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Enhanced CXCL12/CXCR4 signaling increases tumor
progression in radiation-resistant pancreatic cancer
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Abstract. Pancreatic cancer (PaCa) exhibits one of the
poorest prognoses among all gastrointestinal cancers due
to the rapid development of treatment resistance, which
renders chemotherapy and radiotherapy no longer effective.
However, the mechanisms through which PaCa becomes
resistant to radiotherapy are unknown. Here, we established
radiation-resistant PaCa cell lines to investigate the factors
involved in radiation resistance. The role of the C-X-C motif
chemokine ligand 12 (CXCL12)/C-X-C chemokine receptor
type 4 (CXCR4) axis in radiation resistance in PaCa and the
effects of a CXCR4 antagonist on radiation-resistant PaCa cell
lines were investigated. As confirmed by immunofluorescence
staining, reverse transcription quantitative polymerase chain
reaction, and western blotting, the expression of CXCR4
was higher in radiation-resistant PaCa cell lines than that
noted in normal PaCa cell lines. The invasion ability of
radiation-resistant PaCa cell lines was greater than that of
normal cell lines and was enhanced by CXCL12 treatment and
coculture with fibroblasts; this enhanced invasion ability was
suppressed by the CXCR4 antagonist AMDO070. Irradiation
after treatment with the CXCR4 antagonist suppressed the
colonization of radiation-resistant PaCa cell lines. In conclu-
sion, the CXCL12/CXCR4 axis may be involved in the
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radiation resistance of PaCa. These findings may facilitate the
development of novel treatments for PaCa.

Introduction

Pancreatic cancer (PaCa) has one of the poorest prognoses
among all gastrointestinal cancers and is the third leading
cause of cancer-related death in the US (1). In recent years,
new chemotherapy regimens, such as FOLFIRINOX and
nab-paclitaxel plus gemcitabine, and new radiotherapy
modalities, such as stereotactic body radiotherapy, intensity
modulated radiotherapy, and carbon-ion radiotherapy, have
been introduced (2-6). However, the 5-year survival rate of
patients with PaCa is still very low, at 8.5-9% (1,7). Because
the number of patients with PaCa is expected to increase (8),
there is an urgent need to develop new treatment methods.

One of the main reasons for the increase in PaCa malignancy
is its high local invasion capacity. The most effective treatment
for PaCa is curative surgery (9,10), yet many PaCa cases are
judged unresectable at diagnosis (11). The combination of
chemotherapy and radiotherapy for treating locally advanced
PaCa has been reported to prolong overall survival (12);
however, these approaches are often not sufficiently effective
because PaCa quickly becomes resistant to these treatments.
The mechanism through which PaCa develops resistance
to radiotherapy remains unclear. Therefore, elucidation of
the mechanisms of radiation resistance may improve PaCa
treatment.

Chemokines and their receptors have been discovered as
essential and selective mediators in leukocyte migration to
the inflammatory site and to secondary lymphoid organs (13).
They play critical roles in tumor initiation, promotion, and
progression (14). C-X-C chemokine receptor type 4 (CXCR4)
is the receptor for C-X-C motif chemokine ligand 12 (CXCL12)
and has been shown to act as a coreceptor for human immu-
nodeficiency virus (HIV) entry (15). Recently, the association
between CXCR4 and cancer has become a focus of research
as CXCR4 is overexpressed in various types of cancer and
contributes to tumor growth, angiogenesis, metastasis,
and treatment resistance (16-18). Similar results have been
described in PaCa (19-22). CXCR4 antagonists were initially
developed as a novel treatment for HIV infection (23,24).
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As our understanding of the functions of CXCR4 grows,
CXCR4 antagonists are being used for purposes other than
anti-HIV treatment. Several reports have described the
effects of CXCR4 antagonists on malignant tumors, including
breast cancer (25), small cell lung cancer (26), cholangio-
carcinoma (27), gastric cancer (28), and PaCa (29-31). We
previously reported that the CXCL12/CXCR4 axis is involved
in gemcitabine resistance in PaCa and that a CXCR4 antago-
nist exhibits antitumor effects on gemcitabine-resistant PaCa
cell lines (32). However, the role of CXCR4 in PaCa radiation
resistance is still unknown.

Here, we established two radiation-resistant PaCa cell lines.
Using multiple methods, we confirmed the higher expression
of CXCR4 in radiation-resistant cells compared with that
in normal PaCa cell lines. The purpose of this study was to
clarify the roles of the CXCL12/CXCR4 axis in radiation resis-
tance in PaCa and evaluate the effects of CXCR4 antagonism
on radiation-resistant PaCa cell lines.

Materials and methods

Reagents. AMDO70 trihydrochloride (C,,H;,C1;Ny; CID
11256587) was purchased from Med Chem Express (Cosmo
Bio Co., Ltd.), and dimethyl sulfoxide (DMSO) was obtained
from Sigma-Aldrich (Merck KGaA). AMDO070 solution
(326.90 mM) was prepared in DMSO, stored in small aliquots
at -20°C, and then thawed and diluted in cell culture medium
as required. CXCL12 was purchased from R&D Systems.

Cell lines and treatments. The human pancreatic duct epithe-
lial (HPDE) cell line H6¢7 was purchased from Kerafast.
Human skin fibroblasts (FBs; cat. no. T0904) were purchased
from Applied Biological Materials. The human PaCa cell lines
AsPC-1,BxPC-3,Capan2,MIA PaCa-2,PANC-1,and SW1990
were purchased from the American Type Culture Collection
(ATCC). The H6c7 cell line was maintained in keratinocyte
serum-free medium (Gibco/Thermo Fisher Scientific, Inc.).
The AsPC-1, BxPC-3, and Capan?2 cell lines were maintained
in RPMI-1640 medium (Sigma Aldrich; Merck KGaA). The
MIA PaCa-2, PANC-1, and SW1990 cell lines and FBs were
maintained in Dulbecco's modified Eagle's medium (DMEM,;
Sigma Aldrich; Merck KGaA). Both RPMI-1640 medium
and DMEM were supplemented with 10% fetal bovine serum
(FBS; Gibco/Thermo Fisher Scientific, Inc.). All media were
supplemented with 10 mg/ml streptomycin, 10,000 U/ml
penicillin, and 25 ug amphotericin B (Gibco/Thermo Fisher
Scientific, Inc.). All cell lines were cultured at 37°C in a
humidified incubator with 5% CO,.

Establishment of radiation-resistant PaCa cell lines.
Radiation-resistant cancer cell lines have been previously
established from nasopharyngeal, esophageal, breast, and
lung cancers (33-37). Here, we established radiation-resistant
PaCa cell lines by referencing these methods. PaCa cell lines
(AsPC-1, BxPC-3, MIA PaCa-2, and SW1990) were seeded in
100-mm dishes and cultured. Upon reaching 50% confluence,
the cells were irradiated with 2 Gy radiation and incubated until
reaching 90% confluence, after which the cells were passaged.
With each passage, the irradiation process was repeated until
the total radiation dose reached at least 60 Gy. The radiation

resistance of the cell lines was assessed by colony formation
assay.

Total mRNA microarray analysis. Total mRNA from normal
and radiation-resistant MIA PaCa-2 cells was isolated using
the RNeasy Plus Mini kit (Qiagen, Inc.) according to the
manufacturer's instructions. The mRNA microarray experi-
ments were performed by Hokkaido System Science Co., Ltd.
Transcripts amplified from total mRNA were hybridized to a
SurePrint G3 Human 8x60K v3 array (Agilent Technologies,
Inc.) according to the manufacturer's protocol. The results
were analyzed using Agilent Genomic Workbench Software
(Agilent Technologies, Inc.).

Colony formation assay. Irradiating a small number of cells
with a high radiation dose will kill all cells. Therefore, the
number of radiation-resistant PaCa cells to be seeded (200,
400, 1,000, 2,000, or 40,000) depended on the dose (0, 2, 4,
6, or 10 Gy). The cells were seeded in 60-mm dishes, cultured
overnight, irradiated with each radiation dose, and cultured at
37°C for 14 days. To assess the efficacy of AMDO070,a CXCR4
antagonist, PaCa cells were seeded in 60-mm dishes and
treated with 2.5 uM AMDAO70 for 72 h. The treated cells were
seeded in 60-mm dishes, cultured overnight, irradiated with
2 Gy radiation, and cultured at 37°C for 14 days. Cells were
fixed and stained using a Diff-Quick cell staining kit (Dade
Behring), and colonies were counted under five different fields.
A colony was defined as a group of at least 50 cells.

Immunohistochemistry. Pancreatic tissues were analyzed from
92 patients who underwent surgery at Nagoya City University
Hospital (Nagoya, Japan) between January 2006 and
December 2016. The mean age of the patients was 67.6 years
(range 32-85 years), and the male-female ratio was 62 males
and 30 females. All pancreatic tissues were obtained from
patients or their relatives who provided informed consent. This
study was conducted upon the approval of the institutional
review board established by Nagoya City University (approval
no. 60-18-0025, date of approval; May 6, 2018).

Specimens were fixed in 10% formalin and then embedded
in paraffin. Specimens were sectioned into 3-pm-thick slices,
and the sections were deparaffinized, subjected to autoclave
treatment in 10 mM sodium citrate buffer for 10 min at
120°C, and cooled to room temperature. Next, the sections
were treated with 0.3% H,0O, in methanol for 30 min, blocked
with Block Ace (Megmilk Snow Brand; KAC Co., Ltd.) for
10 min, and incubated with anti-CXCR4 antibody (1:250;
Proteintech Group; cat. no. 60042-1-Ig) overnight at 4°C,
followed by EnVision+ System- HRP Labelled Polymer
anti-mouse (DAKO/Agilent Technologies; cat. no. K4001)
for 45 min at room temperature. The peroxidase reaction was
visualized by incubating the sections with the Liquid DAB+
Substrate Chromogen System (DAKO/Agilent Technologies;
cat. no. K3467), followed by hematoxylin counterstaining.
Immunohistochemical staining was evaluated as follows. The
intensity of CXCR4 immunostaining was graded semi-quanti-
tatively on a 4-point scale (-, +, ++, +++) by three independent
observers. Of the 92 patients, 8 had stage 1 disease, 4 had
stage 2 disease, 37 had stage 3 disease, 41 had stage 4 disease,
and 2 had an unknown disease stage. However, analyses were
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performed in a blinded manner, and the observer was not
aware of the patient's stage and outcome. The concordance rate
was greater than 90%. Differences in opinion were resolved
by consensus with a fourth evaluator. The cases were classi-
fied into a high expression group and a weak expression group
according to the intensity of immunostaining in cancer cells,
in which an immunostaining score of ++ or +++ was defined
as high expression.

Immunofluorescence staining. PaCa cells (5x10%) were seeded in
glass chamber slides and cultured overnight. The cells were fixed
using 4% paraformaldehyde for 20 min at room temperature.
Next, the cells were permeabilized with 0.1% Triton-X for 3 min
and incubated with blocking buffer [3% bovine serum albumin
in phosphate-buffered saline (FUJIIFULM Wako Pure Chemical
Corp.)] for 1 h at room temperature. The cells were incubated
with anti-CXCR4 antibody (1:200; Abcam; cat. no. ab124824)
overnight at 4°C, followed by Alexa Fluor 488 goat anti-rabbit
IgG secondary antibody (1:1,000; Abcam; cat. no. ab6939) for
1 h at room temperature. The nuclei were visualized by DAPI
staining at room temperature for 10 min. Images of the stained
slides were captured using a BZ-X710 fluorescence microscope
(Keyence Corporation) at x200 magnification.

Reverse-transcription quantitative polymerase chain reaction
(RT-gPCR). Total RNA was isolated from HPDE and PaCa
cells using an RNeasy Plus Mini kit (Qiagen GmbH),
according to the manufacturer's protocols, and quantified
using a NanoDrop 1000 (Thermo Fisher Scientific, Inc.).
Total RNA (1 ug) was reverse transcribed using Super
Script IIT First-Strand Synthesis Super Mix for RT-qPCR
(Invitrogen/Thermo Fisher Scientific, Inc.) following the manu-
facturer's protocols. RT-qPCR was performed using TagMan
Fast Advanced Master Mix and TagMan Gene Expression
Assays for CXCR4 (Hs00607978_s1) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH; Hs99999905_m1) on
a 7900HT Fast Real-Time PCR System (all from Applied
Biosystems/Thermo Fisher Scientific, Inc.). The following
thermocycling conditions were used: initial denaturation at
95°C for 20 sec, followed by 40 cycles at 95°C for 1 sec and
60°C for 20 sec. The expression level of CXCR4 was reported
relative to that of GAPDH in each sample, using the relative
standard curve method (38).

Western blotting. Proteins were extracted from cells using
radioimmunoprecipitation lysis buffer containing Protease
Inhibitor Single Use Cocktail and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, Inc.). The protein
concentrations were measured using a Pierce BCA protein
assay kit (Thermo Fisher Scientific, Inc.). Protein extracts
(20 or 30 ug) were denatured at 90°C for 5 min and sepa-
rated on 10% Mini-PROTEAN TGX Precast gels (Bio-Rad
Laboratories). The protein bands were transferred to nitrocel-
lulose membranes and blocked in iBind Flex Solution (iBind
Flex Buffer, iBind Flex Additive, and distilled water; Thermo
Fisher Scientific, Inc.) for 20 min at room temperature. The
primary and secondary antibody reactions were performed for
3 h at room temperature using the iBind Flex Western System
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. The membranes were incubated with

anti-CXCR4 (1:1,000; Proteintech Group; cat. no. 60042-1-Ig)
or anti-GAPDH (1:1,000; Santa Cruz Biotechnology; cat.
no. SC-47724) primary antibodies, followed by horseradish
peroxidase-conjugated goat anti-mouse polyclonal secondary
antibodies (1:2,000; DAKO/Agilent Technologies; cat.
no. P0447). The protein-antibody complexes were visualized
using SuperSignal West Femto Chemiluminescent Substrate
or Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific, Inc.). The immunoreactive protein bands were
detected using an Amersham Imager 600 (Cytiva), and the
densities of the detected bands were calculated using ImageJ
software 1.52v (National Institutes of Health).

RNA interference. CXCR4 small interfering RNA (siRNA;
s15412: CCUGUUUCCGUGAAGAAAA) and nontargeting
negative control siRNA (Silencer Select Negative Control
No. 1; cat. no. 4390843: sequence not provided) were prede-
signed siRNAs purchased from Thermo Fisher Scientific, Inc.
PaCa cells were seeded at 2.5x10° cells/well in 6-well plates,
cultured overnight,and then transfected with siRNA. According
to the manufacturer's instructions, siRNAs and Lipofectamine
RNAIMAX (Invitrogen/Thermo Fisher Scientific, Inc.) were
mixed with Opti-MEM (Invitrogen/Thermo Fisher Scientific,
Inc.) and incubated for 5 min at room temperature. The
siRNA-lipid complex was diluted in DMEM to achieve a final
siRNA concentration of 10 nM. Cells were incubated for 48 h
in a 5% CO, incubator at 37°C.

Invasion assay. In vitro invasion assays were performed using
Corning BioCoat Matrigel Invasion Chambers (Corning,
Inc.) according to the manufacturer's protocol. Normal and
radiation-resistant PaCa cells (1x10°) were seeded in the upper
chamber, which contained DMEM without FBS. The chemoat-
tractant used in the lower chamber was 10% FBS in DMEM.
In addition, AMDO70 (1 pM) and CXCL12 (100 ng/ml) were
added to the lower chamber, or the cells were cocultured with
FBs. After incubation for 24 h, the upper surface of the upper
chambers was wiped with a cotton swab, and the invading
cells were fixed and stained using a Diff-Quick cell staining
kit (Dade Behring). The number of cells in nine random
microscopic fields (x200 magnification) was counted.

Statistical analysis. Differences between two samples were
analyzed using unpaired t-tests. Multiple group comparisons
were performed by one-way analysis of variance with the
post-hoc Bonferroni test for subsequent comparisons of indi-
vidual groups. Comparisons of groups with two independent
variables were performed using two-way analysis of variance.
Comparisons of patient stage were performed using Fisher's
exact test. Survival curves based on CXCR4 expression
were generated using the Kaplan-Meier method and were
compared using log-rank tests. Results with a P-value <0.05
were considered statistically significant. The data from
experiments performed in at least triplicate are expressed as
means =+ standard deviations.

Results

Association between CXCR4 expression in PaCa tissues
and patient survival. Resected tissue specimens from
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patients with PaCa were subjected to CXCR4 immunos-
taining (Fig. 1A). The patients were divided into low and
high CXCR4 expression groups according to the intensity
of CXCR4 immunostaining, and survival curves were
generated. Of the 29 patients in the high expression group,
2 had stage 1 disease, none had stage 2 disease, 9 had stage
3 disease, 17 had stage 4 disease, and 1 had an unknown
disease stage. Of the 63 patients in the low expression group,
6 had stage 1 disease, 4 had stage 2 disease, 28 had stage 3
disease, 24 had stage 4 disease, and 1 had an unknown
disease stage. There were no differences in staging between
the high and low expression groups (P=0.233). Overall
survival (OS) was significantly worse in the high expression
group (P=0.0068; Fig. 1B).

Enhanced expression of CXCR4 in PaCa cells, but not HPDE
cells. Expression of CXCR4 in H6c7 HPDE cells, which are
derived from the near normal pancreatic duct epithelium, and
in PaCa cell lines (AsPC-1, BxPC-3, Capan2, MIA PaCa-2,
PANC-1, and SW1990) was evaluated by RT-qPCR and
western blotting. Both CXCR4 mRNA (Fig. 2A) and protein
(Fig. 2B and 2C) levels were significantly higher in PaCa cell
lines than in HPDE cells (P<0.05).

Establishment of radiation-resistant PaCa cell lines. We
succeeded in establishing radiation resistance in two PaCa cell
lines, MIA PaCa-2 and SW1990. MIA PaCa-2 and SW1990
cells were irradiated with 120 and 60 Gy, respectively. The
decrease in colonization after exposure to high doses of
radiation was significantly attenuated in the radiation-resistant
cells compared with that in their normal counterparts
(P<0.05; Fig. 3A-D).

cDNA microarray analysis of normal and radiation-resistant
MIA PaCa-2 cells. To investigate comprehensive differences
in cDNA expression between normal and radiation-resistant
MIA PaCa-2 cells, we used a cDNA microarray containing
62,976 probe sets. Of these probes, 2,397 had higher expression
(cut-off value, 2-fold) and 2,154 had lower expression (cut-off
value, 0.5-fold) in radiation-resistant cells compared with that
in normal MIA PaCa-2 cells. Among stem cell markers of
PaCa and chemokine receptors, CXCR4 showed the highest
expression level (Table I).

Enhanced expression of CXCR4 in radiation-resistant PaCa
cell lines. Immunofluorescence staining of CXCR4 in normal
and radiation-resistant PaCa cell lines confirmed the higher
expression of CXCR4 in radiation-resistant PaCa cell lines
(Fig. 4A). RT-qPCR and western blotting further confirmed
that CXCR4 mRNA (Fig. 4B) and protein (Fig. 4C-F) levels
were significantly increased in radiation-resistant PaCa cell
lines compared with those in normal PaCa cell lines (P<0.05).

Changes in CXCR4 expression level after knockdown of
CXCR4 in PaCa cell lines. RT-qPCR was performed to
evaluate changes in the expression of CXCR4 mRNA in
PaCa cell lines transfected with CXCR4 siRNA. Transfection
with CXCR4 siRNA significantly downregulated CXCR4 in
PaCa cell lines compared with that in control cells and cells
transfected with negative control siRNA (P<0.05; Fig. S1).
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Figure 1. C-X-C chemokine receptor type 4 (CXCR4) expression in pancre-
atic tissue. (A) Immunohistochemical expression of CXCR4 in pancreatic
tissue specimens, performed using a monoclonal anti-CXCR4 antibody.
Magnification, x200. The intensity of CXCR4 immunostaining was graded
semi-quantitatively on a four-point scale (-, +, ++, +++) by three indepen-
dent observers who were blinded to the disease stage and patient outcome.
(B) Kaplan-Meier survival curves of patients with pancreatic cancer. The
survival curves of patients with weak vs. strong CXCR4 expression were
compared. OS, overall survival.

The role of the CXCLI2/CXCR4 axis in PaCa cell invasion
and the effects of CXCR4 knockdown on cell invasion. There
were no significant differences in cell invasion ability between
the negative control group and the CXCR4-knockdown
group. Addition of CXCL12 enhanced the invasion ability
of PaCa cell lines, and this effect was suppressed by CXCR4
knockdown (Fig. S2).

Role of the CXCLI2/CXCR4 axis in PaCa cell invasion
and the effects of AMDO70 on cell invasion. Cell invasion
ability was greater in radiation-resistant PaCa cell lines
(MIA PaCa-2 and SW1990) than in normal PaCa cell lines.
The addition of CXCL12 enhanced the invasion ability of
PaCa cell lines, and this effect was suppressed by AMDO070
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Figure 2. Comparison of C-X-C chemokine receptor type 4 (CXCR4) expression between human pancreatic duct epithelial (HPDE) and pancreatic cancer
(PaCa) cell lines. (A) CXCR4 mRNA levels in HPDE cells (H6¢7) and PaCa cells (AsPC-1, BxPC-3, Capan2, MIA PaCa-2, PANC-1, and SW1990) measured
by RT-qgPCR. The mRNA level of CXCR4 was expressed relative to that of GAPDH in each sample. (B) CXCR4 protein levels in HPDE cells (H6¢7) and PaCa
cells (AsPC-1, BxPC-3, Capan2, MIA PaCa-2, PANC-1, and SW1990) measured by western blotting. (C) The calculated band density of CXCR4 on western
blots relative to that of GAPDH in each sample. Comparisons between HPDE (H6¢7) cells and PaCa cells were evaluated using t-tests. "P<0.05.
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Figure 3. Effects of irradiation on the colonization of normal and radiation-resistant pancreatic cancer (PaCa) cell lines (MIA PaCa-2 and SW1990). The
number of radiation-resistant PaCa cells to be seeded (200, 400, 1,000, 2,000, or 40,000) in 60-mm dishes depended on the dose (0, 2, 4, 6, or 10 Gy). After
culturing the cells overnight, irradiation was performed at doses of 0-10 Gy. (A and B) After culturing for another 14 days, the cells were fixed and stained,
and the number of colonies formed was counted. The survival rate was calculated as the number of colonies divided by the number of seeded cells. (C) MIA
PaCa-2 and (D) SW1990 cells. Comparisons between normal PaCa cells and radiation-resistant PaCa cells were evaluated using t-tests. "P<0.05.

(AMD), which has been reported to act as a CXCR4 antago-  Effects of irradiation and AMDO70 on radiation-resistant
nist. Similarly, coculture with FBs enhanced the invasion = PaCa cells. Irradiation (2 Gy) significantly suppressed the
ability of PaCa cell lines, and this increase was suppressed  colonization of both normal and radiation-resistant MIA
by AMDO70 (Fig. SA-D). PaCa-2 cells (P<0.05). AMDO070 treatment significantly
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Table I. cDNA microarray of cancer stem cell markers and chemokine receptor genes.

Cancer stem cell gene name Fold change Chemokine receptor gene name Fold change
Upregulated Upregulated
CXCR4 16.37 CXCR4 16.37
CD44 297 CCR10 228
CD24 1.67 CXCR3 1.64
Nestin 1.65 CXCR1 1.29
BMI-1 1.48 CXCRS5 1.22
ESA 1.29 CCR1 1.15
EpCAM 1.18 CCR2 1.15
Downregulated CCR3 1.15
ALDHI1ALI 0.93 CX3CR1 1.15
PONI1 0.83 CCR9 1.14
CXCR2 1.13
CXCRO6 1.13
CCR8 1.13
CCR7 1.05
Downregulated
CCR5 0.92
CCR4 0.86
XCR1 0.82
CCR6 0.80

CXCR, C-X-C chemokine receptor; CD, cluster of differentiation; ESA epithelial-specific antigen; EpCAM, epithelial cell adhesion molecule;
ALDHI1AL, aldehyde dehydrogenase 1 family member Al; PON1, serum paraoxonase 1; BMI-1, B-cell-specific Moloney murine leukemia
virus integration site 1; CCR, C-C chemokine receptor; XCR, XC chemokine receptor; CX3CR, CX3C chemokine receptor.

suppressed the colonization of radiation-resistant MIA PaCa-2
cells after irradiation (2 Gy) compared with cells treated with
irradiation alone (P<0.05; Fig. 6A and B).

Discussion

The present study was designed to identify the factors contrib-
uting to radiation resistance in PaCa cells and to determine
whether inhibition of these factors enhanced the therapeutic
effect of radiation. Our findings confirmed that both C-X-C
chemokine receptor type 4 (CXCR4) expression and invasion
ability were enhanced in radiation-resistant PaCa cell lines
compared with that in normal PaCa cell lines. Furthermore,
the CXCR4 antagonist AMDO70 suppressed the PaCa cell
invasion enhanced by C-X-C motif chemokine ligand 12
(CXCL12) treatment or fibroblast (FB) coculture, and when
used in combination with irradiation, AMDO70 suppressed the
colonization of radiation-resistant PaCa cells.

Overexpression of CXCR4 has been confirmed in a variety
of tumors (39,40). CXCL12,aligand for CXCR4,is achemokine
secreted by stromal cells, FBs, and epithelial cells in a wide
range of tissues (41). CXCL12/CXCR4 signaling affects all
stages of tumor metastasis, including migration, proliferation,
and angiogenesis (42-45). Notably, tumor growth is promoted
by a small number of tumor stem cells in cancers (46). CXCR4
is a stem cell marker in PaCa (47) and is overexpressed in
cancer tissues compared with that noted in normal pancreatic
tissues; activation of the CXCL12/CXCR4 axis promotes the

migration and invasion of PaCa cells (30,42). Patients with
high CXCR4 expression in their resected PaCa tissues exhibit
poor survival (48). These findings are consistent with the
results of the present study. Moreover, we observed differences
in the expression levels of CXCR4 mRNA and CXCR4 protein
in PaCa cell lines. Thus, we believe that these differences
resulted from alterations in the transcription process.

CXCL12/CXCR4 is involved in drug resistance in
PaCa (49). We previously demonstrated an association between
CXCLI12/CXCR4 signaling and gemcitabine resistance in
gemcitabine-resistant PaCa cell lines (32). In addition, CXCR4
may be involved in radiation resistance in colorectal cancer (50),
thyroid cancer (51), and non-small cell lung cancer (52). We
established radiation-resistant PaCa cell lines to investigate
the factors involved in the radiation resistance of PaCa. After
performing DNA microarray analysis and finding that the
expression of CXCR4 was higher in radiation-resistant than
normal PaCa cell lines, we focused on CXCR4. This is the first
report to investigate the importance of the CXCL12/CXCR4
signaling axis in radiation resistance and the effects of a
CXCR4 antagonist on radiation-resistant PaCa cell lines.

PaCa manifests as a very stroma-rich, hard, and scirrhous
mass, consisting mainly of FBs, immune cells, blood vessels,
neurons, and various matricellular proteins (53). In PaCa,
cancer-associated FBs (CAFs) and myofibroblasts regulate local
immunosuppression and promote tumor progression, invasion,
and distant metastasis (54). CXCL12 is a chemokine that controls
immunosuppression. Radiation-resistant PaCa cell lines with
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Figure 4. Comparison of C-X-C chemokine receptor type 4 (CXCR4) expression between normal and radiation-resistant pancreatic cancer (PaCa) cell lines.
(A) CXCR4 protein expression in normal and radiation-resistant PaCa cell lines (MIA PaCa-2 and SW1990) detected by immunofluorescence staining. Green
fluorescence represents CXCR4, and blue fluorescence represents DAPI. Magnification, x200. (B) CXCR4 mRNA levels in normal and radiation-resistant
PaCa cell lines (MIA PaCa-2 and SW1990) measured by RT-qPCR. The mRNA level of CXCR4 was expressed relative to that of GAPDH in each sample.
(C and D) CXCR4 protein levels in normal and radiation-resistant PaCa cell lines (MIA PaCa-2 and SW1990) measured by western blotting. (E and F) The
calculated band density of CXCR4 on western blots relative to that of GAPDH in each sample. Comparisons between normal PaCa cells and radiation-resistant

PaCa cells were evaluated using t-tests. "P<0.05.

high expression of CXCR4 exhibited enhanced invasion ability
compared with normal PaCa cell lines, and the invasion ability
was further enhanced by the addition of CXCLI12 or coculture
with FBs. C-X-C chemokine receptor type 7 (CXCR?7) is
another receptor for CXCL12 and has also been reported to play
important roles in cancer invasion (55). Therefore, we evaluated
the mRNA levels of CXCR7 in normal and radiation-resistant
PaCa cell lines using RT-qPCR; however, our results showed
that CXCR7 expression was not enhanced in radiation-resistant
PaCa cell lines (data not shown). Furthermore, irradiation of
pancreatic CAFs was found to enhance the secretion of CXCL12
from CAFs (56); therefore, the role of the CXCL12/CXCR4
axis in irradiation of PaCa is also noteworthy in terms of the
relationship between PaCa and FBs.

AMDO70 is a small-molecule antagonist of CXCR4 that
is orally bioavailable, selective, and reversible (24). In vitro,
AMDO70 inhibits the binding of CXCLI12 to CXCR4 and
blocks CXCL12-induced signaling (57). In a phase 2 trial, the
therapeutic effects of AMDO70 on warts, hypogammaglobu-
linemia, infections, and myelokathexis syndrome, a congenital
immunodeficiency disease (58), were evaluated, and the results
confirmed that AMDO070 was generally safe, although some
additional tests are required. We evaluated the toxicity of

AMDAO70 in PaCa cell lines and found that concentrations
up to 20 uM did not affect cell viability (data not shown). In
both normal and radiation-resistant PaCa cell lines, the inva-
sion ability enhanced by the addition of CXCL12 or coculture
with FBs was suppressed by AMDO070 treatment. However,
the addition of AMDO70 alone did not suppress parental cell
invasion ability, probably due to the low concentration used
or the short incubation time. Furthermore, the colonization
of radiation-resistant PaCa cell lines was suppressed after
treatment with AMDO70, followed by irradiation. Irradiation
alone had a sufficient effect on the colonization of normal
PaCa cell lines, and the addition of AMDO070 did not enhance
the effect of irradiation. This result suggests that AMDO070
treatment may enhance the therapeutic effects of irradiation
in radiation-resistant PaCa and that the CXCL12/CXCR4 axis
may be involved in radiation resistance.

The present study had some limitations. First, we did
not perform experiments confirming the protein expres-
sion of the differentially expressed genes identified in the
microarray analysis. Additionally, we did not perform
experiments using CXCR4-overexpressing PaCa cell lines.
In addition, we did not evaluate the mechanisms of CXCR4
in radiation-resistant PaCa cell lines in the absence of
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Figure 5. Altered invasiveness of pancreatic cancer (PaCa) cells after C-X-C motif chemokine ligand 12 (CXCL12) treatment or coculture with fibroblasts
(FBs), in the absence or presence of a C-X-C chemokine receptor type 4 (CXCR4) antagonist (AMDO70). The invasiveness of normal and radiation-resistant
PaCa cell lines was assessed using the double chamber method using a Matrigel invasion assay system. PaCa cells (1x10°) were seeded in Matrigel-precoated
Transwell chambers and allowed to migrate for 24 h. The effect of adding CXCL12 (100 ng/ml) to the culture medium or coculture with FBs, in the absence
of presence of AMDO70 (1 uM) treatment, on PaCa cell invasion was also assessed. (A and B) The cells that invaded through the membrane to the bottom of
the upper chamber after fixing and staining. Magnification x100. (C and D) The number of invading cells in nine random microscopic fields. Comparisons for
each group were evaluated using two-way analysis of variance with post-hoc Bonferroni tests. "P<0.05.
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Figure 6. Effects of radiation and treatment with a C-X-C chemokine receptor type 4 (CXCR4) antagonist (AMDO70) on the colonization of normal and
radiation-resistant pancreatic cancer cells (MIA PaCa-2). Normal and radiation-resistant MIA PaCa-2 cells were treated with AMDO070 (2.5 uM) for 72 h,
after which 200 cells were seeded in 6-cm dishes and irradiated at a dose of 2 Gy. (A) The fixed and stained cells after 14 days of culture following irradiation.
(B) The number of cell colonies. Comparisons among groups were evaluated using two-way analysis of variance with post-hoc Bonferroni tests. "P<0.05.
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CXCL12 because CXCLI12 is always secreted by stromal
cells, and further studies are still needed to elucidate the
mechanisms of radiation resistance in cell derivatives in the
absence of CXCL12.

In conclusion, the results of the present study showed that
CXCL12/CXCR4 signaling enhanced the invasion ability of
PaCa cell lines and that CXCL12/XCXR4 signaling was more
active in radiation-resistant PaCa cell lines. We also showed
that the CXCR4 antagonist AMDO70 suppressed the invasion
ability enhanced by CXCLI12 treatment or FB coculture in
radiation-resistant PaCa cell lines and promoted the effects of
irradiation on radiation-resistant PaCa cell lines. Therefore,
AMDO070 may represent a more effective therapeutic agent for
PaCa, particularly when used in combination with irradiation.
However, further investigations are required, including in vivo
animal experiments with nude mice, before AMDO070 can be
used in the clinical setting.
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