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Abstract. Base excision repair (BER) systems are important
for maintaining the integrity of genomes in mammalian
cells. Aberrant DNA bases or broken single strands can be
repaired by BER. Consequently, DNA lesions, which may
be caused by cancer and aging, have a close association with
BER procedure. DNA polymerase [ (polp) is a critical BER
enzyme that can excise 5'-sugar phosphate prior to adding a
nucleotide in the gap by its function as a DNA polymerase in
the BER process. However, DNA polf} is an error-prone DNA
polymerase, and overexpressing polf} increases the cellular
spontaneous mutation rate. DNA polf} overexpression has been
identified in various human tumors, which implies that DNA
polp overexpression has a close association with tumorigenesis.
The present study showed that alternariol (AOH), a secondary
product of a fungus that is found in grains and fruits, could
cause DNA damage to NIH3T3 cells in a single cell gel elec-
trophoresis, and that 2, 10 and 20 xM AOH induced DNA polf}
overexpression in a dose-dependent manner. In the process,
the level of phosphorylation of mitogen-activated protein
kinase 14 (p38) mitogen-activated protein kinase (MAPK) and
activating transcription factor 2 (ATF2) was increased. In addi-
tion, SB203580, a p38MAPK inhibitor, resulted in decreased
DNA polf expression. Small hairpin RNA-p38MAPK had the
same effect; notably, DNA polf expression was downregulated
in p38MAPK knockdown cells. These data suggest that the
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p38MAPK-ATF2 signaling pathway may be involved in DNA
polp expression induced by AOH.

Introduction

DNA polymerase § (polp) is a highly conservative gene that
is expressed in a low level and constant manner in mamma-
lian animal cell cycles (1). DNA polf} is not a major DNA
polymerase in the DNA synthesis process, as it lacks intrinsic
nuclease activities; however, the specific role of DNA polf is to
participate in DNA base excision repair (BER) for maintaining
genomic stability (2,3). DNA polf} is highly expressed when
genomic DNA is attacked by alkylating agents, ultraviolet
radiation or endogenous factors (4-6). However, overexpressed
polp can also participate in DNA synthesis, which is an impor-
tant mechanism of genetic instability due to the inaccuracy
of its base pairing (7). Accumulating evidence also indicates
that overexpressed polf} is associated with cell transforma-
tion, tumor genesis and chemotherapeutic resistance (8-10).
The overexpression of polff was identified in various human
cancers, including esophageal carcinoma, gastric carcinoma
and ovarian cancer (8,9,11). Although the overexpression of
polp is commonly observed in human cancers, the regulation
of polf and its association with the signaling pathway remains
elusive. Answers to these questions may benefit our under-
standing of tumorigenesis and provide information regarding
novel ways for chemoprevention or chemotherapy.

A previous study showed that alternariol (AOH), a source
of DNA damage, could induce DNA polf expression through
the protein kinase A (PKA) signal transduction pathway, and
that the PKA inhibitor, H89, can partly block polp expres-
sion (12). In addition, mitogen-activated protein kinase 14 (p38)
mitogen-activated protein kinase (MAPK) was activated by
AOH in NIH3T3 cells (12). Activating transcription factor 2
(ATF2) is one of the downstream molecules of the MAPK signal
pathway and can be activated by p38SMAPK and mitogen-acti-
vated protein kinase 8 (JNK) (13,14). ATF2 is a member of ATF
or cAMP-responsive element binding protein (CREB) family,
which contains the basic/leucine zipper motifs (bZIP) and can
bind to cAMP-responsive elements (CREs) (15,16). The DNA
polp promoter also contains the CRE sequence (17). Therefore
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the MAPK-ATF?2 signaling pathway may be involved in polf}
expression. In the present study, DNA damage was found to be
associated with polf expression induced by alternariol (AOH),
and p38MAPK and ATF2 activation was detected. When
cells were pretreated with the p38MAPK inhibitor SB203580,
the level of phosphorylation of p3SMAPK and ATF2 was
decreased, and the expression of pol was reduced. This finding
is consistent with the result that polf} expression decreased in
NIH3T3 cells with p38MAPK knockdown.

Materials and methods

Chemicals and reagents. AOH and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich, Inc. (St. Louis, MO,
USA). Anti-phosphorylated (p-)p38MAPK [rabbit polyclonal
immunoglobulin G (IgG); catalog no., sc-17852-R], anti-DNA
polp (goat polyclonal IgG; catalog no., sc-5927), anti-f3-actin
(mouse monoclonal; catalog no., sc-47778) and anti-a-tubulin
(mouse monoclonal; catalog no., sc-23948) primary antibodies
and goat anti-rabbit IgG-horseradish peroxidase (HRP)
(catalog no., sc-2004), rabbit anti-mouse IgG-HRP (catalog
no., sc-358914) and donkey anti-goat IgG-HRP (sc-2020)
secondary antibodies were obtained from Santa Cruz Biotech-
nology, Inc. (Dallas, TX, USA). Anti-p-ATF2 (rabbit polyclonal,
catalog no., CST9225) was obtained from Cell Signaling
Technology, Inc. (Danvers, MA, USA). RPMI-1640 and fetal
bovine serum (FBS) was purchased from Thermo Fisher Scien-
tific, Inc. (Waltham, MA, USA). SB203580 and the Enhanced
Chemiluminescence (ECL) Plus Detection kit were purchased
from Beyotime Institute of Biotechnology (Haimen, China).
Reagents for protein concentration analysis were obtained from
Bio-Rad Laboratories, Inc. (Hercules, CA, USA).

Cell culture. The NIH3T3 cell line was obtained from China
Center for Type Culture Collection (Wuhan, China). The cells
were cultured in RPMI-1640 with 10% FBS, 100 units (U)/ml
penicillin and 100 ug/ml streptomycin at 37°C and 5% CO, in
a humidified incubator.

Comet assay. To detect the DNA damage of NIH3T3 cells
induced by various concentrations of AOH, an alkaline comet
assay was performed. Cells (2x10°) were cultured in 10-cm
dishes for ~48 h. When the cells reached 80% confluence,
they were treated with 2, 10 or 20 uM AOH or DMSO for 2 h.
Fully frosted slides were then coated with 1% normal melting
agarose at 45°C as a base layer, and were solidificated at 4°C
for 10 min. The cells were suspended in 0.8% low melting
agarose at 37°C. This suspension was pipetted over the base
layer, which was covered with a cover slip immediately. The
slides were placed at 4°C for 10 min, and then the cover slips
were removed. The slides were kept in the lysis buffer (pH 10)
at 4°C for 1 h and transferred into electrophoretic running
buffer (pH 13) for unwinding for 30 min. Electrophoresis
was performed in the same buffer for 20 min at 0.8 v/cm.
Subsequently, the slides were washed with neutralizing buffer
and stained with ethidium bromide (20 yg/ml) for 5 min, and
washed with cold saline. Finally, the glycerine buffer was
placed on the slides in a dropwise manner and cover slips were
placed on top. The slides were visualized using a fluorescence
microscope (Olympus, Tokyo, Japan).
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Western blotting. Cells (2x10°) were cultured in 10-cm dishes
for ~48 h. When the cells reached 80% confluence, they were
treated with various concentrations (2, 10 or 20 M) of AOH,
cells were lysed in radioimmunoprecipitation assay buffer
[50 mm Tris/HCI, pH 7.5, 150 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid, I mM Na;VO,, 0.1% sodium dodecyl
sulfate (SDS), 1% (v/v) NP-40, 1 mM NaF, containing complete
protease and phosphatase inhibitor cocktail (Roche Diagnos-
tics, Indianapolis, IN, USA)], and supernatants were collected
by centrifugation at 21,341 x g for 20 min. Cell lysate (50 pg)
was separated on a 10% SDS-polyacrylamide gel and trans-
ferred to a polyvinylidene fluoride membrane. After blocking
with 5% nonfat dried milk for 1 h, the membrane was incubated
with a primary antibody at 4°C overnight (anti-p-p38MAPK,
1:200 dilution; anti-p-ATF2, 1:1,000 dilution; anti-DNA polf,
1:200 dilution; anti-o-tubulin and anti-f3-actin, 1:1,000 dilu-
tion). IgG-HRP secondary antibodies were incubated for 2 h
at room temperature. Protein bands were visualized using the
ECL Plus Detection kit. The bands were subjected to densi-
tometry for quantitative analysis using Quantity One software
(Bio-Rad Laboratories, Inc.).

p3SMAPK-small hairpin RNA (shRNA) lentiviral vector.
The pLKO.1, pCMV-dR8.2 and pCMV-VSVG vectors were
kindly provided by Dr Zigang Dong (The Hormel Institute,
Austin, MN, USA). The lentivirus-based shRNA-expressing
vectors was a pLKO.1 back bone with the human U6 promoter
driving RNA polymerase III transcription. The puromycin
resistance marker encoded in pLKO.1 allows for convenient
stable selection. The shRNA sequence of p38MAPK (5'-ATA
CATTCGGCTGACATAATT-3") was cloned into the lentiviral
shRNA-expressing vectors at the Agel and EcoRI restriction
sites (New England Biolabs Ltd., Beijing, China), and were
confirmed by direct DNA sequencing (Genewiz Inc., Beijing,
China).

The lentiviral vector containing the p38MAPK-shRNA,
a packaging vector (pCMV-dR8.2) and an envelope vector
(pCMV-VSVG) were co-transfected into 293T cells using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). After 24 h and 48 h, the viral supernatants were harvested
and added to the NTH3T3 cells. Subsequently, 2 mg/ml puro-
mycin was used to select the stably infected cells.

Statistics. All results were presented as mean + standard
deviation of the mean. Statistics analysis was performed
using analysis of variance in SPSS 11.0 software (SPSS, Inc.,
Chicago, IL, USA). P<0.05 was considered to indicate statis-
tical significance.

Results

AOH-induced DNA damage. To investigate the DNA toxic
effect of AOH on NIH3T3 cells, a comet assay was conducted.
NIH3T3 cells were treated with DMSO or 2, 10 or 20 uM
AOH for 2 h. The results of single cell gel electrophoresis
showed that 10 and 20 M AOH increased the length and area
of comet tails, a phenotype of DNA damage (Fig. 1A). DNA
polf is a polymerase that participates in the repair of DNA
strand breaks. Thus, the present study investigated whether
or not DNA polf} was activated in DNA damage induced by
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Figure 1. AOH caused DNA damage and increased polf expression. NIH3T3
cells were treated with 2, 10 or 20 M of AOH or dimethyl sulfoxide for 2 h.
(A) Comet assay indicated that the area of cell tails increased with 10 and
20 uM AOH treatment compared with control. (B) In addition, the expression
level of polf increased with increasing AOH concentration in western blot-
ting. AOH, alternariol; pol3, DNA polymerase f.

AOH. NTH3T3 cells were treated with AOH. Western blotting
was performed to determine polf protein level with various
doses of AOH treatment. The results showed that the protein
level of polf protein increased in a dose-dependent manner
with AOH treatment compared with the control (Fig. 1B).

AOH-induced activation of p3SMAPK and ATF2. Western
blotting was used to determine the level of p3SMAPK
phosphorylation after AOH treatment at various doses
and time points. Results showed that the activation of
p38MAPK increased in a dose-dependent manner (2 uM
AOH group, P=0.002 vs. control group; 10 uM AOH
group, P<0.001 vs. control group; 20 uM AOH group,
P<0.001 vs. control group) (Fig. 2A). The level of p38MAPK
phosphorylation was highest when the NIH3T3 cells were
treated with 10 uM AOH at 2 h (1 h group, P<0.001 vs. control
group; 2 h group, P<0.001 vs. control group; 4 h group,
P<0.001 vs. control group) (Fig. 2B). SB203580, an inhibitor
of p38MAPK, can effectively block the phosphorylation of
p38MAPK. To determine whether AOH induces the phosphor-
ylation of p38MAPK, the NIH3T3 cells were pretreated with
10 xM SB203580 for 1 h,then treated with 10 xM AOH. Western
blot analysis showed a significant decrease of p38MAPK
phosphorylation in SB203580 pretreatment group compared
with the AOH-only treated group (SB203580+AO0H group,
P=0.013 vs. control group; AOH group, P<0.001 vs. control
group) (Fig. 2C).
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ATF2 is a transcription factor that can be activated by
p38MAPK. Activated p3SMAPK can phosphorylate ATF2
in the cell stress response process. To further identify the
activation of ATF2 evoked by phosphorylated p38MAPK
with AOH treatment, western blotting was performed to
determine the level of ATF2 phosphorylation when NIH3T3
cells were treated with various doses of AOH at different
time points. The results were consistent with the change of
p38MAPK phosphorylation, which revealed that phosphoryla-
tion occurred in a dose-dependent manner and that the peak
activation of ATF2 occurred at the same time as p3SMPAK
(in dose groups, 2 uM AOH group, P=0.384 vs. control group;
10 uM AOH group, P=0.001 vs. control group; 20 uM AOH
group, P<0.001 vs. control group; in time groups, 1 h group,
P<0.001 vs. control group; 2 h group, P<0.001 vs. control group;
4 h group, P=0.001 vs. control group) (Fig. 2A and B). Further-
more, the level of ATF2 phosphorylation decreased in the
SB203580 pretreatment group compared with the AOH-only
treated group (SB203580+AOH group, P=0.057 vs. control
group; AOH group, P<0.001 vs. control group) (Fig. 2C).

Subsequently, the AOH-induced phosphorylation of
p38MAPK and ATF2 was assessed for associations with
the expression level of polf}. Polf} expression was observed
in western blotting assays when cells were pretreated with
SB203580, an inhibitor of p38MAPK. The expression level
of polp was found to decrease in the pretreatment group
compared with the AOH stimulation group (Fig. 3).

To further verify the role of the p38MAPK-ATF2 pathway
in polp expression, p38MAPK knockdown was performed
by lentiviral shRNA transfection. The results of the western
blotting showed that p38MAPK knockdown was associated
with the reduced phosphorylation of ATF2 and the decreased
expression of polf} (Fig. 4).

Discussion

The present study investigated the role of the signaling trans-
duction pathway of p38MAPK and ATF2 in the expression of
the DNA polf gene, induced by AOH. When this signaling
pathway was blocked, the level of expression of DNA polf3
decreased. In a previous study, AOH was indicated to induce
the overexpression of DNA polf3 through the activation of the
PKA-CREB pathway in NIH3T3 cells (12); however, when
HS89 (18), a inhibitor of PKA, was used to pretreat the cells,
DNA polf} expression was observed to partly decrease, rather
than entirely. The results of the present study suggest that
p38MAPK-ATF2 may also be involved in DNA polf expres-
sion when NIH3T3 cells are stimulated by AOH.

MAPK family members can respond to diverse stimuli,
and p38MAPK, one of four subgroups in the MAPK family,
is important for cellular essential activity (19). p38MAPK
can phosphorase numerous transcription factors and regulate
gene expression. ATF2 is one of the downstream molecules of
p38MAPK that belongs to the ATF/CREB transcription factor
family and can recognize and bind to the CRE sequence as
dimers in the promoters of certain genes (15). The DNA polf3
gene promoter includes a CRE site with the 8 bp palindromic
sequence TGACGTCA. In the study by Kreideweiss et al (20),
Ca”-mediated intracellular signaling pathways events in
human peripheral blood mononuclear cells (PBMCs) activated
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Figure 2. AOH-induced p38MAPK and ATF2 activation. NIH3T3 cells were treated with indicated dose of AOH for 2 h. (A) Phosphorylation levels of p38MAPK
and ATF2 were detected by western blotting. (B) Cells were treated with 20 xM AOH for the indicated time, and the levels of phosphorylated p38MAPK and
ATF2 were measured by western blotting. (C) Cells were pretreated with SB203580 1 h prior to 20 uM AOH exposure. p38MAPK and ATF2 phosphorylation
was indicated by western blotting. Data are shown as means + standard deviation of values from triplicate experiments, the symbols (¥) and (&) indicate a sig-
nificant (P<0.05) change in expression compared with the respective dimethyl sulfoxide treated control. AOH, alternariol; p38MAPK, mitogen-activated protein
kinase 14 mitogen-activated protein kinase; ATF2, activating transcription factor 2; p-p38MAPK, phosphorylated p38MAPK; p-ATF2, phosphorylated ATF2.
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Figure 3. p38MAPK inhibitor SB203580 decreased the expression of polf.
NIH3T3 cells were pretreated with SB203580 (10 #M) for 1 h followed by
AOH (20 uM) for 24 h, or only treated by AOH (20 uM). Cell extract was used
to determine the expression level of polf by western blotting. p38MAPK,
mitogen-activated protein kinase 14 mitogen-activated protein kinase; polf},
DNA polymerase f3.

MAPK cascades and phosphorylated transcription factor
ATF2. The study found that ATF2 and CREB can bind to the
CRE site of the DNA polf} promoter and ATF2 contributes to
the expression of the polf gene (20). However, p38 was not
the kinase mediating ATF2 phosphorylation upon stimula-
tion of primary PBMCs with Ca?*, as the induction of ATF2

a-tubulin

Figure 4. p38MAPK knockdown reduced ATF2 phosphorylation and polf
expression. Lentiviral small hairpin RNA expressing vectors targeting
p38MAPK were constructed and transfected into NIH3T3 cells after fin-
ishing virus packing. The p38MAPK knockdown cell line was obtained by
puromycin selection. The level of p38MAPK and ATF2 phosphorylation
and the expression of polf were measured by western blotting. p38SMAPK,
mitogen-activated protein kinase 14 mitogen-activated protein kinase; ATF2,
activating transcription factor 2; polf3, DNA polymerase f3; p-p38MAPK,
phosphorylated p38MAPK; p-ATF2, phosphorylated ATF2.
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phosphorylation was not affected by the presence of the p38a
inhibitor SB203580 at 10 M concentrations (20). This result
is in contrast to the results of the present study. In the current
study, AOH stimulated ATF2 activation, followed by p38
phosphorylation. Chyan et al (21) identified a novel ATF2
isoform, which encodes a 60-kDa protein with an incom-
plete N-terminal domain, and a novel C-terminal region,
but an intact bZIP domain, which binds to the human polf}
CRE and functions as a repressor of the cloned human polf}
promoter in 293 cells. Interestingly, the results of the study by
Faumont er al (22) indicated that nuclear factor-xB activation
participates in the overexpression of DNA polf in Epstein-Barr
virus-immortalized B cells. Therefore, the data additionally
indicated that the expression of DNA polf is regulated by
multiple factors and pathways in cells, and that that expression
is stimuli, cell type and context dependent (22). This mobile
regulation of DNA polf} also implies that its overexpression is
important for working against DNA damage. The expression
of DNA polf is easily adjusted when the intracellular or extra-
cellar environment changes through a corresponding pathway,
which helps to maintain genomic stability.

In summary, the present study indicates that p38MAPK
phosphorylation and the activation of its downstream mole-
cule, ATF2, is important for mediating DNA polf3 expression
following treatment with AOH in NIH3T3 cells. However, it
may be worthwhile to additionally study a suitable method that
could be used to regulate the balance of DNA polf expression
for genomic stability.
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