liver cancer tissues and paired
adjacent normal liver tissues using RT-qPCR analysis. The
results demonstrated that the CCR2 level in liver cancer tissues
was higher compared with that in adjacent normal tissues
(P=0.0014; Fig. 1A). To further investigate the correlation of
CCR2 expression with the clinicopathological characteristics,
the relative CCR2 expression in the liver cancer tissues obtained
from 39 patients was classified into two groups, including
patients with low (n=18; CCR2 expression ratio < median ratio)
and high (n=21; CCR2 expression ratio = median ratio) relative
levels of CCR2 mRNA (P=0.0003; Fig. 1B). The results of
the clinicopathological analysis revealed that CCR2 was
significantly correlated with tumor size (P=0.0221; Fig. 1C),
metastasis (P=0.0187; Fig. 1D) and clinical stage (P=0.0158;
Fig. 1E). However, no statistically significant correlations
were obtained between CCR2 expression and other
clinicopathological characteristics, including gender, age and
histologic grade (P>0.05; Table I). Kaplan-Meier analysis and
log-rank test were used to evaluate the association between
CCR?2 expression in liver cancer and patient survival. The
median 5-year survival time was 27 months in the low CCR2
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expression group, whereas it was 17 months in the high CCR2
expression group (P=0.0135; Fig. 1F). Taken together, these
results suggest that overexpression of CCR2 may be involved
in liver cancer development, progression and metastasis.

Knockdown of CCR2 inhibits tumor development in liver
cancer cells. The mRNA and protein expression levels of CCR2
were also analyzed in three liver cancer cell lines (HepG2,
SMMC-7721 and MHCC97-H) and the HL-7702 normal liver
cell line. As shown in Fig. 2A, the results indicated that the
CCR2 mRNA level in HepG2, SMMC-7721 and MHCC97-H
cells was markedly higher compared with that in the HL-7702
normal liver cell line. Furthermore, the protein expression of
CCR?2 in cell lines HepG2, SMMC-7721 and MHCC97-H
was also higher than in HL-7702 cell line (Fig. 2B). Due to
the protein level of CCR2 in SMMC-7721 and MHCC97-H
cells which was roughly similar, HepG2 and MHCC97-H
cells were selected in subsequent experiments. Subsequently,
CCR?2 expression in liver cancer cells was manipulated to
analyze its association with tumor progression. The expres-
sion level of CCR2 was silenced by siRNA transfection, and
CCR?2 expression level and liver cancer cell viability were
detected following CCR2 inhibition. Knockdown of CCR2
was observed to successfully inhibit the CCR2 expression
level (Fig. 2C and D) and viability (Fig. 2E and F) in liver
cancer cells. Taken together, these results suggest that CCR2 is
required for tumor development in liver cancer cells.

CCR?2 regulates liver cancer cell migration and invasion. In
order to explore the role of CCR2 in the regulation of liver
cancer metastasis, the migration and invasion of liver cancer
cells (HepG2 and MHCC97H) were detected following treat-
ment with CCR2-siRNA. As shown in Fig. 3A and B, the
silencing of CCR2 in HepG2 and MHCC97H cells decreased
cell mobility compared with that in the control cells. In addition,
downregulation of CCR2 significantly suppressed cell inva-
sion subsequent to the treatment of cells with CCR2-siRNA,
in contrast to the control cells (Fig. 3C and D). Therefore, these
data suggest that downregulation of CCR2 blocked EMT in
liver cancer cells.

CCR2 enhances EMT by MMP?2 in liver cancer cells. To
determine whether CCR2 regulates the EMT in liver cancer
cells, the mRNA and protein levels of E-cadherin, vimentin
and MMP?2 were initially evaluated in HepG2 and MHCC97H
cells transfected with CCR2-siRNA. As reported earlier,
CCR2-siRNA decreased CCR2 expression in liver cancer
cells. This silencing also enhanced the EMT in HepG2 and
MHCC97H cells, as shown by the decreased expression of
E-cadherin and increased expression of vimentin detected by
RT-gPCR (Fig. 4A and B) and western blotting (Fig. 4C and D).
In order to further explore the molecular mechanisms of CCR2
in liver cancer cells, the expression of MMP2 following the
treatment of cells with CCR2-siRNA was also analyzed. The
results demonstrated that the mRNA and protein expression
levels of MMP2 were suppressed after silencing of CCR2
compared with the control cells (Fig. 4A-D). Furthermore,
the activity of MMP2 was tested, and the results revealed
that MMP2 activity was weakened by downregulation of
CCR?2 (Fig. 4E and F). The association between CCR2 and
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Figure 1. CCR2 is upregulated in liver cancer tissues and associated with liver cancer progression. (A) mRNA level of CCR2 in liver cancer tissues is higher
than that in adjacent cancer tissues (P=0.0014). (B) CCR2 mRNA expression was classified into two groups, including the low and high CCR2 expression
groups (P=0.0003). CCR2 mRNA expression is positively correlated with (C) tumor size (P=0.0221), (D) metastasis (P=0.0187), and (E) clinical stage
(P=0.0158). (F) Kaplan-Meier survival curves and log-rank tests were used to evaluate recurrence rates and survival of all liver cancer patients. CCR2, C-C
chemokine receptor type 2.
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Figure 2. Knockdown of CCR2 inhibited the tumor development in liver cancer cells. (A) mRNA and (B) protein levels of CCR2 in liver cancer cell lines
(HepG2, SMMC-7721 and MHCC97H) were higher compared with the levels in HL-7702 cells, as determined using RT-qPCR and western blotting, respec-
tively. The results were normalized to GAPDH expression. (C) HepG2 and (D) MHCC97H cells transfected with si-Ctrl or si-CCR2 were examined using
RT-qPCR and western blotting to determine the relative expression levels of CCR2 mRNA and protein. (E) HepG2 and (F) MHCC97H cells were subjected to
CCK-8 assay to determine the cell viability and proliferation following transfection with si-Ctrl or si-CCR2. "P<0.05 vs. corresponding control groups. CCR2,
C-C chemokine receptor type 2; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; NC, normal control; si, small interfering RNA; Ctrl,

control.
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Figure 5. Schematic representation of the proposed mechanism of CCR2-
mediated liver cancer epithelial-to-mesenchymal transition and progression.
CCR2, C-C chemokine receptor type 2; MMP2, matrix metalloproteinase-2.

Cell viability

MMP?2 in 39 liver cancer tissues was also detected, and the
results suggest that the mRNA expression levels of CCR2 were
positively correlated with MMP2 (r=0.378, P=0.018; Fig. 4G).
To further confirm the specific binding between CCR2 and
MMP2, the study also identified the interaction between
endogenous proteins independently in HepG2 cell lines by
Co-IP. The results indicated that endogenous CCR2 co-precip-
itated with MMP2 in HepG2 cells (Fig. 4F). Taken together,
these findings reveal that CCR2 is highly expressed in liver
cancer tissues and cells. In addition, CCR2 promoted EMT
in liver cancer cells through the regulation of MMP?2 (Fig. 5).

Discussion

Mounting evidence has demonstrated that liver cancer is one
of the deadliest types of cancer due to its complexity, hetero-
geneity, metastasis and reoccurrence (14). Tumor metastasis
is one of the main reasons for the poor prognosis of liver
cancer patients. EMT, the initial step of tumor metastasis that
results in the loss of the epithelial phenotype and leads to
mesenchymal characteristics, has become an important field in
cancer research (15-18). Further exploration of the molecular
mechanisms of EMT will shed new light on the development
of liver cancer diagnostic and therapeutic strategies (19-20).
Previous studies have demonstrated that CCR2 serves
an important role in tumor metastasis in breast, bladder,
ovarian and prostate cancer (21-25). CCR2 is the specific
receptor of MCP-1/CCL2. Hu et al (21) reported that CCR2
acts as a competing endogenous RNA by inhibiting the
STARDI13-RhoA-ROCKI1-MLC-F-actin pathway in the
regulation of ovarian metastasis. In addition, Izumi et al (25)
demonstrated that knockdown of the androgen receptor in
prostate cancer promoted PCa cell migration and invasion
through the CCL2/CCR2-STAT3 axis and EMT pathways.
Rao er al (23) also revealed that upregulation of estrogen
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receptor [} in mast cells and bladder cancer cells resulted in an
enhanced CCL2/CCR2/EMT/MMP9 axis. Thus, exploration
of the mechanisms of CCR2 in liver cancer may be useful for
developing novel diagnostic markers and therapeutic drugs for
liver cancer patients.

In the present study, the hypothesis that CCR2 serves
an important role in liver cancer progression through the
regulation of EMT was proposed. To that end, CCR2 was
detected in 39 liver cancer and paired adjacent tissues. The
results revealed that CCR2 levels in liver cancer tissues were
higher when compared with those in adjacent normal tissues.
Further investigation into the correlation of CCR2 expression
with clinicopathological characteristics indicated that CCR2
was significantly correlated with tumor size, metastasis and
clinical stage. The median 5-year survival time was evaluated,
and the results indicated that this was higher in the low CCR2
expression group in comparison with that in the high CCR2
expression group. These results suggest that the overexpres-
sion of CCR2 may be involved in liver cancer development,
progression and metastasis. To further dissect the role of CCR2
in the regulation of liver cancer EMT, CCR2 was silenced in
liver cancer cells by siRNA transfection. The results indicated
that knockdown of CCR2 inhibited liver cancer cell viability,
migration and invasion. Furthermore, the molecular mecha-
nism of CCR2 in the regulation of EMT in liver cancer cells
was evaluated, and the results revealed that CCR2-siRNA
inhibited the expression levels of E-cadherin and MMP2,
while it increased the expression of vimentin. In addition, the
activity of MMP2 was weakened by downregulation of CCR2.
The mRNA expression levels of CCR2 were also found to be
positively correlated with MMP?2 in liver cancer tissues, while
endogenous CCR2 co-precipitated with MMP2 in HepG2
cells.

In conclusion, CCR2 was aberrantly increased in liver
cancer tissues and significantly associated with the tumor
diameter, metastasis and stage. The survival of patients with
high CCR2 expression was lower than that of patients with
low CCR2 expression. CCR2 can promote cell viability,
cell migration and invasion in liver cancer cells. Moreover,
CCR2 was found to participate in the regulation of EMT by
measuring RNA and protein expression levels of vimentin
and E-cadherin, downregulating of CCR2, which reduced the
expression of E-cadherin and MMP?2, activity of MMP2, and
enhanced the expression of vimentin. In addition, the specific
binding between CCR2 and MMP2 was confirmed by Co-IP
in HepG?2 cells. These results revealed that CCR2 promotes
EMT in liver cancer. Thus, CCR2 is an attractive novel
target for inhibiting invasion and metastasis of liver cancer
cells (Fig. 5).
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