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Abstract. Expression of eukaryotic initiation factor 4A1 
(eIF4A1) following brachytherapy has been reported to predict 
improved radiosensitivity and tumor‑specific survival in 
cervical cancer. Therefore, the present study investigated the 
function of eIF4A1 in cervical cancer and the mechanism by 
which eIF4A1 regulates cervical cancer radiosensitivity. It was 
determined that the downregulation of eIF4A1 in HeLa and 
SiHa cells notably attenuated cell proliferation, in addition 
to repressing cervical cancer migration and invasion, and 
promoting cell apoptosis. In vitro and in vivo studies have 
demonstrated that silencing eIF4A1 improves cervical cancer 
radiosensitivity. Detection of γ‑H2AX using western blot 
analysis at 0, 0.5, 1, 6 and 24 h following the exposure of cervical 
cancer cells to X‑rays illustrated that eIF4A1‑knockdown 
results in postponed radiation‑induced DNA double strand 
break (DSB) repair. Overall, the results of the present study 
demonstrated that downregulated eIF4A1 improves cervical 
cancer radiosensitivity by delaying cancer cell DSB repair. In 
conclusion, the data indicated that eIF4A1 performs a vital role 
in cervical cancer progression and radiosensitivity. Therefore, 
eIF4A1 may be a potential therapeutic target in patients with 
cervical cancer.

Introduction

Although the incidence of cervical cancer has decreased due to 
more regular cytological screening programs and the success 
of human papillomavirus vaccinations, it remains the third 
most common type of gynecological cancer worldwide (1). 

The International Agency for Research on Cancer estimated 
there were 528,000 new cases and 266,000 deaths in 2012, 
and a total of ~9/10 (87%) of cervical cancer mortalities occur 
in less developed regions (2). At present, radiotherapy, as an 
adjuvant or primary treatment, remains the most common and 
effective therapeutic intervention for cervical cancer. Several 
international clinical trials have reported that adjuvant radio-
therapy or concurrent chemoradiation therapy can improve 
disease‑free survival and overall survival outcomes in patients 
with pathological risk factors for recurrence (3‑5). However, 
radiotherapy ultimately fails in >20% of patients with locally 
advanced cervical cancer (FIGO stage IB2‑IVA), the main 
cause of which is radio‑resistance (6,7). Clinically, the identifi-
cation and treatment of radio‑resistant cervical cancer remains 
a challenge.

Eukaryotic initiation factor (eIF) 4F is composed of 
ATP‑dependent RNA helicase eIF4A1, 5' cap mRNA‑binding 
protein eIF4E and the scaffolding protein eIF4G, which 
scans mRNAs through the 5' untranslated region (5'UTR), 
and unwinds the mRNA secondary structure to expose the 
translation initiation codon and initiates translation  (8,9). 
Assembly of the eIF4F complex is rate‑limiting step for 
translation initiation. Increased eIF4F complex formation 
elevates the translation of all cap‑dependent mRNAs, thereby 
increasing global protein synthesis rates. However, mRNAs 
vary widely in their inherent translatability, largely as a 
function of differences in the length and structure of their 
5'UTRs. Cellular mRNAs that are the most sensitive to 
alterations in eIF4F complex formation include weak mRNAs, 
which are GC rich and highly‑structured 5'UTRs (8,9). c‑Myc, 
vascular endothelial growth factor, ornithine decarboxylase 
and survivin typically encode growth and survival 
factors (8,9). Therefore, eIF4A1 may perform an essential role 
in the translation of weak mRNAs, indicating that eIF4A1 
is an important oncogenic protein. This has been verified by 
numerous prior studies (10‑13). Our previous study (10) also 
revealed that eIF4A1 expression is associated with certain 
clinicopathological variables of cervical cancer, including the 
International Federation of Gynecology and Obstetrics (FIGO) 
stage (14), histological type, pelvic lymph node metastasis 
status, parametrial invasion and deep stromal invasion. In 
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addition, the decreased expression of eIF4A1 following 
brachytherapy may predict improved radiosensitivity and 
tumor‑specific survival. These findings indicate that eIF4A1 
may be of importance in cervical cancer, particularly in cancer 
cell radiosensitivity. Therefore, the present study analyzed the 
function of eIF4A1 in cervical cancer and attempted to explore 
the underlying mechanisms.

Materials and methods

Cell lines and cell culture. The HeLa and SiHa cervical 
cancer cell lines and the 293T cell line were obtained from 
the American Type Culture Collection (Manassas, VA, USA). 
Cells were maintained in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 10% heat‑inactivated fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) 
and penicillin (100 µg/ml) and streptomycin (100 U/ml), and 
incubated in a humidified incubator at 37˚C in an atmosphere 
containing 5% CO2.

RNA interference and eIF4A1 downregulated cells. The two 
s e l e c t e d  s h o r t  h a i r p i n  R N A  (s h R N A /s h R) 
sequences for eIF4A1 were as follows: P1 sense, 5'‑CCG​GGC​
CGT​GTG​TTT​GAT​ATG​CTT​ACT​CGA​GTA​AGC​ATA​TCA​
AAC​ACA​CGG​CTT​TTT​G‑3' and antisense, 5'‑AAT​TCA​
AAA​AGC​CGT​GTG​TTT​GAT​ATG​CTT​AC T​CGA​GTA​AGC​
ATA​TCA​AAC​ACA​CGG​C‑3'; P2 sense, 5'‑CCG​GGC​CGT​
AAA​GGT​ GTG​GCT​ATT​ACT​CGA​GTA​ATA​GCC​ACA​CCT​
TTA​CGG​CTT​TTTG‑3' and antisense, 5'‑AAT​TCA​AAA​
AGC​CGT​AAA​GGT​GTG​GCT​ATT​ACT​CGA​GTA​ATA​GCC​
ACA​CCT​TTA​CGG​C‑3'. These sequences were synthesized 
by Sangon Biotech Co., Ltd. (Shanghai, China), annealed and 
ligated into the pLKO.1 lentiviral shRNA vector linearized by 
AgeI and EcoRI (New England Biolabs, Inc., Ipswich, MA, 
USA). eIF4A1 downregulated cells were established using the 
following process: The recombinant lentivirus with 
shR‑eIF4A1 was produced by co‑transfecting 293T cells with 
the plasmids, psPAX2 and pMD2.G using Lipofectamine® 2000 
transfection reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. After transfec-
tion for 48  h, Lentivirus‑containing supernatants were 
centrifuged at 400 x g for 5 min at room temperature and 
filtered through a 0.45‑µm cellulose acetate filter (Merck 
KGaA, Darmstadt, Germany), and stored at 4˚C. Subsequently, 
SiHa and HeLa cells which obtained 30% confluency were 
cultured in a humidified incubator at 37˚C with 5% CO2 with 
the shR‑eIF4A1 lentivirus‑containing supernatant, diluted 
with serum‑free DMEM at a ratio of 1:1. After 24 h, the culture 
medium was removed and fresh medium was added to the 
cells. Finally, 2 mg/ml puromycin (Sigma‑Aldrich; Merck 
KGaA) was added to the medium. Following antibiotic selec-
tion for 48 h, eIF4A1‑downregulated cells (HeLa‑shR1, 2; 
SiHa‑shR1, 2) were obtained.

Cell proliferation assay. A Cell Counting kit‑8 (CCK)‑8 
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was 
used to evaluate cell proliferation. The shR‑eIF4A1‑infected 
cells and parental cells were seeded at a density of 
1,000 cells/well on a 96‑well plate. After 6 h and 1, 2, 3 and 

4 days, 10 µl CCK‑8 reagent was added to each well and incu-
bated for 2 h at 37˚C with 5% CO2. The absorbance at 450 nm 
was then measured using a Tecan Sunrise Microplate Reader 
(Tecan Group, Ltd., Männedorf, Switzerland) to determine the 
cell number.

Cell invasion and migration assays. The eIF4A1‑downregu-
lated cells and parental cells were resuspended in serum‑free 
DMEM. Subsequently, the upper Transwell chambers (8‑mm 
pore size; BD Biosciences, Franklin Lakes, USA) containing 
Matrigel coatings were seeded with 100,000 cells, which were 
cultured with serum‑free medium. A total of 50,000 cells 
were added to the upper Transwell chambers without Matrigel 
coatings and cultured with serum‑free medium. The lower 
chambers contained medium supplemented with 10% FBS. 
After 24 h of incubation, the non‑migrated cells were gently 
removed with cotton swabs, and the migrated cells on the 
bottom surface of the membranes were fixed and then stained 
with 1% crystal violet in 100% ethanol for 15 min at room 
temperature. Cells were then visualized using an Olympus 
light microscope (Olympus Corporation, Tokyo, Japan) at 
magnification, x20. The invasive/migratory cells were counted 
from five random fields of view.

Cell apoptosis. Apoptosis was determined using an Annexin V 
and propidium iodide (PI) staining‑based Fluorescein 
Isothiocyanate‑Annexin V Apoptosis Detection kit (BD 
Biosciences) according to the manufacturer's protocol. The 
eIF4A1‑downregulated cells and parental cells were seeded 
into a 6‑well plate (2x105 cells/well) and incubated for 24 h 
at  37˚C with 5% CO2. Cells were then resuspended and 
labeled using the Apoptosis Detection kit, and the apoptotic 
cells were determined using a FACScan cytofluorometer from 
BD Biosciences (Franklin Lakes, NJ, USA) with Cell Quest 
software version 5.1 (BD Biosciences).

Cervical cancer radiosensitivity assay in vitro and in vivo. A 
cell colony formation assay was applied for cervical cancer 
cell radiosensitivity analyses. Exponential growth phase 
eIF4A1‑downregulated cells and parental cells (200‑8,000) 
were seeded onto 6‑well plates. Following incubation for 
6‑8 h, the plates were irradiated with 137Cs (Nordion, Ottawa, 
ON, Canada). The dose rate was 1.25 Gy/min, with doses of 
0, 2, 4, 6, 8 Gy given in a single fraction. Following incuba-
tion at 37˚C with 5% CO2 for 10‑13 days, the cells were fixed 
and then stained with 1% crystal violet in 100% ethanol for 
15 min at room temperature. Colonies containing ≥50 cells 
were counted. The plating efficiency (PE)=(the number of 
clones/the number of planted cells) x100%, and the surviving 
fraction (SF) was the number of colonies formed/(the number 
of cells plated x the plating efficiency) (15,16).

The in vivo radiosensitivity assay was approved by the 
Department of Laboratory Animal Science, Fudan University 
(Shanghai, China). The mice were housed under controlled 
12 h light‑dark cycles, constant temperature (22‑24˚C) and 
humidity (55‑60%), and were given sterilized food and 
tap water ad libitum. The mice were used when they were 
6‑weeks and weighed ~25 g. SiHa‑shR1 cells or SiHa cells 
(1x106/mouse) were subcutaneous injected into the right 
thigh of the 32 BALB/c female nude mice (Shanghai SLAC 
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Laboratory Animal Co., Shanghai, China). When tumors 
reached 8 mm in diameter (~14 days post‑injection), all mice 
were randomly divided into two groups. One group received 
radiation treatment (16 Gy with 6 MV of X‑rays), whilst the 
other group served as the controls. Tumor diameters were 
measured every 3 days for ≤37 days to calculate the tumor 
volume (V) using the following equation V=(LxW2) x0.5, 
where L was the length of the long side of the tumor and W 
was the length of the short side.

Western blot analysis. The cells were collected and then lysed 
with RIPA lysis buffer (1% NP‑40, 0.1% SDS, 0.5% sodium 
deoxycholate, 150 mmol/l NaCl and 10 mmol/l Tris‑HCl) 
containing 1/100 phenylmethanesulfonyl fluoride solution. 
The total protein concentration was determined using a 
BCA protein assay kit (Beyotime Institute of Biotechnology, 
Haimen, China). Aliquots (30  µg) of each sample were 
separated by 12% polyacrylamide gel electrophoresis and 
transferred to PVDF membranes (EMD Millipore). The 
membranes were blocked with 5% non‑fat milk at room 
temperature for 2 h. Subsequently, the membranes were probed 
with primary antibodies against eIF4A1 (1:1,000 dilution; cat 
no. T2192; Epitomics; Abcam, Cambridge, UK) or β‑actin 
(1:2,000 dilution; cat no. 4967S; Cell Signaling Technology, 
Inc., Danvers, MA, USA) or γ‑H2AX (1:1,000 dilution; cat 
no. 2577; Cell Signaling Technology, Inc.) in TBS‑Tween‑20 
(TBST) containing 5% non‑fat milk (Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) at 4˚C overnight, followed by 
three washes in TBST for 10 min per wash. Subsequently, the 
membranes were incubated with the goat anti‑rabbit horse-
radish peroxidase conjugated‑secondary antibody (1:3,000 
dilution; cat no. ab97051; Abcam) for 1 h at room temperature. 
Immunoreactive bands were visualized using an enhanced 
chemiluminescence reaction (Pierce; Thermo Fisher Scientific, 
Inc.). β‑actin was used as an internal control.

Statistical analysis. Data are presented as the mean ± standard 
error. SPSS software (version 19.0 for Windows; IBM Corp., 
Armonk, NY, USA) was used for statistical analysis. The χ2 
test, Fisher's exact test and Student's t‑test were applied to 
assess statistical significance. All tests were two‑sided, and 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Downregulated eIF4A1 inhibits cervical cancer cell prolifera-
tion and migration, and promotes cell apoptosis. To assess the 
effects of eIF4A1 in cervical cancer cells, eIF4A1‑downregu-
lated cells (HeLa‑shR1, 2; SiHa‑shR1, 2) were established and 
western blotting was used to verify the success of the transfec-
tion and knockdown (Fig. 1A). A CCK‑8 assay determined 
that the downregulation of eIF4A1 in HeLa and SiHa cells 
notably attenuated cell proliferation (Fig. 1B; P<0.001). The 
effect of eIF4A1 on cervical cancer cell invasion was exam-
ined using a Matrigel‑based invasion assay with a Transwell 
chamber. The number of HeLa‑shR1, 2 and SiHa‑shR1, 2 
cells (Fig. 1C) that passed through the Matrigel basement 
membrane matrix was markedly decreased compared with 
the parental cells (P<0.001). Likewise, the migration ability of 

HeLa and SiHa cells decreased significantly after the silence 
of eIF4A1 (Fig.  1D; P<0.001). However, flow cytometry 
revealed that HeLa‑shR1, 2 and SiHa‑shR1, 2 cells had a larger 
proportion of apoptotic cells than the parental cells (Fig. 1E; 
P<0.05). These results revealed that downregulated eIF4A1 
markedly repressed cervical cancer cell viability and promote 
cell apoptosis.

Downregulation of eIF4A1 improves cervical cancer radio-
sensitivity in  vitro and in  vivo. Our previous study  (10) 
demonstrated that the alteration of eIF4A1 expression in 
response to brachytherapy was associated with cervical 
cancer radiosensitivity. In the present study, a cervical cancer 
cell colony formation assay with radiation was conducted. 
As presented in Fig. 2A, decreased expression of eIF4A1 in 
HeLa and SiHa cells increased their radiosensitivity in vitro 
(P<0.05).

A tumorigenesis assay in nude mice was then performed, 
which revealed that the SiHa‑shR1 cell tumor volumes 
following X‑ray irradiation were significantly smaller than 
those formed by the parental cells (Fig. 2B; P<0.05), indicating 
that the downregulation of eIF4A1 improved cervical cancer 
radiosensitivity.

Downregulation of eIF4A1 improves cervical cancer radio-
sensitivity by delaying cancer cell DSB repair. To disclose 
how decreased eIF4A1 expression improved cervical cancer 
cell radiosensitivity, DNA DSB repair, which measured by the 
expression of γ‑H2AX, was examined. In the present study, the 
expression of γ‑H2AX was detected by western blot analysis 
at 0, 0.5, 1, 6 and 24 h following irradiation of the cancer cells. 
As presented in Fig. 2C, 0.5 and 1 h following irradiation, 
which means a period of DNA DSB, the band concentration of 
γ‑H2AX between eIF4A1 downregulation and parental cells 
were all at a high level, and no significant differences were 
observed. These results indicated that eIF4A1 has no notable 
effect on the initial level of radiation‑induced DSB. However, 
at 6 and 24 h post‑irradiation, γ‑H2AX protein levels in eIF4A1 
downregulated cells were markedly increased than in parental 
cells, which illustrated that eIF4A1‑knockdown, causes the 
inhibition of radiation‑induced DNA DSB repair. Overall, it 
was considered that downregulated eIF4A1 improves cervical 
cancer cell radiosensitivity by delaying cell DSB repair.

Discussion

eIF4A1 is a canonical DEAD‑box helicase that exhibits 
ATP‑dependent RNA helicase activity in mRNA transla-
tion (17‑19), particularly for oncoproteins or proteins implicated 
in cell growth, death or proliferation (20,21). Elevated expres-
sion of eIF4A1 has been reported in primary hepatocellular 
carcinomas, melanoma cell lines and congenital melanocytic 
nevi (11,12). Furthermore, targeting eIF4A1 has been deter-
mined to reverse lymphoma cancer cell chemo‑resistance (13). 
In our previous study (10), it was demonstrated that eIF4A1 
overexpression promotes cervical cancer. In the present study, 
downregulated eIF4A1 was revealed to inhibit cervical cancer 
cell proliferation and induce apoptosis in vitro. In addition, 
SiHa‑shR1 cells generated xenografts were statistically 
smaller than their parental SiHa cells (Fig. 2B; P<0.05). These 
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Figure 1. Downregulation of eIF4A1 in cervical cancer cells significantly affected cell proliferation, viability and apoptosis. (A) Construction and validation of 
downregulated eIF4A1 in HeLa and SiHa cell lines. pLKO.1‑TRC cloning vector and two pairs of shRNA for eIF4A1 were used to construct stable‑knockdown 
eIF4A1 cells. Western blot analysis revealed that eIF4A1 was significantly downregulated in cervical cancer cells (HeLa‑shR1, 2; SiHa‑shR1, 2). (B) Effects of 
eIF4A1‑knockdown on cervical cancer cell proliferation. Downregulated eIF4A1 inhibited HeLa and SiHa cell growth, as measured by a Cell Counting kit‑8 
assay. This inhibition effect was significant by day 5 (P<0.001). (C) The effect of eIF4A1 on cervical cancer cell invasion was examined using a Matrigel‑based 
invasion assay with Transwell chambers. The number of HeLa‑shR1, 2 and SiHa‑shR1, 2 cells that passed through the Matrigel basement membrane matrix 
was markedly lower compared with the parental cells (P<0.001). (D) The effect of eIF4A1 on cervical cancer cell migration was examined using a Transwell 
chamber assay. The migration ability of HeLa and SiHa cells decreased significantly after the silence of eIF4A1 (P<0.001). (E) Flow cytometric analysis of 
cells stained with Annexin V/PI. The percentages of cells in each quadrant are indicated. Knockdown of eIF4A1 significantly induced apoptosis in HeLa and 
SiHa cells (P<0.05). (Q1, necrotic cells; Q2, cells in late apoptosis; Q3, normal cells; and Q4, cells in early apoptosis.). PI, propidium iodide; FITC, fluorescein 
isothiocyanate; eIF4A1, eukaryotic initiation factor 4A1; shR, short hairpin RNA. *P<0.05 vs. the control.
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results confirmed that eIF4A1 promotes cervical cancer and 
may be used as a therapeutic target.

The clinical findings from our previous study (10) also 
indicated that eIF4A1 expression is associated with cervical 
cancer lymph node metastasis. Ji et al (22) reported that eIF4A1 
is an early marker of distant metastasis of non‑small cell lung 
cancer. Therefore, Transwell experiments were performed 
in vitro to verify this association. As predicted, the results 

of the current study revealed that the invasion and migration 
abilities of eIF4A1 downregulated cells were significantly 
suppressed compared with the parental cells. These findings 
indicated that eIF4A1 performs an important role in cervical 
cancer viability.

To determine the association between eIF4A1 expres-
sion and cervical cancer radiosensitivity, a colony formation 
assay was conducted with X‑ray radiation in vitro and in vivo. 

Figure 2. Downregulated eIF4A1 enhanced cervical cancer cell radiosensitivity in vitro and in vivo. (A) Decreased eIF4A1 enhanced HeLa and SiHa cell 
radiosensitivity; this effect became apparent when exposed to 4, 6 and 8 Gy X‑ray (P<0.05). These experiments were repeated three separate times. (B) The 
tumor volumes in SiHa‑shR1 group were significantly smaller than those in SiHa group (P<0.05). A total of 1x106 cells (SiHa‑shR1 or SiHa‑shR1) were 
subcutaneously injected into the right thigh of each 6‑week‑old BALB/C nude mice (16:16). When the diameter of the tumors reached 8 mm, mice bearing 
either SiHa‑shR tumors or SiHa tumors were randomly divided into two groups. One group received irradiation treatment (16 Gy with 6 MV X‑rays), while 
the other group served as the control. Tumor sizes were measured every 3 days. (C) eIF4A1‑knockdown resulted in the inhibition of radiation‑induced 
DNA double strand break repair. At 0, 0.5 and 1 h following exposure to radiation, no significant difference of γ‑H2AX protein was detected between the 
eIF4A1‑downregulated cells and the parental cells. However, at 6 and 24 h post‑irradiation, the γ‑H2AX protein levels in eIF4A1‑downregulated cells were 
significantly greater than those in the parental cells. *P<0.05 vs. the control. eIF4A1, eukaryotic initiation factor 4A1; shR, short hairpin RNA.
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Compared with parental cells, the colony‑forming ability of 
eIF4A1 downregulated cells was significantly lower (Fig. 2A; 
P<0.05). Furthermore, studies in vivo have also observed that 
the radiosensitivity of SiHa‑shR cells was markedly enhanced. 
Thus, to the best of our knowledge, the current study confirmed 
for the first time that the reduced expression of eIF4A1 
improved cervical cancer radiosensitivity, thus presenting a 
potential novel target for cervical cancer therapy.

Radiation is known to cause damage to DNA, including 
base damage, DNA strand breaks (single strand breaks and 
DSB) and DNA strand cross‑linking (23‑25). Base damage, 
DNA strand cross‑linking and single strand breaks are often 
repaired successfully, however, DSB repair tends to result in 
gene mutations or genomic instability (26‑28). It has been 
reported that γ‑H2AX forms at the DSB site in response to 
DNA damage caused by ionizing radiation, and that each foci 
of γ‑H2AX corresponds to one DSB (29‑34). Subsequently, 
DSB repair would occur within 30 min, 75% of which would 
fade away within 5 h, in which an almost complete γ‑H2AX 
loss is estimated to occur within 7‑8 h (35‑38). Therefore, in 
the present study, western blot analysis was used to detect 
the expression of γ‑H2AX within 24  h. For the parental 
HeLa and SiHa cells, γ‑H2AX expression was barely detect-
able within 6 h, suggesting that DSB repair was successful. 
However, for eIF4A1 downregulated cells, γ‑H2AX remained 
at a high level at 6 h and at 24 h, which indicated postponed 
DSB repair. Therefore, it was concluded that downregulated 
eIF4A1 increased cervical cancer radiosensitivity by delaying 
cancer cell DSB repair. However, the mechanism by which 
downregulated eIF4A1 delays DSB repair remains under 
investigation.

In conclusion, the present study confirmed that down-
regulated eIF4A1 significantly inhibited cervical cancer cell 
proliferation and viability, and induced cell apoptosis. In addi-
tion, the present study provided evidence that cervical cancer 
radiosensitivity may be enhanced by downregulated eIF4A1 
due to delayed cancer cell DSB repair, indicating that eIF4A1 
may be a promising target for increasing cervical cancer 
radiosensitivity.
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