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Abstract. CXCR1 is a member of the chemokine receptor 
family, which was reported to play an important role in 
several cancers. The present study investigated the influ-
ence of CXCR1 stable knockdown or overexpression on the 
malignant behavior of gastric cancer cells in vitro and in vivo 
and the potential mechanisms. MKN45 and BGC823 cells 
were stably transfected with plasmid pYr-1.1-CXCR1-shRNA 
(knockdown) and pIRES2-ZsGreen1-CXCR1 (overexpres-
sion), respectively. Malignant behavior was evaluated in vitro 
for changes in proliferation by MTT and colony forming 
assays; cell cycle and apoptosis by flow cytometry; and 
migration and invasion using transwell and wound-healing 
assays. Proliferation, cell cycle, apoptosis, migration and 
invasion-related signaling molecule expression were measured 
by real-time RT-PCR and western blot analysis. CXCR1 
knockdown and overexpressing xenografts were monitored for 
in vivo tumor growth. Stable knockdown of CXCR1 inhibited 
MKN45 cell proliferation, migration and invasion, but were 
reversed in BGC823 cells stably overexpressing CXCR1. In 
addition, MKN45 cells stably transfected with CXCR1 shRNA 
inhibited AKT and ERK1/2 phosphorylation, protein expres-
sion of cyclin D1, EGFR, VEGF, MMP-9, MMP-2 and Bcl-2, 
and increased protein expression of Bax and E-cadherin (all 
P<0.05). In vivo CXCR1-shRNA-MKN45 cells transplanted 
into nude mice formed smaller tumors than non-transfected 
or scrambled-shRNA cells (both P<0.05). In contrast BGC823 
cells overexpressing CXCR1 formed larger tumors in mice 
than cells carrying an empty expression plasmid or non-
transfected cells (both P<0.05). CXCR1 promoted gastric 
cancer cell proliferation, migration and invasion. The present 

study provides preclinical data to support CXCR1 as a novel 
therapeutic target for gastric cancer.

Introduction

Gastric cancer was the fourth most common malignancy 
in the world in 2008 with approximately one million new 
cases  (1). Although gastric cancer incidence has steadily 
declined by more than 80% over the past 50 years in most 
developed countries, such as North America and Europe (1-3), 
gastric cancer is one of the most significant health problems in 
developing countries. If diagnosed in the early-stage, 90% of 
gastric cancer patients can survive for more than 5 years after 
surgery (2), while the survival rate is dramatically reduced 
for patients with local recurrent and metastasized disease (3). 
Currently, most gastric cancer patients are diagnosed in the 
advanced stages of disease, which contribute to the high rate 
of gastric cancer lethality in China as well as in most other 
developing countries (4). Thus, novel strategies in prevention, 
early diagnosis, and effective control of gastric cancer progres-
sion is urgently needed. To this end, better understanding of 
the molecular mechanisms of gastric cancer development and 
progression could provide insightful information to develop 
novel approaches for gastric cancer treatment.

Chemokines are a family of small proteins (8-11 kDa) 
that are divided into four groups according to the number 
and spacing of the first two cysteine residues in their amino-
terminal end (C, CC, CXC and CX3C) (5,6). They represent 
a large family of polypeptide signaling molecules, originally 
characterized by their ability to promote the directed chemo-
taxis of leukocytes, and are known to play important roles 
in inflammation and cancer (7). Of these chemokines, CXC 
chemokines can be further subdivided into two groups on the 
basis of presence or absence of an ELR motif (glutamic acid, 
leucine and arginine) which precedes the first cysteine residues 
in the protein. These CXC chemokines have been implicated in 
the initiation and amplification of inflammatory diseases (8). 
CXC chemokines are known to bind to G-protein-coupled 
receptors (GPCR) mainly CXCR1 and CXCR2 which plays an 
important role in cancer progression and metastasis (9). Many 
studies have shown that chemokine receptor CXCR1/2 and 
their ligands played an important regulatory role in the occur-
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rence, proliferation, growth, invasion, metastasis, angiogenesis 
and drug resistance of various tumors (10), such as malignant 
melanoma (11), breast  (12), pancreatic  (13), colon (14) and 
ovarian cancer (15).

CXCR1 is a cell surface receptor of interleukin-8 (IL-8 
called CXCL8) (16,17). This molecule is shown to be upregu-
lated and associated with poor prognosis of gastric cancer (18). 
Specifically, CXCR1 is a class A, rhodopsin-like G protein-
coupled receptor, the largest class of integral membrane 
proteins responsible for cellular signal transduction and 
targeted as drug receptors (19). Despite the potential impor-
tance in cells, the molecular mechanism of CXCR1 signal 
transduction is poorly understood due to the limited structural 
information available (19). Furthermore, the role and mecha-
nism of CXCR1 in gastric cancer are still unclear. Thus, in 
the present study, we aimed to detect the influence of CXCR1 
stable knockdown or overexpression on the gastric cancer cell 
proliferation, migration and invasion, and the protein expres-
sion related to the proliferation, growth, apoptosis (Bcl-2, Bax, 
cyclin D1, EGFR and ki-67), angiogenesis (VEGF), invasion 
and metastasis (MMP-9, MMP-2 and E-cadherin) and the 
phosphorylation of AKT and ERK1/2 before and after the 
silencing of CXCR1.

Materials and methods

Cell culture. Gastric cancer cell lines MKN45 and BGC823 
were obtained from the Type Culture Collection of Chinese 
Academy of Sciences (Shanghai, China). the cells were 
cultured with Dulbecco's modified Eagle's medium (DMEM; 
Gibco-BRL, Life Technologies, Gaithersburg, MD, USA) 
containing 10% fetal bovine serum (FBS; Gibco-BRL) and 
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) 
at 37˚C in 5% CO2 atmosphere.

CXCR1 RNA interference and stable lines. RNA interference 
(RNAi) specific for CXCR1 were designed with GenScript 
software (https://www.genscript.com/ssl-bin/app/RNAi, 
GenScript, USA) using the human CXCR1 mRNA sequence 
(GenBank registration number: NM_000634. 2). Three 
sequences were identified as specific CXCR1-shRNA targeted 
sequences and confirmed by the homologous analysis using the 
BLAST algorithm. In addition, scrambled shRNA sequence 
was designed, which did not target specific gene coding 
regions. Primers were synthesized by Invitrogen (Shanghai, 
China).

CXCR1 shRNA and scramble shRNA sequence were cloned 
into the pYr 1.1 plasmid vector (Yingrun Biotechnologies, Inc., 
Changsha, China). This vector contains human U6 promoter, 
encoded green fluorescent protein (GFP) report gene, kana-
mycin resistance gene as a marker in prokaryotic screening and 
neomycin resistance gene as a marker in eukaryotic screening. 
MKN45 cells at 90-95% confluence were transiently trans-
fected using Lipofectamine™ 2000 (Invitrogen) with plasmids 
pYr-1.1-CXCR1-shRNA-1, pYr-1.1-CXCR1-shRNA-2, pYr-
1.1-CXCR1-shRNA-3 and pYr-1.1-scramble-shRNA. After a 
48-h culture in complete medium, cells were further incubated 
in a conditioned medium contained G418 (800 µg/ml) for one 
month to select positive clones. Finally, cells were screened 
and cultured in medium with 400 µg/ml of G418 to establish 

the stable transfected cell lines (CXCR1-shRNA-MKN45 and 
scramble-shRNA-MKN45). The positive clones were analyzed 
by real-time RT-PCR and western blot analysis.

CXCR1 overexpression and stable lines. The 5'-GAGACACT 
CAACAAGTATGTT-3' (mature sense for CXCR1-shRNA-3) 
sequence was inserted into the plasmid pIRES2-ZsGreen1. 
The CXCR1 overexpression plasmid, pIRES2-ZsGreen1-
CXCR1, was purchased from Yingrun Biotechnologies. 
Plasmid pIRES2-ZsGreen1 also contained the kanamycin and 
neomycin resistance genes. BGC823 cells at 90-95% conflu-
ence were transiently transfected using Lipofectamine 2000 
with the plasmids pIRES2-ZsGreen1-CXCR1 and pIRES2-
ZsGreen1. After a 48-h culture in complete medium, cells 
were further incubated in a conditioned medium containing  
G418 (800 µg/ml) for one month to select positive clones. 
Finally, cells were screened and cultured in medium with 
40 µg/ml of G418 to establish the stable transfected cell lines 
[pIRES2-ZsGreen1-CXCR1-BGC823 (CXCR1-BGC823) and 
pIRES2-ZsGreen1-BGC823 (vacant-BGC823)]. The positive 
clones were analyzed by real-time RT-PCR and western blot 
analysis.

CXCR1 RNAi rescue experiment. To verify that the knockdown 
of CXCR1 expression by RNAi was efficient and that there 
were no off-target effects, we constructed a vector containing a 
mutated CXCR1 gene (pIRES2-ZsGreen1-CXCR1-Mut). Site-
directed mutagenesis was used to alter three bases (underline) 
in the CXCR1-shRNA-3 target sequence. The sequence before 
the mutation was 5'-GAG ACA CTC AAC AAG TAT GTT-3, 
and the sequence after the mutation was 5'-GAG ACA TTG 
AAT AAG TAT GTT-3'. Two primers were synthesized as 
follows: CXCR1-Mut-forward: 5'-GTATGCTAGAAACT 
GAGACATTGAATAAGTATGTTGTGATCATCGC-3'. 
CXCR1-Mut-rerverse: 5'-GCGATGATCACAACATACTT 
ATTCAATGTCTCAGTTTCTAGCATAC-3'. The mutation 
sequence was inserted into plasmid pIRES2-ZsGreen1. 
pIRES2-ZsGreen1-CXCR1-Mut was sequenced and identified 
by Invitrogen. pYr-1.1-CXCR1-shRNA-3 and pIRES2-
ZsGreen1-CXCR1-mut were both transfected into MKN45 
cells, and the expression of CXCR1 was detected by western 
blot analysis.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) cell proliferation assay. Stably transfected cells 
were seeded into 96-well plates at a density of 5,000 cells/well. 
MTT solution (20 µl) (5 mg/ml; Sigma Aldrich, St. Louis, 
MO, USA) was added after 24, 48 and 72 h. The culture was 
terminated 4 h of addition MMT solution, and the supernatant 
in each well was carefully aspirated and discarded. DMSO 
(150 µl) was added into each well, and the plate was rotated 
for 10 min at room temperature. Absorbance was measured 
at 568 nm using a microplate reader (Bio-Rad Laboratories, 
Hercules, CA, USA).

Colony forming assay. Stable transfected cells were seeded 
into 6-well culture plates (200 cells/well) and cultured for 2 
to 3 weeks at 37˚C in a 5% CO2 incubator. The medium was 
changed every 3 days. At the end of the experiment, cells 
were fixed for 15 min with methanol, stained for 25 min with 
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crystal violet, and the number of clones was counted. Cloning 
efficiency = (colonies formed/cells seeded) x 100%.

Cell cycle and apoptosis assay. Stable transfected cells were 
collected by centrifugation and washed twice with ice-cold 
PBS. Cells were then fixed with 70% cold ethanol overnight 
at 4˚C. The next day, cells were collected by centrifugation 
and washed with PBS before incubation in 500 µl of PBS 
containing 50  µg/ml of propidium iodide (PI; Sigma), 
100 µg/ml of RNase A and 0.2% Triton X-100 in the dark for 
30 min at 4˚C. Flow cytometric analysis was performed using a 
flow cytometry system and ModFit software (BD Biosciences, 
San Jose, CA, USA). The proportion of cells in the G0/G1, S, 
G2/M phases of the cell cycle was obtained. Sub-G1 indicated 
cells that were undergoing apoptosis.

Cell migration and invasion assays. In vitro cell migration and 
invasion experiments were performed using transwell inserts 
(Corning Costar, Corning, NY, USA) with the polycarbonate 
membranes (8 µm pore size) in 24-well plates. For the invasion 
assay, the filter was coated with 20 µg/ml of Matrigel (Becton-
Dickinson) overnight at 4˚C. Stable transfected cells (100 µl) 
at a concentration of 1.0x105/ml in serum-free medium were 
seeded into the upper chamber, and 800 µl of culture medium 
containing 10% FBS was placed in the lower chamber. After a 
12-h incubation at 37˚C with 5% CO2, non-invaded cells were 
removed from the upper surface of the membrane by gently 
scraping with a cotton swab, and the invading cells on the lower 
surface of the membrane were fixed with methanol, stained 
with crystal violet solution, rinsed with water and air-dried. 
The invading cells were viewed under an inverted microscope 
(Olympus, Tokyo, Japan) and ten fields (magnification, x200) 
photographed and counted. The same experimental conditions 
were used for the migration assay with the exception that the 
chambers were not coated with Matrigel.

Wound-healing assay. Stable transfected cells were seeded 
into 6-well plates at a density of 1x105/well and cultured until 
a confluent monolayer formed. The tip of a 200-µl pipette was 
then used to draw a wound at the bottom of each well. The 

cells were washed with PBS and then further cultured for 24, 
48 and 72 h. The wounded areas were photographed at x10 
magnification using computer-assisted microscopy (Olympus 
IX70; Olympus). Images were captured at 0, 24, 48 and 72 h 
after the scratch was made. The distance cells migrated was 
measured and analyzed using CellProfiler 2.0 cell image 
analysis software (http://www.cellprofiler.org).

Real-time RT-PCR and RT-PCR. Total RNA was isolated from 
cells using Trizol (Invitrogen), and the purity and concentra-
tion was measured spectrophotometrically. Single-stranded 
cDNA was synthetized using a First Strand cDNA Synthesis 
kit (Fermentas, Amherst NY, USA) with Oligo(dT)18 and 
M-MuLV reverse transcriptase. The primers are shown in 
Table  I. The primers specific for CXCR1 were purchased 
from the GeneCopoeia, Inc. (Guangzhou, China; cat. no: 
HQP009679). All real-time PCR reactions were performed 
using SYBR-Green master mix kit (Thermo Fisher Scientific, 
Rockville, MD, USA) using an ABI real-time PCR system. 
GADPH was used as the internal reference. Reactions were 
performed using the following conditions: denaturation at 
95˚C for 10 min, 40 cycles at 95˚C for 10 sec and 60˚C for 
20 sec. The 2-ΔΔCt method was used to calculate the relative 
mRNA expression of target genes.

For RT-PCR, the cDNA template was amplified with Taq 
DNA polymerase (Tiangen Biotech Co., Ltd., Beijing, China). 
The reaction conditions used were denaturation at 94˚C for 
3 min; 35 cycles of denaturation at 94˚C for 30 sec, annealing 
at 55-60˚C for 30 sec, extension at 72˚C for 30 sec; followed 
by an extension step at 72˚C for 3 min. PCR products were 
electrophoresed on a 1.5% of agarose gel. β-actin was used as 
the internal control.

Western blot analysis. Stable transfected cells were lysed 
with lysis buffer (20 mM of Tris, pH 7.4, 150 mM of NaCl, 
2  mM of EDTA and 1% Triton X-100) containing the 
protease inhibitor, phenylmethylsulfonyl fluoride (PMSF). 
Cells were centrifuged at 12,000 rpm for 12 min at 4˚C, and 
the supernatant collected. Equal amounts of protein (50 µg), 
quantified by BCA protein assay kit (Pierce Biotechnology, 

Table I. Primer sequences for RT-PCR or real-time RT-PCR.

Gene	 Forward primer sequence	 Reverse primer sequence	 Product length (bp)

β-actin	 5'-TGACGTGGACATCCGCAAAG-3'	 5'-CTGGAAGGTGGACAGCGAGG-3'	 205
GAPDH	 5'-TGAACGGGAAGCTCACTGG-3'	 5'-TCCACCACCCTGTTGCTGTA-3'	 307
Bax	 5'-CCCGAGAGGTCTTTTTCCGAG-3'	 5'-CCAGCCCATGATGGTTCTGAT-3'	 155
Bcl-2	 5'-CCTGGGCAATTCCGCATT-3'	 5'-AACAGGCCACGTAAAGCAAC-3'	 158
Cyclin D1	 5'-GCTGCGAAGTGGAAACCATC-3'	 5'-CCTCCTTCTGCACACATTTGAA-3'	 135
EGFR	 5'-AGGCACGAGTAACAAGCTCAC-3'	 5'-ATGAGGACATAACCAGCCACC-3'	 177
VEGF	 5'-ATTATGCGGATCAAACCTC-3'	 5'-ATTTCTTGCGCTTTCGTT-3'	 157
MMP-9	 5'-ACTACTGTGCCTTTGAGTCC-3'	 5'-AGAATCGCCAGTACTTCCCA-3'	 115
MMP-2	 5'-ACTCTGGACTTAGACCGCTTG-3'	 5'-ACAGGTTGCAGCTCTCCTTG-3'	 217
E-cadherin	 5'-GCTAACGTCGTAATCACCAC-3'	 5'-AATGCCATCGTTGTTCACTG-3'	 141
Ki-67	 5'-AGAAGACCTGCTACTCCAAAGA-3'	 5'-AGTTTGCGTGGCCTGTACTAA-3'	 70
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Rockford, IL, USA), were separated by sodium dodecyl 
sulfate-polyacrylamide electrophoresis (SDS-PAGE, 
8-12%). After electrophoresis, the separated proteins were 
electrophoretically transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore). Membranes were incubated 
in blocking solution containing 5% non-fat milk for 1.5 h 
followed by incubation with the following primary antibodies 
against p-ERK-Thr202/Tyr204, p-AKT-Ser473 and AKT, 
(Anbo Biotechnology, Co., Ltd., San Francisco, CA, USA), 
and β-actin, CXCR1, Bcl-2, Bax, cyclin D1, EGFR, Ki-67, 
VEGF, MMP-9, MMP-2, E-cadherin, and GAPDH (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). Antibodies were 
used at a 1:500 dilution in TBST buffer overnight at 4˚C. After 
three washes, the blots were subsequently incubated with the 
appropriate horseradish peroxidase-conjugated secondary 
antibody (1:2,000 diluted in TBST buffer; Beijing Zhongshan 
Golden Bridge Biotechnology, Co., Ltd., Beijing, China) for 
1 h at room temperature. GADPH used as a loading control. 
Proteins were detected using the enhanced chemilumines-
cence (ECL substrate; Pierce Biotechnology).

Gastric carcinoma xenograft mouse model. Thirty-six 
female BALB/c nude mice (4-6 weeks old and 18-22 g) were 
purchased from the Institute of Zoology, Chinese Academy 
of Sciences (Beijing, China) and housed at the Animal Care 
Center of the Third Hospital of Xiang-Ya, Central South 
University (Changsha, China). All experimental procedures 
were approved by the Animal Care and Ethics Committee of 
the Third Hospital of Xiang-Ya (no. 2012-10).

Mice were randomly divided into 6 groups: CXCR1-
shRNA-MKN45 group, scramble-shRNA-MKN45 group, 
MKN45 group, CXCR1-BGC823 group, vacant-BGC823 
group and BGC823 group using a random number table. Cell 
suspension containing 2x107 cells in 0.2 ml was injected into 
the right back region of each nude mouse. Tumor volume was 
measured using digital calipers once every two days: V = (a 
x b2) x 0.5 (a for length diameter, b for short diameter). The 
health and activity of the nude mice was monitored. Three 
weeks after the cell transplantation, the mice were eutha-
nized under anesthesia and the transplantation tumor was 
cut and weighed. The tumor was fixed in 10% formaldehyde, 
embedded in paraffin, stained with H&E and observed under 
an inverted microscope.

Statistical analysis. The SPSS 13.0 software system (SPSS, 
Inc., Chicago, IL, USA) was used for statistical analysis. 
Data are expressed as mean ± standard deviation (SD) from 
at least 3 independent experiments. Data were analyzed using 
one-way analysis of variance (ANOVA) with Turkey's test for 
post hoc analysis. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Establishment of gastric cancer cell lines with stable 
knockdown or overexpression of the CXCR1 gene. CXCR1 
mRNA and protein expression levels revealed relatively 
higher expression in MKN45 cells and lower expression in 
BGC823 cells (Fig. 1A and B). In the subsequent experi-
ments, the MKN45 cells were stably transfected with the 

CXCR1 shRNA, and BGC823 cells were used to overexpress 
the CXCR1 gene.

MKN45 cells were transfected with the three plasmid 
vectors pYr-1.1-CXCR1-shRNA1 (CXCR1-shRNA1), CXCR1-
shRNA2 and CXCR1-shRNA3 to test the efficiency of CXCR1 
knockdown by RT-PCR and western blot analysis. Based on 
the results plasmid vector pYr-1.1-CXCR1 shRNA-3 (CXCR1-
shRNA3) was chosen for the subsequent experiments.

To verify that the knockdown of CXCR1 expression by 
RNAi was efficient and that no off-target effects existed, we 
performed CXCR1 RNAi rescue experiments. CXCR1 protein 
levels in cells transfected with the pIRES2-ZsGreen1-CXCR1-
Mut were not different from those transfected with both the 
mutant and pYr-1.1-CXCR1-shRNA3 (CXCR1-shRNA), but 
CXCR1 protein levels in cells transfected with CXCR1-shRNA 
alone were obviously reduced compared to the non-transfected 
MKN45 cells (Fig.  1C). These results suggested that the 
CXCR1-shRNA-mediated RNA interference of the CXCR1 
gene in MKN45 cells did not have off-target effects.

CXCR1-shRNA and the control plasmid vector, pYr-
1.1-CXCR1-scramble shRNA (scramble-shRNA), were stably 
transfected into MKN45 cells, respectively. One month after the 
screening with G418, CXCR1 mRNA and protein levels were 
measured in CXCR1-shRNA and scramble-shRNA cell clones 
by real-time RT-PCR and western blot analysis (Fig. 1D and E). 
CXCR1 expression was lower in CXCR1-shRNA cells than 
non-transfected MKN45 cells and scramble-shRNA cells (all 
P<0.05). CXCR1mRNA and protein levels were also measured 
in BGC823 cells after stable transfection with the expression 
plasmid, pIRES2-ZsGreen1-CXCR1 (CXCR1-BGC823) and 
pIRES2-ZsGreen1 (vacant-BGC823) (Fig. 1F and G). CXCR1 
mRNA and protein levels in CXCR1-BGC823 cell clones were 
higher than those in the vacant-BGC823 or non-transfected 
BGC823 cells (all P<0.05).

Effects of CXCR1 stable knockdown or overexpression on 
the proliferation and growth of gastric carcinoma cells. 
Cell proliferation indicated as absorbance over a 72-h 
period was measured using the MTT assay in MKN45 cells 
stably transfected with CXCR1-shRNA, scrambled-shRNA 
or non-transfected cells. Cell proliferation was lower in 
the CXCR1-shRNA-MKN45 group than the MKN45 and 
scramble-shRNA-MKN45 groups over a 72-h period (all 
P<0.05) (Fig. 2A). However, stable overexpression of CXCR1 
in the CXCR1-BGC823 cells promoted cell proliferation and 
growth significantly above the BGC823 and vacant-BGC823 
groups over a 72-h period (all P<0.05) (Fig. 2B). There was no 
significant difference in the proliferation or growth between 
the MKN45 and vcramble-shRNA-MKN45 cells, or between 
the BGC823 and vacant-BGC823 cells (all P>0.05) (Fig. 2A 
and B).

In order to further establish the role of CXCR1 stable 
knockdown or overexpression on the proliferation and growth 
of gastric carcinoma cells, the proliferative capacity of single 
cells was measured using a plate colony formation assay. The 
cloning efficiency in the CXCR1-shRNA-MKN45 group was 
significantly lower than the MKN45 and scramble-shRNA-
MKN45 groups (both P<0.05). No significant difference in 
cloning efficiency was detected between scramble-shRNA-
MKN45 and non-transfected MKN45 cells (Fig. 2C). The 
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cloning efficiency of CXCR1-BGC823 cells was significantly 
higher than the BGC823 and vacant-BGC823 cells (both 
P<0.05) and no significant differences were found in the 
cloning efficiency between vacant-BGC823 and non-trans-
fected BGC823 cells (Fig. 2D).

Effects of CXCR1 stable knockdown or overexpression on cell 
cycle distribution and apoptosis of gastric carcinoma cells. 
To investigate the effects of CXCR1 stable knockdown or 
overexpression on cell cycle distribution and apoptosis, cells 
were analyzed by flow cytometry using PI. The proportion 
of MKN45 cells at the G2/M phase significantly decreased 
in the CXCR1-shRNA-MKN45 group (both P<0.05) and 
the percentage of apoptotic cells increased significantly 
(both P<0.05) relative to the control groups, MKN45 
and scramble-shRNA-MKN45. There was no significant 
difference in the proportion of cells at the G2/M phase or 
percentage of apoptotic cells between the scramble-shRNA-
MKN45 and MKN45 groups (Fig. 3A). The proportion of 
BGC823 cells at the G2/M phase significantly increased in 

the CXCR1-BGC823 group (both P<0.05) and the percentage 
of apoptotic cells significantly decreased (both P<0.05) rela-
tive to the control groups, vacant-BGC823 and BGC823. 
There was no significant difference in the proportion of cells 
at the G2/M phase or percentage of apoptotic cells between 
the vacant-BGC823 and BGC823 groups (Fig. 3B).

Effects of CXCR1 stable knockdown or overexpression 
on the migration and invasion of gastric carcinoma cells. 
To investigate the effects of CXCR1 stable knockdown or 
overexpression on the migration and invasion of gastric 
carcinoma cells, a transwell migration/invasion assay was 
used. CXCR1-shRNA-MKN45 cells revealed a decrease in 
the number of cells that migrated (both P<0.05) or invaded 
(both P<0.05) the transwell membrane relative to non-trans-
fected MKN45 or scramble-shRNA-MKN45 cells (Fig. 4A). 
There was no significant difference in the number of cells 
that migrated and invaded through the transwell membrane 
between the scramble-shRNA-MKN45 and the MKN45 
groups (Fig.  4A). BGC823 cells overexpressed CXCR1 

Figure 1. Effects of CXCR1 stable knockdown and overexpression on CXCR1 mRNA and protein expression in gastric carcinoma cell lines. (A) CXCR1 
mRNA expression in MKN45 and BGC823 cells was determined by RT-PCR; (B) CXCR1 protein expression in MKN45 and BGC823 cells was determined 
by western blot analysis. β-actin was used as an internal control. (C) CXCR1 protein expression in the MKN45 cells transfected with plasmid vectors pYr-1.1-
CXCR1-shRNA-3 (CXCR1-shRNA) and pIRES2-ZsGreen1-CXCR1-Mut was determined by western blot analysis. GAPDH was used as an internal control. 
MKN45 cells were stably transfected with CXCR1-shRNA and pYr-1.1-scramble-shRNA (scramble-shRNA) using G418 resistance screening for 1 month. 
(D) CXCR1 mRNA expression was determined by real-time RT-PCR; (E) CXCR1 protein expression was determined by western blot analysis. GAPDH was 
used as an internal control. BGC823 cells were stably transfected with plasmid pIRES2-ZsGreen1-CXCR1 (CXCR1-BGC823) and pIRES2-ZsGreen1 (vacant-
BGC823) using G418 resistance screening for 1 month. (F) CXCR1 mRNA expression was determined by real-time RT-PCR; (G) CXCR1 protein expression 
was determined by western blot analysis. GAPDH was used as an internal control. Data are shown as mean ± standard deviation (SD). *P<0.05 vs. MKN45 or 
BGC823; #P<0.05 vs. scramble-shRNA-MKN45 or vacant-BGC823.
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(CXCR1-BGC823 group) showed an increase in the number 
of cells that migrated (both P<0.05) or invaded (both P<0.05) 
the transwell membrane relative to non-transfected BGC823 
cells or the vacant-BGC823 cells (Fig. 4B). There was no 
significant difference in the number of cells that migrated or 
invaded the transwell membrane between the BGC823 and 
vacant-BGC823 groups (Fig. 4B).

In order to further investigate the effect of CXCR1 stable 
knockdown or overexpression on the migration and invasion of 
gastric carcinoma cells, wound-healing assay was conducted. 
The wound closure rate of CXCR1-shRNA-MKN45 cells 
was significantly less than non-transfected MKN45 cells 
and scramble-shRNA-MKN45 cells (both P<0.05). No 
obvious differences in the wound closure rates between the 
scramble-shRNA-MKN45 cells and non-transfected MKN45 
cells were detected (Fig. 4C). The rate of wound closure of 

CXCR1-BGC823 cells was significantly higher than non-
transfected BGC823 cells and the vacant-BGC823 cells (both 
P<0.05). Wound closure rates of the vacant-BGC823 and 
BGC823 groups were not different (Fig. 4D).

Effect of CXCR1 stable knockdown or overexpression on 
the in vivo tumor growth of gastric carcinoma cells. To 
investigate the effect of CXCR1 stable knockdown or over-
expression on the ability of gastric carcinoma cells to form 
tumors, gastric carcinoma cells were transplanted into nude 
mice. The weight and volume of the tumors formed in nude 
mice injected with CXCR1-shRNA-MKN45 cells was signifi-
cantly smaller than mice transplanted with control, MKN45 
cells or scramble-shRNA-MKN45 cells (both P<0.05). The 
weight and volume of the xenografts in nude mice were not 
different between the MKN45 and the scramble-shRNA-

Figure 2. Effects of CXCR1 stable knockdown in MKN45 cells and CXCR1 stable overexpression in BGC23 cells on cell proliferation and growth. MKN45 
cells were stably transfected with CXCR1-shRNA and scramble-shRNA using G418 resistance screening for 1 month. (A) Cell proliferation was analyzed 
by MTT assay. (C) Cell growth was determined by colony forming assay. BGC23 cells were stably transfected with BGC823/pIRES2-ZsGreen1-CXCR1 
(CXCR1-BGC823) and BGC823/pIRES2-ZsGreen1-NC (vacant-BGC823) using G418 resistance screening for 1 month. (B) Cell proliferation was analyzed 
by MTT assay. (D) Cell growth was determined by colony forming assay. Data are shown as mean ± SD. *P<0.05 vs. MKN45 or BGC23; #P<0.05 vs. scramble-
shRNA-MKN45 or vacant-BGC823.
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MKN45 groups (Fig.  5A). H&E staining confirmed that 
the xenografts were composed of cancer cells rather than 
abscesses (Fig. 5B). Furthermore, in nude mice transplanted 
with CXCR1-BGC823 cells, the weight and volume of the 

resulting tumors was significantly larger (both P<0.05) than 
mice transplanted with BGC823 cells or vacant-BGC823 cells. 
There was no significant difference in the weight and volume 
of xenografts in nude mice between the BGC823 and vacant-

Figure 3. Effects of CXCR1 stable knockdown in MKN45 cells and CXCR1 stable overexpression in BGC23 cells on cell cycle distribution and apoptosis. Cell 
cycle at G2/M phase and apoptosis (sub-G1) were determined by flow cytometric analysis using propidium iodide staining in MKN45 cells (A) and BGC23 
cells (B). Data are shown as mean ± SD. *P<0.05 vs. MKN45 or BGC23; #P<0.05 vs. scramble-shRNA-MKN45 or vacant-BGC823.
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BGC823 groups (Fig. 5C). H&E staining confirmed that the 
xenografts resulting from CXCR1 overexpressing cells were 
composed of cancer cells rather than abscesses (Fig. 5D).

Effects of CXCR1 stable knockdown on the levels of AKT and 
ERK1/2 phosphorylation and markers of apoptosis, prolifera-

tion and growth, angiogenesis, invasion and metastasis related 
signaling molecules in MKN45 cells. In order to determine 
whether the AKT and ERK1/2 signal pathways were activated 
by CXCR1 receptor/ligand interaction, phosphorylation of 
AKT and ERK1/2 was measured in the MKN45 cells stably 
transfected with a CXCR1 specific shRNA. Phosphorylated 

Figure 4. Effects of CXCR1 stable knockdown in MKN45 cells and CXCR1 stable overexpression in BGC23 cells on cell migration and invasion. (A and B)
cells were plated on non-coated or matrigel-coated membranes for migration (up) and invasion (down) assays and incubated for 12 h (magnification, x200). 
Migrated and invading cells were counted in 10 random fields (magnification, x200) and expressed as the average number of cells per field of view. (C and D) 
Wound healing assay: Images obtained at 0, 24, 48 and 72 h after scratch formation. Wound closure (%) = [Cell-free area (0h) - Cell-free area (72 h)]/Cell-free 
area (0 h). Data are shown as mean ± SD. *P<0.05 vs. MKN45 or BGC23; #P<0.05 vs. scramble-shRNA-MKN45 or vacant-BGC823.
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Figure 5. Effects of CXCR1 stable knockdown in MKN45 cells and CXCR1 stable overexpression in BGC23 cells on tumor volume, tumor weight and 
pathology in the gastric carcinoma xenograft mouse model. Thirty-six nude mice were divided into 6 groups: CXCR1-shRNA-MKN45; scramble-shRNA-
MKN45; MKN45 cells; CXCR1-BGC823; vacant-BGC823; and BGC823 cells. cell suspension (0.2 ml) containing 2x107 viable cells were inoculated in the 
right rear back of each nude mouse. Three weeks after inoculation, mice were euthanized, and tumor tissues from each group were collected. (A and C) Tumor 
weight and volume. (B and D) pathology was determined by hematoxylin and eosin (H&E) staining (magnification, x200). Data are shown as mean ± SD (n=6/
group). *P<0.05 vs. MKN45 or BGC23; #P<0.05 vs. scramble-shRNA-MKN45 or vacant-BGC823.
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AKT (p-AKT) and p-ERK1/2 levels, detected by western blot 
analysis, were lower in the CXCR1-shRNA-MKN45 group 
than the MKN45 and scramble-shRNA-MKN45 groups, but 
total AKT levels were not different among the three groups. 
There was no difference in the phosphorylated and total AKT 
and ERK1/2 levels between scramble shRNA-MKN45 and 
MKN45 groups (Fig. 6A).

To investigate the mechanism by which CXCR1 regulates 
apoptosis, we measured the expression of apoptotic genes (Bax 
and BCL-2) by real-time RT-PCR and western blot analysis. 
The expression of Bcl-2 in the CXCR1-shRNA-MKN45 group 
was lower than the levels in the MKN45 and scramble-shRNA-
MKN45 groups. In contrast the CXCR1 shRNA increased the 
expression of Bax. No difference in the expression of Bax and 
Bcl-2 were detected between the scramble-shRNA-MKN45 
and MKN45 groups (Fig. 6B and C).

To elucidate the potential mechanism by which CXCR1 
shRNA inhibits the proliferation of gastric carcinoma cells, 
the expression of proliferation, and growth- and cell cycle-

related genes (cyclin D1, EGFR and Ki-67) were evaluated. 
Real-time RT-PCR revealed lower EGFR and cyclin  D1 
mRNA levels in CXCR1-shRNA-MKN45 cells compared 
to MKN45 and scramble-shRNA-MKN45 cell groups 
(all P<0.05). The level of Ki-67 was not altered by CXCR1 
RNA interference. Furthermore, cyclin D1, EGFR and Ki-67 
mRNA levels were not different between scramble-shRNA-
MKN45 and MKN45 cells (Fig. 6D and E). Western blots 
showed that the expression of cyclin D1, EGFR and Ki-67 
in CXCR1-shRNA-MKN45 cells were significantly lower 
than in the MKN45 and scramble-shRNA-MKN45 groups. 
Cyclin D1, EGFR and Ki-67 protein levels were not different 
between the scramble-shRNA-MKN45 and MKN45 groups 
(Fig. 6D and E).

As an indicator of tumor angiogenesis, VEGF mRNA 
and protein levels were measured by real-time RT-PCR and 
western blot analysis, respectively, and were found lower 
in CXCR1-shRNA-MKN45 cells than in the MKN45 and 
scramble-shRNA-MKN45 groups. No differences were found 

Figure 6. Effects of CXCR1 stable knockdown in MKN45 cells on cell proliferation, cell cycle, cell apoptosis, cell migration and invasion-related signaling 
molecule expression. (A) Phosphorylation of AKT and ERK1/2 was determined by western blot analysis. mRNA expression of apoptosis (Bcl-2 and Bax) (B), 
proliferation and growth (cyclin D1, EGFR and Ki-67) (D), angiogenesis (VEGF) (F), invasion and metastasis (MMP-9, MMP-2 and E-cadherin) (H) was 
determined by real-time RT-PCR. Protein expression of apoptosis (Bcl-2 and Bax) (C), proliferation and growth (cyclin D1, EGFR and Ki-67) (E), angiogenesis 
(VEGF) (G), invasion and metastasis (MMP-9, MMP-2 and E-cadherin) (I) were determined by western blotting. GAPDH was used as a loading control. Data 
are shown as mean ± SD. *P<0.05 vs. MKN45; #P<0.05 vs. scramble-shRNA-MKN45. 
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in the expression of VEGF between the scramble-shRNA-
MKN45 and MKN45 groups (Fig. 6F and G).

To further understand the possible mechanism by which 
inhibition of CXCR1 expression could inhibit the invasion and 
metastasis of gastric carcinoma cells, the expression of several 
markers of cell invasion and metastasis (MMP-9, MMP-2 
and E-cadherin) were measured. In CXCR1-shRNA-MKN45 
group the expression of MMP-2 and MMP-9 at both the 
mRNA and protein levels were lower and E-cadherin higher 
than the MKN45 and scramble-shRNA-MKN45 groups. No 
differences in the expression of MMP-9, MMP-2 or E-cadherin 
were observed between the scramble-shRNA-MKN45 and 
MKN45 groups (Fig. 6H and I).

Discussion

The association of high CXCR1 levels with several types of 
aggressive and invasive cancers warrants a more complete 
understanding of the function of this pro-inflammatory 
chemokine in permissive tumor cell environments (10). This 
is especially true in the gastrointestinal tract where chronic 
states of inflammation may promote the transformation of 
a cancer cell phenotype. In order to elucidate the functional 
role of CXCR1 in the development of gastric cancer, both 
loss of function and gain of function approaches were used 
to characterize gastric carcinoma cell proliferation, invasion 
and migration in vitro. This was accomplished by developing 
stable transfected cell lines containing a CXCR1-shRNA to 
inhibited CXCR1 expression, or CXCR1 coding sequence to 
overexpress the gene. These well characterized high and low 
CXCR1 expressing gastric carcinoma cells lines were then 
used as xenografts in nude mice to test their potential for 
tumor formation. The data collected from these experiments 
clearly indicate that CXCR1 expression promotes the prolif-
eration and growth, and enhances the migration and invasion 
properties of gastric carcinoma cells.

To establish a cell line with CXCR1 loss-of-function 
using RNAi technology, several steps were incorporated to 
design and test shRNA that both were efficient and specific. 
The first step was to choose a cell system with high CXCR1 
expression to characterize the shRNA. MKN45 cells with 
relatively higher CXCR1 expression were chosen for the RNA 
interference experiments. Next, three shRNA fragments were 
successfully sub-cloned into the plasmid pYr 1.1. All three 
shRNA tested in transient transfection assays suppressed 
CXCR1 expression, and pYr-1.1-CXCR1-shRNA-3 was chosen 
for stable transfections. Subsequent G418 screening, real-time 
RT-PCR and western blot testing were used to establish a 
stable CXCR1-shRNA-MKN45 cell line, which provided a 
tool for the subsequent research on the function of CXCR1.

To verify that the knockdown of CXCR1 expression by 
RNAi was efficient and that no off-target effects existed, 
we carried out CXCR1 RNAi rescue experiments, as first 
proposed by Jackson and colleagues (20). Cells transfected 
with a single gene-specific siRNA have been reported to 
interfere with the expression of a large number of non-specific 
genes in genome wide screens with altered expression levels 
of 1.5- to 3-fold (21). To verify there were no off-target effects 
in our experiment, we mutated 3 bases according to the target 
sites of the CXCR1 gene to prevent the interference sequence 

of pYr-1.1-CXCR1-shRNA-3. The pYr-1.1-CXCR1-shRNA-3 
(CXCR1-shRNA) and pIRES2-ZsGreen1-CXCR1-Mut were 
transfected at the same time into MKN45 cells. Compared 
with the pIRES2-ZsGreen1-CXCR1-Mut alone group, the 
expression of CXCR1 in MKN45 cells transfected with both 
the pIRES2-ZsGreen1-CXCR1-Mut and CXCR1-shRNA did 
not interfere with CXCR1 expression and suggested that there 
were no off-target effects in our experiment.

The occurrence and development of gastric cancer is 
complex and involves aberrant regulation of proliferation, 
invasion and metastasis of cancer cells. To investigate the role 
of CXCR1 in the development of gastric cancer, we observed 
the effect of CXCR1 knockdown or overexpression on the 
proliferation, cell cycle distribution, and apoptosis of gastric 
carcinoma cells by MTT, plate colony formation and flow 
cytometry assays. The results showed CXCR1 knockdown 
inhibited cell proliferation and growth. This was accompanied 
by G2/M phase arrest and cell apoptosis. Importantly, CXCR1 
stable knockdown prevented the in vivo formation of tumors 
when cells were transplanted into mice. The opposite result 
was observed when CXCR1 overexpressing cells were used as 
xenografts, and much larger tumors were observed in the nude 
mice. Thus, CXCR1 participates in the development of gastric 
tumors by inhibiting apoptosis and promoting the proliferation 
and growth of gastric cancer cells. The results were consistent 
with the role of CXCR1 in other cancers (11-15). 

Invasion and metastasis are also the important manifesta-
tions of gastric cancer and often the reason for poor patient 
prognosis. Many factors also regulate the invasion and metas-
tasis of cancer cells. In order to explore the role of CXCR1 in 
gastric cancer cell invasion and metastasis, the ability of cells 
to transverse non-coated and matrigel-coated membranes was 
tested in a transwell system. This experiment was compli-
mented with wound-healing assay to monitor cell migration 
rates. Results from these in vitro measurements, again using 
knockdown and overexpression cell lines, showed that CXCR1 
knockdown inhibited the migration and invasion properties of 
gastric carcinoma cells while the overexpression of CXCR1 
increased the migration and invasion potential of cancer cells. 
These results are in line with the findings from the recent 
study (22).

To further explore the mechanism by which CXCR1 
regulates altered proliferation, growth, apoptosis, invasion 
and migration in loss-of-function and gain-of-function culture 
models, the expression of several key genes involved in these 
cellular functions was measured. Previous studies have found 
that the abnormal phosphorylation of AKT and ERK1/2 was 
associated with the proliferation, growth, angiogenesis, inva-
sion and metastasis of gastric cancer (23,24), and was regarded 
as the bridge between CXCR1/2 and downstream molecules 
(10,25,26). Our results confirm this finding and show that 
CXCR1 knockdown suppressed the phosphorylation of AKT 
and ERK1/2. This finding suggests CXCR1 receptor/ligand 
interactions might regulate the AKT and ERK1/2 signaling 
pathway. The ratio of Bcl-2 to Bax of Bcl-2 family are key 
indicators of tumor apoptosis with high expression of Bcl-2 
and low expression of Bax considered to inhibit apoptosis 
of cancer cells  (27). In the present experiments CXCR1 
knockdown induced apoptosis of gastric cancer cells and was 
accompanied by the upregulation of Bax and downregulation 
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of Bcl-2. In addition to enhancing apoptosis, inhibition of 
CXCR1 decreased proliferation and this was accompanied by 
the downregulation of several proliferation genes (cyclin D1, 
and EGFR) associated with gastrointestinal tumors as well as 
many other types of cancers (28-31).

The next set of molecules characterized in these CXCR1 
in vitro models was the balance between MMP-9, MMP-2 and 
E-cadherin. MMPs are well known to play an indispensable 
role in the invasion and metastasis of cancers through their 
ability to degrade extracellular matrix allowing the invasion 
and metastasis of cancer cells (32-35). E-cadherin is a cell 
surface adhesion molecule involved in cell-cell and cell-
matrix interactions, and studies support a role for the loss 
of E-cadherin in the invasion of cancer cells (36,37). In the 
present experimental system knockdown of CXCR1 decreased 
MMP-2 and MMP-9 and increased E-cadherin expression, 
and is consistent with a less invasive cancer cell phenotype.

Another characteristic of an aggressive, invasive tumor is 
the ability to form new blood vessels that supply the tumor 
with nutrition for the growth and provided a conduit for 
metastasis (38). The levels of VEGF, an angiogenic factor, are 
closely correlated with microvascular density in many types of 
tumors (39). Our experiments showed that CXCR1 knockdown 
resulted in decreasing VEGF expression, and thus further 
suggests that high CXCR1 levels could be associated with a 
highly aggressive, vascularized tumor.

CXCR1 silence inhibited proliferation and growth, 
induced cell cycle arrest and apoptosis and prevented migra-
tion and invasion ability of gastric cancer cells. However, 
overexpression of CXCR1 could reverse the above malignant 
behavior of gastric cancer cells, possibly relating to the phos-
phorylation level of AKT and ERK1/2 and the expression of 
BCL-2, cyclin D1, EGFR and VEGF, MMP-2, MMP-9, Bax 
and E-cadherin. Further study is necessary to fully clarify 
the interaction and regulation of these genes in gastric cancer 
cells. This study provides preclinical data to support CXCR1 
as a novel therapeutic target for gastric cancer. 
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