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Epithelial mesenchymal transition induced by the
CXCLY9/CXCR3 axis through AKT activation promotes
invasion and metastasis in tongue squamous cell carcinoma
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Abstract. The present study aimed to assess the induction
of epithelial-mesenchymal transition (EMT), invasion, and
metastasis by the chemokine CXCL9/receptor CXCR3 axis
in tongue squamous cell carcinoma (TSCC), unveiling the
underlying mechanisms and providing new insights into
the prevention and treatment of oral cancer metastasis. The
expression levels of CXCL9 and CXCR3 in TSCC tissue
specimens were determined by immunohistochemistry,
assessing differences between samples with cervical lymph
node metastasis and those without. Moreover, protein expres-
sion or activity in the TSCC Cal-27 cell line was controlled by
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neutralizing antibodies, gene transfection, or knock-out. Then,
alterations of cell proliferation, migration, invasion, and the
cytoskeleton were analyzed by CCK-8, cell scratch, Transwell,
and cytoskeleton staining assays, respectively. Alterations of
EMT markers (E-cadherin and vimentin) in Cal-27 cells were
detected by immunofluorescence and western blotting. In addi-
tion, western blotting was utilized to detect protein expression
levels of Akt2, p-Akt2, eIF4E and p-eIF4E, and to explore
the regulatory roles and mechanisms of the CXCL9/CXCR3
axis in invasion and metastasis. Significantly increased
expression levels of CXCL9 and CXCR3 were detected in
tissue specimens with lymph node metastasis compared with
those without (P<0.01). Overexpression of CXCL9/CXCR3
in Cal-27 cells resulted in cytoskeleton alterations, decreased
E-cadherin expression, increased vimentin levels, enhanced
migration and invasion (P<0.05), and increased phosphory-
lated Akt2 and elF4E levels (P<0.05). These results revealed
that in TSCC, the CXCL9/CXCR3 axis could activate the Akt
signaling pathway, with EMT and cytoskeleton rearrangement,
promoting invasion and metastasis.

Introduction

Oral cancer incidence varies from 1.06 to 1.09/100,000 cases,
and is steadily rising worldwide, with the age at onset increas-
ingly younger (1). Tongue cancer is the most common oral
malignancy (2), and more than 98% of cases are found at the
anterior lingual 2/3, mostly at the tongue base. In addition,
most cases diagnosed are squamous cell carcinoma and seldom
adenocarcinoma. Tongue cancer is usually accompanied with
early cervical lymph node metastasis, with a high incidence of
40-80% (3). A 5-year survival rate of 80% was documented for
patients with no cervical lymph node metastasis; while 30%
was found in those with metastasis (4).
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Invasion and metastasis of tongue squamous cell carcinoma
(TSCC) is a comprehensive, multistep and sequential process,
which encompasses inducible lymphogenesis and/or angiogen-
esis, dissemination of tumor cells and their intravasation into
lymph or blood vessels, and random or specific residing at the
target microvessels. This is followed by extravasation out of
vessels, proliferation and invasion into distal tissues and organs,
and finally formation of metastatic foci (5). Chemokines are
closely related to tumor invasion and metastasis. They bind to
specific tumor cell surface receptors and induce cytoskeleton
rearrangement, promoting tight attachment of tumor cells to
lymphatic endothelial cells and their directional migration (6).

Chemokines and their receptors extensively exist in a
wide range of cells, playing essential roles in embryogenesis,
hematopoiesis, HIV infection, tumor invasion, and metas-
tasis (7). Chemokines are secretory small molecule proteins
of the cytokine superfamily, with chemotactic capabili-
ties (8,9). Chemokine receptors belong to the superfamily of
G protein coupled seven transmembrane receptors (10), whose
N-terminal domains bind to specific ligands, with cytosolic
domains conjugating with G protein; phosphorylation of their
C-terminal serine/threonine residues contributes to signal
transduction. The chemokine receptor CXCR3, including
three spliced variants, termed CXCR3-A and CXCR3-B and
CXCR3-alt, which belongs to the CXC subfamily of chemo-
kine receptors, is highly expressed in colon cancer, melanoma,
B lymphoma and breast cancer cells. Its specific binding to its
ligand chemokine CXCL9 mediates the directional migration
of cancer cells, regulating cancer invasion and metastasis (11).

The chemokine CXCL9, also termed MIG, is a member
of the chemokine y-subfamily (CXC family) of proteins. The
human CXCL9 gene is located on chromosome 4q21, next to
the gene encoding CXCL10 (IFN2-y inducible 10 kDa protein,
[P210). CXCL9 is primarily induced by IFN2-y, and produced
in lymphocytes, monocytes/macrophages, and fibroblasts.
CXCR3 belongs to the CXC chemokine subfamily (12). The
human CXCR3 protein has 368 amino acids (AA) and a
molecular weight of 41 kDa (13). Its extracellular N-terminal
structural domain composed of AA 1-57 contributes to ligand
recognition and binding. Chemotaxis by CXCL9 is mainly
mediated by CXCR3, which, upon binding to CXCLD9, initiates
Src phosphorylation and activates Src kinase, concomitantly
enhancing the activities of phosphatidylinositol 3 kinase
(PI3K) and the downstream Akt (14).

In the present study, high expression levels of the chemo-
kine CXCL9 and its receptor CXCR3 were detected in TSCC
tissue samples from patients with lymph node metastasis, indi-
cating the possible involvement of the CXCL9/CXCR3 axis in
TSCC invasion and metastasis. Furthermore, CXCL9/CXCR3
was demonstrated to activate the Akt signaling pathway, which
possibly mediates epithelial-mesenchymal transition (EMT),
thus promoting TSCC invasion and metastasis.

Materials and methods

Reagents. The EnVision + HPR/DAB kit was purchased
from Shanghai Gene Technology Co., Ltd. (Shanghai, China),
and the cytokine CXCL9 from PeproTech Inc. (Rocky Hill,
NJ, USA). CXCR3 neutralizing antibodies (2.0 ug/ml;
mouse, monoclonal; cat. no. 49801) and IgG (2.0 pg/ml;

1357

mouse; cat. no. A7028) were purchased from R&D Systems
(Minneapolis, MN, USA) and Beyotime Biotechnology Co.,
Ltd. (Shanghai, China), respectively. Anti-E-cadherin (1:200;
rabbit, polyclonal; cat. no. ab53226) and anti-vimentin (1:100;
rabbit, monoclonal; cat. no. abl6700) were both purchased
from Abcam (Cambridge, UK). The phalloidin-labeled
cytoskeleton staining kit was purchased from Sigma-Aldrich
(St. Louis, MO, USA), the CCK-8 kit from Dojindo Molecular
Technologies, Inc. (Kumamoto, Japan), the plasmid extraction
kit from Qiagen GmbH (Hilden, Germany), the high efficiency
transfection (HET) kit from Shenzhen Biowit Technologies
Co., Ltd. (Shenzhen, China), and the RNA reverse transcrip-
tion kit from Thermo Fisher Scientific (Waltham, MA, USA).

EnVision immunohistochemistry. Ten normal tongue mucosa
specimens were used as negative controls. TSCC specimens
(provided by Professor Tiejun Li from Peking University
Stomatological Hospital) with pathologically definitive
diagnosis were collected from 51 cases without preoperative
treatment, averaging 22 years old, and including 30 males
and 21 females. Among them, 28 cases had lymph node
(LN) metastasis while the remaining 23 had no LN metas-
tasis. CXCL9 and CXCR3 expression levels were detected
by Envision immunohistochemistry and intracellular brown
particles reflected positive signals. The semi-quantitative addi-
tive score method was used to quantify positive staining by
counting cells in 10 high power fields randomly in every slide.
Specific criteria were: i) score based on the percentage of posi-
tive cells (0, <5%; 1, 6-25%; 2, 26-50%;, 3, 51-75%;, 4, >75%);
il) score based on signal intensity in most cells (1, slight
yellow; 2, yellow; 3, brown). The product of the score based on
the percentage of positive cells and the signal intensity score
were used as the final score: negative, score of 0 (-); slightly
positive, score of 1-4 (+); positive, score of 5-8 (++); strongly
positive, score of 9-12 (+++). Double blinded quantification of
the slides by 2 people was applied and a difference of 3 points
between values required re-examination.

Cell culture. The human TSCC cell line Cal-27 (ATCC;
Manassas, VA, USA) was cultured in high-glucose DMEM
with 10% FBS, at 37°C and 5% CO,. Cells at the logarithmic
growth phase were used for experiments.

Establishment of an hCXCR3 stable cell line. The hCXCR3
expression vector pPLVX-hCXCR3-mCMV-ZsGreen-PGK-
Puro was constructed by DNA synthesis (1107 bp) with the
following primers pLVX-hCXCR3-EcoRI-F, 5'-CCGGA
ATTCGCCACCATGGTCCTTGAGGTGAGTGACCACC
AAG-3'"; pLVX-hCXCR3-BamHI-R, 5-CGCGGATCCTCA
CAAGCCCGAGTAGGAGGCCTCTGAG-3'. Prior to large
volume plasmid extraction, the vector was characterized by
enzymatic digestion and sequencing. The lentivirus was pack-
aged by infecting 293T cells and concentrated. Following
purification, Cal-27 cells were infected with the lentivirus
under selection by puromycin.

Establishment of an hCXCR3 shRNA stable cell line in the
Cal-27 background. The shCXCR3 (pLVX-ShRNA-puro-
hCXCR3) expression vector was constructed by DNA synthesis
with the following primers: hCXCR3-F, 5'-GATCCGCCTACT



1358

GCTATGCCCACATCTTCAAGAGAGATGTGGGCATAG
CAGTAGGCTTTTTTCTCGAGG-3'; hCXCR3-R, 5-AATT
CCTCGAGAAAAAAGCCTACTGCTATGCCCACATCTC
TCTTGAAGATGTGGGCATAGCAGTAGGCG-3'.

Cell proliferation assay. Cells at the log-phase were trypsin-
ized, seeded in 96-well plates at a density of 1.2x10* cells/ml
in 100 ul, and cultured overnight at 37°C. Then, the culture
medium was aspirated, and supplemented with 100 pl of
CXCLO9 protein, CXCR3 neutralizing antibodies (2.0 ug/ml),
and IgG (2.0 pug/ml) for 24 h, respectively, followed by the
addition of 10 ul of CCK-8 reagent for 3 h. The absorbance at
450 nm was assessed on a microplate reader. Each experiment
was repeated 3 times.

Scratch assay. Cells at the log-phase were seeded in 6-well
plates at a density of 5x10° cells/well. At a confluency of 95%,
0.5 ml of CXCL9, CXCR3 neutralizing antibodies (2.0 ug/ml)
and IgG (2.0 ug/ml) were added for 3 h. Then, the cell mono-
layer was scratched with a 200-ul pipette tip. Detached or dead
cells were washed out with PBS, and serum-free culture media
were added. A total of 3 fields/group were photographed under
a fluorescence microscope at 12, 24, and 48 h, respectively.
Cell migration rates were calculated with ImageJ software 6.0
and each experiment was repeated three times.

Cell invasion assay. Transwell chambers were used for cell
invasion assays. The upper chambers were seeded with 0.5 ml
of Cal-27 cells in high-glucose complete medium, with the
lower chambers filled with 0.7 ml of high-glucose complete
culture medium. For each group, three different interventions
were applied: i) the lower chamber was supplemented with
100 nM CXCL9; ii) the upper chamber was supplemented
with 2 yg/ml CXCR3 neutralizing antibodies in combination
with 100 nM CXCLO9 protein in the lower chamber; and iii) the
upper chamber was supplemented with 2 pg/ml IgG combined
with 100 nM CXCL9 in the lower chamber. After 24 h, the
membranes were separated, stained, sealed, and assessed for
invasive cells under a microscope. Every experiment was
repeated 3 times.

Cytoskeleton staining. Cells under routine culture were supple-
mented with 1 ml of the CXCL9 protein, CXCR3 neutralizing
antibodies (2.0 yg/ml), and IgG (2.0 ug/ml), followed by 4%
paraformaldehyde fixation for 48 h. Then, 0.5 ml of 40 pg/ml
phalloidin-rhodamine solution was added for 60 min in the
dark in a humid box at room temperature, and sealed before
analysis by fluorescence microscopy. Edge aggregation of
F-actin was assessed in Cal-27 cells.

Cell immunofluorescence staining. Cultured cells were fixed
in paraformaldehyde at 4°C, permeabilized with 0.1% Triton
X-100, blocked with 10% goat serum, and incubated with
anti-E-cadherin (1:200; rabbit, polyclonal; cat. no. ab53226)
or anti-vimentin (1:100; rabbit, monoclonal; cat. no. ab16700,
both from Abcam) primary antibodies overnight at 4°C in
the dark, in a humid box. This was followed by incubation
with fluorescence-labeled secondary antibody (2 pg/ml, goat
anti-rabbit IgG (H+L); antibody, cat. no. A11012; Thermo
Fisher Scientific) in a shaker incubator. Counterstaining was
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performed with 100 xg/ml DAPI before analysis by fluores-
cence microscopy.

Western blotting. Cal-27 cells were lysed on ice with lysis
buffer. Proteins in whole cell lysates were separated by
SDS-PAGE, electrically transferred onto Immobilon-P
membranes, incubated with primary antibodies anti-Akt2
(1:500; rabbit, polyclonal; cat. no. ab8805), anti-p-Akt (1:500;
rabbit, polyclonal; cat. no. ab38513), anti-eIF4E (1:500; rabbit,
monoclonal; cat. no. ab33766), anti-p-eIF4E (1:1,000; rabbit,
monoclonal; cat. no. ab76256; all from Abcam) overnight at
4°C, followed by 1 h of incubation with a horseradish peroxidase
(HRP)-labeled secondary antibody (1:3,000; goat anti-rabbit
IgG-HRP; cat. no. sc2004; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) at room temperature before chemi-
luminescence detection (Western Chemiluminescent HRP
substrate; Millipore, Billerica, MA, USA).

Statistical analysis. The Wilcoxon non-parametric test was
applied to assess intergroup differences for enumeration data.
One-way ANOVA was used for measurement data; intergroup
differences were analyzed using the LSD-t method. P<0.05
indicated a statistically significant difference.

Results

CXCL9 and CXCR3 levels are higher in TSCC with LN
metastasis than in normal tissues or TSCC without LN metas-
tasis. In tongue mucosa epithelial tissue specimens from the
10 normal cases, no CXCLO9-positive cells were detected, i.e.,
CXCL9 (-). In addition, CXCR3-positive cells were observed
in individual specimens, and positive cells were limited and
primarily located in the basal layer, i.e., CXCR3 (-) (Fig. 1A
and B). Of the 51 TSCC specimens, 24 (47.06%) were CXCL9
(), 10 (19.60%) CXCL9 (+), 10 (19.60%) CXCL9 (++), and
7 (13.73%) CXCL9 (+++). The 23 TSCC specimens without
cervical LN metastasis were mostly CXCL9 (-)/(+), while the
20 out of 28 with cervical LN metastasis were CXCL9 (+) to
(+++). Statistical analysis revealed significantly higher CXCL9
expression in TSCC with cervical LN metastasis compared
with those without metastasis (P<0.01) as assessed by the
Wilcoxon non-parametric test (Z= -2.68, p=0.0074) (Fig. 1C).
Of the 51 TSCC specimens, 10 (19.61%) were CXCR3
(), 8 (15.69%) CXCR3 (+), 15 (29.41%) CXCR3 (++), and 18
(35.29%) CXCR3 (+++). The 23 TSCC without cervical LN
metastasis were mostly CXCR3 (-) to (+), while the 28 with
cervical LN metastasis were mostly CXCR3 (++) to (+++); a
statistically significant difference (P<0.01) in CXCR3 expres-
sion in the LN metastasis group was reflected in the Wilcoxon
nonparametric test (Z= -2.66, P=0.0079) (Fig. 1C).

The CXCL9/CXCR3 axis does not promote proliferation in
Cal-27 cells. The hCXCR3 and shCXCR3 expression vectors
were constructed (Fig. 2A and B). Cal-27 cells were seeded in
96-well plates and incubated with CXCL9 at 0, 50, 100, and
150 nM, respectively, for 24 h, followed by 3 h of incubation
with CCK-8 reagent at room temperature before absorbance
assessment at 450 nm. Compared with the control group, no
statistical difference (P>0.05) was detected in terms of cell
proliferation (Fig. 2C).
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Figure 1. CXCL9 and CXCR3 expression levels in tongue tissue as assessed by immunocytochemical staining (magnification, x100) (normal, and non-lymph
node and lymph node metastatic squamous carcinoma tongue tissues). (A) CXCL9 ratings were (-), (+), and (+++), respectively. (B) CXCR3 ratings were (-), (+),
and (+++), respectively. (C) Differences in CXCL9/CXCR3 were obtained between non-lymph node and lymph node metastasis tongue squamous carcinoma

tissues (P<0.05).

CXCR3 neutralizing antibodies did not promote Cal-27 cell
proliferation. Cells treated for 24 h with 100 nM CXCL9 and
CXCR3 neutralizing antibodies (2.0 pg/ml) or IgG (2.0 ug/ml)
exhibited no statistically significant differences (P>0.05) in
proliferation (Fig. 2C).

CXCR3 overexpression did not affect Cal-27 cell prolif-
eration. Cal-27-GFP and Cal-27-CXCR3 cells were incubated
for 24 h with 100 nM CXCLD9, followed by 3 h of incubation
with CCK-8 reagent at room temperature before absorbance
assessment at 450 nm. Compared with the control group, cell
proliferation exhibited no statistically significant difference
(P>0.05) (Fig. 2C).

Low CXCR3 expression was not related to Cal-27 cell
proliferation. Cal-27-shRNA-scramble and Cal-27-shRNA-
hCXCR3 transfected cells were treated for 24 h with 100 nM
CXCLY, followed by 3 h of incubation with CCK-8 reagent at
room temperature before absorbance assessment at 450 nm.
Compared with the control group, cell proliferation exhibited
no statistically significant difference (P>0.05) (Fig. 2C). The
aforementioned data indicated that CXCL9 did not promote
Cal-27 cell proliferation.

The CXCL9/CXCR3 axis promotes migration in Cal-27 cells.
Cal-27 cells seeded in 6-well plates were cultured for 3 h with
CXCL9 at 0, 50, 100 and 150 nM, respectively; then the cell
monolayer was scratched. After 0, 12, 24 and 48 h of incuba-
tion, respectively, the samples were imaged, and migration
areas were determined. Compared with the control group,
a higher migration rate of Cal-27 cells was observed after
treatment with various concentrations of CXCL9 (except for
0 and 50 nM after 12 h), with statistical significance (P<0.05)
(Fig. 3A). Compared with the CXCL9 group, 100 nM CXCL9
administered in combination with CXCR3 neutralizing anti-
bodies (2.0 pg/ml) and IgG (2.0 ug/ml) resulted in significantly
decreased migration at 48 h, from 93.7+6.13% to 83.8+3.40%
(P<0.05) (Fig. 3B).

CXCR3 overexpression enhanced CXCL9-stimulating
effectsonCal-27 cellmigration.Cal-27-GFPand Cal-27-CXCR3
cells were treated for 3 h with 100 nM CXCLJ9, followed by
scratching. The samples were imaged at 0, 12, 24 and 48 h,
respectively, to evaluate the migration areas. Compared with
the control group, treatment resulted in significantly increased
migration areas (P<0.05) (Fig. 3C).
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Figure 2. The CXCL9/CXCR3 axis does not promote Cal-27 cell proliferation. (A) Western blotting confirmed that Cal-27 cells were transfected with shRNA-
hCXCR3 to inhibit CXCR3 expression (P<0.05). (B) CXCR3 overexpression in Cal-27 cells transfected with hCXCR3 as assayed by western blotting (P<0.05).
(C) The CCK-8 assay revealed that the CXCL9/CXCR3 axis did not promote Cal-27 cell proliferation with CXCL9 (0, 50, 100 and 150 nM), CXCR3 neutral-

izing antibodies, and after transfection with CXCR3 or shCXCR3.

Low CXCR3 expression attenuated the effect of CXCL9
on Cal-27 cell migration. Cal-27-shRNA-Scramble and
Cal-27-shRNA-hCXCR3 cells were scratched and imaged at
0, 12, 24, and 48 h of culture, respectively. Compared with
the control group, silencing of CXCR3 resulted in significantly
reduced migration areas (P<0.05) (Fig. 3D). These results
revealed that CXCL9 promoted Cal-27 migration, an effect
closely related to its receptor CXCR3.

The CXCL9/CXCR3 axis promotes invasion in Cal-27
cells. CXCR3 expressing Cal-27 cells seeded in invasion

chambers were cultured for 24 h with 100 nM CXCL9 in
combination with CXCR3 neutralizing antibodies (2.0 ug/ml)
or IgG (2.0 pug/ml). After staining with 0.1% crystal violet,
the specimens were imaged. Compared with the control
group, a significant increase in the number of invasive cells
was observed (P<0.05). Compared with the CXCL9 group,
treatment with CXCL9 and CXCR3 neutralizing antibodies
resulted in significantly reduced cell invasion (P<0.05)
(Fig. 4A).

CXCR3 overexpression positively regulated the inducive
effect of CXCL9 on invasion in Cal-27 cells. Cal-27-GFP and
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Figure 3. The CXCL9/CXCR3 axis promotes Cal-27 cell migration. (A) Cal-27 cell migration was accelerated by CXCL9 (P<0.05). (B) CXCL9 increased
Cal-27 cell migration, which was inhibited by CXCR3 neutralizing antibodies (P<0.05). (C) Migration of Cal-27-hCXCR3 cells was enhanced compared
with that of Cal-27-GFP cells (treated with/without CXCL9) (P<0.05). (D) Mobility of Cal-27-shRNA-hCXCR3 cells was decreased compared with that of

Cal-27-shRNA-Scramble cells treated with CXCL9 or without (P<0.05).

Cal-27-CXCR3 cells were seeded in invasion chambers and
treated for 24 h with 100 nM CXCLD9, followed by staining
with 0.1% crystal violet. Compared with the control group,
a significant increase in the number of invasive cells was
observed (P<0.05) (Fig. 4B).

Low CXCR3 expression inhibited the inducive effect of
CXCL9 on invasion in Cal-27 cells. Cal-27-shRNA-Scramble
and Cal-27-shRNA-hCXCR3 cells were seeded in invasion
chambers, and treated for 24 h with 100 nM CXCL9, followed
by staining with 0.1% crystal violet and imaging. Compared
with the control group, a significant decrease in the number of
invasive cells was observed (P<0.05) (Fig. 4C). In summary,
CXCL9 enhanced the invasive capability of Cal-27 cells, an
effect closely related to its receptor CXCR3.

The mix/CXCR3 axis modifies the Cal-27 cytoskeleton.
Routinely cultured Cal-27 cells were coated on slides, and
incubated for 48 h with 100 nM CXCL9, CXCR3 neutralizing
antibodies (2.0 yg/ml) and IgG (2.0 pg/ml), and incubated with
phalloidin-rhodamine for 60 min before imaging. Compared
with the control group, edge aggregation of F-actin, specifi-
cally binding to phalloidin-rhodamine, was evident. Compared
with the CXCL9 group, addition of CXCR3 neutralizing
antibodies led to significantly decreased edge aggregation of
F-actin (Fig. 5A).

CXCR3 overexpression enhanced the inducive effect
of CXCL9 on edge aggregation of F-actin. Cal-27-GFP and
Cal-27-CXCR3 cells were coated on slides and cultured
routinely for 48 h with CXCL9. After blocking with 1%
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Figure 4. CXCL9/CXCR3 promotes Cal-27 cell invasion. (A) CXCL9 enhanced the infiltrative capability of Cal-27 cells in a cell invasion assay (staining with
0.1% crystal violet), while CXCR3 neutralizing antibodies attenuated this effect. (B) Infiltration of Cal-27-hCXCR3 cells was enhanced compared with that of
Cal-27-GFP cells (both treated with CXCL9). (C) Invasion of Cal-27-shRNA-hCXCR3 cells was decreased compared with that of Cal-27-shRNA-Scramble
treated with CXCL9 (both treated with CXCL9). Test results are shown on the right (P<0.05).

BSA, incubation was performed with rhodamine-labeled
phalloidin for 60 min before imaging. Compared with the
Cal-27-GFP group, edge aggregation of F-actin was improved
in Cal-27-CXCR3 cells (Fig. 5B).

Reduced CXCR3 expression attenuated the inducive
effect of CXCL9 on edge aggregation of F-actin in Cal-27
cells. Cal-27-shRNA-Scramble and Cal-27-shRNA-hCXCR3
cells were seeded on slides and cultured routinely for 48 h
with CXCL9. After blocking with 1% BSA, incubation was
performed with 40 ug/ml rhodamine-labeled phalloidin
for 60 min before imaging. Compared with the shRNA-
Scramble group, edge aggregation of F-actin was reduced
in Cal-27-shRNA-hCXCR3 cells (Fig. 5C). Overall, CXCL9
enhanced the edge aggregation of F-actin in Cal-27 cells, an
effect closely related to its receptor.

The CXCL9/CXCR3 axis induces EMT in Cal-27 cells. Cal-27
cells from the test and control groups were coated on slides and
cultured routinely. Both groups underwent the same process,
except for 24-h treatment with 100 nM CXCL9 in the test
group. Cells were fixed with paraformaldehyde, permeabilized
for 20 min with 0.1% Triton X-100, blocked for 2 h in goat
serum, and incubated with anti-E-cadherin or anti-vimentin

primary antibodies, followed by rhodamine-labeled secondary
antibodies and DAPI staining before imaging. Compared with
the control group, E-cadherin expression in Cal-27 cells was
significantly reduced in the CXCL9 group while vimentin
levels were increased. Compared with the CXCL9 group,
addition of CXCR3 neutralizing antibodies attenuated the
reduction of E-cadherin expression as well as vimentin level
increase. For western blotting, Cal-27 cells from the CXCL9
and control groups were lysed, and proteins in the resulting
lysates were separated by SDS-PAGE and electrophoretically
transferred onto Immobilon-P membranes. The membranes
were then incubated with primary antibodies (anti-E-cadherin
and anti-vimentin) overnight at 4°C, followed by 1 h of
incubation with HRP-labeled secondary antibodies at room
temperature before chemiluminescent detection. The results
were consistent with the aforementioned immunofluorescence
findings (Fig. 6A and D).

CXCR3 overexpression enhanced the inducive effect of
CXCL9 on expression increase of vimentin and E-cadherin
level decrease in Cal-27 cells. Cal-27-GFP and Cal-27-CXCR3
cells were treated for 24 h with 100 nM CXCLD9, fixed with
paraformaldehyde and permeabilized for 20 min with 0.1%
Triton X-100. After blocking for 2 h in goat serum, the
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Figure 5. The mix/CXCR3 axis modifies the cytoskeleton in Cal-27 cells. (A) Edge aggregation of F-actin in Cal-27 cells was increased by CXCL9. CXCR3
neutralizing antibodies significantly attenuated such alterations. (B) Aggregation of F-actin in Cal-27-hCXCR3 cells was enhanced (treated with/without
CXCLY). (C) Aggregation of F-actin in Cal-27-shRNA-hCXCR3 cells was decreased (treated with/without CXCL9).

samples were sequentially incubated with primary antibodies
(anti-E-cadherin or anti-vimentin) and rhodamine-labeled
secondary antibodies, followed by DAPI counterstaining
before imaging. Compared with the control group, E-cadherin
expression in Cal-27 cells was reduced significantly whereas
vimentin levels were enhanced. For western blotting,
Cal-27-GFP and Cal-27-CXCR3 cells from the CXCL9 and
control groups were lysed. Proteins in whole cell lysates were
separated by SDS-PAGE, and electrophoretically transferred
onto Immobilon-P membranes. The latter were incubated with
primary antibodies (anti-E-cadherin and anti-vimentin) over-
night at 4°C, followed by 1 h of incubation with HRP-labeled

secondary antibodies at room temperature before chemilu-
minescent detection. The results were consistent with the
immunofluorescence findings (Fig. 6B and D).

Silencing of CXCR3 attenuated the inducive effect of
CXCL9 on E-cadherin level reduction and vimentin expres-
sion increase in Cal-27 cells. Cal-27-shRNA-Scramble and
Cal-27-shRNA-hCXCR3 cells were treated for 24 h with
100 nM CXCL9. After sequential incubation with primary
antibodies (anti-E-cadherin or anti-vimentin) and rhodamine-
labeled secondary antibodies, the samples were treated with
DAPI before imaging. Compared with the Scramble group,
CXCR3 silencing did not result in E-cadherin reduction in
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Figure 6. The CXCL9/CXCR3 axis induces EMT in Cal-27 cells. (A) Immunofluorescence of E-cadherin and vimentin in Cal-27 cells with CXCL9 alone or
in combination with CXCR3 neutralizing antibodies. E-cadherin expression in Cal-27 cells was significantly reduced in the CXCL9 group while vimentin was
increased. CXCR3 neutralizing antibodies attenuated such alterations. (B) Compared with the Cal-27-GFP group, E-cadherin levels were significantly reduced
while vimentin was increased in the Cal-27-hCXCR3 group treated with CXCL9. (C) Compared with the Cal-27-shRNA-Scramble group, the expression level
of vimentin was lower in the Cal-27-shRNA-hCXCR3 group while the level of E-cadherin exhibited no obvious change. (D) Western blotting of vimentin
and E-cadherin protein levels in Cal-27 cells (CXCR3 neutralizing antibodies, CXCR3 overexpression, or CXCR3 knockdown) after treatment with CXCL9.
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Figure 7. The CXCL9/CXCR3 axis activates Akt signaling in Cal-27 cells. (A) Western blotting of Akt2/p-Akt2 and elF4E/p-eIF4E protein expression levels
in Cal-27 cells treated with 100 nM CXCL9 (10, 30 and 60 min), with $-actin used as the loading control. (B) Protein expression levels of Akt2/p-Akt2 and
elFAE/p-elF4E in Cal-27 cells treated with CXCL9 and CXCR3 neutralizing antibodies (2.0 yg/ml) or without; IgG (2.0 ug/ml) was used as a negative control.
(C and D) CXCR3 overexpression enhanced the inducive effect of CXCL9 on p-Akt2 and p-eIF4E expression in Cal-27 cells. Conversely, silencing of CXCR3

decreased such effect.

Cal-27 cells but it did decrease the expression level of vimentin.
For western blotting, Cal-27-shRNA-Scramble and Cal-27-
shRNA-hCXCR3 cells of the CXCL9 and control groups were
lysed. Proteins in whole cell lysates were then separated by
SDS-PAGE and electrophoretically transferred onto
Immobilon-P membranes. This was followed by sequential
incubation with primary antibodies (anti-E-cadherin or
vimentin) overnight at 4°C, and HRP-labeled secondary anti-
bodies at room temperature 1 h before chemiluminescent
detection. The results were consistent with the immunofluores-
cence findings (Fig. 6C and D). Hence, in Cal-27 cells, CXCL9

downregulated E-cadherin, an epithelial cell marker, while
concomitantly upregulating vimentin, a mesenchymal marker,
an activity closely related to its receptor CXCR3.

The CXCL9/CXCR3 axis activates Akt signaling in Cal-27
cells. To further explore how the CXCL9/CXCR3 axis
induces EMT in Cal-27, we treated Cal-27 cells with 100 nM
CXCL9, and whole cell total protein was extracted at 10, 30,
and 60 min, respectively, for western blotting. The results
indicated an induction of phosphorylated Akt2 and eIF4E by
CXCL9, which peaked at 30 min, with statistically significant
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differences (P<0.05) (Fig. 7A). According to the aforemen-
tioned findings, the cells were incubated with 100 nM CXCLD9,
CXCR3 neutralizing antibodies (2.0 pg/ml) and IgG
(2.0 pg/ml). Compared with the CXCL9 group, addition of
CXCR3 neutralizing antibodies resulted in decreased relative
amounts of p-Akt2 (from 6.28+0.39 to 5.01+£0.07) and p-eIF4E
(from 2.44+0.21 to 1.42+0.16), with statistically significant
differences (P<0.05) (Fig. 7B).

Moreover, CXCR3 overexpression enhanced the inducive
effect of CXCL9 on p-Akt2 and p-eIF4E in Cal-27 cells.
Cal-27-GFP and Cal-27-CXCR3 cells were stimulated for
30 min with 100 nM CXCL9, and total cell protein was
extracted for western blotting. Compared with the control
group, relative amounts of p-Akt2 in Cal-27-CXCR3 cells were
significantly increased, from 1.11+£0.12 to 1.46+0.06, as well as
p-elF4E, from 0.73+0.11 to 1.11+0.09 (P<0.05) (Fig. 7C).

Silencing of CXCR3 attenuated the inducive effect of
CXCL9 on p-Akt2 and p-elF4E in Cal-27 cells. Cal-27-
shRNA-Scramble and Cal-27-shRNA-hCXCR3 cells were
stimulated for 30 min with 100 nM CXCL9, and total cell
protein was extracted for western blotting. Relative amounts of
p-Akt2 were decreased from 2.48+0.14 in the control group to
1.55+0.10 in the interference group, as well as relative p-eIF4E,
from 0.32+0.03 to 0.12+0.02, with statistically significant
intergroup differences (P<0.05) (Fig. 7D). In summary, the
CXCLY9/CXCR3 axis upregulated the phosphorylated forms of
Akt2 and eIF4E in Cal-27 cells.

Discussion

TSCC invasion and metastasis is a comprehensive, multi-
factorial, consecutive, and multistep biological process. The
underlying molecular mechanisms remain incompletely
understood. However, the critical roles of chemokines in
tumor progression are increasingly recognized along with
the association of inflammation with tumors. In the tumor
microenvironment, paracrine or autocrine chemokines bind
to their cognate receptors on the tumor cell surface, induce
cytoskeleton rearrangement, and facilitate tight attachment
of tumor cells to lymphatic endothelial cells, promoting
directional migration (14). The cytoskeleton is highly
flexible and restructurable, mainly involving the balance
between aggregation and dispersion of cellular F-actin,
as the prerequisite for cell movement and migration (15).
EMT as cytoskeleton reconstruction, is the primary factor
promoting invasion and metastasis in the tumor microen-
vironment (16). Occurrence of EMT involves alterations of
multiple biological behaviors, including the downregulation
of the epithelial marker E-cadherin, upregulation of the
mesenchymal marker vimentin, and cytoskeleton rearrange-
ment (17,18). Ploenes et al (19) revealed that the chemokine
CCLI18 promoted invasion and metastasis via EMT in the lung
cancer A549 cell line. Another study reported that SDF-1,
upon specific binding to its receptor CXCR4, enhanced
pancreatic cancer metastasis via EMT (20). Protein levels
of the chemokine CXCL9 secreted by carcinoma-associated
fibroblasts (CAFs) was significantly higher in TSCC than
those of fibroblasts in the normal oral mucosa; meanwhile,
the chemokine CXCL9 and its receptor CXCR3 were highly
expressed in TSCC tissues, and correlated with cervical LN
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metastasis (21), suggesting a critical role for CXCL9 and
its receptor CXCR3 in tumor invasion and metastasis. The
underlying mechanisms remain unknown.

CXCRS3 is highly expressed in a wide range of poorly
differentiated neoplasms and malignant cells (22-26),
including prostate cancer, lung cancer, breast cancer and
melanoma, and mediates tumor cell migration and invasion
through interaction with its ligand CXCL9 (27). The current
study detected high CXCR3 and CXCL9 levels in TSCC
tissues, and significant expression differences due to cervical
LN metastasis. Moreover, CXCL9 promoted cell migration
and invasion in Cal-27 cells. To assess whether the effect of
CXCL9 on the tumor Cal-27 cell line was mediated by its
receptor CXCR3, CXCR3-overexpressing Cal-27 cells were
incubated with CXCL9, and improved migration and inva-
sion was observed. To further confirm the regulatory effect
of CXCR3 on Cal-27 cell invasion and metastasis, CXCR3-
knockdown Cal-27 cells were treated with CXCL9, and a
reduction at 48 h of the migration rate was observed, from
87.2+5.23% in controls to 69.4+7.56% in the interference
group, with a reduction of invasive cells from 98.25+3.90 to
21.25+2.78, indicating a close correlation between CXCL9
and its receptor CXCR3 in tumor cell migration and invasion,
as well as the involvement of the CXCL9/CXCR3 axis in the
regulation of tumor cell migration and invasion. Tumor cell
migration and invasion is the initial stage of distal metastasis.
Ohshima et al (28) demonstrated high CXCR3 expression in
gastric cancer with LN metastasis, indicating the possibility
that CXCR3 promotes LN metastasis. In a metastatic lymph
node melanoma model, Kawada et al (29) detected consecu-
tive expression of CXCR3 in the melanoma B16F10 cell line,
and the addition of the ligand CXCL9, CXCL10 or CXCLI11
resulted in significantly enhanced cell invasion capability.

In order to explore the specific molecular mechanisms of
the CXCL9/CXCR3 axis in inducing TSCC cell migration and
invasion, Cal-27 cells were stimulated by CXCL9, followed
by staining with rhodamine-labeled phalloidin. As previously
revealed, CXCL9 stimulation resulted in edge aggregation of
F-actin and cytoskeleton rearrangement. The cytoskeleton is
highly flexible and restructurable, mainly involving the balance
between the aggregation and dispersion of cellular F-actin,
which is the prerequisite for cell movement and migration.
Addition of CXCL9 to CXCR3-overexpressing Cal-27 cells
led to increased edge aggregation of F-actin and cytoskeleton
rearrangement. This effect was not induced by CXCL9 in the
CXCR3-knockdown Cal-27 cell line, reflecting the close rela-
tionship between CXCL9 and its receptor CXCR3 in tumor
cytoskeleton rearrangement, as well as the involvement of
CXCL9/CXCR3 in the alteration of the TSCC cytoskeleton.
These data corroborated previous findings demonstrating that
CXCLI12/CXCR4 mediates cytoskeleton rearrangement in
intestinal epithelial cells. Cadherin transition is believed to
play an important role in tumor cell EMT and cell movement.
In malignant tumors, especially those poorly differentiated
or metastatic, the epithelial marker E-cadherin is markedly
downregulated while the mesenchymal marker vimentin is
upregulated. The phenotype transition causes loss of intercel-
lular junction in tumor cells, and hence promotes invasion. In
the current study, immunofluorescence and western blotting
indicated that CXCL9 promoted E-cadherin downregulation
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in Cal-27 cells as well as vimentin upregulation. Concomitant
addition of CXCL9 to CXCR3-overexpressing Cal-27 cells
resulted in significantly reduced E-cadherin and increased
vimentin, while no obvious expression changes of the two
markers were observed in CXCR3-knockdown Cal-27 cells
following CXCL9 treatment, suggesting that the regulatory
effect of CXCL9 on EMT phenotype is closely related to its
receptor CXCR3, with the CXCL9/CXCR3 axis mediating
EMT occurrence in TSCC.

In agreement with Li er al (30) who demonstrated that the
chemokine CXCL12/CXCR3 axis modulated EMT in liver
cancer, the present study revealed the CXCL9/CXCR3 axis
mediated EMT in TSCC. Binding of CXCL9 with CXCR3
likely activated the tumor cytosolic Akt signaling pathway, and
induced EMT and cytoskeleton rearrangement, hence medi-
ating tumor invasion and metastasis. We stimulated Cal-27 cells
with 100 nM CXCLD9, and extracted total protein for western
blot at 10, 30 and 60 min, respectively. As previously revealed,
Akt2 and eIF4E phosphorylation was observed, peaking
at 30 min of treatment, corroborating Andersson et al and
Zhang et al (31,32). To explore the association of Akt signaling
with CXCR function, CXCR3 neutralizing antibodies were
applied to block CXCR3 activation. Notably, antibody addition
decreased phosphorylated Akt2 levels (P<0.05), indicating that
Akt2 may be downstream of CXCR3. Moreover, a CXCR3-
overexpressing cell line was established to explore whether
CXCR3 modulated biological behaviors in TSCC cells via
the Akt signaling pathway. Addition of CXCL9 to these cells
resulted in increased p-Akt-2, with higher relative amounts
from 0.73+0.11 to 1.11+£0.09. To further assess the effect of
CXCR3 on the Akt signaling pathway, a CXCR3-knockdown
tumor cell line was generated.

As previously revealed, silencing of CXCR3 resulted
in reduced phosphorylated levels of Akt2, indicating that
CXCL9/CXCR3 likely regulated Cal-27 cell migration, inva-
sion and EMT via Akt2 signaling. Prior studies revealed
close associations of aberrant Akt2 phosphorylation with
tumor proliferation, progression, invasion and metastasis (33),
and considered Akt2 the main connection between CXCR3
and its downstream molecules. Ma et al (26) revealed close
associations of CXCR3 with the G protein subunits Gai and
Gagq, with G protein being the key molecule in Akt activa-
tion. In glioma cells, via the Gaq subunit, CXCR3 activated
PI3K/Akt to increase intracellular calcium ion levels, thus
promoting cell proliferation and chemotaxis (34). In addition,
the chemokine receptor CXCR3 modulated cell migration
and angiogenesis via Akt (35). A study by Guan et al hinted
that CXCR3 regulated osteocarcinoma-related pain via the
PI3K/Akt pathway (36).

elF4E is highly expressed in most human malignancies
and positively correlated to tumor invasion and metastasis.
Sunavala-Dossabhoy er al (37) reported high expression of
elF4E in head and neck squamous cell carcinoma (HNSCC),
with no overexpression in normal tissues and benign
neoplasms, suggesting an essential role for eIF4E in the entire
process of tumor development. As a downstream effector
molecule of Akt signaling, eIF4E phosphorylation is the
main initiator of related biological functions. In the current
study, stimulation of TSCC cells with CXCL9 induced eIF4E
phosphorylation in Cal-27 cells, while addition of CXCR3
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neutralizing antibodies resulted in reduced eIF4E levels
by blocking CXCR3 activity. Moreover, stimulation of the
CXCR3-overexpressing cell line with CXCL9 enhanced
elF4E phosphorylation. To further evaluate the regulatory
effect of CXCR3 on elF4E phosphorylation, a CXCR3-
knockdown Cal-27 cell line was established. As previously
revealed, CXCR3 knockdown attenuated the inducive effect
of CXCL9 on eIF4E phosphorylation, indicating a close
relationship between CXCL9 and its receptor CXCR3 in
the regulation of eIF4E phosphorylation in tumor cells. As
a survival promoting signal, eIF4E alters the transcription
levels of malignant neoplasm-related mRNAs in various
processes, including cell mitosis, oncogene activation, auto-
crine improvement, cell survival, apoptosis resistance, and
communication with the extracellular environment (38).

In summary, the CXCL9/CXCR3 axis is capable of
activating Akt signaling in TSCC cells, inducing EMT and
cytoskeleton rearrangement, and promoting cancer cell inva-
sion and metastasis.

Three spliced isoforms of CXCR3 receptors has been
described, including CXCR3-A (classic CXCR3), CXCR3-B
and CXCR3-alt. CXCR3-A is known as a pro-tumor receptor
whereas CXCR3-B exhibits antitumor properties (39).
Meanwhile, CXCR3 splice variants and its ligands (CXCL9,
CXCL10, CXCLI11) can activate different signaling pathways
in different diseases (40). In the present study, we focused
on the mechanisms of the CXCL9/CXCR3 axis promoting
invasion and metastasis in tongue squamous cell carcinoma.
Notably, the investigation of the functions of other CXCR3
variants and their different ligands in the development and
progression of TSCC are warranted in a future study.

The chemokine CXCL9 and its receptor CXCR3 are closely
related to migration and invasion in TSCC cells, possibly via
ligand binding with its receptor, activating cytosolic Akt
signaling, and inducing EMT and skeleton rearrangement,
thus mediating tumor cell invasion and metastasis. The present
study provided new insights into the role of the CXCL9/CXCR3
axis in inducing cell EMT as well as invasion and metastasis
regulation in TSCC. In addition, we elucidated the molecular
mechanism of tumor cell invasion and metastasis in relation to
chemokines, providing a new basis for clinical prevention and
treatment in oral cancer.
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