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(Bacl(ground: Poln implements translesion DNA synthesis but has low fidelity in replication.
Results: Acetylation-stabilized IRF1 transactivates the POLH gene in response to the chemical carcinogen N-methyl-N'-nitro-

Conclusion: Abnormal up-regulation of Polm through IRF1 transactivation is responsible for mutation frequency increases in

Significance: IRF1-induced Poln activity is a new mechanism leading to mutation accumulation and carcinogenesis in cells
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DNA polymerase 1 (Poln) implements translesion DNA syn-
thesis but has low fidelity in replication. We have previously
shown that Poln plays an important role in the genesis of non-
targeted mutations at undamaged DNA sites in cells exposed to
the carcinogen N-methyl-N'-nitro-N-nitrosoguanidine (MNNG).
Here, we report that MNNG-induced Polrn expression in an
interferon regulatory factor 1 (IRF1)-dependent manner in
human cells. Mutagenesis analysis showed that four critical res-
idues (Arg-82, Cys-83, Asn-86, and Ser-87) located in the IRF
family conserved DNA binding domain-helix a3 were involved
in DNA binding and POLH transactivation by IRF1. Further-
more, Poln up-regulation induced by IRF1 was responsible for
the increase of mutation frequency in a SupF shuttle plasmid
replicated in the MNNG-exposed cells. Interestingly, IRF1 was
acetylated by the histone acetyltransferase CBP in these cells.
Lys — Arg substitution revealed that Lys-78 of helix a3 was the
major acetylation site, and the IRF1-K78R mutation partially
inhibited DNA binding and its transcriptional activity. Thus, we
propose that IRF1 activation is responsible for MNNG-induced
Polm up-regulation, which contributes to mutagenesis and ulti-
mately carcinogenesis in cells.

DNA damage blocks the progression of the replication fork,
which switches highly stringent replicative DNA polymerases
to low-fidelity DNA polymerases that perform translesion syn-
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thesis (TLS).* TLS DNA polymerases contain relatively nonre-
strictive active sites for the accommodation of altered bases,
and lack 3'-5" exonuclease activity for proofreading. Therefore,
TLS balances the gain in survival with a tolerable mutational
cost; disturbing this balance increases mutations, which may
play a role in carcinogenesis (1, 2). The human POLH gene
encodes an important member of the Y family of TLS DNA
polymerases, Poln. Poln is specialized for the error-free bypass
of pyrimidine dimers introduced by UV radiation (3-5).
Defects in the gene result in xeroderma pigmentosum variant
syndrome with an increased incidence of skin cancer (6, 7).
Poln has also been shown to replicate across a wide spectrum of
DNA lesions induced by environmental or chemotherapeutic
agents (8). In addition to TLS, Poln is also involved in gene
conversion and strand invasion during homologous recombi-
nation (9, 10). However, Polm generates replication errors at an
average frequency of about 3 X 10~ mutations per base pair,
and copies undamaged DNA with much lower fidelity than any
other template-dependent DNA polymerase studied (11). It can
bypass some DNA lesions through an error-prone pathway,
which is a mutation-generating molecular mechanism (12).
Deficient or dysregulated Polm has severely harmful conse-
quences for cells.

The monofunctional alkylating agent N-methyl-N'-nitro-N-
nitrosoguanidine (MNNG) is a widely accepted model chemi-
cal carcinogen for studying the mechanisms of mutagenesis and
carcinogenesis induced by N-nitroso compounds. It generates
adducts with DNA and protein, such as O°-methylguanine,
leading to point mutations, chromosomal aberrations, or even
cell death. We reported that MNNG also induces mutations in

“The abbreviations used are: TLS, translesion synthesis; MNNG, N-methyl-
N’-nitro-N-nitrosoguanidine; IRF, interferon regulatory factor; TSA, tri-
chostatin A; qRT, quantitative real time; TRITC, tetramethylrhodamine
isothiocyanate; DMSO, dimethyl sulfoxide; DBD, DNA-binding domain;
CBP, CREB (cAMP response element binding protein) binding protein;
EdU, 5-ethynyl-2’-deoxyuridine.
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undamaged DNA sequences (nontargeted mutations) in mam-
malian cells, and this is caused by a decrease of DNA replication
fidelity resulting from aberrant expression of TLS DNA poly-
merases upon MNNG exposure (13, 14). We demonstrated that
the spontaneous mutation frequency in human FL amnion epi-
thelial cells (as model normal cells) increases when Poln is
depleted, indicating an important role of Poln in maintaining
genetic stability. However, when the POLH gene is knocked
down, the MNNG-induced mutation frequency of the SupF
tRNA gene replicated in the cells is significantly reduced, sug-
gesting that Poln induces error-prone replication and is
involved in the genesis of nontargeted mutations in cells
exposed to MNNG (15, 16). More recently, we found that
MNNG not only causes DNA damage but also disturbs other
cellular processes by activating signaling pathways and induc-
ing endoplasmic reticulum stress (17—19). Using genomic and
proteomic methodologies, we further revealed that many genes
and proteins are involved in the response to MNNG exposure,
including those participating in the regulation of transcription,
metabolism, cytoskeletal organization, the cell cycle, cell prolif-
eration, signal transduction, and transport (20-22). Although
these findings help our understanding of the molecular mech-
anisms of MNNG-caused damage, how chemical carcinogens
regulate the low-fidelity TLS DNA polymerases that contribute
to mutagenesis and carcinogenesis remains unclear.

Interferon regulatory factors (IRFs) were originally identified
as transcriptional regulators of interferon (IFN) and IFN-stim-
ulated genes. IRF1 is a member of the IRF family, and functions
in antiviral response, regulation of the cell cycle and apoptosis,
and oncogenesis (23-25). IRF1 also plays an important role in
DNA damage responses and DNA repair. Mouse embryonic
fibroblasts lacking IRF1 are deficient in the ability to undergo
the DNA damage-induced cell cycle arrest that normally occurs
in wild-type cells under genotoxic stress (26). IRF1-deficient
hepatocytes show reduced DNA repair activity compared with
the wild-type after UV irradiation (27). A recent study using the
ChIP-chip approach revealed that IRF1 is involved in regulating
many genes that encode components of the DNA damage
response and DNA repair pathways after IFN stimulation (28).
The spectrum of IRF-1-responsive genes is dependent on a
number of factors including stimulus, cell type, and stage of
development. However, the exact role of IRF1 and the process
by which it acts during DNA damage have not been fully
characterized.

In the present study, we demonstrated that MNNG increased
the expression of POLH by up-regulating the IRF1 protein level
via lysine acetylation. IRF1 directly bound to the POLH pro-
moter and transactivated gene expression. Consequently, the
abnormally stimulated Poln led to an increase in DNA muta-
tion frequency in cells exposed to MNNG. Thus, we propose
that IRF1-dependent transcriptional regulation of TLS DNA
polymerases is probably a new mutagenic and carcinogenic
pathway stimulated by environmental chemical carcinogens.

EXPERIMENTAL PROCEDURES
Chemicals—The monofunctional alkylating agent MNNG,

the protein synthesis inhibitor cycloheximide, the protein
deacetylase inhibitors trichostatin A (TSA) and nicotinamide,
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the DNA-damaging agent camptothecin, and the solvent
DMSO were from Sigma. Stock solutions were prepared in
DMSO and used immediately.

Cells and Culture—Human amnion epithelial FL cells
(ATCC CCL-62, Manassas, VA) were cultured in Eagle’s mini-
mal essential medium supplemented with 10% newborn bovine
serum, and HEK293T, RKO, and A549 cells were maintained in
Dulbecco’s modified Eagle’s medium or RPMI 1640 supple-
mented with 10% fetal bovine serum in a 5% CO, humidified
atmosphere at 37 °C.

Plasmids and Constructs—The putative promoter of the
human POLH gene was amplified from the extracted genomic
DNA of human FL cells by PCR. The PCR products were
purified and inserted into the pGL3-Basic luciferase reporter
vector (Promega, Madison, WI). This recombinant plasmid
p1687(—984/+703) was used as the template for PCR to gen-
erate a series of deletion constructs with different primers.
The mutations were introduced into p1687(—984/+703)
with different primers containing mutated IRF1-binding
sites using the QuikChange® XL site-directed mutagenesis
kit (Stratagene, La Jolla, CA). The expression plasmid
pcDNA3.1 c-myc-IRF1 was constructed by inserting IRF1
¢cDNA and 6 X c-myc sequences into the vector
pcDNA3.1(+)-basic (Invitrogen). The mutations were intro-
duced into pcDNA3.1 c-myc-IRF1 using primers with muta-
tion of specific sites. The primers for the above constructs
are listed in supplemental Tables S1 and S2. The sequences
of all constructs were confirmed by DNA sequencing
(Invitrogen).

Quantitative Real Time RT-PCR—FL cells were exposed to
different doses of MNNG or the solvent control DMSO. Total
RNA was isolated with RNAsio Plus reagents (TaKaRa Bio Inc.,
Shiga, Japan). qRT-PCR was performed using SYBR® Premix
Ex Taq™ (TaKaRa Bio Inc.) on an ABI Prism 7500 real-time
PCR system (Applied Biosystems, Foster City, CA). B-Actin
was used as loading control.

Immunoblotting and Immunoprecipitation—The treated
cells were lysed in 20 mm HEPES (pH 8), 0.1 mm EDTA, 5 mm
MgCl,, 0.5 M NaCl, 20% glycerol, 1% Nonidet P-40, and protein-
ase inhibitors. A 30-ug aliquot of each sample was used for
Western blotting, probed with primary antibodies against Poln
(Abcam, MA), IRF1, c-myc, p53, or CBP (Santa Cruz Biotech-
nology, Santa Cruz, CA), stained with IRDye® 800CW- or
IRDye® 680-conjugated secondary antibodies (LI-COR, Lin-
coln, NE), and then detected by an Odyssey® infrared imaging
system (LI-COR). GAPDH was used as loading control.

For immunoprecipitation, 0.5-1 mg of protein was incu-
bated with 1 ug of different antibodies for 4-16 h at 4 °C.
Immunoprecipitates were collected on protein G-agarose
beads, washed, and then denatured by boiling in Laemmli sam-
ple buffer. The supernatant was analyzed by Western blot with
different primary antibodies against IRF1, c-Myc, or pan-acety-
lation-lysine (Santa Cruz or Cell Signaling Technology, Inc.,
Danvers, MA). Image] (National Institutes of Health) was used
for measuring the intensity of bands.

Immunofluorescence Assay—The treated cell layers were
fixed in ice-cold 4% paraformaldehyde for 15 min, washed with
PBS, blocked with 1% BSA in PBS for 1 h at room temperature,
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and then incubated with primary antibodies against Poln, IRF1,
or YH2AX (Santa Cruz) at 4 °C overnight. After rinsing in PBS,
the cells were incubated with FITC- and TRITC-conjugated
secondary antibodies for 1 h at room temperature. After a final
wash, the cells were stained with DAPI and viewed using a
fluorescence microscope (AX70, Olympus, Japan).

Luciferase Reporter Assays—Cells were plated onto 24-well
plates at 1 X 10 cells per well the day before transfection. The
cells were co-transfected with 0.5 g of firefly luciferase
reporter constructs, 0.02 ug of pRL-SV40 Renilla luciferase
reporter plasmids (Promega, Madison, WI), and c-myc-IRF1
wild-type or mutant constructs using the SuperFect® transfec-
tion reagent (Qiagen). The luciferase activity was examined by a
dual-luciferase reporter assay system (Promega).

DNA Pull-down Assay—The DNA pull-down assay was per-
formed as described (29). The DNA sequences from —2066 or
—984 to +703 of the human POLH promoter were amplified by
PCR with the primers (one of which was labeled with biotin).
Ten micrograms of the purified biotin-labeled PCR product
was attached to streptavidin-agarose beads according to the
manufacturer’s guidelines (Invitrogen). The beads were washed
3 times with binding buffer (10 mm Tris-HCI, pH 7.5, 50 mm
NaCl, 1.0 mm dithiothreitol, 1.0 mm EDTA, and 5% glycerol
(v/v)), and then incubated with 100 ug of nuclear extract pro-
teins in 350 wl of binding buffer at 4 °C for 45 min. The precip-
itates were washed 3 times with washing buffer (10 mm Tris-
HCL, pH 7.5, 150 mm NaCl, 1.0 mMm dithiothreitol, 1.0 mm
EDTA, and 5% glycerol (v/v)). The bound proteins were ana-
lyzed by SDS-PAGE and Western blotting. Ku80 (Santa Cruz)
was used as loading control.

RNA Interference (RNAi)—FL cells were transfected with
siRNAs targeting the IRF1, POLH, or CBP mRNA sequence, or
with a negative control siRNA (Santa Cruz Biotechnology) to a
final concentration of 100 nm using Lipofectamine 2000
(Invitrogen).

EdU Incorporation Assay—The EAU (5-ethynyl-2'-deoxyuri-
dine) incorporation assay was used to represent TLS in cells
after DNA damage (30). FL cells were cultured on 96-well plates
and treated with MNNG for 12 h, or transfected with IRF1
wild-type or mutant constructs. Next, cells were washed 3 times
with PBS, and then incubated in serum-free DMEM supple-
mented with 10 um EdAU for 2 h. After extensive washing with
PBS, cells were blocked with 10% FBS in PBS for 30 min. Incor-
porated EdU was detected by the fluorescent azide coupling
reaction (Invitrogen). Images of the cells were captured with a
fluorescence microscope (Nikon, Tokyo, Japan). Image] was
used to count the fluorescent points.

SupF-pZ189 Shuttle Plasmid Mutation Assay—DNA non-
targeted mutation was measured using the shuttle plasmid
pZ189 mutation assay as described (16). FL cells were trans-
fected with IRF1 wild-type or mutant plasmid together with or
without siRNA-Poln. After 24 h, the pZ189 plasmid containing
the SupF tRNA gene was introduced into the cells. Forty-eight
hours later, the replicated plasmid DNA was extracted from the
cells and separated from cellular DNA as described by Hirt (31).
Before the plasmid was used to transform the indicator bacte-
rium Escherichia coli MBM?7070, it was treated with Dpnl to
digest any DNA that still had the bacterial methylation pattern
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FIGURE 1. MNNG induced Polv expression in human FL cells. A, transcrip-
tion of human POLH gene in response to 0.2, 1, and 10 um MNNG for different
times determined by qRT-PCR. **, p < 0.01 relative to control (DMSO).
B, Left panel shows that protein levels of human Poln at 12 h following 10 um
MNNG treatment in the presence or absence of cycloheximide (CHX) meas-
ured by Western blot. GAPDH was used as loading control. Right panel shows
quantitative data (mean = S.D.) for three independent experiments analyzed
by Student’s ttest. *, p < 0.05, MNNG-treated versus DMSO-treated cells; °, p <
0.05, non-pretreated versus cycloheximide-pretreated cells.

generated when the plasmid was first prepared (32). E. coli
MBM7070 were transformed with the pZ189 plasmid and
selected for ampicillin resistance on LB plates containing 40
mg/liter of 5-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
side (X-gal), 20 mg/liter of isopropyl 1-thio-B-p-galactopyrano-
side, and 100 mg/liter of ampicillin. White and light-blue colo-
nies were picked and each colony was streaked on a fresh plate
to confirm the phenotype. The mutation frequency of the SupF
tRNA gene was equal to the number of mutants isolated/num-
ber of transformants.

Software—The software for promoter prediction and the
prediction of transcription factor binding sites are shown in
supplemental Table S3.

Statistical Analysis—All data are representative of at least
three independent experiments and expressed as mean * S.D.
Statistical data analysis was performed using the unpaired Stu-
dent’s ¢ test. Pearson x” analysis was used to evaluate the muta-
tion frequency of the SupF tRNA gene in the treated FL cells.

RESULTS

MNNG Up-regulated Human Poln Expression—The effect of
MNNG on Poln expression was evaluated by qRT-PCR and
Western blot analysis. MNNG (10 um) significantly up-regu-
lated POLH mRNA expression at 6 and 12 h after treatment
(Fig. 1A). The protein level of Poln increased more than 3-fold
at 12 h (Fig. 1B). Pretreatment with 20 ug of cycloheximide (a
specific inhibitor of protein synthesis) for 1 h completely abro-
gated this effect (Fig. 1B), suggesting that MNNG up-regulated
the Poln protein level by transcriptional activation of the POLH
gene.
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FIGURE 2. MNNG transactivated the human POLH gene dependent on the IRF1 binding motif of the promoter. A, schematic maps of the POLH promoter-
luciferase reporter constructs used in this study. B and C, the successive 5'-deletion constructs and IRF1-binding motif mutants were transfected into FL cells
and treated with 10 um MNNG in serum-free medium for 2 h, and after 12 h, luciferase activity was determined. The data are from at least three independent
experiments analyzed by Student’s t test relative to control DMSO (**, p < 0.01).

MNNG Transactivated the POLH Gene by Targeting Two
IRF1-binding Motifs of Promoter—The mechanism of tran-
scriptional activation of the human POLH gene in response to
MNNG was first investigated by both computer-assisted DNA
sequence analysis and luciferase reporter assay. We identified a
conserved region located from —1100 to +600 relative to the
transcriptional start position of the human POLH gene (data
not shown). Several algorithms were used for the prediction of
promoter and transcriptional factor binding sites (supplemen-
tal Table S3). The sequence from —984 to +703 (p1687) was
chosen as the putative promoter for further functional analysis.
Prediction analysis for transcription factor binding sites
revealed that the POLH promoter sequence contained four
IRF1-binding motifs (Fig. 24).

To determine MNNG-responsive elements within the
human POLH promoter, we cloned the promoter sequence of
POLH p1687 (—984 to +703) from human FL cells, and a series
of luciferase reporters for the POLH promoter and its 5'-dele-
tion sequences were constructed: p1478 (—775 to +703), p1277
(=574 to +703), p992 (—289 to +703), and p530 (+173 to
+703) (Fig. 2A). These luciferase reporter constructs were each
then transfected into FL cells, followed by MNNG treatment.
The transcriptional activity responsive to MNNG was optimal
with p1687 but gradually attenuated with the reduction in pro-
moter length (Fig. 2A4). The construct p530 completely lost
responsiveness to MNNG, suggesting that the IRF1-binding
motif residing between +173 and +703 was not necessary for
the POLH promoter activation by MNNG. To test whether
three other upstream IRF1-binding motifs were critical for
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MNNG-dependent activation of the promoter, we constructed
pl687-1, P1687-2, and p1687-3 luciferase reporters with the
individual motifs mutated (Fig. 2B). Luciferase reporter assays
showed that p1687-1 and p1687-2 but not p1687-3 significantly
abolished the stimulatory effect of MNNG (Fig. 2C). These
results indicated that the two IRF1 binding motifs located in
—898 to —886 and —590 to —578 were responsible for MNNG-
induced activation of the human POLH promoter.

IRF1-induced POLH Expression Was Stimulated by MNNG
through Direct Binding of Its DNA-binding Domain (DBD)-He-
lix a3 to Promoter—To further evaluate the involvement of
IRF1 in transactivation of the POLH gene, the c-myc-IRF1
expression plasmid and the POLH promoter luciferase reporter
were co-transfected into FL cells, and luciferase activity was
analyzed. The results showed that IRF1 overexpression
increased promoter transcriptional activity of both p1687 and
p1687-3 luciferase reporters (Fig. 3A). In contrast, neither
p1687-1 nor p1687-2 luciferase reporters responded to IRF1 by
activation. These results further supported the finding that the
IRF1 binding motifs located in —898 to —886 and —590 to
—578 were essential for the POLH promoter to respond to
MNNG.

We then examined POLH gene regulation by manipulating
the IRF1 expression level in 293T cells (a cell line expressing
little IRF1). Both mRNA and protein analysis revealed a basal
level of POLH expression in these cells. Ectopic expression of
IRF1 up-regulated the Poln level as well as that of p53, a bio-
marker of DNA damage (Fig. 3, B and C). In contrast, IRF1
depletion with siRNA-IRF1 decreased Poln induction by
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MNNG in FL cells (Fig. 3D). Furthermore, DNA binding assays
with a biotin-labeled DNA probe covering the POLH promoter
sequence —984 to +703 (biotin-probe 1687) demonstrated that
IRF1-DNA binding was increased in the MNNG-treated cells
(Fig. 3E). POLH has been reported as a p53 target gene (33). By
DNA pull-down assay, we found that p53 bound directly to the
POLH promoter —2066 to +703 (biotin-probe 2769), used as a
positive control (Fig. 3E).
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single-site mutants showed a fairly weak effect on POLH pro-
moter activation, the DBD 4-mutant completely abolished its
transactivation ability (Fig. 3F). We also constructed IRF1
expression plasmids with K75R or K78R mutations (nonacety-
latable mutation) in DBD-helix a3, and tested their transacti-
vation activity with luciferase reporter assays. The K78R
mutant but not the K75R mutant, dramatically reversed the
POLH promoter-driven luciferase activation (Fig. 3F). DNA
binding analysis revealed that the IRF1 DBD 4-mutant, and to a
lesser extent, the IRF1-K78R mutant, lost their DNA binding
activity (Fig. 3G). Together, these data demonstrated that IRF1-
mediated MNNG induced POLH transactivation by directly
binding to the promoter, and IRF1 DBD-helix a3 was critical
for POLH promoter activation.

MNNG-induced IRF1 Lys-78 Acetylation for IRFI Protein
Accumulation—W e next investigated the mechanism by which
MNNG affected IRF1. Time course analysis revealed that the
IRF1 protein level was significantly increased at 1 and 3 h in FL
cells after exposure to MNNG, but IRF1 mRNA expression was
not changed at these time points, indicating that up-regulation
of the IRF1 protein did not result from mRNA transcription
(Fig. 4, A and B). Interestingly, IRF1 acetylation was induced
within 30 min after MNNG treatment but gradually decayed
with time (Fig. 4C). TSA and nicotinamide are specific inhibi-
tors of the histone deacetylase and Sirt deacetylase families,
respectively. Treating FL cells with TSA and to a lesser extent
with nicotinamide increased the IRF1 protein level (Fig. 4D).
On the other hand, knockdown of the histone acetyltransferase
CREB-binding protein (CBP) with siRNA-CBP inhibited the
increase of IRF1 protein content induced by MNNG (Fig. 4E).
Furthermore, siRNA-CBP and TSA did regulate IRF1 acetyla-
tion (Fig. 4F). Our data demonstrated that the IRF1 protein
level was not regulated by an increase in gene expression but by
post-translational acetylation that contributed to stabilizing
the protein in the MNNG-exposed cells. Lys-78 within IRF1-
DBD-helix a3 was the major site for the IRF1 acetylation medi-
ated by CBP (Fig. 4G).

IRF1 Increased Mutation Frequency by Up-regulating Polm in
Response to MNNG—It is known that human Poln plays a key
role in DNA translesion synthesis, and the activity of the
enzyme is precisely regulated because of its low fidelity for DNA
replication. Abnormally excessive activation of human Poln is
mutagenic and carcinogenic (35). We showed above that
MNNG transactivated the expression of human POLH in an

IRF1-dependent manner in FL cells. Immunofluorescence
assays revealed that in the nuclei of FL cells exposed to 10 um
MNNG, Poln was increased and co-localized with yH2AX at
DNA-damaged sites over time (supplemental Fig. S1) and
mostly at 12 h (Fig. 54). The EdU incorporation assay demon-
strated that MNNG exposure increased DNA synthesis for
repair in FL cells, whereas siRNA-IRF1 abolished the MNNG-
induced effect (Fig. 5B). Overexpression of CBP or pretreat-
ment with TSA slightly enhanced the MNNG effect (Fig. 5B).
Furthermore, overexpression of wild-type IRF1 increased the
EdU incorporation, but the DBD 4-mutant of IRF1 totally lost
this ability. Modulating the IRF1 acetylation level using the
K78R mutation, CBP overexpression, or TSA pretreatment had
a trivial influence on the EdU incorporation (Fig. 5C). These
data indicated that IRF1 transactivated the POLH gene by bind-
ing to the promoter after exposure to MNNG, then the up-reg-
ulated Polm implemented TLS in the exposed cells.

We previously showed that deregulation of Poln induces
nontargeted DNA mutations in mammalian cells after expo-
sure to MNNG (15, 16). The shuttle-plasmid pZ189 mutation
assay was performed to investigate the involvement of IRF1 in
nontargeted DNA mutations after MNNG treatment. We
found that overexpressed wild-type IRF1 significantly in-
creased the mutation frequency of the supF tRNA gene in the
plasmid replicated in FL cells, the K78R mutant induced fewer
mutations, whereas the DBD 4-mutant did not increase the
mutation frequency over control (Table 1). Furthermore, we
co-transfected siRNA-Poln and IRF1 expression plasmid in FL
cells and repeated the mutation assay. The result showed that
knockdown of Poln reversed the IRF1-enhanced mutation fre-
quency, suggesting that IRF1 increased the mutation frequency
in a Poln-dependent manner (Table 2). The efficiency of
siRNA-Poln was evaluated by Western blotting (supplemental
Fig. S2E). These data indicated that the IRF1-transactivated
POLH was responsible for the increase in the nontargeted
mutation frequency in FL cells.

DISCUSSION

In this study, we demonstrated that exposure to the carcino-
gen MNNG increased human POLH gene expression through
IRF1 transactivation in human FL cells. MNNG caused an accu-
mulation of IRF1 by Lys-78 acetylation associated with CBP.
IRF1 directly bound to the POLH promoter by key residues
(Arg-82, Cys-83, Asn-86, Ser-87, and Lys-78) in the conserved

FIGURE 3. IRF1 transactivated the human POLH gene in response to MNNG by direct binding of its DBD to the promoter. A, the expression plasmid
pcDNA3.1 c-myc-IRF1 wild-type (WT) or the control plasmid pcDNA3.1 c-myc (EV) and the human POLH promoter reporter constructs with or without mutated
IRF1 binding sites were co-transfected into FL cells. The luciferase activity was measured 48 h later. **, p < 0.01 compared with control transfected with EV.
B, mRNA expression of Poln in FL cells induced by IRF1-wt overexpression. C, Upper panel shows the protein level of Poln induced by IRF1-wt overexpression.
GAPDH was used as loading control. Bottom panel shows the data (mean = S.D.) of three independent experiments. **, p < 0.01 compared with EV control. D,
Upper panel shows that FL cells were transfected with siRNA-IRF1 or siRNA-control and treated with 10 um MNNG. After 12 h, Western blot analysis was
performed with anti-IRF1 and anti-Polr, respectively. GAPDH was used as loading control. Bottom panel shows the data (mean = S.D.) of three independent
experiments. ¥, p < 0.05, MNNG-treated versus DMSO-treated cells; °, p < 0.05, siRNA-control versus IRF1 knockdown transfected cells. E, FL cells were treated
with 10 um MNNG or DMSO for 2 h. Twelve hours later, nuclear proteins were extracted, and the binding ability of IRF1 to the biotin-labeled POLH promoter
probe —984 to +703 (biotin-probe 1687) or p53 to the biotin-labeled POLH promoter probe —2066 to +703 (biotin-probe 2769), was analyzed by DNA
pulldown assay. Nonlabeled POLH promoter probes (cold-probe) were used for competitive inhibition. Ku80 was used as control. F, IRF1 expression plasmids
with or without various site mutations in the DBD were transfected together with the human POLH promoter reporter into 293T cells. The luciferase activity was
measured 48 h later. *, p < 0.05 compared with EV control; °, p < 0.05, IRF1-K78R versus IRF1-wt-expressing plasmid-transfected cells. The data are from at least
three independent experiments analyzed by Student’s t test. DBD 4-mut, IRF1 expression plasmid with co-mutations of R82A, C83A, N86A, and S87Ain DBD. G,
expression plasmids of IRF1-wt or its mutants were transfected into 293T cells, and DNA pulldown assays were performed with the biotin-labeled or unlabeled
human POLH promoter probe as described above.
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FIGURE 4. MNNG up-regulated IRF1 protein level by lysine acetylation. A and B, the protein and mRNA levels of IRF1 in FL cells were measured by Western
blot and qRT-PCR, respectively, at the indicated time points after 10 um MNNG treatment. GAPDH was used as protein loading control. C, FL cells were treated
with 10 um MNNG and the protein lysates were collected at the indicated time points. Immunoprecipitation was performed with anti-IRF 1 antibody, and lysine
acetylation was detected with anti-pan-K-acetylation antibody. IRF1 immunoprecipitation efficiency was controlled by anti-IRF1 antibody. D and E, FL cells
were treated or transfected as indicated, and then the protein lysates were analyzed by Western blot using the specific antibodies indicated. GAPDH was used
as loading control. F, FL cells were treated or transfected as indicated; the protein lysates were immunoprecipitated (IP) and measured by Western blot.
G, various expression plasmids of IRF1 were transfected with or without CBP expression plasmid into FL cells. Forty-eight hours later, the protein lysates were

immunoprecipitated with anti-c-Myc antibody and then analyzed by Western blot using anti-pan-K-acetylation. Anti-c-Myc was also used forimmunoprecipi-
tation efficiency control.

DBD-helix @3 and transactivated POLH gene expression.
MNNG-stimulated Poln implemented TLS and caused an
increase in mutation frequency in the exposed cells. In addition,
we investigated whether this phenomenon is cell line or chem-
ical specific. The results demonstrated that MNNG exposure
up-regulated the IRF1 protein level that in turn transactivated
POLH in A549 cells (supplemental Fig. S2, A and B), and camp-
tothecin also induced a similar phenomenon in RKO cells

12628 JOURNAL OF BIOLOGICAL CHEMISTRY

(supplemental Fig. S2, C and D), which probably suggests a
common transactivational regulation mechanism in the cellu-
lar response to DNA damage.

MNNG-induced POLH expression (Fig. 1). Two IRF1-bind-
ing sites in the POLH promoter were responsible for MNNG-
induced transactivation of the gene (Figs. 2 and 34). Although
overexpression of IRF1 up-regulated Poln and transactivated
the POLH gene, IRF1 knockdown abrogated these effects in the
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TABLE 1

Increased mutation frequency of SupF tRNA gene in the plasmid pZ189 replicated in the FL cells with overexpressed IRF1

EV IRF1 IRF1-DBD 4-mut IRF1-K78R
Transformants 15,745 33,710 17,751 25,738
Mutants 1 13 1 9
Mutation frequency” (X10°) 6.3 38.5° 5.6 34.9°
Induced mutation frequency® (X10~°) 322 -0.7 28.5

“ Mutation frequency: No. of mutants/No. of transformants.
?p < 0.01 versus EV-transfected FL cells (x*-test).

¢ Induecd mutation frequency: mutation frequency of IRF1 or IRF1-DBD or IRF1-K78R minus mutation frequency of EV.

TABLE 2

Decreased mutation frequency of SupF tRNA gene in the plasmid
pZ189 replicated in the FL cells with Poln knocked down

siRNA control  siRNA-Poln
EV IRF1 IRF1
Transformants 11,012 11,284 10,844
Mutants 3 16 4
Mutation frequency” (X10~*) 2.7 14.2° 3.7
Induced mutation frequency” (X10~%) 32.2 1.0

“ Mutation frequency: No. of mutants/No. of transformants.

?p < 0.01 versus EV-transfected FL cells (x*-test).

¢ Induecd mutation frequency: mutation frequency of IRF1 minus mutaion fre-
quency of EV.

MNNG-treated cells, and DNA pulldown assays revealed that
the binding ability of IRF1 to the POLH promoter was enhanced
in MNNG-treated cells, confirming that MNNG activates
POLH expression in an IRF1-dependent manner (Fig. 3, B—F).

All IRF family proteins carry a conserved DBD consisting of
~110 residues in their N-terminal region, through which they
bind to the IFN-stimulated response element in IFN-inducible
gene promoters. Co-crystallization of the helix turn helix-con-
taining DBD of IRF1 with the IFN-B promoter element PRD I
showed that four residues (Arg-82, Cys-83, Asn-86, and Ser-87)
project from the DBD-helix a3 of IRF1, and interact with a
GAAA core sequence (existing in almost all IRF response ele-
ments) within the major groove of the DNA (34). Furthermore,
acetylation of transcription factors often affects DNA binding
and transcriptional activity, so we speculated that the neighbor-
ing Lys-75 (conserved in IRF1 and -2) and Lys-78 (conserved
throughout IRF family members), which are also located in
DBD-helix a3, may be implicated in the transcriptional func-
tion of IRF1 as well. Therefore, we performed site-mutation
analysis of these 6 important amino acids. The results demon-
strated that the 4-site co-mutant (R82A, C83A, N86A, and
S87A) of IRF1 had no binding and transactivation ability with
the POLH promoter, and the K78R mutant partially but defi-
nitely lost this activity (Fig. 3, F and G), suggesting that these
sites in the DBD-helix a3 were critical for IRF1 transcriptional
activity.

IRF1 is an immediate-early gene, whose transcription
increases from 15 min to 1 h, is down-regulated by 4 h, and is
then up-regulated a second time at 8 —10 h after prolactin stim-
ulation (36). In response to IR and etoposide, IRF1 protein lev-

els peak 2— 6 h post-treatment (37, 38). We found that the IRF1
protein content was enhanced between 1 and 6 h following
MNNG exposure, whereas the mRNA level of IRF1 was not
changed (Fig. 4, A and B). Correlated with this, IRF1 lysine
acetylation increased beginning at 30 min in the MNNG-ex-
posed cells (Fig. 4C). Protein lysine acetylation is involved in
various cellular functions. The most apparent effect is the inhi-
bition of ubiquitination-mediated protein degradation by the
proteasome (39—42). It has been reported that recombinant
IRF1 is acetylated by p300 in vitro (43). We showed that treat-
ment with the deacetylase inhibitor TSA, and to alesser degree
with nicotinamide, increased both the protein content and
acetylation level of IRF1, and siRNA-CBP inhibited the
MNNG-induced increment of the IRF1 protein as well as the
acetylation level (Fig. 4, D—F). Mutation assays indicated that
Lys-78 was the key residue acetylated by CBP responsible for
IRF1 accumulation (Fig. 4G). Thus, these results demonstrated
that IRF1 can be acetylated in vivo. CBP facilitated IRF1 acety-
lation that increased protein stabilization and transcriptional
activity after MNNG treatment. It has been shown that IRF2,
IRF-3, and IRF-7 can be acetylated in vivo and in vitro (44— 46).
IRF2, which has been thought to function by competing with
IRF1, is acetylated by p300 in a cell growth-regulated manner;
however, acetylation of IRF-2 does not alter DNA binding activ-
ity in vitro. Although mutation of Lys-75 diminishes the IRF-2-
dependent activation of histone H4 promoter activity, muta-
tion of Lys-78 of IRF2 leads to the abrogation of DNA binding
activity (44), and acetylation of Lys-92 (the equivalent residue of
IRF1-Lys-78) also negatively modulates IRF7 DNA binding
(46). These differences among IRF family members may be
related to the components and topology of the transcription
complexes when they perform different cellular functions.
Polm has a loose active center and lacks proofreading ability
when it performs TLS passing over various types of DNA lesion.
However, this is often at the cost of error-prone replication, and
especially, DNA synthesis by Poln on undamaged DNA is
highly mutagenic (11, 47). Too much error-prone synthesis
could lead to a cellular catastrophe (35). TLS DNA polymerases
are regulated at different levels based on the type of DNA dam-
age. It is well known that UV irradiation-induced DNA damage
immediately recruits Poln to the stalled replication forks with

FIGURE 5. IRF1 mediated the biological consequences of Poly up-regulation in response to MNNG. A, co-localization of Poln with yH2AX at the DNA
damaged sites in the FL cell nuclei at 12 h following MNNG treatment measured by immunofluorescent staining and confocal microscopy. Red, Poln; green,
yH2AX; and blue, DAPI. B, right panel shows that FL cells were treated with 10 um MNNG, and after 12 h, DNA synthesis was measured by EdU incorporation
assays in the presence of siRNA-IRF1 knockdown, CBP overexpression, or TSA pretreatment. C, right panel shows that various expression plasmids of IRF1 were
transfected into FL cells, with or without CBP overexpression or TSA pretreatment. DNA synthesis was measured by EdU incorporation assays. The percentage
of Edu incorporation was calculated as the number of Edu-positive nuclei (red) divided by the total nuclei (blue). We selected 10 visual fields under the
microscope for each well of cells and examined more than 10,000 cells for each well. The counting was performed with ImageJ software. Left panel of Band C
shows quantitative data (mean = S.D.) for three independent experiments analyzed by Student’s t test. *, p < 0.05, treated versus control cells.
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the polymerase sliding clamp proliferating cell nuclear antigen
and other proteins to start TLS (49, 50). p53 and p21 promote
the recruitment of Poln by ubiquitinating proliferating cell
nuclear antigen (51, 52). Phosphorylation is also involved in the
translocation of Poln to stalled replication forks, and both ATR
and protein kinase C function in the process (53). After TLS in
Caenorhabditis elegans, Polm undergoes DNA damage-induced
proteolysis for removal of Poln from replication forks (30).
However, little is known so far about the transcriptional regu-
lation of Polm in response to DNA damage. It has been reported
that DNA breaks induced by ionizing radiation or camptoth-
ecin increase POLH expression in a p53-dependent manner,
and in turn Poln modulates the DNA damage checkpoint and
p53 activation (33). Here, we demonstrated that MNNG-in-
duced IRF1 to transactivate the expression of POLH. MNNG
exposure or overexpression of IRF1 increased TLS synthesis
and the frequency of nontargeted mutation. Furthermore,
siRNA-Poln or the IRF1 4-mutant abolished these effects
(Tables 1 and 2). Therefore, our findings provide a new tran-
scriptional regulatory mechanism of the POLH gene, resulting
in mutagenesis and carcinogenesis in MNNG-exposed cells.
Although these consequences were induced by a one-time tran-
sient treatment with MNNG (half-life about 40 min in solution)
in our experiments, it would be expected that repeated and
persistent stimuli have more complicated and long-term effects
in exposed cells (54).

It is known that, to perform the TLS function, Y-family DNA
polymerase members Polm, Poli, and Rev1 locate to replication
factories with proliferating cell nuclear antigen and other pro-
teins associated with replication in the nucleus, whereas differ-
ent Y family polymerases may pass diverse types of DNA dam-
age with different competency (1, 2). We previously found that
Polu is transcriptionally up-regulated by MNNG exposure in an
Spl-dependent manner (55). In the current study, we demon-
strated that MNNG exposure can stimulate up-regulation of
Poln through IRF1 transactivation. These data indicate that
both Poln and Polw are transactivated in respond to MNNG but
by different transcriptional factors. Furthermore, the Poln
knockdown experiments demonstrate that Poln was the key
TLS DNA polymerase responsible for the increased mutations,
although other Y-family DNA polymerases and related proteins
may work together to perform the TLS function.

We previously showed that MNNG induces nontargeted
mutations in mammalian cells, which are associated with
aberrant regulation of TLS DNA polymerases (13-16). Our
genome-wide high-throughput screening further demon-
strated that MNNG exposure induces a wide expression change
of various genes, indicating that transcriptional regulation is an
important modulating event in the exposed cells (20). In this
study, we revealed how MNNG induced nontargeted mutations
by transactivating the low-fidelity TLS DNA polymerase Poln
via the transcription factor IRF1. This finding further confirms
that in addition to directly causing DNA damage, MNNG can
induce harmful effects indirectly via transcriptional regulation
of important genes such as the TLS DNA polymerase 7 in
exposed cells.

Although it is known that IRF1 is involved in DNA damage
responses, the mechanism by which genotoxic stress induces
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IRF1, the context of the signaling components during the
responses to DNA damage, and the biological consequences
remain largely unclear. It is proposed that IRF1 is controlled by
two distinct signaling pathways: a JAK/STAT pathway in virus-
infected cells, and an ATM pathway in DNA-damaged cells
(37). IRF1 is activated by the STAT1 pathway in response to
IEN-B or IFN-v, and by the NF-kB pathway in response to
retinoic acid or IFN-« (23, 56, 57). IRF1 can associate with
NEF-kB and CBP to form part of a multiprotein enhanceosome
that assembles on the IFN-B promoter induced by viral infec-
tion (48). In contrast, eukaryotic cells respond to DNA damage
by activating damaged checkpoint pathways, which arrest cell
cycle progression and alter induced gene expression to allow for
repair and/or apoptosis. In response to DNA damage induced
by ionizing radiation or the topoisomerase II inhibitor etopo-
side, IRF1 and p53 are coordinately up-regulated to induce p21
expression in an ATM-dependent manner in the melanoma cell
line A375. ATM indirectly increases both the synthesis and
half-life of the IRF1 protein, and at the same time, ATM-depen-
dent phosphorylation up-regulates the p53 protein by inhibit-
ing its degradation (37). It has been shown that ionizing radia-
tion and poly(I:C) (which mimics viral infection by inducing
IFNy expression) induce the assembly of an IRF1-p300-p53
complex at the P21 promoter, where IRF1 enhances p300 to
acetylate and activate p53. Probably, DNA damage-activated
ATM-CHK2 signaling cascades phosphorylate p53, converting
p53 from an MDM2-binding protein to a p300-binding protein
and enhancing its acetylation by p300 (38). A potential p53-
binding site is located in the promoter of the POLH gene
(—1992 to —1967). A recent study reported that DNA breaks
induced by camptothecin or ionizing radiation lead to p53 sta-
bilization and activation through the ATM-Chk2 pathway; p53
in turn up-regulates Poln expression; and finally, elevated Poln
enhances p53 activity via ATM/ChK2 and promotes p53-de-
pendent apoptosis when DNA damage is irreparable (33). In
this study, we found that IRF1 overexpression up-regulated
both Poln and p53 (Fig. 3C), and MNNG treatment increased
binding of the POLH promoter with both IRF1 and p53 (Fig.
3E), suggesting that IRF1 and p53 co-regulate Poln expression
in response to MNNG. Moreover, in A549 and RKO cells, we
also found that MNNG and camptothecin can up-regulate
Polm, IRF1, and p53 (supplemental Fig. S2). Taken together, the
above studies reveal a network among IRF1, Polm, and p53, as
well as protein modifications such as phosphorylation and
acetylation, during the cellular response to DNA damage. In
addition, it seems that two pathways exist in the regulation of
Poln in response to DNA damage in cells: 1) DNA damage
activates the ATM/ATR-Chk1/2-p53 pathway, which leads to
cell cycle arrest for DNA repair, including recruitment of basal
Polm to block forks for TLS. This is a relatively fast response,
usually within 30 min to 6 has induced by UV irradiation; and 2)
DNA damage stimulates new Poln expression between 6 and
24 h post-treatment by MNNG-induced IRF1 as shown in this
study or by camptothecin-activated p53 (33), leading to
mutagenesis or apoptosis, respectively. Furthermore, the find-
ing that IRF1 plays an important role in activating the POLH
gene hints at a relationship among cytokines, inflammation,
and chemical carcinogenesis.
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In summary, we propose a new regulatory mechanism for the
TLS DNA polymerase Poln, as well as a new mutagenic and
carcinogenic pathway by the environmental chemical carcino-
gen MNNG: MNNG-induced DNA damage facilitates CBP to
acetylate IRF1, leading to its stabilization and activation; IRF1
in turn transactivates POLH expression by directly binding to
the promoter; and finally, the aberrantly up-regulated Poln
probably performs an error-prone TLS and loses template
selectivity, leading to an overall increase in mutation load at
both the DNA-damaged sites (targeted mutation) and at
undamaged sequences (nontargeted mutation), resulting in
genome instability and ultimately, carcinogenesis. In the future,
more elaborate and meticulous investigations are needed to
further clarify the upstream regulatory pathway that activates
CBP to modify IRF1, the mechanism that stabilizes IRF1, and
the mechanisms by which IRF1, p53, and Poln cooperate in
DNA damage responses, which may provide new insights into
the mechanism by which cells decide their fate after DNA
damage.
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