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Overexpression of the immediate early response 5
gene increases the radiosensitivity of HeLa cells
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Abstract. The effects of the immediate early response 5
(IERS5) gene on the sensitivity of HeLa cells to radiation
remain unclear. In the present study, stably transfected
HeLa cells resulting in the knockdown or overexpression of
IER5 were investigated. In addition, xenografts of normal,
IERS5-silenced and -overexpressed HeLa cells were injected
into nude mice and examined. The results demonstrated that
the radiosensitivity of the IER5-overexpressed HeLa cells
was significantly increased compared with that of the normal
and /ERS5-silenced cells. The upregulation of IER5 effectively
decreased cell proliferation and /ERS5 silencing promoted cell
proliferation compared with that in the normal HeLa cells.
Following irradiation of the cells with /ERS5 knockdown, cell
cycle was arrested at the G,/M phase and an increase in the
proportion of S phase cells was observed. By contrast, the
overexpression of /ERS led to an increase in the proportion of
G, phase cells. Furthermore, the upregulation of /ERS inhib-
ited tumor growth in vivo. The present findings demonstrate
that the /ERS5 gene affects the radiosensitivity of HeLa cells
and serves an important role in cell proliferation, suggesting
that this gene may be a potential radiotherapeutic target in
cervical cancer.
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Introduction

Cervical cancer is a malignant neoplasm of the cervix. It may
present with vaginal bleeding but is often asymptomatic until
the cancer is in its advanced stages (1,2). The methods of treat-
ment for this cancer consist of surgery (including local excision)
in the early stages, and chemotherapy and radiotherapy in the
advanced stages. Radiotherapy uses certain types of radia-
tion, including X-rays, y-rays or particles, to shrink tumors or
eliminate cancer cells by damaging DNA and subsequently
causing cell death or the inability to proliferate. In recent
years, attempts have been made to identify radiation-sensitive
genes for the purpose of elucidating the complex mechanisms
of cellular responses to ionizing radiation, or for the identifica-
tion of biomarkers for radiosensitive individuals (3-5). Previous
studies have performed microarray analysis on various types
of normal and cancer cells, including HeLa cells (6,7). The
expression of the immediate early response 5 (/ER5) gene has
been revealed to change in a dose- and time-dependent manner
in various types of cells, following radiation (6).

However, the effect of the atypical expression of IERS5
in HeLa cells on radiosensitivity and tumor growth remain
unclear. In order to understand the role of the /ER5 gene in
radiotherapy for cervical cancer in the present study, RNA
interference technology was used to silence /ERS in HelLa
cells, and overexpression plasmids were used to upregulate
the gene. The results of these experiments indicated that the
expression of /ERS is involved in the radiation-induced cell
death. In addition, 5-week-old BALB/C nude mice were inocu-
lated with three types of HeLa cells (normal, /ER5-knockdown
and IER5-overexpression) and the sizes of the resulting tumors
were recorded. Based on these investigations and observations,
the response of IER5 expression to y-ray radiation was exam-
ined, as was its involvement in cell cycle checkpoint control
and cell survival.
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Materials and methods

Cell culture. Three versions of HeLa cells (obtained by the
Laboratory of Beijing Institute of Radiation Medicine),
including unmodified cells, cells transfected with small inter-
fering (si)RNA targeting /ER5 mRNA (IER5-siRNA-HeLa)
and cells overexpressing /ER5 (IER5-overexpression-HeLa),
were cultured in Dulbecco's modified Eagle's medium
(DMEM,; Invitrogen; Thermo Fisher Scientific, Inc.), supple-
mented with 10% fetal bovine serum (PAN-Seratech, Inc.),
100 U/ml penicillin and 100 g/ml streptomycin. The cells were
cultured in a humid atmosphere with 5% CO, at 37°C.

Irradiation. The exponentially growing cells were irradiated
with 1.7 Gy/min for 2.4 min (total 4Gy) or 1.2 min (total 2 Gy),
using a %°Co y-ray source at room temperature. For the mock
radiation control, the cells were placed in the radiation room
for the same duration as the corresponding treatment groups,
but the cobalt source remained underwater and was barricaded.
Following irradiation, the cells were cultured, harvested and
prepared for the subsequent experiments.

RNA isolation and reverse transcription (RT). Total RNA
was isolated from the irradiated and mock-irradiated cells
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) according to the manufacturer's
protocol. The total RNA concentration was determined using
spectrometry, and the quality was determined by 1% formal-
dehyde agarose gel electrophoresis. Total RNA was reverse
transcribed into cDNA using a ProtoScript™ First Strand
cDNA Synthesis kit (New England BioLabs, Inc., Ipswich,
MA, USA), according to the manufacturer's protocol. The
synthesized cDNA was stored at -80°C and analyzed directly
by quantitative polymerase chain reaction (QPCR) analysis.
The sequences of siRNAs targeting the /ER5 gene
(GenBank accession no. NM_016545) were analyzed using the
Basic Local Alignment Search Tool (https:/blast.ncbi.nlm.nih.
gov/Blast.cgi) to ensure they did not target any other gene tran-
scripts. Two siRNAs targeting JER5 mRNA were screened and
the oligonucleotides were synthesized. The sequences encoding
IER5 siRNA were as follows (targeting sequences are under-
lined): IER5-27 siRNA, sense 5'-GATCCGCCTCATCAGCAT
CTTCGGTTTCAAGAGAACCGAAGATGCTGATGAGGT
TTTTTGGAAA-3' and antisense 5~ AGCTTTTCCAAAAAA
CCTCATCAGCATCTTCGGTTCTCTTGAAACCGAAGA
TGCTGATGAGGCG-3"; IER5-16 siRNA, sense 5-GATCCG
CTGCATAAGAACCTCCTGTTCAAGAGACAGGAGGTT
CTTATGCAGCTTTTTTGGAAA-3' and antisense 5-AGC
TTTTCCAAAAAAGCTGCATAAGAACCTCCTGTC
TCTTGAACAGGAGGTTCTTATGCAGCG-3'. HindIll and
BamHI restriction sites were added upstream and downstream
of each oligonucleotide. Following annealing, these duplex
oligonucleotides were inserted between the HindIlI and BamHI
sites of the pSilencer™ 3.1 vector (Ambion; Thermo Fisher
Scientific, Inc.) to generate pSilencerlERS siRNA vectors.
All constructs were sequence-verified prior to use. A vector
containing the following non-specific siRNA (NSsiRNA) was
used as the experimental control: NSsiRNA, sense 5'-GAT
CCCACTACCGTTGTTATAGGTGTTCAAGAGACACCT
ATAACAACGGTAGTTTTTTTTGGAAA-3' and antisense
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5“AGCTTTTCCAAAAAAAACTACCGTTGTTATAGGTGT
CTCTTGAACACCTATAACAACGGTAGTGG-3..

Cell transfection. For vector DNA transfection, the HeLa cells
were plated in 60-mm Petri dishes at a density of 5x10° cells
per dish. The cells were transfected with the pSilencerI[ERS
siRNA vector using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) reagent 24 h after plating, according to
the manufacturer's protocol. The transfected cultures were
sub-cultured into new 60-mm dishes after 24 h and main-
tained in conditioned DMEM supplemented with 250 pug/ml
hygromycin B (Roche Diagnostics, Basel, Switzerland) to
select for transfected clones.

Construction of IERS5-overexpression vectors. Based on the
GenBank /ER5 gene sequence, the following primers were
designed for PCR amplification of a 986-bp segment: Sense
5'-GACGAATTCAATGGAGTTCAAGCTG-3' and antisense
5'-GTAGCACCGGAAGACTAGATCTCAG-3". The plasmid
for the overexpression of I[ER5 (defined as IER5-overexpression)
was constructed by PCR, and the 986-bp amplicon was
inserted into the EcoRI-Xbal site of the pCMV-3xFLAG
vector (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
using Lipofectamine 2000 (Sigma-Aldrich; Merck KGaA),
according to the manufacturer's protocol. Briefly, HeLa cells
(~1.5x10%) were plated in 6-well plates and growth medium
was removed from the plates when the cells reached ~80%
confluence. A total of 500 ul transfection mixture containing
1.25 pg plasmid DNA and 3.75 ul Lipofectamine 2000 reagent
was added to the plates. The cells were incubated at 37°C for
5 h, gently overlaid with 2 ml pre-warmed complete growth
medium and incubated for an additional 5 days. The transfected
cells were then cultured in medium containing 400 pg/ml
neomycin (G418) for 14 days for stress selection. The selective
media were replaced every 3-4 days. The surviving transfected
cells localized in distinct ‘islands’ were maintained with
growth medium. Individual clones were transferred to 96-well
plates for proliferation using standard techniques (cloning
cylinders). The vector without the /ERS5 gene fragment was
used as a control (Non-/ER5-overexpressing). Stable transfec-
tants were used in the subsequent experiments.

Determination of mRNA and protein expression levels of
IERS. For confirmation, the expression levels of JER5 in the
transfectants were measured using RT-qPCR and western
blot analyses. The mRNA levels were quantified by RT-qPCR
analysis using an ABI 7300 Real-Time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.). The reaction
mixture contained 10 ul DyNAmo™ SYBR® Green qPCR
Master mix containing the modified Thermus brockianus
hot-start DNA polymerase (Finnzymes Oy, Espoo, Finland),
0.2 uM each primer and 2 ul cDNA template (obtained by
reverse transcription, as described above), to a final volume
of 20 ul. The RT-qPCR was performed in accordance with
the conditions: 95°C 5 min; 35 PCR cycles (95°C, 5 sec; 57°C,
15 sec; 72°C, 15 sec); extension at 72°C for 5 min and the cycle
at which the fluorescent signal crossed the detection threshold
was denoted as the cycle threshold. Relative mRNA levels
normalized to endogenous [-actin mRNA levels are presented
relative to IER5 mRNA levels using the 2-22°4 method (8).
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Each PCR was run in triplicate in three independent experi-
ments. The primers for amplification of human /ERS were
as follows: Forward 5-CCGGGAACGTGGCTAACC-3' and
reverse 5S"-TTCCGTAGGAGTCCCGAGAA-3"; and those for
human fB-actin were as follows: Forward 55GCGCGGCTA
CAGCTTCA-3' and reverse 5'-CTTAATGTCACGCACGAT
TTCC-3.

For the western blot analysis, the cells were harvested,
washed three times with PBS and then lysed using RIPA
buffer. The protein concentrations were determined using
a BCA protein assay kit (Thermo Scientific Pierce, Micro
BCA™ Protein Assay kit). Equal quantities of total protein
(60 pg per lysate) were separated by 10% sodium dodecyl-
sulfate-polyacrylamide gel electrophoresis and electroblotted
onto a nitrocellulose membrane. The nitrocellulose membrane
was then placed in 5% blocking buffer made up with skim
milk powder at room temperature for 1-2 h on the shaker.
The membrane was first hybridized with antibody against
IERS5 (cat. no. ARP56939-P050; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) and p-actin (cat. no. 4970; Cell
Signaling Technology, Inc., Beverly, MA, USA) overnight at
4°C. The dilution ratio of antibody to IERS and f-actin was
1:1,000 and 1:5,000, respectively. The hybridized nitrocel-
lulose membrane was washed with 1XTBST (0.1% Tween)
for 5 times, each time for 8 min, followed by incubation with
the sheep anti-mouse (cat. no. A0408; Beyotime Institute of
Biotechnology, Beijing, China) diluted to 1:3,000 for 1 h at
room temperature. The specific band that reflected the IERS
protein was visualized with enhanced chemiluminescence
(ECL) reagents (GE Healthcare, Chicago, IL, USA), followed
by subsequent exposure of the blot onto a film (Eastman
Kodak Company, Rochester, NY). The protein loading was
standardized using B-actin. The films were developed using
ECL methods.

Cell proliferation and clonogenic survival analysis. For the
cell proliferation assays, 1.5x10* cells per well were seeded in
6-well culture plates, cultured for 24 h and subjected to y-ray
irradiation. The cell numbers in three wells were counted every
day following radiation. The culture medium was replaced on
day 3. Three independent experiments were performed, and
the mean cell numbers were used to generate a growth curve.
For the clonogenic survival assays, exponentially growing
cells were collected and diluted into appropriate concentra-
tions and exposed to a ®*Co y-ray source at a dose rate of
1.74 Gy min™. The corresponding controls were mock-irradi-
ated. Immediately following radiation, an appropriate number
of cells (100-2,000, depending on the radiation dose) were
plated into 60-mm diameter Petri dishes. Each experiment
was performed in triplicate. The culture medium was replaced
1 week post-radiation. After 12 days of culture, the cells
were mixed with methanol for 5 min at room temperature,
stained with Giemsa solution for 3 min at 37°C, and colonies
that consisted of >50 cells were counted by laser confocal
microscope (magnification, x400; Olympus Coorperation).

Cell cycle analysis by flow cytometry. Following irradiation
with a dose of 2 Gy, the cells were harvested at the designed
time point and mixed with 75% ethanol. The cells were then
resuspended in PBS with 0.1% saponin and 1 pg/ml RNase A
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(Sigma-Aldrich; Merck KGaA), incubated for 20 min at 37°C
and stained with 25 yg/ml propidiumiodide (PI; Sigma-Aldrich;
Merck KGaA). Cell cycle distribution was evaluated by flow
cytometry (>10,000 cells per sample). For the detection of cell
mitosis, the fixed cells were treated with 0.5% Triton x100
for 15 min and incubated in PBS containing 0.5 xg/ml mouse
monoclonal antibody against H3 pSerlO (cat. no. 53348; Cell
Signaling Technology, Inc., Danvers, MA, USA) for 30 min at
room temperature. Following two washing steps with PBS, the
cells were incubated with fluorescein isothiocyanate-conju-
gated goat anti-mouse secondary antibody (cat. no. TA130013;
OriGene Technologies, Inc., Beijing, China) for 30 min
at room temperature, and resuspended in PBS containing
10 ug/ml PI and 10 pg/ml RNase A at 37°C for 1 h in the
dark. The volume ratio of antibody against H3 pSerl0 and
the secondary antibody to 1% bovine serum albumin solution
was 1:400 and 1:200, respectively. The stained cells were
analyzed by flow cytometry. Two independent experiments
were performed.

Tumorigenic ability of cells. Adult male BALB/c-nu host mice
(5 weeks old; ~15 g weight; Beijing Vital River Laboratory
Animal Technology Co., Ltd.) were housed and cared for in
compliance with the regulations of the Ministry of Health
and the Experimental Animal Center of Capital Medical
University (Beijing, China). The Committee for Animal Use
at the Capital Medical University approved all experimental
procedures performed in the present study. Water and food
were available ad libitum in the cages. The ambient tempera-
ture was 22°C, relative humidity was 60% and the air was
changed every 12h. The mice were allowed to acclimate for
1 week prior to treatment.

The three cell lines (IER5-siRNA-HelLa, HelLa and
IERS5-overexpression-HeLa) were cultured in DMEM
containing 10% fetal bovine serum in an incubator with 5%
CO, at 37°C. The exponentially growing cells were trypsin-
ized with 0.25% trypsin digestion and washed twice with
1X PBS. Following centrifugation at 1,000 x g for 3 min at
room temperature, the three cell lines were suspended and
1x107 cells per cell line were injected into the front armpits of
BALB/c-nu nude mice (the inoculation sites on the nude mouse
skin were disinfected with tincture of iodine and alcohol prior
to inoculation) using the sterile syringes, each with 0.5 ml cell
suspension (containing ~1x107 cells).

The above experiment was repeated three times with three
different groups. Each animal was inoculated with 1x107 cells,
which grew into tumors under their skin. On day 28 of inocu-
lation of the nude mice with the above-mentioned cells, the
mice were removed for weighing and injected with sodium
pentobarbital into the abdominal cavity at a dose of 50 mg/kg.
In their anesthetized state, the mice were sacrificed by cervical
dislocation, following which the tumors were weighed on
being removed from under the skin.

Statistical analysis. One-way analysis of variance (ANOVA)
and two-tailed t-tests were used to compare differences among
groups. The Student-Newman-Keuls test was used as the post
hoc test following ANOVA. P<0.05 was considered to indicate
a statistically significant difference. Statistical analyses were
performed using SPSS 19.0 software (IBM Corp., Armonk,
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Table I. mRNA expression levels of /ER5 in IERS-silenced HeLa cells determined by reverse transcription-quantitative poly-

merase chain reaction analysis.

Sample IERS Cq B-actin Cq ACq AACq siRNA/control (224¢9)
275RNAC 23.139 19.476 3914 4372 243m
275RNACD 24276 15.985 8.291 8.794 28754
27N C3 23.076 15.594 7.482 7.940 2754
27RNAC4 23.595 21.390 2205 2663 2260
165%3AC1 24.675 21877 2.798 3.256 23256
NS#RNC1 23.614 31524 7910 -6.452 s
Control 31.342 31.800 -0.458 <0.001 20=1

Data presented are the mean values from three independent detections. IERS, immediate early response 5; siRNA, small interfering RNA; NS,

non-specific.

NY, USA). Data are presented as the mean =+ standard error of
the mean in all figures.

Results

Cell lines with atypical expression of IERS5. Two siRNA mole-
cules targeting /ERS were designed and separately transfected
into HeLa cells, and a number of stably transfected clones
(27IRNA_CY, 27IRNA_C2 27SIRNA_C3, 2T5RNA_C4, 165RNA-C1 and
NSSIRNA_C]) were selected. The total RNA was isolated and
used to quantify the expression level of /ERS by RT-qPCR
analysis. As demonstrated in Table I, the expression of /ERS
in clone 27RNA-C2 was suppressed the most. This clone was
derived from HeLa cells transfected with the JER5-27 siRNA
vector. In addition, western blot analysis revealed that the
protein expression of IERS5 in clone 275"NA-C2 was markedly
lower than that in the NS¥RNA-C1 and untransfected HeLa
cells. Therefore, the 27%RNA-C2 clone was selected for subse-
quent investigation of the influence of the inhibited expression
of IERS on the cellular response to radiation and was labeled
IER5-siRNA-HeLa. Subsequently, the 275RNA-C2, NSSRNAC]
and untransfected HeLa cells were separately exposed to
radiation. As shown in Fig. 1, western blot analysis revealed
that the NSsiRNA-C1 and untransfected HeLa cells had higher
protein expression of IER5, whereas the 27"NA-C2 HeLa cells
exhibited no notable increase in IERS protein.

Three IER5-overexpression clones, 3°verexpression ],
Zoverexpression_() gqpd 3overexpression_ (O3 were selected. The total
RNA from each clone was isolated and used to quantify the
expression of /ERS by RT-qPCR analysis. Table II demon-
strates that the expression of /ERS5 was highest in clone
Zoverexpression_ (02 which was generated from cells transfected
with IER5-overexpression-3. Therefore, clone 3°overexpression_(C2
was selected for the subsequent experiments, and labeled as
IERS5-overexpression-HeLa cells.

Overexpression of IER5 decreases the proliferation
and survival of HeLa cells following radiation. First,
the proliferation abilities of the IER5-siRNA-HeLa and
IERS5-overexpression-HeLa cells were investigated. On
day 6 post-seeding, the IER5-siRNA-HeLa cells exhibited
significantly higher proliferation than the normal HeLa cells

NSSiRNA.C,
4 2 0

27sRNA.C, HelLa
4 2 0 4 2

0 /Gy

IERS

B-actin

Figure 1. Protein expression levels of IERS in three types of HeLa cells were
detected by western blotting. IERS, immediate early response 5; siRNA,
small interfering RNA; NSsiRNA, non-specific siRNA.

(Fig. 2A and B). By contrast, the proliferation rate of the
IER5-overexpression-HeLa cells was lower than that of the
normal HeLa cells.

Furthermore, the influence of atypical expression of IER5
on the proliferation of HeLa cells following irradiation was
examined. The clonogenic survival assay demonstrated that the
overexpression of /ERS significantly increased the sensitivity of
HeLa cells to radiation (with 0.5, 1, 2,4 and 6 Gy) compared with
normal expression of /ER5 (Fig. 3). By contrast, the survival rate
of the IER5-siRNA-HeLa cells following radiation was higher
than that of the normal HeLa cells. These results indicate that
the overexpression of IERS suppressed the growth of HeLa cells
and increased the radiosensitivity of HeLa cells.

Overexpression of IERS induces G,/G, arrest in HeLa cells.
The results of the flow cytometry demonstrated that a higher
percentage of the IER5-overexpression-HeLa cells were
in the G,/G, phase compared with that for the normal or
IERS-siRNA-HeLa cells, either prior to or following radiation
(Fig. 4A). The fraction of cells in the G,/G, phase was the
smallest for the cells with downregulated /ERS5. As shown in
Fig. 4B, the proportion of IER5-siRNA-HeLa cells in the G,/M
phase following radiation was higher than that for the other two
cell types,and the proportion in the IER5-overexpression-HeLa
cells was lowest at 12 h post-radiation. The number of cells in
the S phase was higher in the normal HeLa cells following
irradiation (Fig. 4C).

Inhibition of IERS5 promotes tumorigenesis in nude mice.
The mice were sacrificed 4 weeks after inoculation of the



2708

ONCOLOGY LETTERS 18: 2704-2711, 2019

Table II. mRNA expression levels of JERS5 in IER5-overexpressed HeLa cells determined by reverse transcription-quantitative

polymerase chain reaction analysis.

IERS5-overexpression-HeLa/

Sample IER5 Cq [-actin Cq ACq AACq control (2-44€4)
goverepresion. (| 17.245 22.142 -4.897 -4.001 24001
Joverexpression_(0 17.823 23.639 -5.816 -4.920 24920
Joverexpression_(03 18.502 21.674 -3.172 -2.276 22276
Control 32.3672 33.258 -0.896 <0.001 2°=1

Data presented are the mean values from three independent detections. IERS, immediate early response 5.

=#= |[ERS-sikenced Hela/0Gy
= Hela/0Gy
200} =&~ |ERS-overexpressed Hela/OGy

-=
o
2
=2
Cell number (% 10%)
@
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1 2 3 4 5 -]
Time (day)

Figure 2. Proliferation of cells in IERS-silenced and IERS5-overexpressed
HeLa cells. (A) Western blot analyses were performed to determine the
expression of IERS in IERS5-silenced HeLa cells and IER5-overexpressed
HeLa cells. (B) Proliferation of the three types of HeLa cells was measured
by cell counting at designed time points post-seeding. IERS, immediate early
response 5; NC, negative control.

three cell types, and any resulting tumors were weighed.
The average weight of the xenograft tumors resulting from
the IER5-siRNA-HeLa cells was markedly higher than that of
tumors derived from the normal or [ER5-overexpression-HeLa
cells (Fig. 5A-C). The maximum diameter of a single subcu-
taneous tumor was 8.3x14.2x11.2 mm (1.32 mm?), and the
average size of the fastest growing type of tumor was 1.0 mm®.
The smallest tumors were observed in the mice inoculated
with IER5-overexpression-HeLa cells.

Discussion

Radiotherapy is particularly effective against tumors, and is
one of the three conventional methods of tumor treatment.
This method can effectively prevent the growth of certain
tumors and prolong the life of a patient. However, radio-
resistance is a major obstacle in radiation treatment (9-11).
In order to improve the quality and sensitivity of radiation
treatment, substantial research has focused on identifying
radiosensitivity-associated genes (12-18). If the expression of
a gene can respond to radiation at certain doses and simulta-
neously cause the apoptosis and/or suppression of tumor cell
proliferation, this can be useful for the treatment of cancer.

1.2

=+ |ER5-silenced Hela
=0—Hela
1 =&= |ER5-overexpressed Hela

0.8

0.6

Survival fraction

04

0.2

0 0.5 1 2 4 6 8
The dose of irradiation (Gy)

Figure 3. Survival analysis of the three types of HeLa cells following expo-
sure to various doses of radiation. IERS, immediate early response 5.

Furthermore, the pursuit of radiosensitive genes may help
define a dosage standard for radiotherapy based on radia-
tion-induced damage.

Based on these reasons, microarray technology was
used to select candidate radiosensitive genes. Using this
state-of-the-art assay, it was found that the mRNA expres-
sion of JER5 was upregulated following radiation (6). I[ERS,
which belongs to the immediate early response gene family, is
located in chromosome 1 (NM-016545), is 2,369 bp long and
encodes 308 amino acids (19). The activation of early response
genes is considered to be an important primary response to
external stimulation in cells (20,21). It has been found that
IERS is overexpressed in the condition of wakefulness and
sleep deprivation (21). During the protein- and peptide-bound
polysaccharide-induced apoptosis of early human promyelo-
cytic leukemia cells (HL-60), IERS likely serves a critical
role in the formation of brain vessels, and changes occur in
its expression in the process of valproic acid-induced neural
tube defects, which suggests that this gene likely regulates cell
cycle (22). In addition, chromatin immunoprecipitation assays
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Figure 4. (A-C) Cell cycle analysis for three types of HeLa cells at various time points following radiation with 2 Gy y-rays. IERS, immediate early response 5.
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Figure 5. Tumor sizes. (A and B) Typical tumors resulting from the xenografts derived from three types of HeLa cells. (C) Average tumor weights. BALB/c-nu
nude mice were injected subcutaneously with the three cell types and the tumors were weighed after 4 weeks. “P<0.05; #P<0.05. IERS, immediate early

response 5.
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have confirmed that radiation induces the overexpression of
IERS (6,7).

In the present study, experiments were performed in
order understand the effects of radiation on the IJER5 gene
and its mechanism of action. First, two stable transfection
cell lines were established by methods of gene silencing
and overexpression. Compared with the vector control cells,
higher percentages of the IER5-siRNA-HeLa cells were
in the S and G,/M phases. These results indicate that JERS5
may be involved in cell proliferation and tumorigenesis. Of
note, IER5 knockdown increased the radioresistance of cells.
The IERS5-overexpression-HeLa cells exhibited the opposite
characteristics of the IER5-siRNA-HeLa cells. For example,
the proliferation rate of the IER5-overexpression-HeLa cells
was lower. In addition, the ratio of cells in the G,/G, phase
was higher than that of the normal and IER5-siRNA-HeLa
cells. The results of this experiment suggest that the /ERS5
gene is involved in cell cycle progression and influences the
course of cell division. The present findings demonstrated
that radiation inhibited cell proliferation and, among the
three cell types assessed, had the greatest impact on the
IERS5-overexpression-HeLa cells, providing further evidence
for the role of IER5 in the DNA damage checkpoint. In addi-
tion, the silencing of /ERS5 accelerated cell division, leading
to a larger proportion of cells in the G, phase. This increase
may be caused by more efficient arrest of early S phase cells,
although a failure of the G1/S checkpoint cannot be excluded.
It has been suggested that cell cycle arrest provides the time
necessary for irradiated cells to repair DNA lesions and
ensure precise chromosome segregation prior to continuation
of the cell cycle (6). Therefore, the increased radioresistance
that resulted from suppressing the expression of IERS may
be attributed, at least in part, to the activation of cell cycle
checkpoints.

The three types of cell lines (normal, IER 5-overexpression-
HeLa and IERS5-siRNA-HeLa) were injected subcutaneously
into the limbs of nude mice. Tumors of various sizes
resulted from all inoculations. The weights of the xenograft
tumors resulting from the IER5-siRNA-HeLa cells were
the highest on average. This finding was in agreement with
the in vitro experiments, suggesting that the IERS5 gene
has a biological function in cell division and proliferation.
Although the signal transduction pathways of /ER5 were not
examined in the present study, a previous study revealed the
regulating mechanism of the /ER5 gene (23). The results of
this study also support the findings of the present study to a
certain extent.

Radiotherapy is normally used in the treatment of tumors.
The radiation administered not only inhibits tumor cell
proliferation but also causes more tumor cells to undergo
apoptosis. Any genes affected by radiation can cause cancer
cells to undergo apoptosis by physical stimulation; such
resulting sensitivity to radiation is an important finding in
cancer research. The investigations in the present study were
designed to examine whether a gene results in characteristics
of tumor growth inhibition under conditions of radiation. The
xenograft mouse model experiment further demonstrated
the consequences of /ERS5 dysregulation. The tumorigenic
capacity of the IERS5-overexpression-HeLa cells in nude
mice was the poorest, and that of the IER5-siRNA-HeLa
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cells was the highest. The consistency between the in vivo
and in vitro experimental results has important implica-
tions for future investigations of radiotherapy methods
for cervical cancer. Certainly, further investigations are
required, including those into the regulation mechanism
of IER5 and optimization of the effect of radiotherapy in
cervical cancer.

In conclusion, the /ER5 gene affects the radiosensitivity
of HeLa cells by decreasing DNA repair and dysregulating
cell cycle checkpoints, and it serves an important role in
radiation-induced cell death. The present study demonstrated
that radiation induced the upregulation of JER5 mRNA, that
IERS5 gene modulation affected radiosensitivity and that the
overexpression of /ER5 decelerated the proliferation of HeLa
cells. These results suggest that JER5 may be a potential
radiotherapeutic target for cervical cancer.
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