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C-X-C motif receptor 3A enhances proliferation
and invasiveness of colorectal cancer cells, and
is mediated by C-X-C motif ligand 10
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Abstract. The chemokine CXCLI10 and its receptor CXCR3
have been demonstrated to be implicated in cancer cell
proliferation and metastasis. CXCR3 has three splice variants:
CXCR3A, CXCR3B and CXCR3-alt. CXCR3A and B serve
multiple roles in the growth and invasiveness of a number
of cancer types. However, the roles of CXCR3 isoforms in
colorectal cancer (CRC) cells remain unclear. In the current
study, the effects of CXCL10 and CXCR3 isoforms on prolif-
eration and invasion of CRC cells was examined. Proliferation
and invasiveness of the CRC cell line HCT116, which were
transfected with CXCR3A or CXCR3B in the presence
of CXCL10, were evaluated in vitro using MTT, scratch
wound healing and transwell assays. MTT assay indicated
that regardless of the presence or absence of CXCLI10, the
proliferative ability of CXCR3A-transfected HCT116 cells
was enhanced compared with blank and mock cells. Scratch
wound healing and transwell assays indicated that invasive-
ness of CXCR3A-transfected cells was greater compared with
blank and mock cells. However, HCT116 cells transfected with
CXCR3B did not exhibit changes in their proliferative or inva-
sive ability. mRNA expression of MM P9, which is associated
with signaling downstream of the CXCL10/CXCR3A pathway,
was increased 4-fold in CXCR3A-transfected HCT116 cells
compared with control cells. The results of the present
study indicated that CXCL10-enhanced proliferation and
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invasiveness of the CRC cell line HCT116 was likely mediated
by CXCR3A, but not by CXCR3B.

Introduction

Colorectal cancer (CRC) is one of the most common malig-
nant tumors and is the fourth leading cause of cancer-related
deaths worldwide (1). While the 5-year survival rate of
patients with localized CRC is 87-91%, prognosis for patients
in distant stages is markedly poor, with 5-year-survival rate
of 10-14% (2). Prognosis for patients with advanced stages
of CRC has recently been improved by newly-developed
molecular-targeted drugs and anticancer agents (3). However,
satisfactory outcomes have not yet been achieved in patients
with recurrent CRC. Novel therapeutic strategies targeting
alternative mechanisms of cancer proliferation and metastasis
are urgently needed to overcome advanced stages of CRC. For
this, we need to explore the molecular mechanisms driving the
invasive front of CRC, which likely plays a central role in the
invasiveness of cancer cells in advanced stages of cancer.

In our previous study, we have shown that expression of
C-X-C motif chemokine ligand (CXCL)9, 10 and 11, combined
with other factors related to epithelial mesenchymal transi-
tion (EMT), is elevated in the invasive front of CRC tumor
tissues (4). CXCLO9-11 participate in numerous biological
processes including leukocyte trafficking, immune response,
and cellular proliferation. CXCLI10 is particularly known to
promote the proliferation of several carcinoma cell lines (5-7).
Clinical studies have shown an association between expres-
sion levels of CXCLI10 and survival of patients with colorectal
cancer (8-11). CXCLO9-11 exert their biological effects via
common receptor called C-X-C motif chemokine receptor
(CXCR)3. CXCR3 is a member of the G protein-coupled
receptor family, and is expressed in monocytes and leuko-
cytes (12). Previous studies have reported that CXCR3 is
expressed in CRC (9). CXCR3 is also involved in the prolif-
eration and metastasis of renal, melanoma, and breast cancer
cells. Three splice variants of CXCR3 (CXCR3A, CXCR3B,
and CXCR3-alt) have been identified in humans (13,14);
these splice variants play different roles in various cancer
cells. CXCR3A promotes the invasiveness and metastasis of
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gastric- and renal-cancer cells (15,16), while CXCR3B inhibits
the invasiveness and migration of prostate-cancer cells (17).
The function of CXCR3-alt remains unknown, and functional
diversity of CXCR3A and CXCR3B in CRC is also undeter-
mined.

In this study, we examined the diverse roles of CXCR3A,
CXCR3B, and the CXCL10-CXCR3 signaling pathway in the
proliferation and invasiveness of CRC cells in vitro.

Materials and methods

Cell culture. Human CRC cell line HCT116 was obtained
from American Tissue and Cell Culture. HCT116 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Invitrogen; Thermo Fisher Scientific, Inc.) supple-
mented with 10% fetal bovine serum (FBS) (Gibco; Thermo
Fisher Scientific, Inc.) and antibiotic-antimycotic solution
(100X; Gibco) at 37°C and 5% CO,.

Transfection of CXCR3. For transfection of CXCR3,
HCT116 cells were seeded into a 6-well plate at a density
of 3x10° cells/well. After 16 h, the cells were transfected
with 500 ng CXCR3 (Myc-DDK-tagged) transcript variant
A plasmid DNA or CXCR3 (Myc-DDK-tagged) transcript
variant B plasmid DNA (both from Origene Technologies)
using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) per manufacturer's protocol. After 48 h of
transfection, cells were cultured in DME medium supple-
mented with 600 pg/ml G418 for 1 week. These cells were
designated as HCT116-CXCR3A and HCT116-CXCR3B,
respectively. Similarly, HCT116 cells were transfected with
pCMV6 mammalian vector, designated as mock cells, and
used as controls. Non-transfected cells, designated as blank
cells, were used as additional controls.

Sequence analysis of inserted genome. After HCT116 cells
were transfected with CXCR3A or CXCR3B plasmid DNA,
insertion was confirmed by DNA sequencing. DNA was
extracted from each cell line via QIAamp DNA Mini Prep
Kit (Qiagen) and labeled using Big Dye Terminator v3.1
Cycle Sequencing kit (Thermo Fisher Scientific, Inc.); this
was followed by direct sequencing on an ABI Prism 3730xI1
Analyzer (Thermo Fisher Scientific). All kits were used per
instructions of respective manufacturers.

Western blot analysis. To examine the expression of total
CXCR3 in transfected cells, we performed western blot-
ting using antibodies that recognize both CXCR3A and 3B.
HCT116-CXCR3A, HCT116-CXCR3B, mock, and blank cells
were lysed in RIPA Lysis and Extraction Buffer (Thermo Fisher
Scientific, Inc.) and then centrifuged at 23,000 g for 15 min at
4°C. Supernatants were collected, and protein concentration
in the supernatants was assessed using Qubit 2.0 Fluorometer
(Thermo Fisher Scientific, Inc.). Lysates (30 pg total protein
per lysate) were subjected to 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), and proteins were
then transferred to 0.2 ym polyvinylidene difluoride (PVDF)
membranes (EMD Millipore, ). The membranes were blocked
in Tris-buffered saline containing Tween-20 (TBST) and
5% skim milk at 25°C for 1 h. Subsequently, the membranes

NOZAKI et al: CXCR3A IN CXCL10-MEDIATED PROLIFERATION AND INVASION IN COLORECTAL CANCER CELLS

were incubated with rabbit anti-human antibodies against
CXCR3 (cat. ab154845, 1:1,500; Abcam) overnight at 4°C,
and then with horseradish peroxidase-labeled goat anti-rabbit
secondary antibody at 25°C for 1 h. The membranes were
then washed thrice (15 min per wash) using TBST. Signals
were enhanced using the ECL Plus Western Blotting System
(Perkin-Elmer) and detected via LAS-4000 Luminescent
Image Analyzer. Anti-B-actin (cat. no. SH10D10, 1:1,500; Cell
Signaling Technology) was used as loading control.

RNA preparation. Total RNA was extracted from each cell
line using RNA Mini Prep Kit (Qiagen) according to the
manufacturer's instructions. The concentration and purity
of extracted RNA were evaluated using NanoDrop (Thermo
Fisher Scientific, Inc.). To assess the quality of extracted RNA,
RNA integrity number (RIN) was calculated using Agilent
2100 Bioanalyzer (Agilent Technologies).

Reverse transcription (RT)-PCR. RT-PCR was performed to
examine the expression of CXCR3A and CXCR3B mRNA
using specific primers sets. One microgram purified total
RNA was used for cDNA synthesis via Affinity Script
QPCR cDNA Synthesis Kit (Agilent Technologies) utilized
per manufacturer's instructions. RT-PCR was performed
using Takara Ex Taq (Takara Bio, Inc.) using the following
primers, designed specifically for amplification of CXCR3A
or CXCR3B mRNA: CXCR3A forward, 5'-ccatggtccttgagg
tgag-3' and reverse, 5'-tccatagtcataggaagagctgaa-3'; CXCR3B
forward, 5'-ttgaggaagtacggccctg-3' and reverse, 5'-tgagcagctcct
cctataac-3"; GAPDH forward, 5'-agccacatcgctcagacac-3' and
reverse, 5'-gcccaatacgaccaaatcc-3'.

Conditions for PCR were as follows: 95°C for 5 min, and
then 25 cycles at 95°C for 10 sec, 58°C for 30 sec, and 72°C
for 30 sec. Expression level of GAPDH mRNA was used as
internal control.

MTT assay. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay was used to examine the
involvement of CXCL10/CXCR3 signaling in the proliferation
of CRC cells. While CXCR3 has three ligands (CXCLO9, 10
and 11), CXCL10 was most frequently examined in previous
studies. Furthermore, the level of CXCLI10 expression is asso-
ciated with poor prognosis in patients with CRC. Therefore,
CXCL10 was used in our present study as a ligand for CXCR3.

In a preliminary study, we used qPCR to examine the
expression of CXCLI0 mRNA in HCT116 cells; however, the
expression level of CXCL10 was below the detection threshold.
Therefore, we cultured the cell lines in the presence of CXCL10
to enhance the activity of CXCR3A/3B. The four types of
cells were separately seeded into 24-well plate at a density of
5x10* cells/well. After 16 h, the cells were cultured with or
without CXCL10 (100 ng/ml) for 24 h, and MTT was added for
final 3 h before measuring. Prior to conducting measurements,
the media were removed and isopropanol was added to all the
wells. Absorbance was measured using a microplate reader
(Hitachi SH-9000Lab; Hitachi) at 570 nm. All experiments
were repeated three times.

Scratch wound healing assay. In order to examine
CXCLI10/CXCR3 signaling at the invasive front of tumor tissue,
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we performed a scratch wound healing assay as described
previously with modifications (16). Each cell line was seeded
into a 6-cm dish at a density of 8x10° cells/well. After 36 h,
the cell sheets were scratched with a pipette tip (1,000-u1 long
filter tip; Watson) and then treated with CXCL10 (100 ng/ml)
for 24 h. After 0 and 24 h, three different areas of the scratched
cell sheets were observed under microscopy. Wounded areas
(the areas with no attached cells) were measured using ImagelJ
software, and rate of migration was calculated as a proportion
of the areas at 24/0 h. All experiments were repeated three
times.

Transwell assay. The role of CXCL10/CXCR3 signaling in
cellular invasiveness was examined using a Transwell assay
performed via CytoSelect 24-Well Cell Invasion Assay Kit
(Cell Biolabs). A Boyden chamber was used for the assay.
Cells from each of the four cell lines were added to the upper
chamber and incubated overnight. The medium in the upper
chamber was then changed to Opti-minimum essential media,
and CXCL10 (100 ng/ml) was added to the medium contained
in the lower chamber. After 24 h, cells attached to the lower
surface of the membrane were stained with Cell Staining
Solution supplied with the CytoSelect 24-Well Cell Invasion
Assay Kit. Stained cells were lysed in elution buffer, and each
lysate was placed into 96-well plate at 200 pl/well. Absorbance
of the lysates was measured using a microplate reader (Hitachi
SH-9000Lab) at 560 nm. This assay was repeated six times.

Expression of MMP9 mRNA. CXCR3 potentiates the invasive-
ness and migration of various cancer cells by upregulating
the expression of MMPY, a protein downstream of the
ERK1/2 pathway via CXCL10-CXCR3A signaling. In order
to confirm the effect of CXCR3A on cancer cell invasive-
ness and migration, we analyzed the expression of MMP9
in HCT116-CXCR3A cells. Total RNA was extracted from
HCT116-CXCR3A cells and controls (blank and mock cells)
and used to synthesize cDNA via Affinity Script QPCR cDNA
Synthesis Kit. GAPDH was used as the housekeeping gene.
Detection was performed using LAS-4000 (GE Healthcare),
and band intensity was calculated using ImageQuant TL soft-
ware (GE Healthcare). These experiments were repeated three
times.

Statistical analysis. All data were expressed as mean + standard
deviation of the mean. Kruskal-Wallis test was used to evaluate
differences among the groups, and Bonferroni post hoc test
was used for multiple comparisons to evaluate the differences
between two groups. All statistical analyses were performed
using SPSS version 2.0 (IBM, Corp.). P<0.05 was considered
statistically significant.

Results

Expression of CXCR3 in transfected HCTI116 cells. Using
DNA sequencing, we confirmed that the plasmid had been
successfully inserted into each cell line (data not shown).
CXCR3B Expression of CXCR3A or CXCR3B in transfected
cells was then confirmed via western blotting and RT-PCR.
Total CXCR3 expression at the protein level was markedly
higher in HCT116-CXCR3A and CXCR3B cells than in blank
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Figure 1. Expression of CXCR3 in transfected HCT116. (A) Western
blot analysis of total CXCR3. ACTB was used as an internal control.
(B) Reverse-transcription PCR analysis of CXCR3A and 3B mRNA. GAPDH
mRNA was used as an internal control.

and mock cells (Fig. 1A). RT-PCR was used to examine gene
expression of each isoform. Our results show that CXCR3A
mRNA was only expressed in HCT116-CXCR3A cells,
but not in blank, mock, or HCT116-CXCR3B cells (Fig. 1B).
Similarly, CXCR3B mRNA was only expressed in
HCT116-CXCR3B cells. These four cell lines were used in
subsequent experiments.

Proliferation of CXCR3-transfected cells. We first used
an MTT assay to examine whether overexpression of
CXCR3A or CXCR3B can promote proliferation of human
colorectal cancer cells. After 24 h without CXCLI10 treat-
ment, HCT116-CXCR3A cell proliferation was moderately
enhanced by approximately 1.1-fold compared to the prolifera-
tion of blank and mock cells, whereas HCT116-CXCR3B cell
proliferation was reduced by approximately 20% compared to
that in blank and mock control cells (Fig. 2A). The prolifera-
tion of HCT116-CXCR3A cells cultured in media containing
CXCLIO for 24 h was enhanced by approximately 1.5-fold
compared with that of blank cells and mock cells, and the
difference from mock cells narrowly missed the set threshold
for statistical significance (P=0.076). Conversely, the prolif-
eration of HCT116-CXCR3B cells was similar to that of blank
and mock cells (Fig. 2B).

Scratch wound healing assay. A scratch wound healing assay
is used to assess cellular invasiveness and proliferative ability
by assessing the state of the scratched areas 24 h after induc-
tion of the wound. Scratched areas in the blank and mock
cell sheets, assessed at 24 h after scratching, were reduced
to 88 and 80%, respectively, compared with those assessed at
0 h. The scratched area of the HCT116-CXCR3A cell sheet,
assessed at 24 h, was reduced to 40% of that assessed at O h; this
reduction in the wounded area was significantly greater than
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Figure 2. Proliferative properties of HCT116-CXCR3A and 3B analyzed using MTT assay. (A) Without treatment with CXCL10, the proliferation of
HCT116-CXCR3A cells was moderately enhanced compared with control cells. (B) In the presence of CXCLI10, proliferation of HCT116-CXCR3A cells was
significantly greater compared with blank and mock cells at 24 h. P=0.5 and P=0.076 compared with blank and mock cells, respectively.

those shown by blank and mock cell sheets, and the difference
from blank cells was statistically significant (P=0.013). The
scratched area on the HCT116-CXCR3B cell sheet was similar
to that of blank and mock cells (Fig. 3).

Transwell assay. In the Transwell assay, the number of cells
attached to the lower surface of the membrane reflects the inva-
siveness of the cells. The number of invasive HCT116-CXCR3A
cells was increased approximately 2-fold compared with those
of blank and mock cells, and the difference from blank cells
was statistically significant (P=0.005) (Fig. 4). In contrast, the
number of invasive HCT116-CXCR3B cells was similar to
those of blank and mock cells.

Expression of MMP9. To examine the status of CXCR3A
downstream molecules, we investigated mRNA expression
of MMP9, which was reported to be involved in ERK1/2
signaling in human CRC cell lines. MM P9 mRNA expres-
sion in HCT116-CXCR3A cells was 4-fold higher than that in
blank or mock cells, and the difference from mock cells was
statistically significant (P=0.019) (Fig. 5).

Discussion

In our previous study, we demonstrated that mRNA expres-
sion of CXCL9, 10 and 11 was upregulated at the invasive
front of CRC tissue (4), suggesting that these chemokines play
crucial roles in tumor development during CRC. Receptors,
expressed by cancer cells, can determine how these cells
are affected by chemokines. The role of one such receptor,
CXCR3, has not been fully investigated in CRC development,
particularly with respect to differential properties of CXCR3
subtypes. Therefore, in this study, we examined the function

of two CXCR3 variants (CXCR3A and CXCR3B) in CRC
cells.

CXCRS3 is involved in the proliferation and metastasis
of renal, melanoma, and breast cancer cells. CXCR3 expres-
sion, which is upregulated in cancer tissues and metastatic
carcinoma compared with that in normal tissues, is correlated
with poor prognosis in patients with renal, melanoma, gastric,
and breast cancer (18-21). Molecular analysis has shown that
CXCR3 promotes tumor progression and metastasis by regu-
lating proliferative, migratory, and invasive abilities in these
cancer cells (6,16,20,22). Ma et al has shown that in a murine
model of metastatic breast cancer, small-molecular-weight
antagonists or siRNAs inhibit metastatic spread into lungs;
this anti-metastatic effect, however, is compromised by deple-
tion of natural killer cells in these mice (21,23).

CXCR3A and CXCR3B play different roles in the growth
and invasiveness of several types of cancer cells. Wu et al
has shown that overexpression of CXCR3A promotes prolif-
eration and invasiveness, while overexpression of CXCR3B
ameliorates proliferation and invasiveness, of prostate cancer
cells (17). Shen and Cao used siRNA interference to show
that proliferative and invasive abilities of prostate cancer cells
are reduced by suppressing the expression of CXCR3A and
enhanced by suppressing the expression of CXCR3B (24).

In our present study, we have shown that overexpression
of CXCR3A promoted the proliferation of HCT116 colorectal
cancer cells. In particular, the proliferation of HCT116 cells
exposed to CXCLI10 was enhanced compared with that of
untreated control HCT116-CXCR3A cells. This indicates that
CXCL10-CXCR3A signaling plays an important role in the
proliferative ability of CRC cells. Conversely, overexpression
of CXCR3B had no effect on the proliferation of HCT116
cells. These results suggest that CXCR3A, but not CXCR3B,
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Figure 3. Scratch wound healing assay examining HCT116-CXCR3A and HCT116-CXCR3B cells: (A) Upper: Scratched cell sheet at 0 h; lower: Cells treated
with CXCLI10 for 24 h. (B) The percentage of scratched area at 24 h compared with O h. The scratched area was reduced, showing enhanced invasiveness of
HCT116-CXCR3A cells compared with control cells. “P=0.013 compared with blank cells.

was responsible for CXCL10-mediated enhancement of
proliferation in CRC cells. Scratch wound healing assays
showed that recovery of the wounded area was promoted in
HCT116-CXCR3A cells compared with that in non-transfected
cells. Transwell assays showed that the number of invasive
HCT116-CXCR3A cells was increased compared to those
of blank cells. These results indicate that overexpression of
CXCR3A contributed to the proliferation and invasiveness of
HCT116 cells. These results also agree with those obtained
in previous studies analyzing carcinomas, suggesting that
CXCR3A, in conjunction with CXCLI10, plays crucial roles in
the proliferation and invasiveness of colorectal cancer cells.
Conversely, previous studies indicate that CXCR3B overex-
pression did not affect cellular invasiveness. Whereas these
previous studies indicate that CXCR3B inhibits the migration
of cancer cells, we did not observe this effect of CXCR3B on
CRC cells in our present study. This discrepancy may stem

from differences in the tumor microenvironment of different
types of cancer.

Previous studies have shown that CXCR3A induces cancer
cell proliferation and invasiveness by activating the ERK1/2
and PI3K pathway via Gai or Gaq (15,25,26). In addition,
CXCR3A promotes cancer cell invasiveness and migration
by activating Gaq. CXCR3B activates Gas by promoting
enhanced cAMP concentrations; this cascade inhibits the
migratory ability of cancer cells (17). Shen and Cao reported
that MMP activity is involved in CXCR3A signaling down-
stream of PI3K in prostate cancer (24). Zipin-Roitman et al
reported that CXCLI10 promotes the invasiveness of human
colorectal cancer cells by upregulating MMP9 expres-
sion (27). In our present study, we have shown that CRC
cells transfected with CXCR3A showed enhanced expres-
sion of MMP9. This finding agrees with results obtained in
previous studies, showing that MMPs play crucial roles in
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promoting the invasiveness and proliferation of cancer cells
via CXCR3A.

Our present study has several limitations. In this study, we
used only CXCLIO as a ligand of CXCR3 for analysis, and
did not examine the functions of CXCR3 using CXCL9 and
CXCLI11. These ligands may act differently on CXCR3 than did
CXCL10. Additionally, we used only the HCT116 line of CRC
cells for functional analysis. Therefore, our results may have
been affected by the individual characteristics of this cell line.
Future studies will need to determine the functions of CXCR3
using other ligands and different CRC lines. Furthermore,
among the molecules involved in the CXCL10-CXCR signaling
pathway in CXCR3A-transfected cells, we only examined
the expression of MMP9 mRNA. In our future studies, we
will examine the expression of other proteins, such as Gai
and ERK1/2 involved in CXCR3-mediated proliferation and
invasiveness of CRC cells. Phosphorylation of ERK1/2 should
be also investigated to clarify the effect of ERK1/2-MMP9
signals. In addition, it would be interesting to examine the roles
of CXCR3 proteins by increasing or decreasing their expres-
sion. Actually, we attempted to perform an siRNA-inhibition
experiment with the transfected cells; however, the results we
obtained were highly variable, probably due to insufficient
effect of the synthesized siRNAs. Future studies should include
such experiments with a modified experimental design.

In conclusion, our results indicate that CXCL10-induced
proliferation and invasiveness of colorectal cancer cells was
likely mediated by CXCR3A, but not by CXCR3B. Further
analysis of proteins will provide additional insights into the
molecular mechanisms involved in CRC development via
CXCR3 and CXCL pathways.
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