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Abstract
The basic leucine zipper (bZIP) transcription factor Nrf2 has emerged as a master regulator of
intracellular redox homeostasis by controlling the expression of a battery of redox balancing
antioxidants and phase II detoxification enzymes. Under oxidative stress conditions, Nrf2 is
induced at the protein level through redox-sensitive modifications on critical cysteine residues in
Keap1, a component of an E3 ubiquitin ligase complex that targets Nrf2 for proteasomal
degradation. Poly(ADP-ribose) polymerase-1 (PARP-1) is historically known to function in DNA
damage detection and repair; however, recently PARP-1 has been shown to play an important role
in other biochemical activities, such as DNA methylation and imprinting, insulator activity,
chromosome organization and transcriptional regulation. The exact role of PARP-1 in
transcription modulation and the underlying mechanisms remain poorly defined. In this study, we
report that PARP-1 forms complexes with the antioxidant response element (ARE) within the
promoter region of Nrf2 target genes and upregulates the transcriptional activity of Nrf2.
Interestingly, PARP-1 neither physically interacts with Nrf2 nor does it promote the expression of
Nrf2. In addition, PARP-1 does not target Nrf2 for poly(ADP-ribosyl)ation. Instead, PARP-1
interacts directly with small Maf proteins and the ARE of Nrf2 target genes, which augments
ARE-specific DNA-binding of Nrf2, and enhances the transcription of Nrf2 target genes.
Collectively, these results suggest that PARP-1 serves as a transcriptional coactivator,
upregulating the transcriptional activity of Nrf2 by enhancing the interaction among Nrf2, MafG
and the ARE.
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Introduction
Nrf2 is a member of the NF-E2 family of transcription factors that plays a key role in the
regulation of intracellular redox homeostasis. Under unstressed conditions, Nrf2 is
consistently recruited by Kelch-like ECH-associated protein 1 (Keap1) into the Cul3/Rbx1/
Keap1 E3 ubiquitin ligase complex to be ubiquitinated and shuttled to the 26S proteasome
for degradation. Induction of Nrf2 signaling by chemopreventive compounds or oxidative
stress leads to the disruption of the interaction between Keap1 and Nrf2, resulting in
stabilization of Nrf2. Accumulated Nrf2 translocates into the nucleus where it forms a
heterodimer with a small Maf protein (MafG, MafF or MafK) and binds to the antioxidant
response elements (AREs) in the promoters of its target genes. Products of these genes
include: (1) intracellular redox-balancing proteins (e.g. NQO1 NAD(P)H quinone
oxidoreductase 1 <NQO1>, heme oxygenase-1 <HO-1>, and aldo-keto reductase family 1,
member C1<AKR1C1>); (2) phase II detoxifying enzymes (e.g. glutathione S-transferase
<GST>, and UDP-glucuronosyltransferase <UGT>, and the catalytic and modifier subunit
of glutamate cysteine ligase <GCLC, GCLM>; and (3) transporters (e.g. Multidrug
resistance-associated proteins <MRPs>) [1–7].

Nrf2 is mainly regulated by Keap1 at the protein level through proteasomal degradation.
Previous studies, however, have also revealed that there are other co-factors that modulate
the transcriptional activity of Nrf2. For example, during early hepatocarcinogenesis,
monocytic leukemia zinc-finger protein (MOZ) directly binds to MafK and acts as a co-
activator of the Nrf2–MafK heterodimer, and consequently induces the expression of the
placental form of GST (GSTP), which is elevated during chemical induced
hepatocarcinogenesis [8]. Another study done by Shenvi et al. showed that, with the process
of aging, binding of Nrf2 to the ARE of the GCLC decreases in the presence of Bach1, and
in the absence of CREB-binding protein (CBP) [9]. These studies suggest that under certain
conditions, co-factors may be required for fine tuning of the transcriptional activation of
Nrf2 target genes.

Poly(ADP-ribose) polymerase-1 (PARP-1) is historically known for its activity to attach the
ADP-ribose polymer chains to target proteins, a process known as PARylation and facilitate
the process of DNA repair. However, a growing body of evidence suggests that PARP-1 can
go beyond DNA repair and is involved in a wide range of biological processes, such as DNA
methylation, transcriptional regulation, and cell death [10]. Recent studies have highlighted
the complex role of PARP-1 in transcriptional regulation and provided new insights about
how PARP-1 plays a role in signal transduction in the nucleus [11]. Four distinct modes of
PARP-1-dependent transcriptional regulation have been proposed: (1) As a modulator of
chromatin structure by binding to nucleosomes, modifying histone proteins, or regulating the
composition of chromatin. For example, by competing with histone H1 for nucleosome
binding or by PARylation, PARP-1 excludes H1 from the promoters of some PARP-1-
regulated genes and activates gene transcription [12, 13]. (2) As a promoter-specific co-
activator/repressor for a variety of transcription factors. Transcription factors usually recruit
PARP-1 to relevant target promoters to upregulate or downregulate gene transcription. In
some cases, the enzymatic activity of PARP-1 is required (e.g., with c-fos and p53) [14–16],
while in others it is not (e.g., RAR) [17]. (3) As a direct enhancer-binding factor, by binding
to specific DNA sequences or structures in the regulatory regions of genes [18]. (4) As a
regulator of insulators and insulator-binding factors. Chromatin insulators segregate the
genome into expression domains by limiting the cis-effects of enhancers or silencers in a
position-dependent manner [19]. For example, studies have demonstrated that PARP-1-
dependent PARylation of CTCF, a ubiquitous DNA-binding protein that functions as an
insulator, is in the preservation of insulator function [20].
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In this study, we reveal a new molecular cooperation between Nrf2 and PARP-1 in the
transcription of Nrf2 target genes. PARP-1 directly binds to both ARE and small Maf
proteins directly, thereby enhancing Nrf2 binding to the ARE and upregulating Nrf2 target
gene transcription. Transcriptional upregulation of nrf2 by PARP-1 neither involved a direct
interaction between PARP-1 and Nrf2, nor the poly(ADP-ribose) polymerization activity of
PARP-1. These findings reveal an additional mode of Nrf2 regulation.

Materials and Methods
Recombinant DNA molecules

Full length human PARP-1 was purchased from Open Biosystems (Thermo, IL), and was
cloned into the pcDNA3.1 expression vector (Invitrogen, CA) using standard recombinant
DNA technology. The PARP-1 DNA binding domain (PARP-1-DBD) construct was a
generous gift from Dr. Yung Chang at Arizona State University. The construction of human
NQO1-ARE TATA-Inr luciferase reporter plasmid and the mouse GSTA1-ARE TATA-Inr
luciferase reporter plasmid were reported previously [21, 22]. Briefly, the 40 bp sequences
containing ARE in the promoter regions of the NQO1 or GSTA1 genes were inserted into the
pGL4.22 reporter plasmid using Mlu I and Bgl II restriction enzymes. The renilla luciferase
plasmid pGL4.74 [hRluc/TK] was purchased from Promega (WI). The PARP-1-E988K
construct was a generous gift from Dr. Scott H. Kaufmann at the University of Florida.
PARP-1-ΔDBD was PCR amplified and inserted into the pcDNA3.1 expression vector
(Invitrogen, CA) using EcoR I and Xho I restriction enzymes.

Cell culture and transfection
MDA-MB-231 and HEK293 cells were purchased from American Type Culture Collection
(Manassas, VA). The PARP-1+/+ and PARP-1−/− mouse embryonic fibroblast (MEF) cells
were generous gifts from Dr. Myron K. Jacobson at the University of Arizona. Cells were
maintained in either Eagle's minimal essential medium (MEM) or Dulbecco's modified
Eagle's medium (DMEM) (Invitrogen, CA) supplemented with 10% fetal bovine serum
(FBS), 1% glutamine, and 0.1% gentamicin. All cells were incubated at 37°C in a
humidified incubator containing 5% CO2. Transfection of cDNA was performed using
Lipofectamine Plus (Invitrogen, CA) according to the manufacturer's instructions. Short
interfering RNA (siRNA) against PARP-1 and scrambled control siRNA were purchased
from Qiagen. Transfection of 20 pmol siRNA was performed with HiPerfect (Qiagen, MD)
according to the manufacturer's instructions.

Biotin-DNA pull-down
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (10 mM sodium
phosphate pH 7.2, 150 mM NaCl, 1% sodium deoxycholate, 2 mM EDTA, 0.1% SDS, 1%
NP-40) supplemented with 1mM phenylmethylsulfonyl fluoride (PMSF), 1mM DTT, and a
protease inhibitor cocktail (Sigma, MO). Cell lysates were pre-cleared with protein A
agarose beads and incubated with 2 μg biotinylated DNA probes that spanned the ARE-
containing sequences in the promoter regions of NQO1 and HO-1. The DNA-protein
complexes were pulled down by streptavidin beads. After washing three times, the
complexes were resolved on a SDS-PAGE gel and subjected to silver staining or
immunoblot analysis. The sequences of the probes used are listed below: wild-type NQO1-
ARE probe: 5'-AAATCGCAGTCACAGTGACTCAGCAGAATCTGAGCCTAGGG-3';
mutant NQO1-ARE probe: 5'-
AAATCGCAGTCACAGACTCTCACGAGAATCTGAGCCTAGGG-3'.
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Mass spectrometry analysis
Mass spectrometry analysis was performed by the Harvard Taplin mass spectrometry core
facility. Briefly, biotin-DNA pulled down proteins were visualized by silver stain and
recovered from the gel. Excised gel bands were cut into approximately 1 mm3 pieces and
sent for sequencing analysis.

Antibodies, immunoprecipitation and immunoblot analysis
Antibodies against Nrf2, Myc, GAPDH, β-actin, NQO1, HO-1, HA (Santa Cruz
Biotechnology, CA), chitin-binding domain (CBD) (New England Biolabs, MA) and
PARP-1 (Cell Signaling Technology, MA) were purchased from commercial sources. For
detection of protein expression in total cell lysates, cells were washed with phosphate
buffered salt (PBS) buffer and lysed with sample buffer containing 50 mM Tris-HCl (pH
6.8), 2% SDS, 10% glycerol, 100 mM DTT, 0.1% bromophenol blue 48h post-transfection.
Immunoprecipitation analyses were performed using cell lysates in RIPA buffer containing
1 mM DTT, 1 mM PMSF, and a protease inhibitor mixture (Sigma, MO). Cell lysates were
incubated with 1 μg of antibodies and 20 μl of protein A agarose beads at 4°C overnight.
Immunoprecipitated complexes were washed four times with RIPA buffer and eluted in
sample buffer by boiling for 5 minutes. Samples were resolved by SDS-PAGE and
transferred onto nitrocellulose membranes for immunoblot analyses.

Reporter gene assay
For the dual-luciferase reporter gene assay, indicated cells were transfected with expression
plasmids for hNQO1-, mGSTA1-ARE, or κB-luciferase, along with the Renilla luciferase
expression plasmid pGL4.74 (hRluc/TK) (Promega,WI) and c-Myc tagged full length
PARP-1 (PARP-1-Myc-His) or DNA binding domain of PARP-1 (PARP-1-DBD) cDNA.
For induction of Nrf2, cells were treated with known inducers of Nrf2, tert-
butylhydroquinone (tBHQ) and sulforaphane (SF) (Sigma, MO). The DNA double-strand
break inducer 1-Methyl-3-nitro-1-nitrosoguanidine (MNNG), was purchased from Sigma
(MO) and the PARP-1 inhibitor, N-(6-Oxo-5,6-dihydrophenanthridin-2-yl)-(N,N-
dimethylamino) acetamide hydrochloride (PJ-34), was a kind gift from Dr. Myron K.
Jacobson at the University of Arizona. The other known PARP-1 inhibitor, 3-
aminobenzamide (3-AB), was purchased from Sigma (MO). At 48h post-transfection, the
cells were lysed with passive lysis buffer (Promega, WI) and both firefly and Renilla
luciferase activities were measured with the dual-luciferase reporter assay system purchased
from Promega (WI). Firefly luciferase activity was normalized to Renilla luciferase activity.
The experiment was carried out in triplicate and repeated three times, and expressed as the
mean ± the standard deviation (SD).

mRNA extraction and real-time qRT-PCR
Total mRNA was extracted using TRIzol (Invitrogen, CA) according to the manufacturer's
instructions. Using equal amounts of mRNA and the Transcriptor First Strand cDNA
synthesis kit (Roche, MD), cDNA was generated and used for real-time quantitative reverse
transcription-PCR (qRT-PCR). The following TaqMan probes were obtained from the
universal probe library (Roche, MD): human Nrf2, no. 70; HO-1, no. 25; NQO1, no. 87;
GCLM, no. 18; PARP-1, no. 10 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
no. 25. Both the forward and reverse primers for human Nrf2, HO-1, NQO1 and GAPDH
were synthesized by Integrated DNA Technologies and the sequences are as follow: Nrf2,
ACACGGTCCACAGCTCATC (forward) and TGTCAATCAAATCCATGTCCTG
(reverse); HO-1, AACTTTCAGAAGGGCCAGGT (forward) and
CTGGGCTCTCCTTGTTGC (reverse); NQO1, ATGTATGACAAAGGACCCTTCC
(forward) and TCCCTT GCAGAGAGTACATGG (reverse); GCLM,
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GACAAAACACAGTTGGAACAGC (forward) and CAGTCAAATCTGGTGGCATC
(reverse); PARP-1, ACAAGGCTTCCCTGTGCAT (forward) and
CGGATGTTGGCTTCCTTTAC (reverse) and GAPDH, CTGACTTCAACAGCGACACC
(forward) and TGCTGTAGCCAAATTCGTTGT (reverse). The real-time PCR was
performed as followed: one cycle of pre-denaturation (94°C for 5 min), 40 cycles of
amplification (94°C for 10 s and 60°C for 20 s), and a cooling program of 50°C for 30 s.
Reactions for each sample were done in duplicate, and the experiment was repeated three
times. The data are expressed as relative mRNA levels and were normalized to GAPDH.

Mobility shift assay
Mobility shift assays were conducted as previously described [21]. Purified recombinant
Flag-PARP-1 was purchased from Active Motif (CA). One microliter (200 ng) Flag-
PARP-1 protein was preincubated with poly(dI-dC) in binding buffer (50 mM HEPES, pH
7.5, 60 mM KCl, 2 mM MgCl2, 0.004% NP-40, 5 mM EDTA, 10% glycerol, 100 μg/ml
bovine serum albumin) for 10min at room temperature. 32P-end-labeled DNA probes were
added and further incubated for 20min before being loaded on a 4% native gel. The gel was
dried and analyzed by autoradiography. For cold-probe competition, indicated
concentrations of cold probe were used. The sequences of the probes were identical to those
used in the biotin-DNA pull-down assay.

Chromatin immunoprecipitation (ChIP) assay
A ChIP assay was performed as previously reported [21, 23]. MDA-MB-231 cells
(approximately 4 × 106) were cross-linked with formaldehyde, collected in PBS,
resuspended in 200 μl SDS lysis buffer with PMSF and a protease inhibitor cocktail, and
sonicated on ice. The lysates were then diluted in ChIP dilution buffer to 2 ml, precleared
with protein A agarose, and then incubated with indicated antibodies or IgG control
overnight. The immunoprecipitated complexes were collected with 50 μl protein A agarose,
washed with low-salt buffer, high-salt buffer, LiCl buffer, and TE buffer. The complexes
were eluted in 500 μl fresh elution buffer. The crosslinks were reversed by heating at 65°C
for 5h after addition of 20 μl of 5 M NaCl. The samples were treated with RNase and
proteinase K. DNA was recovered by phenol–chloroform extraction and ethanol
precipitation. Relative amounts of DNA in the complex were quantified by the real-time
PCR method using the LightCycler 480 DNA SYBR Green I kit (Roche). Primers used were
as follows: human NQO1 ARE forward, 5'-GCAGTCACAGTGACTCAGC-3'; human
NQO1 ARE reverse, 5'-TGTGCCCTGAGGTGCAA-3'; tubulin promoter forward, 5'-
GTCGAGCCCTACAACTCTATC-3'; tubulin promoter reverse, 5'-
CCGTCAAAGCGCAGAGAA-3'. PCR cycling was performed as follows: initial
denaturation at 95°C for 5 min (1 cycle); 40 cycles of amplification at 95°C for 10 s, 60°C
for 10 s, and 72°C for 20 s; with a single fluorescence acquisition. The amplification was
followed by a melting curve program (65 to 95°C with a heating rate of 0.1°C per second
and a continuous fluorescence measurement) and then a cooling program at 40°C for 30 s.
The mean crossing-point values and standard deviations for NQO1 and tubulin were
determined for the different samples. The crossing point is defined as the point at which the
fluorescence rises appreciably above the background fluorescence. A non-template control
was run for each primer pair to assess the overall specificity and to ensure that primer
dimers were not interfering with amplification detection. Amplification specificity was
checked using melting curve and agarose gel electrophoresis. Melting-curve analysis
showed a single sharp peak for all samples, and agarose gel electrophoresis showed a single
band at the expected size. Data are presented as n-fold change. The real-time PCR assays
were performed with triplicate samples.
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Fluorescence polarization assay
Glutathione S-transferase (GST)-Nrf2 and His-MafG were expressed in Escherichia coli
Rosetta (DE3) LysS cells and purified with glutathione Sepharose 4B matrix (GE
Healthcare, Waukesha, WI) and Ni-NTA Agarose (Qiagen, Valencia, CA), separately.
PARP-1 recombinant protein was purchased from Enzo Life Sciences (Farmingdale, NY).

Fluorescence polarization (FP) experiments were performed in black 96-well plates (Costar,
Corning, NY). For the binding assay, 50 nM FAM-labeled human WT or MT NQO1-ARE
(tracer) was mixed with Nrf2, MafG, PARP-1 or indicated combinations in 1× PBS buffer at
a final volume of 100 μl. The plate was covered with adhesive aluminum foil and kept at
room temperature for 2 h to reach equilibrium. The FP values were measured using a
Synergy2 reader (BioTek, Winooski, VT) with excitation and emission wavelengths of
485/20 and 528/20 nm, respectively.

Statistical analysis
Data are presented as means ± SD. Differences were determined by two-tailed Student's t-
test. A p value < 0.05 was considered significant.

RESULTS
PARP-1 binds the antioxidant response element (ARE)

In an attempt to identify proteins that associate with the antioxidant response element
(ARE), MDA-MB-231 cells were left untreated or treated with 50 μM tBHQ for 16h.
Whole-cell lysates were incubated with a biotinylated wild-type (WT) or mutant (MT)
NQO1-ARE DNA (sequences shown in Figure 1A). ARE-bound proteins were pulled down
by streptavidin beads, separated by SDS-PAGE, and visualized by silver stain. Gel pieces
containing proteins that were present or increased in the WT NQO1-ARE, but not MT ARE,
are indicated by the arrows in Figure 1B. The indicated bands were then isolated and
subjected to mass spectrometry analysis using LC-MS/MS. Multiple proteins were detected
(Figure 1C), including PARP-1 and small Maf proteins, a binding partner of Nrf2.

In order to confirm the results from the mass spectrometry analysis, a similar experiment
was performed as the one used for identifying ARE-bound proteins. Biotinylated wild-type
(WT) or mutant (MT) NQO1-ARE DNA was incubated with whole cell lysates from MDA-
MB-231 cells that were either left untreated or treated with 50 μM tBHQ for 16h. ARE-
bound proteins were pulled down by streptavidin beads and detected by immunoblot with
anti-Nrf2 and anti-PARP-1 antibodies. Both PARP-1 and Nrf2 were pulled down in the
presence of WT NQO1-ARE (Figure 1D). The MT NQO1-ARE only bound slightly to
PARP-1 and there was no detectable binding with Nrf2 compared to the WT NQO1-ARE
(Figure 1D, compare lane 1 to lane 2, lane 3 to lane 4), suggesting PARP-1 binds to the ARE
in a sequence-specific manner. As expected, treatment with tBHQ increased the amount of
Nrf2 both in total and in the pull-down assay (Figure 1D, compare lane 4 to lane 2).
Collectively, these results demonstrate that binding of PARP-1 to the ARE is specific, and
that this binding diminishes when the core sequence of the ARE is mutated.

PARP-1 enhances the transcriptional activity of Nrf2
To test the effect of PARP-1 binding to the ARE, the transcriptional activity of Nrf2 in the
presence or absence of PARP-1 was measured in MDA-MB-231 cells. Cells were co-
transfected with firefly luciferase reporter constructs driven by either WT or MT NQO1-
ARE, together with PARP-1 alone or PARP-1 and Nrf2. At 48h post-transfection, luciferase
reporter gene activities were measured. Overexpression of either PARP-1 or Nrf2 was
sufficient to activate the transcription of NQO1-ARE-dependent luciferase that was further
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enhanced by co-transfection of PARP-1 and Nrf2 (Figure 2A). MT NQO1-ARE was used as
a negative control, and there were no changes in the MT NQO1-ARE luciferase activity
(Figure 2A). In addition, both full length PARP-1 and the DNA binding domain of PARP-1
(PARP-1-DBD) enhanced the transcription of the luciferase reporter gene in the presence or
absence of the Nrf2 activator sulforaphane (SF) in MDA-MB-231 cells (Figure 2B). The
same effect was also observed in HEK293 cells (data not shown). This suggests that the
upregulation of the transcriptional activity of Nrf2 by PARP-1 is not cell-type specific and
that PARP-1-DBD is sufficient to enhance the transcription of Nrf2 target genes (Figure
2B).

Next, the specificity of the PARP-1-mediated enhancement on the ARE was examined.
MDA-MB-231 cells were co-transfected with an expression vector for hNQO1-ARE-,
mGSTA1-ARE-or a κB- dependent firefly luciferase reporter construct, along with a
PARP-1-DBD expression plasmid. At 48h post-transfection, an increase in both the hNQO1-
ARE and mGSTA1-ARE, but not the κB-dependent luciferase activity was observed.
Moreover, transcription of the hNQO1-ARE- or mGSTA1-ARE- dependent luciferase gene
was further enhanced in the presence of tBHQ or SF, whereas neither of them had any effect
on the activity of the κB-dependent luciferase activity (Figure 2C), indicating that the effect
of PARP-1 is enhancer-specific. Additionally, the hNQO1-ARE-dependent luciferase
activity in PARP-1+/+ and PARP-1−/− mouse embryonic fibroblast (MEF) cells was
compared. Higher basal and induced NQO1-ARE-dependent luciferase activities were
detected in PARP-1+/+ cells compared to PARP-1−/− cells (Figure 2D). In a parallel set of
experiments, a rescue assay was performed by transfecting full-length PARP-1 into
PARP-1−/− cells. hNQO1-ARE-dependent luciferase activity in rescued cells was
comparable to PARP-1+/+ cells, although complete recovery was not achieved due to lack of
100% transfection efficiency (Figure 2D, comparing stripped bar to gray bar). In supporting
of these data, we measured the expression of Nrf2 and its downstream genes NQO1 and
GSTM1 in PARP-1+/+ and PARP-1−/− MEF cells. PARP-1−/− MEF cells have both lower
basal and induced expression levels of NQO1 and GSTM1, compared with PARP-1+/+ MEF
cells, whereas the Nrf2 levels in both cell lines were similar (Figure 2E). Taken together,
these data suggest that PARP-1 enhances the transcriptional activity of Nrf2, and this effect
is specific to the ARE containing promoters.

PARP-1 augments Nrf2-ARE binding and increases expression of Nrf2 target genes
Given that overexpression of PARP-1 increases the transcriptional activity of Nrf2, we
speculated that PARP-1 plays a role in enhancing binding of Nrf2 with the ARE.
Biotinylated NQO1-ARE DNA was incubated with whole cell lysates from MDA-MB-231
cells expressing PARP-1-Myc-His or PARP1-DBD. Cells were left untreated or were treated
with 50 μM tBHQ for 16h. ARE-bound Nrf2 proteins were pulled down by streptavidin
beads and detected by immunoblot with anti-Nrf2 antibodies. An increase in ARE binding
was observed in cells expressing either form of PARP-1 compared to control, under both
basal and induced conditions (Figure 3A, for quantification see bar graph below). Similar
results were obtained in an ARE pull-down assay using cells ectopically overexpressing
Nrf2 (data not shown), demonstrating that PARP-1 enhances the interaction between Nrf2
and the ARE.

Next, qRT-PCR was performed to confirm that enhanced Nrf2-ARE binding resulted in
increased transcription of Nrf2 target genes. Overexpression of PARP-1 or PARP-1-DBD
did not affect Nrf2 mRNA levels (Figure 3B). In contrast, etopic expression of PARP-1 or
PARP-1-DBD increased mRNA levels of NQO1, HO-1, GCLM and AKR1C1 at both basal
and induced conditions (Figure 3B). These results indicate that overexpression of PARP-1 or
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PARP-1-DBD upregulates the transcriptional activity of Nrf2 under both basal and induced
levels by enhancing Nrf2-ARE binding.

To confirm that the transcriptional upregulation of Nrf2 target genes leads to enhanced
protein expression, immunoblot analyses were carried out in MDA-MB-231 cells transfected
with an empty vector or with either an expression vector for PARP-1-Myc-His or PARP-1-
DBD, and subsequently were either left untreated or treated with 50 μM tBHQ for 16h.
Overexpression of either full-length PARP-1 or PARP-1-DBD had no effect on the protein
level of Nrf2. However, the protein levels of NQO1, HO-1, GCLM and AKR1C1 were
significantly increased in the presence of PARP-1 or PARP-DBD, at both basal and induced
conditions (Figure 3C). The activation of Nrf2 target genes by PARP-1 or PARP-1-DBD
was also confirmed in HEK293 cells (data not shown.

To determine whether depletion of endogenous PARP-1 affects Nrf2-dependent gene
activation, MDA-MB-231 cells were co-transfected with either scrambled control siRNA or
PARP-1 siRNA. Cells were left untreated or were treated with 50 μM tBHQ for 16h. qRT-
PCR results suggest that knocking down PARP-1 decreases the transcription of Nrf2 target
genes (NQO1, HO-1, GCLM, and AKR1C1) without significantly affecting the mRNA
expression of Nrf2, under both basal and induced conditions (Figure 3D). Consistantly,
immunoblot analysis confirmed that in the presence of PARP-1 siRNA, protein levels of
NQO1, HO-1, GCLM and AKR1C1 decreased, whereas no change in the protein level of
Nrf2 was observed (Figure 3E). Taken together, these data indicate that PARP-1 modulates
transcriptional activation of Nrf2 target genes by enhancing Nrf2-ARE binding.

Nrf2 is not a substrate for poly(ADP-ribosyl)ation, and does not physically associate with
PARP-1

PARP-1 is a known enzyme that is able to catalyze the polymerization of ADP-ribose units
from donor NAD+ molecules onto target proteins. Our finding that PARP-1-DBD is as
effective as PARP-1 in upregulating the transcriptional activity of Nrf2 (Figure 3B and 3C)
suggests that the enzymatic activity of PARP-1 is not required for its ability to modulate the
Nrf2 transcriptional activity. In support of this notion, transfected MDA-MB-231 cells were
treated with increasing doses of PJ-34 or 3-AB, both of which are well-documented PARP-1
inhibitors. Reporter gene analysis indicates neither PJ-34 nor 3-AB affected NQO1-ARE-
dependent luciferase activity under basal or induced conditions (Figure 4A), suggesting that
PARP-1-mediated upregulation of Nrf2 transcriptional activity is independent of the
enzymatic activity of PARP-1. To further confirm this, PARP-1−/− cells were transfected
with an enzymatic inactive PARP-1 mutant – PARP-1-E988K [24, 25], to test if it could
complement PARP-1 function in PARP-1−/− cells. Similar to what was observed for
PARP-1 in rescuing the transcriptional activity of Nrf2 (Figure 2D), PARP-1-E988K
reverted the NQO1-ARE-dependent luciferase activity to the comparable level as in
PARP-1+/+ cells, These results suggest that PARP-1 enzyme activity is dispensable for the
transcriptional activity of Nrf2 (Figure 4B).

An immunoprecipitation assay was carried out to test if Nrf2 is (ADP-ribosyl)ated by
PARP-1. PARP-1−/− cells were transfected with HA-Nrf2 alone or co-transfected with HA-
Nrf2 and myc/his-PARP-1. As a positive control, a parallel set of cells were transfected with
GFP-p53 or co-transfected with GFP-p53 and myc/his-PARP-1. At 36h post-transfection,
cell lysates from PARP-1−/− MEFs transfected with HA-Nrf2 or GFP-p53 were
immunoprecipitated with an anti-HA or anti-GFP antibody, and immunoblotted with anti-
GFP, anti-myc and anti-poly(ADPribose) antibodies. A fair amount of (ADP-ribosyl)ated
GFP-p53 was detected, whereas HA-Nrf2 was not poly(ADP-ribosyl)ated (Figure 4C).
These data suggest that Nrf2 is not a substrate for PARP-1 mediated poly(ADP-
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ribosyl)ation, and that PARP-1 regulates the transcriptional activity of Nrf2 in a poly(ADP-
ribosyl)ation-independent manner.

Next, the interaction between PARP-1 and Nrf2 was examined. HEK293 cells were
transfected with an expression vector for PARP-his or Keap1-CBD (positive control) with or
without an expression vector for HA-Nrf2. Keap1-CBD, but not full length PARP-1, was
immunoprecipitated by HA-Nrf2 (Figure 4D), suggesting that there is no association
between Nrf2 and PARP-1.

PARP-1 directly interacts with MafG
Next, whether PARP-1 interacts with MafG and thus enhances Nrf2-ARE binding was
tested. PARP-1−/− cells transfected with Myc-MafG, or co-transfected with Myc-MafG and
PARP-1, were subjected to immunoprecipitation analysis with a PARP-1 antibody. MafG
was immunoprecipitated by PARP-1 (Figure 5A, left panel). The association between
PARP-1 and MafG was also detected in a reciprocal immunoprecipitation analysis using an
anti-myc antibody to immunoprecipitate PARP-1 (Figure 5A, right panel). To further
confirm the interaction between endogenous Maf and PARP-1 proteins,
immunoprecipitation analysis was performed with anti-MafG antibodies or normal rabbit
IgG (negative control). Both PARP-1 and Nrf2 were detected in the MafG
immunoprecipitated complex (Figure 5B), suggesting that PARP-1 associates with MafG
(Figure 4D). Next, an in vitro pulldown assay was carried out to examine whether there is a
direct interaction between MafG and PARP-1. Purified GST-Nrf2 or His-MafG were
incubated with or without Flag-PARP-1. PARP-1-bound proteins were pulled down by Flag-
M2 beads and subject to immunoblot with anti-GST and anti-His antibodies. MafG but not
Nrf2 was pulled down by Flag-PARP-1 (Figure 5C), suggesting a direct physical interaction
between MafG and PARP-1.

To further confirm that PARP-1 enhances Nrf2 binding to the ARE through direct
interaction with MafG, an in vitro binding assay using biotinylated NQO1-ARE DNA was
performed. Biotinylated wild-type or mutant NQO1-ARE DNA was incubated at 4 °C with
purified GST-Nrf2, PARP-1, His-MafG or the indicated combinations for 4h. ARE-bound
proteins were pulled down by streptavidin beads and detected by immunoblot with anti-GST
(for Nrf2), anti-PARP-1 or anti-His (for MafG) antibodies. As expected, Nrf2 bound to WT
NQO1-ARE only in the presence of MafG (Figure 5D, compare lane 1 with lane 2).
Enhanced Nrf2-ARE binding was observed in the presence of PARP-1 (Figure 5D, compare
lane 2 with lane 3). No binding of Nrf2 to the MT ARE was detected (Figure 5D, lane 7 to
lane 12). Not surprisingly, MafG alone was sufficient to bind to WT but not MT NQO1-
ARE (Figure 5D, lane 4 and lane 10), since the Maf homodimer is capable of binding to the
ARE. Interestingly, WT NQO1-ARE has greater binding affinity to PARP-1 than MT
NQO1-ARE, when purified PARP-1 was used for the binding assay (Figure 5D, compare
lane 6 with lane 12). The small amount of PARP-1 binding to MT NQO1-ARE is likely a
result of PARP-1 binding to nicked DNA – the end of oligos, in our case. Nrf2 was not
pulled down by WT or MT NQO1-ARE in the presence of PARP-1 (Figure 5D, lane 5 and
lane 11), which further supports our hypothesis that Nrf2 does not interact with PARP-1.

The fact that purified PARP-1 binds the WT ARE more than the MT ARE led us to test the
possible direct binding of PARP-1 with the ARE, using a mobility shift assay. The NQO1-
ARE probe was radiolabeled and incubated with PARP-1. Flag-PARP-1 protein formed a
complex with WT NQO1-ARE (Figure 5E, lane 3), which could be competed by increasing
amounts of non-radiolabeled WT but not MT NQO1-ARE probe (Figure 5E, compare lane
3–7), suggesting that PARP-1 specifically binds to the ARE. A supershift assay using an
anti-PARP-1 antibody further supports the DNA binding specificity by PARP-1 (Figure 5E,
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lane 8 and 9). Taken together, these data suggest that PARP-1 binds directly to both MafG
and the ARE and enhances the binding of Nrf2-Maf binding to the ARE.

To confirm the EMSA results, a ChIP assay was performed to verify that PARP-1 associates
with the ARE in vivo. Quantification of the immunoprecipitated DNA fragments was
performed using a real-time PCR method. MDA-MB-231 cells were left untreated or treated
with tBHQ for 16h. Chromatin DNA bound by PARP-1 or Nrf2 was immunoprecipitated
with anti-PARP-1 or anti-Nrf2 antibodies. Incubation with IgG was included as a negative
control. The precipitated DNAs were recovered and used as templates for amplification of
the ARE core-containing NQO1 promoter region or the promoter region of tubulin using
sequence-specific primer pairs. As shown in Figure 5F, the NQO1-ARE was
immunoprecipitated with the anti-Nrf2 antibody in the untreated cells, indicating the
constitutive binding with Nrf2. tBHQ increased the association of the ARE with Nrf2 by
approximately two fold. There was no amplification of the anti-tubulin promoter in any anti-
Nrf2 immunoprecipitated samples, indicating that endogenous Nrf2 binds specifically to the
ARE sequence under both basal and induced conditions. Both NQO1-ARE and tubulin
promoters were immunoprecipitated with the anti-PARP-1 antibody. However, the
enrichment of NQO1-ARE was about two-fold more than the tubulin promoter, which is
consistent with our observations in Figure 1D and Figure 5D that PARP-1 preferentially
binds to WT NQO1-ARE. Noticeably, tBHQ treatment mildly decreased the enrichment of
PARP-1 at both NQO1-ARE and tubulin promoter, consistent with data in Figure 1D,
suggesting that tBHQ may affect PARP-1 DNA binding in general.

To further confirm these results, a fluorescence-based polarization (FP) assay was utilized to
test the binding of these proteins with the WT and MT NQO1-ARE. Binding of a protein to
a fluorescence-labeled DNA tracer enhances the polarization value (mP). Since it is known
that small Maf proteins can form homodimers that bind with the ARE, we titrated the
concentration of MafG to minimize the homodimer formation as illustrated by the slight
increase of the mP value of MafG alone, compared to tracer only (Figure 5G). As expected,
Nrf2 alone had no effect on mP. In the presence of both Maf and Nrf2 an increase in mP was
observed, an effect that was further enhanced by the addition of PARP-1 (Figure 5G),
suggesting that the protein complex containing PARP-1, MafG and Nrf2 binds to the WT
NQO1-ARE better than the Maf-Nrf2 dimer. Noticeably, PARP-1 alone increased the mP
value of both WT and MT NQO1-ARE, probably because PARP-1 can bind to DNA ends.
However, PARP-1 binds preferably to WT ARE, suggesting possible sequence preference.
This preference was maximized in the PARP-1/MafG/Nrf2 combination group, suggesting
that PARP-1 enhances sequence specific binding of the MafG-Nrf2 heterodimer with
NQO1-ARE.

DISCUSSION
Although formation of the Nrf2-Maf heterodimer is the “grand switch” for ARE binding and
activation of target gene transcription, several other proteins have been shown to interact
with Nrf2 and modulate Nrf2-ARE signaling. Previously, co-activators such as the p300/
CBP complex, was identified as a modulator of the Nrf2 signaling pathway [26]. In response
to arsenite-induced oxidative stress, p300/CBP directly binds to Nrf2 and acetylates it at
multiple lysine residues, and thereby augments promoter-specific DNA binding of Nrf2. In
another case, nuclear coregulator RAC3, a member of the p160 cofactor family, was shown
to bind to the Nrf2 protein directly in the nucleus and enhance transcription of HO-1 [27,
28]. In addition, c-jun was identified as a component of the ARE–nuclear protein complex.
C-jun forms a heterodimer with Nrf2 and is responsible for the induction of NQO1 gene
expression [29]. All these findings suggest that Nrf2 can coordinate with other transcription
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factors/co-factors in binding to the AREs, and thus regulate Nrf2 transcriptional activity.
However, how these co-factors are recruited.

In this study, we demonstrate that PARP-1 functions as a co-activator to enhance the
transcription activity of Nrf2. PARP-1 is a multifunctional nuclear protein that is involved in
the detection and signaling of DNA strand breaks introduced by oxidative stress, ionizing
radiation, and cytotoxic agents. PARP-1 is also implicated in other cellular processes, such
as DNA repair and maintenance of genomic integrity [30], regulation of protein expression
at the transcriptional level [12], and modulation of cell death via necrosis and apoptosis [31,
32].

PARP-1 has been shown to regulate transcription of genes through multiple mechanisms,
depending on the presence of specific binding partners, the proliferative status of the cell,
the concentration of NAD+ and the presence of DNA strand breaks [33]. In some cases,
PARP-1 enzymatic activity is required for its regulatory activity. For example, in the
presence of NAD+, PARP-1-dependent silencing of transcription involves poly(ADP-
ribosyl)ation of specific transcription factors, such as p53 and c-fos [34, 35]. However, in
other occasions, its enzymatic activity is not required. For example, the repression of the
heat shock response by HSF-1 requires physical interaction with PARP-1 but not its
catalytic activity [36]. However, the detailed mechanism by which PARP-1 modulates
transcriptional activity of different transcription factors remains poorly understood.

Two major modes of how PARP-1 regulates transcriptional activity have been proposed: (1)
a histone-modifying enzymatic activity that can regulate chromatin structure and (2) an
enhancer/promoter binding co-regulator activity that can coordinate with other transcription
co-factors. In the first model, PARP-1 modulates chromatin by directly (ADP-ribosyl)ating
core histones and chromatin associated proteins, thereby promoting the dissociation of
nucleosomes and the decondensation of chromatin [11]. A specific example supporting this
model is puff formation in Drosophila polytene chromosomes, which presents PARP-1-
dependent accumulation of PAR at decondensed, transcriptionally active loci [37, 38].
PARP-1 can also poly(ADP-ribosyl)ate DEK, another repressive chromatin-associated
protein, and evict it from chromatin, consequently allowing access of the transcription
machinery to the chromatin [39]. In the “coregulator” mode, PARP-1 may be recruited to
the specific promoters by interactions with DNA binding factors [40], or may contact the
enhancer/promoter directly by recognizing the DNA structure or sequence [41, 42]. It can
either stimulate the activity of transcriptional factors, or repress transcription in a promoter
and cell-type specific manner. For example, PARP-1 was shown to bind to B-MYB and
promote its transcriptional activity [43], whereas direct binding to retinoid X receptors
(RXR) by PARP-1 repressed ligand-dependent transcriptional activities mediated by
heterodimers of RXR and thyroid hormone receptor (TR) [44]. Complicating the model even
further is to determine whether the enzymatic activity of PARP-1 is required for its
regulatory functions. In some cases, PARP-1 mediated poly(ADP-ribosyl)ation is
indispensable for its co-activator/co-repressor functions [44, 45], while in other cases, the
enzymatic activity of PARP-1 is not required [43]. All these findings suggest that the action
of PARP-1 as a transcriptional co-regulator is complex.

Our current study reveals a potential mechanism that may fall into the second mode of
PARP-1 transcriptional regulation described above. Based on the biotin-ARE pulldown and
mass spectrometry analysis, PARP-1 was shown to be associated with the ARE within the
promoter of NQO1 (Figure 1), augment binding between Nrf2 and the ARE, and increase
the transcription of Nrf2 target genes (Figure 2 and 3). No physical interaction was found
between Nrf2 and PARP-1 (Figure 4), nor was the catalytic activity of PARP-1 required for
transcriptional activation of Nrf2 (Figure 4). The direct interaction between PARP-1 and

Wu et al. Page 11

Free Radic Biol Med. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MafG was confirmed both in vivo and in vitro (Figure 5A to 5C), and this interaction
enhanced the binding between Nrf2 and the ARE (Figure 5D and 5G). In addition, PARP-1
was able to bind with the ARE specifically (Figure 5E and 5F). Therefore, we conclude that
PARP-1 does not directly interact with Nrf2, but is able to enhance Nrf2 binding to the ARE
by directly interacting with both MafG and the ARE, thereby increasing Nrf2 target gene
expression.

In summary, this study indicates that PARP-1 may serve as a transcriptional co-activator of
MafG-Nrf2 by directly binding to the ARE and MafG, thereby enhancing binding of the
heterodimer with the ARE (Figure 6). Our study reveals a novel function of PARP-1 in
upregulating Nrf2 transcriptional activity and Nrf2 target gene expression. However, the
physical or pathological relevance of this PARP-1-mediated transcriptional modulation
remains to be investigated. Whether PARP-1 recruits other transcription co-factors or
mediators to facilitate transcription is still unclear. This type of complexity reflected best in
the regulation of the expression of HO-1. Although our data suggested that PARP-1
upregulates both basal and inducible expression of HO-1, Katoh et al. reported that PARP-1
serves as a transcription corepressor of MafK in a mouse plasmacytoma cell line X63/0 [46],
in which PARP-1 interacts with a protein complex composed of MATIIa, Polycomb group
(PcG), NuRD, Swi/Snf. The seemly contradictory results indicate that the role of PARP-1 is
complicated and conclusions need to be drawn with precaution based on the physiological
status of the cell. In addition, there is also evidence suggesting that Bach1 represses HO-1
expression [47, 48], which makes the effects of PARP-1 even more complicated. No
previous study showed that the repressive effect of Bach1 on HO-1 transcription is due to
antagonization by PARP-1, and therefore it remained to be explored that how PARP-1
cross-talks with other signal transduction molecules in a more profound context.
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FIGURE 1.
PARP-1 binds the NQO1-ARE. (A) Sequences of wild-type (ARE) and mutant NQO1-ARE
(mARE) used in this study. Nucleotides labeled in red are mutated in mARE. (B) Silver
stain of proteins pulled down by the biotinylated ARE or mARE pull-downs/streptavidin
beads. MDA-MB-231 cells were left untreated or were treated with 50 μM tBHQ for 16h.
Cell lysates were incubated with the indicated biotinyaled-NQO1-ARE. The proteins were
pulled down using streptavidin beads and separated on SDS-PAGE gels and subjected to
silver staining. Arrows indicate proteins that were only present or increased in the wild-type
NQO1-ARE samples, but not the mutant ARE. (C) Identification of ARE-bound proteins by
LC-MS/MS mass spectrometry analysis. (D) Association between PARP-1 and the ARE.
Biotinylated ARE and mARE were incubated with whole cell lysates from MDA-MB-231
cells either left untreated or treated with 50 μM tBHQ for 16h. ARE-bound proteins were
pulled down by streptavidin beads and detected by immunoblot analysis with anti-Nrf2 and
anti-PARP-1 antibodies.
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FIGURE 2.
PARP-1 upregualtes the transcriptional activity of Nrf2. (A) PARP-1 promotes the NQO1-
ARE-dependent luciferase activity. MDA-MB-231 cells were co-transfected with expression
vectors for either wild-type or mutant NQO1-ARE-dependent firefly luciferase and TK-
Renilla luciferase, alone with Nrf2, PARP-1, or both. Luciferase reporter gene activities
were analyzed at 36h post-transfection. Relative luciferase activities and standard deviations
were calculated from three independent experiments. (B) Both full-length PARP-1 and
PARP-DBD enhanced NQO1-ARE-dependent luciferase activity. Reporter gene assays were
performed in MDA-MB-231 cells as described in Figure 1. (C) The PARP-1-mediated
transcriptional upregulation is promoter specific. MDA-MB-231 cells were co-transfected
with hNQO1-ARE-, mGSTA1-ARE- or κB- dependent firefly luciferase reporter genes,
along with an expression plasmid for PARP-1-DBD. At 24h post-transfection, cells were
treated with either tBHQ or SF for an additional 16h prior to measurement of luciferase
activities. (D) Higher NQO1-ARE promoter activity was detected in PARP-1+/+ cells than
PARP-1−/− cells. Overexpression of full-length PARP-1 could rescue transcription of Nrf2
target genes. PARP-1+/+ and PARP-1−/− MEF cells were transfected with expression vectors
for NQO1-ARE-dependent firefly luciferase and TK-Renilla luciferase. Cells were then
treated with tBHQ or SF for 16h before measurement of luciferase activities. For rescue
assay, PARP-1−/− MEF cells were co-transfected with myc/his-PARP-1, firefly luciferase
and TK-Renilla luciferase. (E) Higher NQO1 and GSTM1 expression were detected in
PARP-1+/+ cells than PARP-1−/− cells. PARP-1+/+ and PARP-1−/− MEF cells were left
untreated or treated 50 μM tBHQ for 16h, before harvest for immunoblot assay with
indicated antibodies.

Wu et al. Page 17

Free Radic Biol Med. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 3.
PARP-1 augments Nrf2 binding to the ARE and upregulates expression of Nrf2 target
genes. (A) PARP-1 enhances the binding of endogenous Nrf2 to the NQO1-ARE.
Biotinylated NQO1-ARE DNA was incubated with whole cell lysates from MDA-MB-231
cells expressing empty vector, his/myc-PARP-1 or PARP1-DBD. Cells were untreated or
treated with 50 μM tBHQ for 16h. ARE-bound Nrf2 proteins were pulled down by
streptavidin beads and detected by immunoblot analysis with anti-Nrf2 antibodies.
Densitometry of biotin pull-down was showed in the lower panel. (B) PARP-1 increases the
transcription of Nrf2 target genes. MDA-MB-231 cells were transfected with vector, myc/
his-PARP-1 or PARP-1-DBD as described previously. At 24h post-transfection, cells were
treated with 50μM tBHQ for 16 h and mRNA was extracted for qRT-PCR analysis. Error
bars indicate standard deviations from three independent experiments. (C) PARP-1
upregualtes Nrf2 target gene expression in MDA-MB-231 cells. Cells were transfected with
empty vector, myc/his-PARP-1 or PARP-1-DBD, and treated with 50 μM tBHQ. Cell
lysates were then subjected to immunoblot analysis with indicated antibodies. (D)
Knockdown of PARP-1 diminishes Nrf2 target gene transcription. MDA-MB-231 cells were
transfected with scrambled or PARP-1 siRNA, and then either left untreated or treatedwith
50 μM tBHQ for 16h, before havest for qPCR analysis. Error bars indicate standard
deviations from three independent experiments. (E) Knockdown of PARP-1 decreases Nrf2
target gene protein expression without affecting Nrf2 protein level. siRNA transfection
procedure was described in 4D. Cells were then subject immunoblot analysis with indicated
antibodies.
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FIGURE 4.
Nrf2 is not a substrate for poly(ADP-ribosyl)ation, nor does PARP-1 associate with Nrf2.
(A) Inhibition of PARP-1-mediated poly(ADP-ribosyl)ation does not affect transcriptional
activity of Nrf2. MDA-MB-231 cells were co-transfected with expression vectors for
NQO1-ARE-dependent firefly luciferase and TK-Renilla luciferase. Cells were left
untreated or treated with the PARP-1 inhibitor PJ-34/3-AB alone or with both PJ-34/3-AB
and tBHQ. Luciferase activities were measured. (B) PARP-1 enzymatic inactive mutant
promotes Nrf2 transcriptional activity. PARP-1−/− cells were transfected with PARP-1-
E988K as described in Figure 2D. (C) Nrf2 is not poly(ADP-ribosyl)ated. PARP-1−/− cells
were transfected with indicated constructs for 48 h. Lysates were collected in RIPA buffer,
followed by immunoprecipitation with an anti-HA or anti-GFP antibody. Poly(ADP-
riobsyl)ated proteins were then detected using an anti-poly(ADP-ribose) antibody. (D)
PARP-1 does not interact with Nrf2. HEK293 cells were transfected with the indicated
constructs. Cell lysates were subjected to immunoprecipitation with HA-conjugated protein
A beads and then analyzed by immunoblot.
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FIGURE 5.
PARP-1 interacts directly with small Maf protein and the ARE to enhance Nrf2 binding to
the ARE. (A) Exdogenous PARP-1 and MafG interact reciprocally. PARP-1−/− cells were
transfected with the indicated constructs. Immunoprecipitation assay was performed using
either anti-PARP-1 or anti-myc antibodies. (B) Endogenous MafG immunoprecipitates
PARP-1 and Nrf2. HEK293 cell lysates were collected in RIPA buffer containing 0.1%
SDS, followed by immunoprecipitation with rabbit anti-Maf antibodies and immunoblotted
with a mouse anti-PARP-1 antibody and a rabbit anti-Nrf2 antibody. (C) PARP-1 interacts
directly with MafG but not Nrf2. Purified GST-Nrf2 and His-MafG were incubated with or
without Flag-PARP-1. PARP-1-bound proteins were pulled down by Flag-M2 beads and
subject to immunoblot by the indicated antibodies. (D) Interaction between Nrf2, MafG,
PARP-1 and NQO1-ARE. Purified proteins were incubated with biotinylated NQO1-ARE
DNA. ARE-bound proteins were pulled down by streptavidin beads and detected by
immunoblot with the indicated antibodies. (E) PARP-1 binds directly to the NQO1 ARE.
EMSA was performed using a radiolabeled NQO1-ARE oligonucleotide and the
recombinant PARP-1 protein. (F) In vivo interaction of PARP-1 or Nrf2 with the ARE was
determined by a ChIP assay. MDA-MB-231 cells were left untreated or treated with 50μM
tBHQ for 16h. DNA-protein complexes were cross-linked and immunoprecipitated with the
indicated antibodies or with IgG as a negative control. Amounts of DNA containing the
NQO1-ARE or the tubulin promoter were semiquantified by real-time PCR amplification
with a primer pair flanking the human NQO1 ARE sequence or a primer pair specific for the
human tubulin promoter, and presented as a bar graph using the LightCycler 480 software.
(G) PARP-1 enhances binding between Nrf2 and the ARE. Indicated proteins were
incubated with fluorescent-tagged WT or MT human NQO1-ARE and fluorescence
polarization was measured.
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FIGURE 6.
Schematic model of Nrf2 regulation by PARP-1. PARP-1 binds directly to MafG and the
ARE to enhance the interaction of Nrf2 with the ARE. Therefore, PARP-1 serves as a co-
activator to upregulate the transcriptional activity of Nrf2, and thus the expression of Nrf2-
target genes.
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