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Abstract. Nuclear respiratory factor 1 (NRF-1) has important
roles in the regulation of several key metabolic genes required
for cellular growth and respiration. A previous study by our
group indicated that NRF-1 is involved in mitochondrial
dysfunction induced by the environmental pollutant benzola]
pyrene in the 16HBE human bronchial epithelial cell line. In
the present study, it was observed that its genotoxic metabolite,
anti-benzopyrene-7,8-diol-9,10-epoxide (BPDE), triggered
cell cycle arrest in S-phase in 16HBE cells by activating
ataxia-telangiectasia (ATM)/checkpoint kinase (Chk)2 and
ATM and Rad3 related (ATR)/Chkl1 signaling pathways.
NRF-1 expression was suppressed by BPDE after treatment
for 6 h. Flow cytometric analysis revealed that NRF-1 over-
expression attenuated cell cycle arrest in S-phase induced by
BPDE. In line with this result, DNA-damage checkpoints were
activated following NRF-1 overexpression, as demonstrated
by increased phosphorylation of ATM, Chk2 and YH2AX,
but not ATR and Chkl, according to western blot analysis. It
was therefore indicated that NRF-1 overexpression attenuated
BPDE-induced S-phase arrest via the ATM/Chk?2 signaling
pathway.
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Introduction

Nuclear respiratory factor-1 (NRF-1), which induces
nuclear-encoded mitochondrial genes, is a master transcription
factor for mitochondrial function and biogenesis (1). In prolif-
erating mammalian cells, NRF-1 is phosphorylated at multiple
serine residues within a concise NH,-terminal domain that
enhances its DNA-binding affinity and trans-activation func-
tion (2). Bioinformatics analyses suggested that NRF-1 has
an integrative role in the transcriptional network controlling
cell cycle regulatory genes (3). In addition, NRF-1 has been
identified as a co-regulator of a large subset of E2F-responsive
genes (4). Growing evidence suggested that NRF-1 was associ-
ated with the regulation of neurite outgrowth (5,6). This led to
the hypothesis that NRF-1 may have roles in the regulation of
the cell cycle.

Mitochondria are eukaryotic organelles that contain
their own genetic system known as the mitochondrial DNA
(mtDNA) genome. Nucleo-mitochondrial interactions
commonly depend on the crosstalk between nuclear tran-
scription factors and the co-activators of PGC-1 family
members (7). NRF-1 promotes the expression of Tfam and
two TFB isoforms (TFBIM or TFB2M) that are essential for
mtDNA maintenance (8). Veatch et al (9) observed that the
loss of mtDNA led to a reduction in the cell growth rate as
well as cell cycle arrest. An in vivo study showed that targeted
disruption of NRF-1 results in early embryonic lethality and a
marked reduction in the amount of mtDNA (10). Therefore, it
is indicated that NRF-1 may serve as a pivotal regulator of cell
cycle progression and mitochondrial DNA stability. However,
whether NRF-1 promotes cell proliferation has remained to be
fully demonstrated.

Benzo[a]pyrene (BaP) is an ubiquitous environmental
pollutant with known carcinogenic properties. Oxidation of
BaP by human cytochrome P-450 enzymes forms a more potent
genotoxic derivative named BPDE (11). The underlying molec-
ular mechanism of its carcinogenic effects has been shown to
be associated with the induction of DNA damage. Exposure
of cultured cells to BPDE has been demonstrated to elicit cell
cycle arrest in G1 and S-phases in either a pS3-dependent or
-independent manner (12,13). A previous study by our group
has documented that BPDE-induced apoptosis proceeded via
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the mitochondrial-mediated pathway (14). Thus far, the mech-
anisms leading to DNA damage, transcriptional regulation
and mitochondrial dysfunction following BPDE exposure have
largely remained elusive. Given the potential role of NRF-1
in regulating cell growth and mitochondrial biogenesis, the
present study hypothesized that NRF-1 may have crucial roles
in BPDE-induced cell cycle arrest. To test this hypothesis, the
effects of NRF-1 overexpression on cell cycle arrest and the
activity of cell checkpoint pathways induced by BPDE were
investigated.

Materials and methods

Cell culture and reagents. The 16HBE human bronchial
epithelial cell line was purchased from the Tumor Marker
Research Center (Beijing, China). Cells were cultured in
RPMI-1640 media supplemented with 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
at 37°C in a humidified atmosphere with 5% CO,. BPDE was
purchased from the National Cancer Institute (NCI, Rockville,
MD, USA). Phenylmethanesulfonyl fluoride (PMSF) and
phosphatase inhibitor cocktail were from Sigma-Aldrich (St.
Louis, MO, USA). Lipofectamine™ 2000 was from Invitrogen
(Thermo Fisher Scientific, Inc.). Mouse monoclonal anti-NRF-1
antibody (cat. no. sc-101102), goat anti-rabbit IgG-HRP (cat.
no. sc-2004) and goat anti-mouse IgG secondary antibodies (cat.
no. sc-2039) were purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). Rabbit polyclonal anti-p-Ser428-ATR
(cat. no. 2853), rabbit polyclonal anti-p-Ser1981-ATM (cat.
no. 5883), rabbit polyclonal anti-p-Ser1524-BRCAI1 (cat.
no. 9009), rabbit monoclonal anti-p-Thr68-Chk2 (cat.
no. 2197), rabbit monoclonal anti-p-Ser345-Chkl (cat.
no. 2348), mouse monoclonal anti-B-actin (cat. no. 3700) and
rabbit monoclonal anti-GAPDH (cat. no. 5174) were obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA). A
Cell Cycle Detection kit was obtained from KeyGen Biotech
Co, Ltd. (Nanjing, China). A Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo Molecular Technologies (Kumamoto,
Japan) and a bicinchoninic acid (BCA) protein assay kit was
from Pierce Biotechnology, Inc. (Rockford, IL, USA).

Cytotoxicity assays. Cells were plated in 96-well plates and
treated with BPDE at 0, 0.25, 0.5 or 1 uM for 3, 6 or 12 h
under low-serum (0.5% FBS) conditions. Cytotoxicity was
assessed using the CCK-8 assay according to the manu-
facturer's instructions. In brief, 10 ml CCK-8 solution was
added to the cell cultures, followed by incubation for 1.5 h
in the dark. The absorbance was measured at 450 nm using
an mQuant microplate reader (Biotek, Winooski, VT, USA).
For counting of viable cells, cultures treated as stated above
were harvested, stained with Trypan Blue and counted with a
hemocytometer (0.1 mm; Beyotime Institute of Biotechnology,
Haimen, China).

Cell cycle analysis. The cell cycle was assessed using the Cell
Cycle Detection kit (KeyGen Biotech Co, Ltd.) according to the
manufacturer's instructions. Following treatment with BPDE
(0, 0.25 or 0.5 uM for 6 or 12 h), cells were harvested using
0.05% (w/v) trypsin (Gibco; Thermo Fisher Scientific, Inc.)
in phosphate-buffered saline (PBS) containing 0.02% (w/v)
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sodium ethylenediaminetetraacetate. Cells were fixed in 70%
ethanol for 2 h, followed by two washes with PBS and incuba-
tion with RNase A (100 pg/ml) at 37°C for 30 min. Propidium
iodide was then used to stain the cells in the dark for 30 min.
The samples were analyzed using a FACScan flow cytometer
(BD Biosciences, San Jose, CA, USA). A total of 10,000 cells
were counted for each sample. Determination of the cell popu-
lation and quantification of the cells were performed using the
CellQuest software (version 5.1; BD Biosciences).

Protein extraction and western blot analysis. Following treat-
ment, cells were washed with PBS twice and then lysed in cell
lysis buffer containing 1% PMSF and 1% protein protease
inhibitor cocktail (Pierce Biotechnology, Inc.) for 30 min on
ice. Protein concentrations of extracts (nuclear or cytoplasmic)
were determined using the BCA protein assay kit. Equal
quantities (20-30 ug) of protein were separated on 6-12%
gradient sodium dodecyl sulfate polyacrylamide gels (JRDun
Biotechnology Co., Ltd., Shanghai, China) and then transferred
onto polyvinylidene difluoride membranes (Merck-Millipore,
Bedford, MA, USA). Membranes were blocked for 1 h with 5%
non-fat milk or 3% bovine serum albumin (Sigma-Aldrich) in
Tris-buffered saline (137 mM sodium chloride, 20 mM Tris,
pH 7.6) containing 0.05% Tween-20 (TBST) at room tempera-
ture and incubated with primary antibodies overnight at 4°C.
The dilution ratio of the primary antibodies was 1:1,000, with
the exception of anti-GAPDH and f-actin antibody (1:5,000).
Membranes were then washed with TBST three times per
10 min and incubated with horseradish peroxidase-conjugated
secondary antibody (1:5,000) for 1 h at room temperature.
Finally, the immunoreactive bands were detected using an
enhanced chemiluminescence kit (Pierce, Biotechnology,
Inc.). LabWorks Image Acquisition (UVGL-58; UVP, Upland,
CA, USA) was used to capture images.

Plasmids and transient transfection. A fragment encoding
the NRF-1 protein (GenBank accession no, M_005011)
was amplified by polymerase chain reaction from human
NRF-1 expression vector. The PCR reaction was set up in a
total volume of 20 pl and contained 5X Taq buffer (Dalian
Sinobio Chemistry Co., Ltd., Dalian, China), 2.5 mM dNTP
(Takara Bio, Inc., Otsu, Japan), 10 yuM primers (Generay
Biotech Co., Shanghai, China), Taq polymerase (Dalian
Sinobio Chemistry Co., Ltd.), 10 ng/ul template and double
distilled water. The sequences of the primers were as follows:
Forward, 5"TCCGCTCGAGATGGAGGAACACGGAGTG
AC-3" and reverse, 5-ATGGGGTACCGACTGTTCCAATGT
CACCACCTC-3". Amplification was performed using an
Applied Biosystems 2720 Thermal Cycler (Applied Biosystems,
Foster City, CA, USA). Following initial denaturation at
94°C for 5 min, 30 cycles of amplification were performed,
including 94°C for 30 sec denaturation time, 55°C for 30 sec
annealing, 72°C for 2 min extension, and a final extension of
72°C for 10 min. The PCR product was cut with EcoRI and
Kpnl (Shanghai Genechem Co., Ltd., Shanghai, China). The
NRF-1 cDNA fragments were inserted into the GV141 vector
(CMV-MCS-3FLAG-SV40-Neomycin; GeneChem, Shanghai,
China), and the pcDNA-NRF-1 plasmid was obtained.
16HBE cells were each plated in 35 mm dishes at a density of
2x10° cells/dish. Cells were transfected 24 h post-plating with
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Figure 1. Effect of BPDE on the viability and number of 16HBE cells. (A) Cell viability was measured using a Cell Counting Kit 8 following treatment with
BPDE at various concentrations for 3, 6 and 12 h. Values are expressed as a percentage of the control. (B) The cell number was monitored by the ability to
exclude trypan blue. Values are expressed as the mean + standard deviation. 'P<0.05, “P<0.01 vs. untreated cells. The experiments were repeated at least three

times independently. BPDE, anti-benzopyrene-7,8-diol-9,10-epoxide.
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Figure 2. Effects of BPDE on the cell cycle distribution of 16HBE cells. (A-F) Cell cycle distribution in different conditions. Cell cycle distribution was
determined using flow cytometry. After BPDE treatment for 6 and 12 h under low serum (0.5%) conditions, cells were harvested and stained with propidium

iodide. BPDE, anti-benzopyrene-7,8-diol-9,10-epoxide.

either 2 pug of the NRF-1 plasmid or a control vector, using
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) at a 1:3 ratio. Following transfection for 24 h, cells were
treated with BPDE for 6 h or 12 h, and cells were subsequently
subjected to cell cycle and western blot analysis according to
the abovementioned procedures.

Statistical analysis. Statistical analysis was performed
using SPSS 14.0 (SPSS, Inc., Chicago, IL, USA). Values are
expressed as the mean + standard deviation. Experimental data

were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey's multiple range test for significant differ-
ences. P<0.05 was considered to indicate a statistically
significant difference between values.

Results

BPDE reduces the proliferation of bronchial epithelial cells.
To assess the effects of BPDE on cell proliferation, I6HBE cells
were treated with various concentrations of BPDE for various
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Table I. Percentage of cells in different cell cycle phases after BPDE treatment.
BPDE (6 h) BPDE (12 h)
Cell cycle (%) ouM 0.25 uM 0.5 uM ouM 025 uM 0.5 uM
Gl 51.4+3.6 46.1£29 45.1+£32 53.4+42 48.7+£3.5 42.6£3.5
S 26.4+4.1 30.9+4.3 38.2+2.4 26.7+£3.1 34.8+2.1 45.1£2.6
G2/M 21.8+3.7 22.2+42.6 15.5¢1.9 18.8+£2.8 15.7£3.2 11.1£2.3
BPDE, anti-benzopyrene-7,8-diol-9,10-epoxide.
Table II. Percentage of cells in different cell cycle phases in response to BPDE treatment and NRF-1 overexpression.
Control BPDE
Cell cycle (%) Vector pcDNA-NRF-1 Vector pcDNA-NRF-1
Gl 56.843.1 55.6+1.8 46.9+£3.7 534+19
S 26.1£1.6 26.5£2.9 40.7£2.0 28.3+2.4
G2/M 14.4+1.7 16.0+2.1 11.1+1.6 17.0£2.6
NRF-1, nuclear respiratory factor 1; BPDE, anti-benzopyrene-7,8-diol-9,10-epoxide.
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Figure 3. DNA damage checkpoints are activated by BPDE. Following BPDE treatment for 6 h under low serum (0.5%) conditions, cells were harvested for
western blot analysis. (A) Representative western blot; (B) Quantification of protein levels by densitometric analysis. GAPDH was used as a loading control.
Data are expressed as percentage of control. Values are expressed as the mean + standard deviation. “P<0.05, “P<0.01 vs. untreated cells. The experiments were
repeated at least three times independently. P-Chk2, phosphorylated checkpoint kinase 2; yYH2A X, gamma histone variant H2AX; ATM, ataxia-telangiectasia;
ATR, ATM and Rad3 related; BPDE, anti-benzopyrene-7,8-diol-9,10-epoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4. NRF-1 expression levels are downregulated in response to BPDE. (A) NRF-1 protein levels were analyzed by western blotting after BPDE treat-
ment for the indicated times. (B) The relative protein levels of NRF-1 in the control and BPDE groups were determined by densitometric analysis. Values
are expressed as the mean + standard deviation. "P<0.05 vs. untreated cells. BPDE, anti-benzopyrene-7,8-diol-9,10-epoxide; NRF-1, nuclear respiratory

factor 1.
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Figure 5. NRF-1 overexpression attenuates BPDE-induced S phase arrest. 16HBE cells were transfected with (A) vector or (B) PCDNA-NRF-1 for 24 h and
(C and D) a proportion of these cells was subsequently treated with BPDE for 6 h. The cell cycle distribution was analyzed by flow cytometry. NRF-1, nuclear
respiratory factor 1; BPDE, anti-benzopyrene-7,8-diol-9,10-epoxide.
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Figure 6. Changes of checkpoint activation in response to BPDE and NRF-1 overexpression. (A) Blots showing protein expression levels of YH2AX, P-ATM,
P-Chk2, P-ATR and P-Chkl in response to BPDE exposure and NRF-1 overexpression. (B and C) Relative protein levels in control and BPDE groups. Values
are expressed as the mean + standard deviation. "P<0.05, “P<0.01 vs. control. P-Chk2, phosphorylated checkpoint kinase 2; YH2AX, gamma histone variant
H2AX; ATM, ataxia-telangiectasia; ATR, ATM and Rad3 related; BPDE, anti-benzopyrene-7,8-diol-9,10-epoxide; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

durations under low-serum (0.5%) conditions and subjected
to the CCK-8 assay. A time- and concentration-dependent
inhibition of cell growth was observed following treatment
with BPDE (P<0.05, 1.0 vs. 0 uM at 12 h) (Fig. 1A). When
the concentration of BPDE exceeded 0.5 M, cell proliferation
was significantly inhibited (Fig. 1B).

BPDE induces S-phase arrest of bronchial epithelial cells. The
effects of BPDE on the cell cycle distribution of 16HBE cells
was determined by flow cytometry. As shown in Fig. 2A-F,
treatment with 0.25 or 0.5 M BPDE for 6 or 12 h significantly
increased the proportion of cells in S phase. BPDE (0.5 uM)
increased the S-phase population by 11.3+2.1 and 20.7+4.5%,
respectively, at 6 and 12 h (P<0.01) (Table I). These results
suggested that BPDE induced S-phase arrest in 16HBE cells.

BPDE induces DNA damage checkpoint activation. BPDE
treatment upregulated the levels of p-ATR (Ser428) and its
downstream mediator p-Chkl1 (Fig. 3A and B). In order to

explore whether ATM/Chk2 signaling was also involved in
BPDE-induced S-phase arrest, the levels of p-ATM (Ser1981)
and p-Chk2 (Thr68) were also determined. The results
revealed that these checkpoint proteins were increased in a
dose-dependent manner following BPDE treatment (Fig. 3A
and B). In addition, the levels of YH2AX were increased
following BPDE (Fig. 3B). These findings indicated that
ATM/Chk2 and ATR/Chk1 cascades were involved in DNA
damage checkpoint signaling in 16HBE cells initiated by
BPDE treatment.

The expression levels of NRF-1 in response to BPDE induced
S-phase arrest. A previous study by our group observed that the
mRNA and protein levels of NRF-1 were decreased following
treatment with 16 xM BaP for 48 h (14). To investigate whether
endogenous NRF-1 levels were altered in response to BPDE,
16HBE cells were treated with BPDE at concentrations of O,
0.25 or 0.5 uM for 6 or 12 h. The total protein levels of NRF-1
were significantly reduced following treatment with 0.25 yM
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BPDE for 12 h as well as with 0.5 uM BPDE for 6 and 12 h
(P<0.05) (Fig. 4A and B).

Overexpression of NRF attenuates S-phase arrest and cell
cycle checkpoint activation induced by BPDE. To examine
whether NRF-1 was involved in the regulation of the cell cycle
arrest induced by BPDE, the effects of NRF-1 overexpression
on the cell cycle distribution of 16HBE cells was assessed. No
significant differences in cell cycle distribution were observed
between cells transiently transfected with a plasmid encoding
NRF-1 and those transfected with control (empty) vector
(Fig. 5A and B). Cells transfected with the control vector were
susceptible to genotoxic stress induced by BPDE, as indicated
by a significantly increased S-phase population compared to
that in the untreated control group (Fig. 5SA and C). However,
in NRF-1 overexpressing cells, BPDE treatment did not
increase the proportion of cells in S-phase compared to the
control vector, (Fig. 5C and D). These results indicated that
upregulation of NRF-1 attenuated S-phase arrest induced by
BPDE (Table II).

Subsequently, the effects of NRF-1 overexpression on
cell cycle checkpoint activation in response to BPDE were
assessed by western blot analysis. In cells transfected with
control vector, BPDE treatment induced the activation of cell
cycle checkpoint proteins ATM (Ser1981), Chkl (Ser345),
Chk2 (Thr68), p-ATR (Ser428) and H2AX (P<0.05), while
in cells transfected with NRF-1 overexpression plasmid,
BPDE-induced activation of ATM, Chk2 and H2AX was
significantly inhibited (P<0.05 or P<0.01) (Fig. 6A and B).
However, the activation of Chkl and ATR were not affected by
NRF-1 overexpression plasmid compared to those in the cells
transfected with control vector (Fig. 6A and C). These results
suggested that NRF-1 can attenuate cell cycle arrest induced
by BPDE via the regulation of ATM/Chk?2 signaling.

Discussion

It is well known that BPDE-induces carcinogenesis by forming
DNA adducts; these can be further degraded resulting in
DNA strand breaks, which has been shown to induce cell
cycle arrest (15). The S phase is considered the most geneti-
cally vulnerable phase of the cell cycle. Although BPDE and
BaP have been reported to halt the cell cycle across multiple
phases, which vary among different cell lines, the induction of
S-phase arrest has been the most extensively studied (16,17). A
previous study by our group used 16HBE cells to investigate
the apoptotic effects induced by BPDE and determined the
involvement of mitochondrial dysfunction (14). The present
study observed that treatment with BPDE caused a significant
increase in the proportion of 16HBE cells in S phase, which
was consistent with the results of Yao et al (17) using the same
cell line.

The mechanisms of S-phase checkpoint arrest induced
by BPDE may be explained from various viewpoints. The
immunoblot data of the present study showed that the phos-
phorylation of Chkl was increased in response to BPDE
treatment, as well as its upstream DNA damage sensor ATR.
The results were consistent with those of a previous study,
which reported that BPDE induced ATR/Chk]1 signaling and
induced S-phase arrest (18). However, persistent blockage and
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the collapse of stalled forks may generate DNA double strand
breaks (DSBs) that induce ATM/Chk?2 signaling (12). It has
been reported that complete cell cycle checkpoint arrest in
response to ionizing radiation requires ATR as well as ATM
reported (19). As expected, p-ATM and p-Chk2 were also
involved in BPDE-induced S-phase arrest in the present study.
In addition histone H2AX was found to be phosphorylated at
its S139-vy position, which is a characteristic and commonly
used marker for DSBs (20). Collectively, the results of the
present study indicated that ATM/Chk2 and ATR/Chkl
signaling cascades may serve overlapping functions in order
to cope with BPDE-induced DNA lesions, and the complexity
of these interactions depends on the extent of DNA damage.

NRF-1 is one of several key transcription factors involved
in nucleo-mitochondrial interactions and has a wide range of
target genes (1). Together with other PGC-1 family co-acti-
vators, NRF-1 has a broad cyto-protective role in cellular
physiology (21,22). Aberrant regulation of NRF-1 and its
targets has been indicated to contribute to the pathogenesis
of human neurodegenerative diseases, diabetes mellitus and
estrogen-dependent breast cancer (6,23,24). Despite the fact
that NRF-1 regulates metabolic processes, little is known with
regard to its association with exogenous genotoxic stress. The
present study observed that NRF-1 protein expression was
suppressed by BPDE treatment. A previous study reported that
NRF-1 was de-phosphorylated in quiescent BALB/3T3 fibro-
blasts and became phosphorylated upon cell cycle entry (25).
In the present study, cells were treated with BPDE under low
serum (0.5%) conditions to minimize the impact of serum
on NRF-1 phosphorylation. It was indicated that NRF-1 was
suppressed by BPDE, possibly via direct phosphorylation by
BPDE; however, it is possible that other kinases and cytokines
may have mediated this process.

Flow cytometric analysis revealed that NRF-1 overexpres-
sion attenuated S-phase arrest induced by BPDE, but did
not alter the cell cycle distribution in the absence of BPDE.
The downregulation of basal NRF-1 may be an important
event involved in BPDE-induced S-phase arrest. The present
study determined that NRF-1 overexpression suppressed
BPDE-induced phosphorylation of ATM and Chk2, while
not affecting PBDE-induced increases in ATR and Chkl.
Recently, Zambrano et al (26) reported that triiodothyronine
(T3) induced DNA damage via ATM signal transduction. The
activation of ATM was required for T3-dependent NRF-1
induction and oxidative stress. ATM-dependent mitochondrial
biogenesis has been shown to be important in DNA damage
response and regulation of reactive oxygen species (ROS) (27).
Although NRF-1 appears to act downstream of ATM, the
results of the present study suggested that NRF-1 overexpres-
sion may function via ATM/Chk2 signaling. It is therefore
suggested that during the regulation of DNA damage, NRF-1
overexpression may be associated with retrograde signaling
from the mitochondria to the nucleus.

A previous study by our group observed that ROS levels
were increased following treatment with BaP, the unmetabo-
lized precursor of BPDE (14). Upregulation of NRF-1 is known
to induce of the oxidative phosphorylation and anti-oxidant
enzymes (1,28). NRF-1 has also been reported to be involved
in an anti-oxidant pro-survival network by controlling
Tfam induction (21). Exogenous oxidative damage induces
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phosphorylation of NRF-1, which promotes the binding and
activation of Tfam, thereby contributing to the maintenance of
mtDNA and protection from oxidative damage (29). Whether
overexpression of NRF-1 is able to reduce ROS formation and
whether this mechanism contributes to the protective effects
against BPDE-induced DNA damage remains to be validated.

In conclusion, the present study shed light on the mecha-
nism of action of an environmental genotoxin and its effects
on cell cycle checkpoints. It was demonstrated that BPDE
triggers cell cycle arrest in S-phase by activating ATM/Chk2
and ATR/Chkl signaling pathways. In addition, NRF-1 over-
expression attenuated S-phase arrest induced by BPDE and
suppressed the activation of ATM, Chk2 and H2AX. Although
the exact role of NRF-1 in cell cycle regulation remains largely
elusive, it may be hypothesized that NRF-1 overexpression is
associated with BPDE-induced S phase arrest.
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