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Abstract. The aim of the present study was to investigate the 
regulation of stromal cell‑derived factor 1 (CXCL12) in the 
radioresistance of cervical cancer, which was upregulated 
in tumors in our previous study. A CCK‑8 assay was used 
to detect cell viability. Flow cytometry was used to measure 
cell apoptosis and the expression levels of CD44 and CXCR4. 
ELISA was performed to measure the expression level of 
CXCL12 protein and CXCL12 mRNA was detected by reverse 
transcription‑quantitative polymerase chain reaction assays. 
Cell viability and apoptosis were determined with or without 
treatment with CXCL12 small interfering (si)RNA to examine 
the function of CXCL12 in Hela cells. The expression level 
of CD44 antigen (CD44) and C‑X‑C chemokine receptor 
type 4 (CXCR4) were measured using flow cytometry in the 
presence of CXCL12 and irradiation. In the present study, it 
was demonstrated that inhibition of CXCL12 reduced cell 
viability and increased cellular apoptosis in Hela cells treated 
with irradiation. Following treatment with CXCL12 siRNA, 
the expression level of CD44 was downregulated and the 
expression level of CXCR4 was upregulated. This effect of 
regulation additionally occurred in the presence of irradiation. 
In conclusion, the present data demonstrated that CXCL12 
served an important role in the radioresistance of cervical 
cancer, suggestinh a novel therapeutic target.

Introduction

Cervical cancer is the second most common type of malig-
nant tumor in women  (1). Radiotherapy remains the most 
effective therapeutic method for cervical cancer (2,3). The 
recent rapid development of radiotherapy and novel targeted 
drugs has provided increasing treatment options for patients 
with cervical cancer. However, clinical outcomes have only 
improved slightly, due to the recurrence and metastasis of 
cervical cancer primarily resulting from radioresistance (4).

Previous studies demonstrated that the tumor microenvi-
ronment in cervical cancer is one of the factors that result in 
radioresistance. Alterations in the tumor microenvironment, 
where the tumor cells develop, affect the outcomes of radio-
therapy (5,6). Tumor cells regulate the microenvironment by 
releasing extracellular signals, and the tumor environment 
serves an important role in tumorigenesis, tumor growth, inva-
sion, metastasis and angiogenesis (7). However, the underlying 
mechanisms between radioresistance and the tumor microenvi-
ronment in cervical cancer remain unclear. In our previous study, 
a microarray analysis was performed to identify genes associated 
with the tumor microenvironment in radioresistant tissues of 
cervical cancer (8). Stromal cell‑derived factor 1 (CXCL12) and 
CD44 antigen (CD44) were identified as two important associ-
ated genes in the present study, and CXCL12 was additionally 
identified to be a negative factor in the prognosis of patients with 
cervical cancer following radical radiotherapy. According to a 
previous study, the binding of CXCL12 and its receptor, C‑X‑C 
chemokine receptor type 4 (CXCR4), serve an important role in 
tumor survival and development (9). Fuchs et al (10) reported that 
the binding of CD44 and CXCR4 in the presence of CXCL12 
was able to activate the extracellular signal‑regulated kinase 
(ERK) signaling pathway and increase cell motility in HepG2 
cells and primary human umbilical vein endothelial cells. 
Recently, a number of studies reported that CXCL12 and CXCR4 
mediate resistance to radiotherapy. Goffart et al (11) documented 
that CXCL12 mediates glioblastoma resistance to radiotherapy 
and Wang et al (12) demonstrated that CXCL12/CXCR4 serve 
important roles in the radioresistance of colorectal cancer cells. 
Therefore, CXCL12 and CXCR4 may contribute to radioresis-
tance in a CD44‑dependant manner in cervical cancer. In the 
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present study, the underlying mechanisms via which CXCL12 
regulates radioresistance through CD44 in cervical cancer were 
examined.

Materials and methods

Cell culture. The human cervical cancer (Hela) cell line 
(American Type Culture Collection, Manassas, VA, USA) was 
maintained in minimum essential medium (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) containing 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 
100 U/ml streptomycin and 100 U/ml penicillin in a humidified 
cell incubator with an atmosphere of 5% CO2 at 37˚C.

Irradiation. In total, 60 Co‑γ rays in the irradiation center 
(Faculty of Naval Medicine, Second Military Medical University, 
Shanghai, China) were used for irradiation. Cells were exposed to 
different irradiation doses (4 and 8 Gy) at a dose rate of 1 Gy/min 
depending on the requirements of the present study.

Small interfering (si)RNA design and synthesis. siRNA 
(50 nM) was used to downregulate the expression level of 
CXCL12 and nonsense siRNA was used as a negative control. 
All synthetic RNA sequences were designed, synthesized 
and purified by Sangon Biotech Co., Ltd., Shanghai, China. 
siRNAs used in the present study are presented in Table I.

Transfection. Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.; cat. no. 11668‑019) transfection reagent 
was used to perform transfection in Hela cells, which were 
seeded in 6‑well plates at a density of 1x106, according to the 
manufacturer's protocol, as described previously (13). At 48 h 
post‑transfection, cells were subjected to further experiments.

Cell viability assay. Cell viability was measured using a 
Cell Counting Kit‑8 (CCK‑8) assay (Dojindo Molecular 
Technologies, Inc., Kumamoto, Japan; cat. no.  CK04). In 
total, 100 µl cell suspension (5,000 cells/well) was seeded in a 
96‑well plate. After 24 h of pre‑incubation, cells were imme-
diately irradiated. Following irradiation, cells were incubated 
for another 24 h. Subsequently, CCK‑8 solution was added to 
each well of the plate. The plate was incubated for 2 h. The 
absorbance was measured at 450 nm using a microplate reader 
(Thermo Fisher Scientific, Inc.).

Apoptosis assay. At 24 h post‑irradiation, cells were trypsinized 
and collected. The apoptosis of cells was determined by 
double‑staining with Annexin V‑fluorescein isothiocyanate and 
propidium iodide using an Apoptosis Detection kit (Invitrogen; 
Thermo Fisher Scientific, Inc.; cat. no. 88‑8005), and analyzed 
using a flow cytometer (CytoFLEX; Beckman Coulter, Inc., 
Brea, CA, USA). Data were collected and analyzed using 
CytExpert (version 1.2.11.0; Beckman Coulter, Inc.).

Flow cytometry analysis. To determine the expression levels of 
CD44 and CXCR4 in Hela cells, cells were collected and stained 
with CD44‑phycoerythrin (PE; 2 µg/ml; eBioscience without 
blocking; Thermo Fisher Scientific, Inc.; cat. no. 12‑0441‑82) 
or CXCR4‑PE (2 µg/ml; eBioscience; Thermo Fisher Scientific, 
Inc.; cat. no. 12‑9991‑82). Cells were incubated in the dark 

at room temperature for 20 min. Following incubation cells 
were washed using PBS and subsequently subjected to flow 
cytometry analysis. Data were collected and analyzed using 
CytExpert (version 1.2.11.0; Beckman Coulter, Inc.).

ELISA. The expression level of CXCL12 in the supernatants 
of cell cultures was determined by ELISA. At 48 h following 
treatment, the supernatants of cell cultures were collected 
following centrifugation at 1,000 x g for 10 min at room 
temperature. Subsequently, supernatants were subjected to 
ELISA, according to the manufacturer's protocol (BioVision, 
Inc., Milpitas, CA, USA; cat. no. K4387‑100).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Expression levels of RNA were quantified using 
RT‑qPCR. Total cellular RNA was isolated with TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. RNA was suspended in DNase/RNase 
free water, and RNA quantity and quality were determined at 
260/280 nm using a spectrophotometer (Pharmacia Biochrom 
GeneQuant, Biochrom, Ltd., Cambridge, UK). Following the 
manufacturer's protocol, RNA was reverse transcribed into 

Table I. CXCL12‑siRNA sequences.

CXCL12‑siRNA	 Sequence (5'‑3')

si‑RNA1	 Sense, CACGUAGCAGCUUAGACUA
	 dTdT
	 Antisense, UAGUCUAAGCUGCUACG
	 UGdTdT
si‑RNA2	 Sense, CAGUGAAUGAUUCAGUGU
	 UdTdT
	 Antisense, AACACUGAAUCAUUCA
	 CUGdTdT
si‑RNA3	 Sense, CACGUAGAACUUGGAUGU
	 AdTdT
	 Antisense, UACAUCCAAGUUCUAC
	 GUGdTdT
Nonsense	 Sense, UUCUCCGAACGUGUCACGU
siRNA	 dTdT
	 Antisense, ACGUGACACGUUCGGAG
	 AAdTdT

CXCL12, stromal cell‑derived factor 1; siRNA, small interfering RNA.

Table II. Primer sequences.

Gene	 Forward (5'‑3')	 Reverse (5'‑3')

CXCL12	 GAAGTGGAGCCAT	 TCCAAGTGGAA
	 AGTAATGCC	 AAATACACCG
GAPDH	 ATGACATCAAGA	 CATACCAGGAA
	 AGGTGGTG	 TGAGCTTG

CXCL12, stromal cell‑derived factor 1.
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cDNA using an RT‑PCR kit (Takara Biotechnology Co., Ltd., 
Dalian, China; cat. no. RR036A). The reverse transcription 
protocol was as follows: Three cycles at 37˚C for 15 min (reverse 
transcription), and 85˚C for 5  sec (inactivation of reverse 
transcriptase with heat treatment). PCR was performed using 
SYBRGreen (Takara Biotechnology Co., Ltd., Dalian, China: 

cat. no. RR420A). Thermocycling conditions were as follows: 
Holding stage, 95˚C for 30 sec; cycling stage, 40 Cycles of 95˚C 
for 5 sec and 60˚C for 30 sec; and melt curve stage. The rela-
tive mRNA expression levels were calculated using the 2‑∆∆Cq 
method (14). GAPDH was used as the reference. Primers used 
in the present study are presented in Table II.

Figure 1. Inhibition of CXCL12 reduces cell viability and increases apoptosis in irradiated Hela cells. (A) siRNAs were used to downregulate CXCL12. 
CXCL12 mRNA expression was measured using a quantitative polymerase chain reaction 24 h post‑treatment. (B) CXCL12 expression was determined using 
ELISA 48 h post‑treatment. (C) Apoptotic cells were determined. (D) A bar graph of apoptotic cells expressed as a percentage of the total cells. (E) Cell 
viability was determined 24 h post‑irradiation. Data are presented as the mean ± standard error of the mean. n=3. *P<0.05 vs. respective NC group. si, small 
interfering; CXCL12, stromal cell‑derived factor 1; NC, negative control; Con, control; PI, propidium iodide.
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Statistical analysis. Data are presented as the mean ±  the 
standard error of mean for each experiment. The number of 
samples is indicated in the description of each experiment. 
One‑way analysis of variance was conducted followed by a 
Student‑Newman‑Keuls post hoc test for statistical analysis. 
Experiments for quantification were conducted in a blind tests 
and all the experiments were repeated at least three inde-
pendent times. Data were analyzed using SPSS ver. 19 (IBM 
Corp., Armonk, NY, USA).

Results

siRNA downregulates CXCL12 expression. To downregu-
late the expression level of CXCL12, RNA interference was 
performed. A total of three different designed siRNAs and 
nonsense siRNA were transfected into Hela cells. At 24 h 
post‑transfection, the mRNA expression level of CXCL12 was 
measured using RT‑qPCR (Fig. 1A). ELISA was performed 
on cell supernatants 48 h post‑transfection to measure the 
protein expression level of CXCL12 (Fig. 1B). The mRNA and 
protein expression levels of CXCL12 were decreased signifi-
cantly in the presence of the three designed siRNA (P<0.05). 
CXCL12 expression levels were lowest in the cells treated with 
CXCL12‑siRNA2. Therefore, CXCL12‑siRNA2 was used in 
the further experiments.

Cells treated with CXCL12 siRNA2 or nonsense siRNA receive 
4 and 8‑Gy irradiation. At 24 h post‑irradiation, cell viability 
was measured. It was demonstrated that the percentage of 
apoptotic cells increased with the downregulation of CXCL12 
(Fig. 1C and D). Additionally, the downregulation of CXCL12 
significantly decreased the cell viability of irradiated cells 
(Fig. 1E; P<0.05).

Irradiation increases CXCL12 in Hela cells. The expression 
level of CXCL12 was measured at 24  h post‑irradiation 
with 4 Gy. As presented in Fig. 2, irradiation significantly 
upregulated the expression level of CXCL12 (P<0.01). 
However, CXCL12 expression levels were significantly 
decreased in the cells treated with CXCL12 siRNA compared 
with the irradiated cells (P<0.05).

Inhibition of CXCL12 decreases the CD44 expression level 
and increases the CXCR4 expression level. To examine the 
regulation of CXCL12 on CD44, CD44 expression levels were 
determined in Hela cells treated with or without CXCL12 
siRNA. It was demonstrated that inhibition of CXCL12 
significantly downregulated the expression of CD44 (Fig. 3A; 
P<0.05). However, the expression level of CXCR4 was 
significantly upregulated in the presence of CXCL12 siRNA 
(Fig. 3B; P<0.05).

Inhibition of CXCL12 downregulates the expression level of 
CD44 in irradiated Hela cells. To examine the regulation 
of CXCL12 on CD44 in the presence of irradiation, Hela 
cells were irradiated at a dose of 4 and 8 Gy with or without 
treatment with CXCL12 siRNA. Following irradiation, the 
expression level of CD44 was measured. As demonstrated in 
Fig. 4, the expression level of CD44 was significantly increased 
with the irradiation in a dose‑dependent manner (P<0.05). 

However, less of an increase was observed in irradiated Hela 
cells treated with CXCL12 siRNA (Fig. 4).

Inhibition of CXCL12 upregulates the expression level of 
CXCR4 in irradiated Hela cells. To investigate the regula-
tion of CXCL12 on CXCR4 in the presence of radiation, 
the expression level of CXCR4 was additionally determined 
following irradiation. It was demonstrated that CXCR4 was 
upregulated in the presence of CXCL12 siRNA in irradiated 
Hela cells (Fig. 5).

Discussion

The tumor microenvironment, in which tumor cells develop, 
is composed of tumor cells, stromal cells, capillaries, tissue 
fluids and a few infiltrating cells, including dendritic cells 
and macrophages, which serve an important role in the 
growth, invasion and metastasis of tumor cells (15). With the 
developments in cancer research, the tumor microenvironment 
has raised widespread concern in recent years. Numerous 
previous studies have reported that the response of tumor cells 
to radiotherapy is affected by a number of factors in the tumor 
microenvironment (15,16).

In our previous study (8), an oligonucleotide microarray 
was used to identify the differentially expressed genes in 
residual cervical cancer following radiotherapy. As a result, 
111 genes were identified to be upregulated and 127 genes 
were downregulated following a 50‑Gy dose of radiation 
compared with the control group (8). Among all these differ-
entially expressed genes, the expression level of CXCL12 was 
the highest, according to the validation of the microarray data 
with qPCR. The expression of CXCL12 was detected with 
immunohistochemistry on 130 paraffin embedded samples, 
and it was identified that the percentage of CXCL12‑positive 
cells was ~61.5% (8). Furthermore, a Kaplan‑Meier survival 
analysis revealed that CXCL12 was an independent risk factor 
and was strongly correlated with poor prognosis  (8). The 
present data suggested that CXCL12 served an important role 
in the radioresistance of cervical cancer. Recently, numerous 
studies demonstrated that the CXCL12/CXCR4 axis mediates 

Figure 2. Irradiation upregulates the CXCL12 expression level in Hela cells. 
A bar graph of the CXCL12 expression level in Hela cells in the presence of 
irradiation, with or without treatment with CXCL12 siRNA, is presented. Data 
are presented as the mean ± standard deviation. n=3. **P<0.05 vs. control; 
#P<0.05 vs. IR. CXCL12, stromal cell‑derived factor 1; siRNA, small inter-
fering RNA; IR, irradiation.
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Figure 4. Inhibition of CXCL12 downregulates the expression level of CD44 in irradiated Hela cells. (A) CD44 fluorescence data in irradiated cells treated with 
or without CXCL12 siRNA was collected and (B) presented. Data are presented as the mean ± standard deviation. n=3. *P<0.05. CXCL12, stromal cell‑derived 
factor 1; CD44, CD44 antigen; siRNA, small interfering RNA; NC, negative control; Con, control; PE, phycoerythrin.

Figure 3. Inhibition of CXCL12 decreases the CD44 expression level and increases the CXCR4 expression level. The expression level of CD44 was measured 
using flow cytometry. (A) CD44 fluorescence in cells treated with or without CXCL12 siRNA. The expression level of CXCR4 was additionally determined by 
flow cytometry. (B) CXCR4 fluorescence in cells treated with or without CXCL12 siRNA. Data are presented as the mean ± standard deviation. n=3. *P<0.05. 
CXCL12, stromal cell‑derived factor 1; CD44, CD44 antigen; siRNA, small interfering RNA; NC, negative control; Con, control; PE, phycoerythrin; CXCR4, 
C‑X‑C chemokine receptor type 4.
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resistance to radiotherapy in different cancer types (11,12). 
Accordingly, the function of CXCL12 was investigated to 
examine the mechanism of radioresistance in cervical cancer.

The chemokine CXCL12 (17) is an important α‑chemokine 
that binds primarily to its cognate receptor CXCR4 (18‑20). 
Experimentally, the activation of the CXCL12/CXCR4 axis 
has been demonstrated to serve an important role in tumor 
growth, invasion and metastasis  (21‑25). Zhang  et  al  (26) 
observed that CXCL12 was able to activate protein kinase B 
(AKT), and upregulate the expression level of vascular endo-
thelial growth factor in breast cancer cells. Barbero et al (27) 
demonstrated that activation of the CXCL12/CXCR4 axis 
was able to initiate the ERK1/2 and AKT signaling pathways, 
inducing the proliferation of glioma cells. Previous studies 
demonstrated that the CXCL12/CXCR4 axis was mediated by 

CD44. Avigdor et al (28) reported that CD44 and hyaluronic 
acid cooperate with CXCL12 in the trafficking of human CD34+ 
stem/progenitor cells to bone marrow. Fuchs et al (10) identified 
that CXCL12‑induced CXCR4 signaling regulates cell motility 
and angiogenesis in tumors in a CD44‑dependent manner.

In the present study, RNA interference with siRNA was 
used to downregulate the expression level of CXCL12 in Hela 
cells. To examine the function of CXCL12 in Hela cells, cell 
viability and apoptosis were determined at 24 h post‑irradia-
tion. The present results demonstrated that cell viability was 
decreased and apoptosis was induced following treatment 
with CXCL12 siRNA with radiation. In a previous study, it 
was observed that CXCL12 was upregulated in cervical 
cancer (29). Therefore, it was hypothesized that CXCL12 is 
involved in the radioresistance of cervical cancer. However, 

Figure 5. Inhibition of CXCL12 upregulates the expression level of CXCR4 in irradiated Hela cells. (A) CXCR4 fluorescence data in irradiated cells treated 
with or without CXCL12 siRNA was collected and (B) presented. Data are presented as the mean ± standard deviation. n=3. *P<0.05. CXCL12, stromal 
cell‑derived factor 1; CD44, CD44 antigen; siRNA, small interfering RNA; NC, negative control; Con, control; CXCR4, C‑X‑C chemokine receptor type 4; 
PE, phycoerythrin.
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the effects of upregulation of CXCL12 on radioresistance were 
not evaluated, which is a limitation of the present study. In 
addition, the use of a cell viability assay 24 h post‑irradiation, 
although it may provide an indication of radiation response, is 
a relatively early time point and may largely reflect a cytostatic 
response. Cell survival assays require investigation in future 
studies.

The present study demonstrated that the expression level 
of CD44 in Hela cells was downregulated with the inhibition 
of CXCL12. CD44 is a ubiquitous multistructural and 
multifunctional cell surface adhesion molecule involved in 
cell‑cell and cell‑matrix interactions. Faber et al (30) reported 
that the CXCL12‑CXCR4 axis may be a key pathway in the 
interaction between cancer stem cells and their surrounding 
supportive cells in the cancer stem cell niche. CXCL12 
induces cytoskeleton reorganization and pseudopod formation 
in tumor cells, which was hypothesized to be involved in the 
adhesion of tumor stem cells to the microenvironment (31). 
This suggests that CXCL12 exerts effects by affecting the 
tumor environment.

CXCR4 is the receptor of CXCL12 (30). In the present 
study, it was identified that the expression level of CXCR4 was 
increased with the inhibition of CXCL12. In the microarray 
analysis in our previous study, the upregulation of CXCR4 
was not observed (8). It is hypothesized that the upregulation 
of CXCR4 occurs as a response to the decrease in CXCL12. 
Although the sensitivity of CXCR4 to CXCL12 was increased, 
the CXCL12/CXCR4 axis remained inhibited.

In conclusion, CXCL12/CXCR4 axis activation is critical 
to radioresistance in cervical cancer. CD44 may additionally 
be involved in the process. In future studies, further exami-
nation of the mechanisms of the CXCL12/CXCR4 axis in 
radioresistance is required to clarify the effects of the tumor 
environment on radioresistance and develop novel therapeutic 
strategies for cervical cancer.
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