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Abstract. Activating transcription factor (ATF) 2 is a member 
of the ATF/cyclic AMP‑responsive element binding protein 
family, which exhibits both oncogenic and tumor‑suppressor 
functions. In our preliminary experiments, it was observed 
that the expression of the ATF2 protein was induced following 
treatment with adriamycin (ADR) and paclitaxel (PTX), 
which may be regulated by internal ribosome entry segment 
(IRES)‑mediated translation. By constructing a bicistronic 
vector containing the ATF2 5'‑untranslated region (UTR), it 
was demonstrated that the ATF2 5'‑UTR contains an IRES 
and maps a 30‑nucleotide (nt) sequence (from nt 299 to nt 
~269), which was essential for the IRES activity. The ATF2 
IRES activity exhibited significant variation in different cell 
lines. In addition, it was observed that ADR and PTX also 
induced ATF2 IRES activity in Bel7402 cells. The present 
study has demonstrated that ATF2 translation is initiated via 
IRES, which is upregulated by ADR and PTX, thus suggesting 
that the regulation of the IRES‑dependent translation of ATF2 
may be involved in effecting the cancer cell response to 
chemotherapeutic drugs‑mediated cellular stress.

Introduction

Activating transcription factor (ATF) 2 is a member of the 
ATF/cyclic AMP‑responsive element binding protein family 
of transcription factors, which harbors leucine zipper and 

DNA binding domains (1), and exhibits both oncogenic and 
tumor‑suppressor functions  (2‑4). ATF2 is important for 
normal cellular development and survival, and is also involved 
in the response to stress and DNA damage in the context of 
normal and tumorigenesis processes (5). The transactivating 
potential of ATF2 is stimulated to a higher level by a broad 
group of agents causing DNA damage and other types of 
cellular stress, including short‑wavelength ultraviolet (UV) 
light, osmotic stress and inflammatory cytokines (6,7). ATF2 
is expressed ubiquitously, and elevated expression of ATF2 
was detected in skin carcinomas (8) and melanoma (9). It was 
reported that the ATF2 expression levels were significantly 
induced under oxidative stress in immortalized human urothe-
lial cells treated with arsenic (10).

Translational control is important in the control of gene 
expression, by which, cells can respond to rapid changes in 
physiological conditions, including DNA damage and cellular 
stress (11,12). One of the common mechanisms of translational 
control is the induction of changes in the translation initiation site 
on the messenger RNA (mRNA) molecule, which may occur via 
two distinct mechanisms, cap‑dependent scanning and internal 
ribosome entry (IRE)  (13). The latter mechanism requires 
the formation of a complex RNA structural element termed 
IRE segment (IRES), which is located in the 5'‑untranslated 
region (UTR) of the mRNA molecule  (14). To date, IRES 
elements have been mainly identified in mRNAs involved in 
regulating gene expression during development, differentia-
tion, cell cycle progression, cell growth, apoptosis and stress, 
including nuclear factor‑κB repressing factor, X‑chromosome 
linked inhibitor of apoptosis protein (XIAP), vascular endothe-
lial growth factor, c‑Myc, fibroblast growth factor‑2 and Smad 
mRNAs (15‑19). The most notable difference in cellular IRES 
sequence from the UTR data sets is that IRES‑containing 
UTRs are generally long (>150 bases) and GC rich (20).

Multiple cellular stresses lead to the inhibition of translation; 
however, there are certain cellular mRNAs that are selectively 
translated under these conditions to protect cells from stress, 
the majority of which contain an IRES element (21). Yang 
et al noticed that tumor necrosis factor receptor‑associated 
factor 1 protein expression can be stimulated under cellular 
stress conditions, and its translation is regulated by IRES (22). 
In addition, it was reported that ATF4 splice variant, whose 
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protein expression was induced by thapsigargin and tunica-
mycin in THP‑1 cells, contains an IRES structure (23).

Adriamycin (ADM) and paclitaxel (PTX) are two effec-
tive antitumor agents that are widely used in hepatocellular 
carcinoma therapy (24,25). Both can induce cell apoptosis 
and cause cellular stress  (26). In the present study, ATF2 
protein expression in the human hepatoma cell line Bel7402 
was observed to be induced following treatment with ADM or 
PTX, and it was demonstrated that the 5'‑UTR of ATF harbors 
a bona fide IRES structure localized between nt ‑299 to nt ‑269 
upstream of the start codon. The IRES activity of ATF2 was 
low in the mouse embryo fibroblast cell line National Institutes 
of Health (NIH)‑3T3 and in the human colon carcinoma cell 
line HCT‑8, while it was high in the human embryonic kidney 
(HEK) 293 cell line and in the human hepatoma cell line 
Bel7402. Furthermore, the present study was demonstrated 
that ATF2 IRES activity was also elevated following treatment 
with cellular stress‑inducing chemotherapeutic drugs such as 
PTX and ADM.

Materials and methods

Plasmid construction. The bicistronic vector pRF was 
constructed by inserting the firefly luciferase (FL or FLUC) 
gene from the plasmid pGL‑6 (Beyotime Institute of Biotech-
nology, Haimen, China) into the linker region of the plasmid 
pRL‑SV4 (Promega Corporation, Madison, WI, USA) down-
stream of the Renilla luciferase (RL or RLUC) gene. To insert 
the FLUC fragment, a polymerase chain reaction (PCR) was 
performed on the pGL‑6 plasmid with primers FLUCF 5'‑GCT​
CTA​GAC​TCG​AGC​ATA​TGG​AAT​TCG​GCG​CGC​CCA​TGG​
AAG​ATG​CCA​AAA​ACA​TTA​AGA​AGG​GCCC‑3' (forward) 
and FLUCR 5'‑AAA​TAT​GCG​GCC​GCT​TAC​ACG​GCG​ATC​
TTG​CCG​CCCTT‑3' (reverse). The PCR was conducted in 
a 50‑µl reaction mixture containing 2X PrimeSTAR Max 
Premix (Takara Biotechnology Co., Ltd., Dalian, China), 
0.2 µM forward and reverse primers, and 200 ng genomic 
DNA, which was purchased from the Beyotime Institute of 
Biotechnology. The PCR was conducted at 98˚C for 3 min, 
followed by 32 cycles of 98˚C for 1 min, 55˚C for 10 sec and 
72˚C for 1 min, and 72˚C for 5 min. The amplified product 
was digested with Bsp119 and XbaI, and subsequently cloned 
into pRL‑SV40, thus generating pRF. In this vector, the two 
cistrons were separated by ~20 base pairs (bp) of the intercis-
tronic linker region containing several unique endonuclease 
restriction sites. The expression of bicistronic mRNA is driven 
by a simian virus (SV) 40 promoter. The full length 5'‑UTR 
complementary DNA (cDNA) of ATF2, nuclear respiratory 
factor (NRF) and XIAP were obtained by gene synthesis 
(Sangon Biotech Co., Ltd., Shanghai, China), while serial 
truncations of ATF2 were produced by PCR amplification 
with forward and reverse primers (Table I) containing EcoRI 
and NdeI endonuclease restriction sites, respectively. The 
PCR was conducted in a 50‑µl reaction mixture containing 
2X PrimeSTAR Max Premix, 0.2 µM forward and reverse 
primers, and 200 ng genomic DNA. The PCR was conducted 
at 98˚C for 3 min, followed by 32 cycles of 98˚C for 1 min, 
varying annealing temperatures (as indicated in Table I) and 
72˚C for 10 sec, and 72˚C for 5 min. All these 5'‑UTR cDNAs 
were each inserted immediately upstream of the translation 

start codon of the FLUC gene in the dual luciferase vector pRF 
at the EcoRI and NdeI sites.

Cell culture and DNA transfection. The HEK293 cell line 
(Type Culture Collection of the Chinese Academy of Sciences, 
Shanghai, China) was cultured in Dulbecco's modified Eagle 
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), while the Bel7402, HCT‑8 and NIH‑3T3 cell lines 
(Type Culture Collection of the Chinese Academy of Sciences) 
were cultured in RPMI 1640 medium (Gibco; Thermo Fisher 
Scientific, Inc.) with 10% (vol/vol) fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.), penicillin (100 U/ml) and 
streptomycin (100 µg/ml). All cells were kept at 37˚C in a 
humidified atmosphere with 5% CO2. Transient transfec-
tion was performed using Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.)according to the manufacturer's 
protocol. The cell media were replaced with complete culture 
media at 6 h post‑transfection, and 24‑48 h later, the cells were 
rinsed twice with phosphate-buffered saline, and cell extracts 
were then prepared using 5X Passive Lysis Buffer (Promega 
Corporation).

Dual luciferase assay. FLUC and RLUC activities were 
measured using the Dual‑Luciferase Reporter Assay System 
(Promega Corporation) according to the manufacturer's 
protocol, with the exception that only 100 µl of each reagent 
was used. The signals were measured with a luminometer.

RNA isolation and reverse transcription (RT)‑PCR. Total RNA 
was isolated from the cells using TRIzol reagent (Beyotime 
Institute of Biotechnology), and was reverse transcribed into 
cDNA using oligo(dT)18 primer (Takara Biotechnology Co., 
Ltd.) and PrimeScript Reverse Transcriptase (Takara Biotech-
nology Co., Ltd.). PCR was next performed using specific 
primers, which were designed according to the corresponding 
sequences of the ATF2 5'‑UTR mRNA: ATF2F 5'‑GCA​CGT​
AAT​GAC​AGT​GTC​ATT​GT‑3' (forward) and ATF2R 5'‑ATG​
TGG​GCT​GTG​CAG​TTT​GTG‑3' (reverse). The PCR was 
conducted in a 50‑µl reaction mixture containing 2X Prime-
STAR Max Premix, 0.2 µM forward and reverse primers, and 
250 ng total RNA. The PCR was conducted at 98˚C for 3 min, 
followed by 32 cycles of 98˚C for 1 min, 51.6˚C for 15 sec and 
72˚C for 18 sec, and 72˚C for 5 min. Upon electrophoresis on 
a 1.5% agarose gel, the PCR products were visualized with 
ethidium bromide staining under UV light. DNA bands were 
analyzed using ImageJ software (NIH, Bethesda, MD, USA).

Western blotting. Whole‑cell proteins were obtained using 
radioimmunoprecipitation assay buffer containing 1  mM 
phenylmethane sulfonyl fluoride. The same quantity of total 
protein was loaded onto each lane of the gel, and the proteins 
were electrophoresed on 8% polyacrylamide gels containing 
0.1% sodium dodecyl sulfate. The resolved proteins were 
semi‑dry transferred to a polyvinylidene fluoride membrane. 
The membrane was blocked with 0.5% bovine serum albumin 
(Beyotime Institute of Biotechnology) at room temperature for 
~3 h, prior to be incubated with the corresponding primary 
antibodies [anti-ATF2 (1:5,000; ab32061; Abcam, Cambridge, 
MA, USA) or anti-β-actin (1:1,000; AA128; Beyotime Institute 
of Biotechnology), which was used as an internal reference] 
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at room temperature for 2 h. Next, the membrane was incu-
bated with the secondary antibody Goat Anti-Rabbit HRP 
(IgG H&L) (1:3,000; ab6721; Abcam) at room temperature 
for 1.5-2.0 h. Finally, the antigen-antibody complexes were 
visualized by enhanced chemiluminescence (Thermo Fisher 
Scientific, Inc.).

Statistical analysis. Each experiment was performed ≥3 
times. All experimental data were analyzed using GraphPad 
Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) and 
presented as mean values ± standard error of the mean. Statis-
tical analysis was performed using the Student's t-test. P<0.05 
was considered to indicate a statistically significant difference.

Table I. Oligonucleotide primers used in polymerase chain reaction for plasmids construction.
 
Vector (nt)	 Primer sequence, 5'‑3'	 Temperature, ˚C
 
pR‑ATF2‑F (31‑299)	 F1: GGAATTCCATATGGAAGCCTGTGGGAGCCC	 50.0
	 R1: CGGAATTCAAGTTGAATAACTTATCACATTC	
pR‑ATF2‑F (51‑299)	 F2:GGAATTCCATATGGCCTTTAAAGTGCCGTTCAG	 50.0
	 R2: CGGAATTCAAGTTGAATAACTTATCACATTC	
pR‑ATF2‑F (76‑299)	 F3: GGAATTCCATATGTCCTCCAGGGGTGCTTTGTA	 50.0
	 R3: CGGAATTCAAGTTGAATAACTTATCACATTC	
pR‑ATF2‑F (141‑299)	 F4: GGAATTCCATATGACTAGTGACCTGGAAAGGGT	 50.0
	 R4: CGGAATTCAAGTTGAATAACTTATCACATTC	
pR‑ATF2‑F (1‑229)	 F5: GGAATTCCATATGGTTGTCAGTCCGATCTCGC	 52.0
	 R5: CGGAATTCATTTACTCTGCTTCCAGGAATACC	
pR‑ATF2‑F (1‑159)	 F6: GGAATTCCATATGGTTGTCAGTCCGATCTCGC	 52.8
	 R6: CGGAATTCCCCTTTCCAGGTCACTAGTTC	
pR‑ATF2‑F (1‑89)	 F7: GGAATTCCATATGGTTGTCAGTCCGATCTCGCG	 54.5
	 R7: CGGAATTCGCACCCCTGGAGGAAAAGG	

F, forward; R, reverse; ATF2, activating transcription factor 2.
   

Figure 1. Induction of ATF2 translation by PTX and ADR in cancer cells. (A) Dose‑ and (B) time‑dependent induction of ATF2 protein expression in Bel7402 
cells treated with ADM and PTX. Bel7402 cells were treated with 0.4 µg/ml ADM and PTX for different times, or with ADM and PTX for 24 h at different 
doses, as indicated, and protein expression was examined by western blotting. (C) The messenger RNA expression levels of ATF2 upon treatment with or 
without increasing concentrations (0.01, 0.2 and 0.4 µg/ml) of ADM and PTX in Bel7402 cells were determined by reverse transcription‑polymerase chain 
reaction. ATF2, activating transcription factor 2; ADR, adriamycin; PTX, paclitaxel.
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Results

Protein expression of ATF2 is induced at the translational 
level following treatment with chemotherapeutic drugs in 
Bel7402 cells. ATF2 exhibited very low expression in Bel7402 

cells (Fig. 1A). Notably, when Bel7402 cells were treated 
with increasing concentrations (0.01, 0.2 and 0.4 µg/ml) of 
two chemotherapeutic drugs (ADM and PTX), ATF2 protein 
expression was induced following treatment with ADM and 
PTX (Fig. 1A) in a dose‑dependent manner. To demonstrate 

Figure 3. Mapping the ATF2 internal ribosome entry segment. (A) Schematic representation of bicistronic pRF constructs containing a series of 5'‑3'‑ or 
3'‑5'‑deleted ATF2 5'‑untranslated region fragments. (B) HEK293 and Bel7402 cells were transfected with each indicated plasmid. After 24 h, the luciferase 
activities were tested. Data represent the mean ± standard deviation of FL vs. RL activity in ≥3 independent experiments. RL, Renilla luciferase; FL, firefly 
luciferase; SV, simian virus; ATF2, activating transcription factor 2.

Figure 2. Identification of the IRES activity in the ATF2 5'‑UTR. (A) The plasmids pRAF, pRXF, pRNF and pRF were transfected into the cell lines HEK293, 
Bel7402, HCT‑8 and NIH‑3T3. The IRES activity was expressed as the ratio of downstream cistron expression to upstream cistron expression (FL/RL). The 
error bars indicate the SD determined from ≥3 independent experiments performed in triplicate. (B) Schematic representation of the expression cassette of the 
dual‑luciferase bicistronic constructs pRF, pRAF, pRXF and pRNF. (C) The translation of the second cistron is not due to reinitiation or aberrant messenger 
RNA species. To test the cryptic promoter activity in the ATF2 5'‑UTR, the sequence was cloned upstream of the FL reporter, and the SV40 promoter was 
removed. The empty vector was used as a negative control. The plasmids were transfected into Bel7402 cells. The RL and FL activities were measured after 
24 h. The error bars indicate the SD determined from ≥3 independent experiments performed in triplicate. (D) Schematic representation of the expression cas-
sette of the dual-luciferase bicistronic constructs pRF and pRAF in which the promoter was deleted. RL, Renilla luciferase; FL, firefly luciferase; SV, simian 
virus; ATF2, activating transcription factor 2; NRF, nuclear respiratory factor; XIAP, X-linked inhibitor of apoptosis protein; IRES, internal ribosome entry 
segment; UTR, untranslated region; SD, standard deviation.
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whether the ATF2 induction changed with the exposure time 
to the drugs, ATF2 protein expression was detected at various 
times following 0.4‑µg/ml ADM and PTX treatment for 2, 4, 
8, 12 and 24 h. Fig. 1B reveals that ATF2 protein expression 
is increased in a time‑dependent manner following treatment 
with ADM and PTX. Next, the mechanism by which these 
drugs increased the levels of ATF2 in Bel7402 cells was exam-
ined. Treatment of Bel7402 cells with either ADM or PTX did 
not result in any significant change (P=0.552) in ATF2 mRNA 
levels (Fig. 1C), indicating that ADM/PTX‑induced ATF2 
expression occurs at the translational level.

ATF2 5'‑UTR‑mediated IRE in mammalian cultured cell lines. 
Since by searching the ATF2 gene in the human genome data-
base (http://www.ncbi.nlm.nih.gov/nuccore/NM_001880.3) it 
was observed that the ATF2 5'‑UTR is generally long (ATF2, 
299 nt) and rich in GC, the possibility that the ATF2 5'‑UTR 
contains an IRES that could regulate ATF2 protein synthesis 
following treatment with chemotherapeutic drugs was exam-
ined. To evaluate whether ATF2 translation was initiated 
from an IRE, the ATF2 5'‑UTR was inserted between the 
two cistrons of a bicistronic vector, in which the first cistron 
encodes the RLUC gene and the second cistron encodes the 

FLUC gene (Fig. 2A). The first cistron is proximal to the 
mRNA's cap structure, and therefore, is expected to be trans-
lated by the conventional cap‑dependent translation mode. 
The second cistron is distal from the cap site; therefore, it 
is expected to undergo translation only upon insertion of an 
IRES element between the two cistrons (27). The bicistronic 
vectors pR‑ATF2‑F were transfected into HEK293 Bel7402 
and HCT‑8 human cells, and into murine NIH‑3T3 cells. 
The pR‑XIAP‑F and pR‑NRF‑F vectors, which contain the 
well‑characterized cellular XIAP and NRF IRES, were trans-
fected as positive controls, while pRF was used as a negative 
control. The RL and FL activities were determined as afore-
mentioned described. The IRES activity was calculated as the 
ratio of FLUC to RLUC normalized to that of pRF‑transfected 
cells. As indicated in Fig. 2B, the ATF2 IRES was observed 
to be active in the HEK293, Bel7402 and HCT‑8 cell lines, 
but not in the NIH‑3T3 cell line. The ATF2 IRES activity was 
different in each cell line, being high in Bel7402 and HEK293 
cells (~5‑fold higher than the XIAP IRES activity). These 
results suggest that a putative IRES element was present in 
the 5'‑UTR of the ATF2 mRNA. The difference in the levels 
of IRES activity observed in these cell lines is probably due to 
intrinsic differences between these cell types.

Figure 4. Transfection and reporter assay for the effect of ADM and PTX on ATF2 internal ribosome entry segment activity. (A and B) Bel7402 cells were 
transfected with the pRL‑ATF2‑FL plasmid and treated with or without increasing concentrations (0.01, 0.2 and 0.4 µg/ml) of (A) ADM and (B) PTX. Data 
are represented as the mean ± standard deviation of RL and FL activities in ≥3 independent experiments. RL, Renilla luciferase; FL, firefly luciferase; ATF2, 
activating transcription factor 2; ADR, adriamycin; PTX, paclitaxel.

Figure 5. RLUC and FLUC mRNA expression levels are not affected by ADM or PTX treatment. (A and B) Bel7402 cells were transfected with the 
pRL‑ATF2‑FL plasmid and treated with or without increasing concentrations (0.01, 0.2 and 0.4 µg/ml) of PTX. The mRNA expression levels of (A) RLUC 
and (B) FLUC were determined by RT‑PCR. (C and D) Bel7402 cells were transfected with the pRL‑ATF2‑FL plasmid and treated with or without increasing 
concentrations (0.01, 0.2 and 0.4 µg/ml) of ADM. The mRNA expression levels of (C) RLUC and (D) FLUC were determined by RT‑PCR. RLUC, Renilla 
luciferase; FLUC, firefly luciferase; ATF2, activating transcription factor 2; ADR, adriamycin; PTX, paclitaxel; mRNA, messenger RNA; RT-PCR, reverse 
transcription‑polymerase chain reaction.
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Internal initiation of translation mediated by the ATF2 
5'‑UTR is not due to cryptic promoter activity. To exclude the 
possibility that the expression of the second cistron in these 
two bicistronic mRNAs could be derived from monocistronic 
RNAs due to the presence of a cryptic promoter in the 5'‑UTR, 
pR‑ATF2‑F‑basic plasmids were generated, in which the ATF2 
5'‑UTR was inserted in the promoterless pRF‑basic vector 
upstream of the RLUC coding sequence. The HEK293 and 
Bel7402 cell lines were each transfected with the pRF plasmid 
(a vector containing the SV40 early promoter and serving as 
a positive control), the promoterless pRF‑basic plasmid and 
the pR‑ATF2‑F‑basic plasmid. Luciferase activities were 
measured as aforementioned described. Fig. 2C indicates that 
the FLUC activity measured in pR‑ATF2‑F‑basic‑transfected 
cells is comparable to that measured in cells transfected with 
the pRF‑basic plasmid, and is ~350‑fold lower than the activity 
produced by pR‑ATF2‑F. This result clearly illustrated that the 
ATF2 5'‑UTR was devoid of promoter activity.

Mapping the ATF2 IRES. To further identify the core regions 
that promote the internal initiation of translation, serial trunca-
tions of the ATF2 5' leader sequence were created (Fig. 3A). 
Subsequently, the activities of the inserted sequences were 
assayed as aforementioned described. The ability of these 
truncated sequences to promote the translation of the mRNA 
was also compared with that of pRF. Deletions of 30 nt of the 
5' end of ATF2 resulted in a marked decrease in IRES activity, 
and further deletion of 52, 75 and 142 nt of the 5' end of ATF2 
led to a similar reduction. Notably, at the 3' end of ATF2, 
deletion of 70, 140 and 210 nt did not produce a significant 
decrease (P=0.148), since the IRES activity remained almost 
the same as that of the full‑length ATF2 5'‑UTR (Fig. 3B). 
These data indicated that the 5' end of ATF2 is important for 
positioning the IRES in context with the translational start 
site, and the core IRES region of ATF2 contains 30 bases and 
resided between nt ‑299 and ‑269. The results were the same 
when different cells were transfected. These results demon-
strated that the full length of the ATF2 5'‑UTR contributes 
to its maximal IRES activity, and the 5' 30 nt of the ATF2 5' 
leader region are essential for its IRES activity.

Induction of ATF2 IRES activity under cellular stress 
conditions. It has been reported that, for certain mRNAs, 
IRES‑mediated initiation of protein translation is activated 
during conditions such as cellular stress and apoptosis (28). In 
the present study, ATF2 protein expression in Bel7402 cells 
was induced under treatment with ADM and PTX (Fig. 1). To 
investigate whether the ATF2 IRES activity is also affected 
by cellular stress, the ATF2 activity was examined in Bel7402 
cells treated with two chemotherapeutic drugs (ADM and 
PTX), which induce a stress condition in cells. Gene transfec-
tions and reporter assays were performed to determine if ADM 
and PTX induced ATF2 IRES activity. Bel7402 cells were 
transfected with the pRF plasmid, containing the full‑length 
fragment of the ATF2 5'‑UTR sequence, and then treated with 
ADM and PTX. It was observed that the FLUC activity in 
transfected cells treated with ADM and PTX was higher than 
that of untreated cells (Fig. 4). Furthermore, RT‑PCR analyses 
of mRNA expression of FLUC were performed in cells trans-
fected with pRL‑ATF2‑FL following treatment with ADM 

and PTX. It was observed that FLUC mRNA expression was 
not altered by drugs‑induced cellular stress (Fig. 5), suggesting 
that ADM and PTX induced ATF2 IRES activity.

Discussion

The transcription factor ATF2 is a nuclear target of stress‑ 
activated protein kinases such as p38, which are activated 
by various extracellular stresses  (29,30). Previous studies 
demonstrated that the stimulation of ATF2 mainly occurs by 
post‑translational modification of protein subunits and changes 
in binding efficiency (31,32). However, the regulation at the 
translational level of ATF2 is poorly understood. To the best 
of our knowledge, the present study provided the first evidence 
of IRES‑mediated translation of the ATF2 5'‑UTR by using 
bicistronic Renilla firefly luciferase assays. The present study 
has revealed that the ATF2 IRES has various IRES activities 
in different cell types. The differences in ATF2 IRES activity 
between the different cells lines examined in the current study 
may be due to the levels of expression of IRES-transactivating 
factors (ITAFs) required for its function, which are probably 
different in these cells (33).

By performing deletion mapping, the core IRES region of 
the ATF2 mRNA was identified to be located between nt ‑299 
and ‑269 of the ATF2 5'‑UTR. In certain cases, a specific and 
stable RNA structure is necessary for IRES activity (34). For 
example, a module with a 9‑nt motif in the Gtx mRNA, a novel 
murine homeobox gene which in adult animals is specifically 
expressed within glial cells of the central nervous system, 
including the forebrain, and in germ cells of the testis (35), 
recruits the 40S ribosomal subunit by base pairing to the 18S 
ribosomal RNA (rRNA) and initiates the internal transla-
tion (36), and in c‑Myc mRNA, there are two 14‑nt segments 
that can recruit the 43S preinitiation complex and activate the 
internal translation initiation (37). In line with these obser-
vations, our data lead to the postulation that the 30‑nt short 
fragment of the ATF2 IRES is crucial for recruiting a ribosome 
and enhancing the initiation of translation, and this core IRES 
region of ATF2 may affect the translation efficiency through 
mRNA‑rRNA interactions of these complementary regions. 
To gain more insight into the mechanism, further investigation 
is warranted to study the differences in the ability of recruiting 
a ribosome by the full‑length ATF2 5'‑UTR or the minimal 
ATF2 IRES region.

An important finding of the present study is that 
IRES‑regulated ATF2 translation is activated upon the treat-
ment of Bel7402 cells with two chemotherapeutic drugs, 
ADM and PTX. The difference in the ability to stimulate the 
expression of ATF2 protein may due to the treatment capa-
bility of these two drugs; perhaps the Bel7402 cells used in 
the present study have a greater ability to evade death during 
ADM therapy compared with PTX therpay. The expression 
and tissue distribution of ITAFs can change during cellular 
stress, and thus regulate IRES activity (38,39). To understand 
the mechanism of initiation of translation of the ATF2 IRES, 
it will be necessary to perform further experiments in order to 
identify the ITAFs that regulate the IRES activity and to clarify 
the functional association between each of these proteins.

It has been reported that c‑Jun/ATF2 heterodimers can 
mediate a response to certain stress signals (31). Transcriptional 
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activation domains and the target genes of c‑Jun/ATF2 
heterodimers, which are implicated in growth control, 
include c‑Jun itself, cyclin D1 and cyclin A (3). Notably, an 
IRES has been demonstrated to be involved in the translation 
of the mRNA of several ATF2 targets, including c‑Jun and 
cyclin D1 (40,41). This implies that IRES are very important 
in reposes to stress, and it would be relevant to investigate the 
ITAFs required for these IRES.

In the present study, it has been demonstrated that ATF2 
5'-UTR harbors an IRES element localized between nt -299 
and nt -269 upstream of the start codon, which would provide 
insights into the structure-function association of ATF2 in 
IRES-mediated translation. In addition, both ATF2 protein 
expression and IRES activity were increased in Bel7402 cells 
following treatment with the cellular stress-inducing chemo-
therapeutic drugs PTX and ADM, indicating the significant 
role of ATF2 IRES response to cellular stress in human hepa-
toma cells.
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