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(Bacl(ground: Poly(ADP-ribose) polymerase 1 (PARP1) exerts important functions in transcriptional regulation of tran-

Results: PAPRI1 interacts with estrogen receptor a (ERa), and poly(ADP-ribosyl)ation promotes ER« transactivation.
Conclusion: PARP1 is a crucial regulator of ERa-dependent gene transcription.
Significance: This might be the first study examining the interpaly between PARP1 and ERe, and identifies that PARP1 controls
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Activation of nuclear receptor estrogen receptor « (ERa)
exerts cardiovascular protective effects by modulating the
expression of ERa target genes. However, the underlying mech-
anism remains unclear. PARP1 is a ubiquitous multifunctional
nuclear enzyme. In this study, we examined the interplay
between PARP1 and ERe, and identified PARP1 as an impor-
tant regulator of ERa-dependent transcription. We showed that
PARP1 could directly bind to ERa, and ERa could be poly(ADP-
ribosyl)ated by PARP1. Poly(ADP-ribosyl)ation increased ER«
binding to estrogen response element (ERE) present in the pro-
moter of target genes and promoted ERa-mediated gene tran-
scription. Estradiol, the ligand of ERe, increased PARP enzy-
matic activity and enhanced poly(ADP-ribosyl)ation of ERc.
Upon treatment with estradiol, ERa binding to ERE- and ERa-
dependent gene expression was dramatically increased in cul-
tured vascular smooth muscle cells (VSMCs). Inhibition of
PARP1 by PARP inhibitor or PARP1 siRNA decreased ERa bind-
ing to ERE and prevented ERa-dependent gene transcription in
VSMC:s. Further studies revealed that PARP1 served as an indis-
pensible component for the formation of the ERa-ERE complex by
directly interacting with ERa. Thus, our results identify PARP1 asa
key regulator of ERa in controlling ER« transactivation.

Nuclear receptors (NRs)* are ligand-dependent transcrip-
tion factors that have evolved from an ancestral orphan recep-
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tor into a highly diverse family present throughout the entire
animal kingdom. These receptors play crucial roles in multiple
aspects of animal physiology, ranging from development and
differentiation to metabolic homeostasis (1). Previous studies
demonstrate that the regulation of gene transcription by
nuclear receptors is mainly due to the realization that not only
the interaction of the receptors with DNA, but also that many
transcription co-regulators (including both co-activators and
co-repressors), which were crucial in transmitting the signals to
the transcriptional machinery of the receptors (2). Estrogen
receptor a (ERe, UniProt ID: P06211), known as NR3Al
(nuclear receptor subfamily 3, group A, member 1), isa member
of the steroid nuclear receptor family. In the unliganded state,
ERa recruits the co-repressor complexes in association with
histone deacetylases to silence target genes (3). In the presence
of the natural ligand of ERs, sex hormone estradiol, ER«
undergoes a conformational change that dislodges the co-re-
pressor complexes, exposing a “docking” site for co-activa-
tors, then modulates the expression of ER« target genes via
directly binding to the specific response elements known as
estrogen response element (ERE) (3, 4). Mediators as the
general nuclear receptor-interacting co-activators play an
important role in NR-dependent transcription. They act as a
“bridge” between the upstream DNA-bound activator and
the basal transcriptional machinery via protein-protein
interactions (5—8).

Poly(ADP-ribose) polymerase 1 (PARP1, UniProt ID:
P27008), an abundant and ubiquitous nuclear enzyme present
in eukaryotes (9), is the most abundant isoform of the PARP
enzyme family, accounting for about 90% of total cellular PARP

estrogen response element; HDACs, histone deacetylases; IGF-1, insulin-like
growth factors-1; NAD™, nicotinamide adenine dinucleotide; PARP1, poly-
(ADP-ribose) polymerase 1; PAR, poly(ADP-ribose) polymer; PJ34, N-(6-oxo-
5,6-dihydro-phenanthridin-2-yl)-2-(N,N-dimethylamino)acetamide; TGF-q,
transforming growth factor-a; UP-PARP1, un-poly(ADP-ribosy)lated
PARP1; VSMCs, vascular smooth muscle cells; AMD, auto-modification do-
main; BRCT, BRCA1 C terminus.
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activity (9, 10). In the nucleus, activated PARP1 catalyzes the
transfer of poly(ADP-ribose) (PAR) from donor nicotinamide
adenine dinucleotide (NAD™) molecules onto nuclear acceptor
proteins to affect the activity of transcription factors (10-12).
This modification known as poly(ADP-ribosyl)ation is tran-
sient but very extensive in vivo, as polymer chains can reach
more than 200 units on protein acceptors, playing important
roles in many cellular processes (9). PARP1 also poly(ADP-
ribosyl)ates itself, and the auto-poly(ADP-ribosyl)ation repre-
sents a major regulatory mechanism for PARP1 resulting in
the down-regulation of the enzyme activity (10, 13). PARP1
and PAR have received considerable attention in the recent
literature. Previous studies have shown that PARP1 partici-
pates in the regulation of ERa-dependent transcription (14).
However, the underlying mechanism remains elusive. As
PARP1 has been shown to regulate the expression of various
nuclear proteins at the transcriptional level (9, 15-18), we
then wish to determine whether ERa could represent a target
for PARPI.

In the present study, we found that PARP1 could bind to and
poly(ADP-ribosyl)ate ERa. In cultured rat VSMCs, inhibition
of PARP1 inhibited ER« binding to ERE and decreased ERa-de-
pendent target gene expression. Treatment with estradiol
increased poly(ADP-ribosyl)ation of ERa, and thereafter pro-
moted ERa transactivation. Thus we identified PARP1 as a key
regulator of ERa-mediated transcription.

EXPERIMENTAL PROCEDURES

Cell Culture—Rat aortic VSMCs were isolated from thoracic
aorta in male Wistar rats (150—180 g, obtained from Tongji
Medical College, Huazhong University of Science and Technol-
ogy, China) by a tissue adherent method described previously.
Freshly isolated thoracic aorta was clipped into small slices and
then planted in the culture flask. After about 1 week, the pri-
mary VSMCs were digested by 0.5% trypsin, and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) without phenol
red and with 20% fetal bovine serum (FBS). The purity of the
VSMCs was evaluated by staining the cells with monoclonal
antibodies to smooth muscle cell a-actin. More than 96% of
cells expressed smooth muscle cell a-actin. Experiments were
performed on cells at 3 to 10 passages after primary culture.
Human embryonic kidney 293 cells were routinely maintained
in DMEM supplemented with 10% FBS in humidified 5% CO,
atmosphere at 37 °C.

Plasmid Construction—The full-length ¢cDNA of human
PARP1 was cloned by RT-PCR from 293 cells. The fragments of
PARP1 A (aal-214), B (aa215-372), C (aa373—-476), D (aad77-
524), E (aa525—656), and F (aa657—-1014) were constructed in
the mammalian expression vector p3flag-CMV (Sigma-Al-
drich). Human cDNAs encoding ERa was cloned by RT-PCR
from 293 cells. The expression plasmids for GFP-tagged ER«
A (aal-184), B (aal85-310), C (aa311-595) were con-
structed by inserting PCR fragments from ERa ¢cDNA into
the pcDNA3.1-GFP vector. A catalytically inactive mutant of
PARP1 (mut-PARP1), in which lysine 893 was substituted by
isoleucine (K893I), was generated as previously by using the
QuickChange site-directed mutagenesis kit (Stratagene)
(19). Sequences of the primers are available upon request.
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RNA Interference and Transfection—Small interfering RNA
(siRNAs) was synthesized by RiBoBio Co. Ltd (China). The
sequence of rat PARP1 siRNA was: sense 5'-GGAUGAUC-
UUCGACGUGGA-3', and antisense 5-UCCACGUCGAA-
GAUCAUCC-3'. The sequence of rat ERa siRNA was: sense
5'-GGAGAAUGUUGAAGCACAA-3’, and antisense 5'-CCU-
CUUACAACUUCGUGUU-3'. The sequence of unrelated
siRNA was: sense 5'-UUCUCCGAACGUGUCACGU-3" and
antisense 5'-AAGAGGCUUGCACA GUGCA-3'. The cul-
tured VSMCs were transfected with 50 nm siRNA using Lipo-
fectamine 2000 (Invitrogen).

Evaluation of Transfection Efficiency—50 nmol/liter Cy3-la-
beled unrelated siRNA were transfected into the cultured
VSMCs in 24-well plates as described above. Transfections
were performed in triplicate for each treatment. 6 h later, after
several washes in PBS, one part was prepared for flow cytomet-
ric analyses. The others were fixed in 4% paraformaldehyde for
30 min in the dark, and washed again with PBS. The cover slips
were mounted with PBS/glycerin. Cells were photographed
under a light or fluorescence microscope (for Cy3, wavelength
555 nm, Olympus Microscope BX-51, Japan).

Preparation of Whole Extracts and Nuclear Extracts—Meth-
ods for preparation of whole cell extracts and nuclear extracts
were described previously (22, 23). These whole cell and
nuclear extracts were stored at —80 °C until use. Protein con-
centrations of these extracts were determined by the Bradford
assay.

PARP Activity Assay—PARP activity was assayed using the
universal colorimetric PARP assay kit (Trevigen), based on the
incorporation of biotinylated ADP-ribose onto histone pro-
teins. Cell lysates containing 50 ug of protein were loaded into
a 96-well plate coated with histones and biotinylated poly ADP-
ribose, allowed to incubate for 1 h, treated with strep-HRP, and
read at 450 nm in a spectrophotometer.

Western Blot—After denaturation and SDS-PAGE electro-
phoresis, separated proteins were transferred to nitrocellulose
membranes. Membranes were blocked with 5% nonfat milk in
TBS (50 mmol/liter Tris-HCI, pH 7.6, 150 mmol/liter NaCl) for
3 h, and incubated with primary antibodies in TBS at 4 °C over-
night. Antibodies used were anti-PARP1 (1:1000, R&D), anti-
PAR (1:1000, Trevigen), anti-ERa (1:1000, Millipore), anti-
histl (1:200, Santa Cruz Biotechnology), anti-B-actin (1:500,
Santa Cruz Biotechnology), and anti-GAPDH (1:500, Santa
Cruz Biotechnology). Membranes were incubated with perox-
idase-conjugated secondary antibody in TBS at room tempera-
ture for 2 h. The specific band was detected with a chemilumi-
nescence assay (ECL detection reagents, Pierce) and recorded
on x-ray film. Quantity One software was used to quantify the
intensities of bands.

Real-time RT-RCR—Total RNA was isolated using Trizol
reagent (Takara Biotechnology, Japan) according to the manu-
facturer’s instruction. 1 ug of total RNA was reverse tran-
scribed using the RNA PCR kit (Takara Biotechnology, Japan),
and the resulting cDNA was used as a PCR template. The
mRNA levels were determined by real-time PCR with the ABI
PRISM 7900 Sequence Detector system (Applied Biosystems)
according to the manufacturer’s instructions. GAPDH was
used as an endogenous control. The PCR reaction mixture con-
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tained the SYBR Green I (Takara Biotechnology), cDNA and
the primers. The relative gene expression level (the amount
of target, normalized to endogenous control gene) was cal-
culated using the comparative Ct method formula 2~ 44<%,
Rat primers were as follows: GAPDH: 5'-ATGACTCTAC-
CCACGGCAAG-3' and 5'-TACTCAGCACCAGCATCACC-
3'; TGF-a 5'-CCTGGCTGTCCTCATTATCACCT-3' and
5'-AGCAGGCAGTCCTTCCTTTCAG-3'; cyclin D1: 5'-GAG-
GAGCAGAAGTGCGAAGAGG-3' and 5'-GGCGGATAGA-
GTTGTCAGT GTAGATG-3"; IGF-1: 5'-CTTTTACTTCAA-
CAAGCCCACAGG-3' and 5'-GCACAGTACATCTCCAGC-
CTCCT-3".

In Vitro Protein-Protein Interaction Assay (Far-Western Blot)—
Far-Western blot assays were performed by resolving protein
samples by SDS-PAGE and transferring them to polyvinylidene
fluoride membranes. Membranes were then incubated with
Hyb-75 buffer (20 mmol/liter HEPES, pH 7.6, 75 mmol/liter
KCI, 0.1 mmol/liter EDTA, 2.5 mmol/liter MgCl,, 0.005% Non-
idet P-40, 1 mmol/liter DTT) supplemented with 5% nonfat
milk, overnight at 4 °C. Membranes were briefly washed with
Hyb-75 buffer and then incubated with 1 pg/ml recombinant
protein (PARP1 (Trevigen), ERa (Millipore), or P-actin
(Abnova), respectively) at room temperature for 1 h. After
washing with Hyb-75 buffer, membranes were incubated with
anti-PARP1 antibody or anti-ER« antibody at 4 °C overnight.
After washing, membranes were incubated with HRP-conju-
gated secondary antibody for 2 h. Specific bands were detected
using the ECL detection system (Pierce).

Co-immunoprecipitation (co-IP)—Co-IP assays were per-
formed as described previously. Briefly, 500 ug of nuclear
extracts were incubated with the indicated antibodies at 4 °C
for 1 h, and protein-G-agarose at 4 °C for 12 h. Immunoprecipi-
tates were pelleted by centrifugation at 5000 X g for 1 min and
washed four times with lysis buffer. The pellets were suspended
in SDS gel loading buffer, boiled for 10 min, and subjected to
Western blot analysis. To determine the specificity of the
bands, nonspecific IgG (negative control) was used.

Electrophoretic Mobility Shift Assay (EMSA) and Supershift
Assay—DNA-protein interaction was detected using Light-
Shift™ Chemiluminescent EMSA kit (Pierce) according to the
manufacturer’s protocol. The sequence of ERE consensus oli-
gonucleotides was: 5-CTTCGAGGAGGTCACAGTGAC-
CTG GAGCGG-3'. Biotin was labeled at the 5’-end of the oli-
gonucleotides. In the supershift assay, after incubation of
nuclear extracts with anti-PAR, anti-PARP1 antibody, anti-
ERa antibody, or nonspecific IgG at 4 °C for 30 min, biotin-
labeled oligonucleotides were added to the reaction and incu-
bated for another 20 min.

Chromatin Immunoprecipitation (ChIP)—ChlIP experiments
were performed as previously described (20). Cells were soni-
cated, and lysates were immunoprecipitated using the anti-ER«
antibody (Santa Cruz Biotechnology). In re-ChIP assays, chro-
matin was first immunoprecipitated with anti-ERa antibody
and then eluted with 100 ul of elution buffer with 10 mmol/liter
DTT at 37 °C for 30 min and then, diluted (25-fold) with dilu-
tion buffer (20 mm Tris-HCI, pH 8.0, 150 mm NaCl, 2 mm
EDTA, 1% Triton X-100), and re-immunoprecipitated with IgG
or anti-PAR antibody. Real-time-PCR was performed using 1
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png of template DNA with specific primers for rat IGF-1.
Sequence of the primer is available upon request. The chromo-
somal DNA input and ChIP DNA with nonspecific IgG were
subjected to the same PCR amplification. PCR products were
separated on an ethidium bromide-stained 2% agarose gel.

Southwestern Blot—A Southwestern blot was performed
according to the procedure of Butler and Ordahl (18) with slight
modifications. Nuclear proteins (35 ug) were resolved on a 9%
SDS-PAGE and then electrotransferred to a nitrocellulose
membrane. Membranes were blocked with 5% BLOTTO-0.1%
bovine serum albumin-1 mg/ml poly(dI-dC) in binding buffer
(30 mm HEPES (pH 7.6), 1 mm dithiothreitol), followed by incu-
bation with 1.0 pmol biotin-labeled ERE oligonucleotides in
Hyb-50 buffer (30 mmol/ liter HEPES (pH 7.6), 50 mmol/liter
KCl, 10 mmol/liter MgCl,, 0.1 mmol/liter EDTA, 1 mmol/liter
DTT, 5% BLOTTO, 0.1% bovine serum albumin, and 1 mg/ml
poly(dI-dC)) at 4 °C overnight. After washed three times (30
mmol/liter HEPES (pH7.6), 50 mmol/liter NaCl, 1% BLOTTO),
membranes were incubated with streptavidin-horseradish per-
oxidase conjugate in blocking buffer (Pierce) for 15 min. Spe-
cific binding was detected with ECL detection reagents (Pierce),
and band intensities were quantified as described above.

Luciferase Assay—The luciferase-reporter plasmid ERE-TK-
LUC was kindly provided by Dr. Ming-Jer Tsai (Department of
Molecular and Cellular Biology, Baylor College of Medicine).1
pg of ERE-TK-LUC and 10 ng of pRL-SV40 plasmids (internal
control for normalization of transfection efficiency, Promega)
were transfected into VSMCs using Lipofectamine 2000 (Invit-
rogen) in accordance with the manufacturer’s instruction.
After incubation for 24 h, cells were harvested, lysed, and
assayed for luciferase activity with the Dual Luciferase
Reporter Assay kit (Promega) according to the manufactur-
er’s instruction.

Statistical Analysis—Values are shown as mean * S.E. of at
least three independent experiments. The significance of differ-
ences was estimated by one-way ANOVA followed by Student-
Newmann-Keuls multiple comparison tests. p < 0.05 was con-
sidered significant. All statistical analyses were performed with
SPSS software (version 11.0, SPSS Inc).

RESULTS

Inhibition of PARP1 Decreases ERa-mediated Gene Tran-
scription in VSMCs—We used rat VSMCs and examined
whether PARP1 is directly involved in the modulation of ERa
target genes. We found that treatment of VSMCs with PARP
inhibitor, 3-aminobenzamide (3AB) or N-(6-ox0-5,6-dihydro-
phenanthridin-2-yl)-2-(N,N-dimethylamino)acetamide (PJ34), or
knockdown of PARP1 by specific siRNA significantly decreased
mRNA expression of ERa target genes including cyclin D1
(UniProt ID: Q99NB4), insulin-like growth factors-1 (IGF-1,
UniProt ID: P08025), and transforming growth factor-«
(TGF-a, UniProt ID: P01134) (Fig. 1, A and B). Estradiol, the
ligand of ERe, significantly increased mRNA expression of the
above mentioned genes, which was inhibited by PARP inhibitor
or PARP1 siRNA in VSMCs (Fig. 1, A and B). To confirm the
estrogen regulation of these genes, we used an antiestrogen ICI
182,780 (ICI). Results showed that treatment with ICI abro-
gated the estradiol-induced increases in the expression of cyclin
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FIGURE 1. Inhibition of PARP1 prevents ER« transactivation in VSMCs. A, real-time RT-PCR assay of TGF-«, IGF-1, and cyclin D1 in VSMCs treated with 3AB
(10 mm, 24 h) or PJ34 (10 uM, 24 h) in the absence or presence of estradiol (€, 10~7 m, 24 h). B, VSMCs were transfected with PARP1 siRNA (50 nwm, 48 h) or
unrelated siRNA (50 nm, 48 h) followed by treatment with PBS or estradiol (£, 107 m, 24 h). The mRNA expression of TGF-q, IGF-1, cyclin D1,and PARP1in VSMCs
was assessed by real time RT-PCR assay. C, VSMCs were treated with ICl 182,780 (ICl, 10 nm, 24 h) in the absence or presence of estradiol (£, 10~7 M, 24 h). D and
E, ERE-TK-LUC and pRL-SV40 plasmids were transfected into VSMCs using Lipofectamine 2000. After 24 h, ERE-directed luciferase activity was detected with the
Dual Luciferase Reporter Assay Kit (described under “Experimental Procedures”). D, VSMCs were treated with 3AB (10 mm, 24 h) or PJ34 (10 nwm, 24 h) in the
absence or presence of estradiol (E, 107 m, 24 h). E, VSMCs were transfected with PARP1 siRNA (50 nm, 48 h) or unrelated siRNA (50 nm, 48 h) followed by
treatment with PBS or estradiol (£, 10”7 m, 24 h). The results are from six independent experiments. Data are expressed as the mean *+ S.E. #, p < 0.05 and ##,
p < 0.01 are for comparison with control group (c). ¥, p < 0.05 and **, p < 0.01 are for comparison with estradiol group (E).

D1,IGF-1, and TGF-« (Fig. 1C). All these results suggested that
PARP1 was involved in the regulation of ERa-mediated tran-
scriptional activation.

In the nucleus, ERa directly binds to ERE in the promoter
of target genes to regulate their transcription. To explore
the influence of PARP1 on ERa-dependent transcriptional
responses, ERE-driven luciferase reporter (ERE-TK-LUC) was
constructed. Treatment with estradiol increased ERE-depen-
dent luciferase reporter activity in VSMCs. Inhibition of PARP
activity by 3AB or PJ34, or knockdown of PARP1 by siRNA
decreased transcriptional output of the ERE-driven luciferase
reporter under either basal or estradiol-treated condition (Fig.
1, D and E), indicating that inhibition of PARP1 prevented ER«
transactivation. These results also illustrated that activation of
PARP1 was critical for estradiol-induced ER« transactivation
in VSMCs.

ERa Interacts Directly with PARPI—The finding that PARP1
might regulate ERa-mediated transcriptional activation led us
to explore the interaction between PARP1 and ERa in detail.
First, we examined whether PARP1 bound to ER« directly. Far
Western blot assay showed that both un-poly(ADP-ribosyl)-
ated PARP1 (UP-PARP1) and auto-poly(ADP-ribosyl)ated
PARP1 (AP-PARP1) could specifically bind to the 67-kDa pro-
tein in nuclear extracts from VSMCs (Fig. 2A). Since ERa was a
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67-kDa nuclear protein, this protein was speculated to be ERa.
In line with this speculation, both UP-PARP1 and AP-PARP1
failed to bind to the 67 kDa nuclear protein in ERa-knockdown
VSMCs (Fig. 24). To further determine if PARP1 and ERa were
in the same nuclear complex in VSMCs, we performed a co-
immunoprecipitation (co-IP) experiment. Endogenous PARP1
of VSMCs was immunoprecipitated by anti-PARP1 antibody
followed by Western blot assay using anti-ERa antibody.
Results showed that PARP1 was co-precipitated with ER« (Fig
2Bi) and vice versa (Fig 2Bii). In a cell-free system, we also found
that recombinant ERa could specifically bind to recombinant
UP-PARP1 and AP-PARP], respectively (Fig. 2C). These results
demonstrated that PARP1 could directly interact with ERa. To
further investigate which domain of ERa-mediated protein-
protein interaction with PARP1, we used the ER« deletion
mutants. We then observed that endogenous PARP1 associated
specifically with the DNA-binding domain (DBD) of ER« (Fig.
2D). Using PARP1 deletion mutants, we localized the ERa-
binding site to the central BRCA1 C terminus (BRCT)/auto-
modification domain (AMD) of PARP1 (Fig. 2E).

ERa Is Poly(ADP-ribosyl)ated by PARP1—Poly(ADP-ribosyl)-
ation is an important post-transcriptional modification of pro-
teins. We then detected whether or not ERa was poly(ADP-
ribosyl)ated in VSMCs using IP assay with the antibody specific

JOURNAL OF BIOLOGICAL CHEMISTRY 11351



PARP1 Regulates ERa-dependent Transcription

V
.Q§
>
A \ \06 \Q~$
«© 0\’b 05
FWB NE: oo(\ 9«\ ((/@V
WB: anti-PARP1 [N -67kD
[——
incubate:  AP--PARP1

WB: anti-ERq I - 67kD

WB: anti-his1 e——— -3 1kD

Q'\
B i ) ?gk N
QY Q
cop & S
WB: anti-ERa S -67KD
C

i
FwB Input: ERa

WB: anti-PARP1 . 67kD
I

incubate: AP--PARP1

B-actin

43kD

D Amino acids
G
1-595 [lTAET o0 |
ERaA 1-184
ERaB 185-310 | N

N

ERa HBD 1]

ERa C 311-595

e@%@&&"o
 72kD
“55kD

“40kD

Input

WB: anti-GFP ™™ =

$
C}O

Co-IP: anti-GFP .\(o o

@e"@e‘e’ A

WB:anti-PARP1 = -65kD

@P
&° qﬁ“
© 068

FWB NE: o(‘ RN

WB: anti-PARP1 _—67kD

[
incubate: UP--PARP1

WB: anti-ER« [ -67kD

WB: anti-his1 M S S 31D

. Q})
i " (\_\\g,
colp © 9
WB: anti-PARP1 = -116kD
ii
FWB |nput: ERa B-actin

43kD

WB: anti-PARP1 . 67kD
S

incubate: yp--PARP1

E Amino acids Flag

PARP1  1-1014 RIS
PARP1A 1214 W]

PARP1 B 215-372

PARP1 C 373-476 | I
PARP1 D 477-524 N
PARP1 E 525-656 ]
PARP1F 657-1014 =
Input NN
P ?g ?3 g& RS
WB: anti-Flag e == - 26kD
—
R T )
- - 4.7kD
\\\ Q 2N ?\%\%\Q
CO-IP: anti-Fla ?*
X % AR
WB:anti-ERa =~ =  -65D

FIGURE 2. ERa interacts directly with PARP1. A, VSMCs were transfected with ERa siRNA (50 nm) or unrelated siRNA (50 nm). After 48 h, nuclear extracts (NE)
from VSMCs were analyzed by far-Western blot (FWB) (described under “Experimental Procedures”). After denaturation and SDS-PAGE electrophoresis,
separated proteins were transferred to nitrocellulose membranes. Membranes were incubated with UP-PARP1 protein (i, 1 ng/ml) or AP-PARP1 protein (ii, 1
ng/ml), and then detected with anti-PARP1 Ab. Western blot assay with anti-ERa Ab showed the efficiency of ERa siRNA. B, co-immunoprecipitation assay of
PARP1-bound proteins or poly(ADP-ribosyl)ated proteins from non-treated VSMCs, followed by Western blot assay using anti-ERa antibody (/). Co-immuno-
precipitation assay of ERa-bound proteins from VSMCs, followed by Western blot assay using anti-PARP1 antibody (ii). Nonspecific IgG served as negative
control. G, in a cell-free system, the binding of ERa protein to UP-PARP1 protein (i) or AP-PARP1 protein (i) was analyzed by far-Western blot (described under
“Experimental Procedures”). B-Actin protein was used as negative control. D, diagram of GFP-tagged human ERa with its domains. Fragments A-C with their
amino acid coordinates are listed. Co-immunoprecipitation assays demonstrated specific binding of ER« to the DBD of ER«. E, diagram of Flag-tagged human
PARP1 with its domains, DBD, nuclear localization signal (NLS), BRCA1 C terminus (BRCT)/automodification domain (AMD), and catalytic domain (CD). Frag-
ments A-F with their amino acid coordinates are listed. Co-immunoprecipitation assays demonstrated specific binding of ERa to the BRCT/AMD of PARP1. The

results are from three independent experiments.

for poly(ADP-ribose) polymer (PAR). Western blot assay
revealed that ERa was poly(ADP-ribosyl)ated (Fig. 2Bi). Knock-
down of PARP1 by siRNA dramatically decreased the poly-
(ADP-ribosyl)ation of ERa in VSMCs, indicating that ERa was
poly(ADP-ribosyl)ated by PARP1 (Fig. 3A4). To investigate the
role of the enzymatic activity of PARP1 in mediating ERa poly-
(ADP-ribosyl)ation, we used recombinant proteins in a cell-free
system. Incubation of recombinant ER« protein with recombi-
nant PARP1 protein, NAD ™" and active DNA led to strong poly-
(ADP-ribosyl)ation of ERa; however, addition of 3AB pre-
vented poly(ADP-ribosyl)ation of ER« (Fig. 3B). The evidence
established that ERa was poly(ADP-ribosyl)ated by PARP1. IP
assay with antibody specific for ERa was then carried out.
Western blot assay with anti-PAR antibody revealed that estra-
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diol treatment increased the amount of eluted poly(ADP-ribosy)-
lated ER« in the dose-dependent manner, while knockdown of
PARP1 by siRNA abogated the eluted poly(ADP-ribosy)lated
ERa (Fig. 3C), suggesting that estradiol promoted PARP1 acti-
vation and ER«a poly(ADP-ribosy)lation. In line with this result,
treatment with estradiol increased enzymatic activity of PARP
in the dose-dependent manner in VSMCs (Fig. 3D).
Poly(ADP-ribosyl)ation Promotes ERa Binding to ERE in the
Nucleus—ERa can directly bind to ERE in the promoter of tar-
get gene, and the classical pathway for ER« signaling is medi-
ated by ERa binding to ERE (21). To investigate the influence of
PARP1 on ERa-ERE formation, we performed EMSA and
Southwestern blot assays. Results showed that inhibition of
PARP activity by 3AB or PJ34 prevented the binding of ERa to
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FIGURE 3. ERa is poly(ADP-ribosy)lated by PARP1. A, VSMCs were transfected with PARP1 siRNA (50 nm) or unrelated siRNA (50 nwm) for 48 h. The poly(ADP-
ribosyl)ation levels in VSMCs were determined by Western blotting with anti-PAR Ab. GAPDH was used for standardization. B, in a cell-free system, recombinant
ERa protein was incubated with vehicles, PARP1/NAD " /active DNA, or PARP1/NAD */active DNA/3AB, respectively. Poly(ADP-ribosyl)ation levels of recombi-
nant ERa were determined by Western blotting with anti-PAR Ab. Western blotting with anti-ERa Ab showed the loading control. The results are from three
independent experiments. C, VSMCs were treated with estradiol (E, 108,107, 10~ ®m, 24 h), or transfected with PARP1 siRNA (50 nm, 48 h) or unrelated siRNA
(50 nm, 48 h). Immunoprecipitation (IP) of ERa from VSMCs treated as indicated, followed by Western blot assay using anti-PAR antibody. D, VSMCs were treated
with estradiol (£, 1078, 1077, 10~° m, 24 h). PARP activity in VSMCs was assayed as described under “Experimental Procedures.” The results are from six

independent experiments. Data are expressed as the mean = S.E. #, p < 0.05 is for comparison with control group.

ERE in VSMCs (Fig. 4, Ai and B). Estradiol, which promoted
PARP1 activation, increased ERa binding to ERE; and treat-
ment of VSMCs with PARP inhibitor prevented this increase
(Fig. 4, Aii and B). These results suggested that the activation of
PARP1 promoted ERa-ERE complex formation. Thereby, the
direct influence of poly(ADP-ribosyl)ation on the binding of
ERa to ERE was investigated. The EMSA assay showed that
incubation of nuclear extracts from non-treated VSMCs with
NAD™ and active DNA increased ERa-ERE complex forma-
tion; while this increase was inhibited by co-incubation with
3AB (Fig. 4C). Similar results were obtained in a cell-free system
using recombinant proteins (Fig. 4D). All the data indicated
that poly(ADP-ribosyl)ation increased ER« binding to ERE. In
line with this finding, a supershift assay showed that incubation
of nuclear extracts with anti-PAR antibody could abrogate the
band of ERa-ERE complex, while incubation with IgG failed to
abrogate or shift the band of the ERa-ERE complex (Fig. 4E).
The nuclear accumulation of ER« also influenced the ERa-
ERE complex formation in the nucleus; we thus analyzed the
nuclear expression of ERa in VSMCs using Western blot assay.
We found that treatment with estradiol resulted in the
increased nuclear accumulation of ERe, while inhibition of
PARP1 did not influence its nuclear accumulation in cells
treated with or without estradiol (Fig. 4, F and G).
Poly(ADP-ribosyl)ation Enhances ERa Recruitment to the
IGF-1 Promoter—We further examined the influence of poly-
(ADP-ribosyl)ation on the recruitment of ER« to the promoter
of IGF-1, a target gene of ERq, by ChIP assays. Enrichment of
the promoter fragments in ChIP using anti-ERa antibody ver-
sus nonspecific IgG was examined by real-time PCR. Results
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showed that inhibition of PARP activity by PJ34 attenuated the
recruitment of ER«a to the IGF-1 promoter (Fig. 54), suggesting
that poly(ADP-ribosyl)ation enhanced ER« recruitment to the
IGF-1 promoter. To test whether ERa with poly(ADP-ribosyl)-
ation is indeed associated with IGF-1 promoter, we performed
re-ChIP assays using anti-ERa antibody and anti-PAR anti-
body. The result suggested that poly(ADP-ribosyl)ated ER«
was recruited to the IGF-1 promoter (Fig. 5B).

To investigate whether ERa poly(ADP-ribosyl)ation by
PARP1 are required for ERa binding to DNA and ERa tran-
scriptional function, we constructed enzyme-defective mutants
of PARP1 (mut-PARP1) in which lysine 893 was substituted
with isoleucine (K893I). We first knocked down PARP1 by
siRNA in VSMCs, and transfected the cells with either the mut-
PARP1 or the full-length PARP1 vector. Our ChIP data sug-
gested that transfection of mut-PARP1 in PARP1 knockdown
cells led to significantly decreased recruitment of ERa to the
IGF-1 promoter under either basal or estradiol-treated condi-
tions, while transfection of full-length PARP1 in PARP1 knock-
down cells induced recruitment of ER« to the target promoter
(Fig. 5C). In line with this result, we found that the PARP1 knock-
down cells transfected with mut-PARP1 showed a much lower
level of the ERa-ERE complex than that shown in the full-length
PARP1-transfected cells (Fig. 5D). These results indicated that
ERa poly(ADP-ribosyl)ation by PARP1 was required for ER«a
binding to DNA and ER« transcriptional function.

PARPI1 Is an Indispensable Component of the ERa-ERE
Complex—Previous studies from our laboratory and others
have shown that PARP1 modulates transactivation of several
transcription factors through physical interaction. To investi-
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FIGURE 4.Poly(ADP-ribosyl)ation promotes ERa binding to ERE in the nucleus. A, binding of ERa to ERE was detected by EMSA assay. (i) VSMCs were treated
with 3AB (10 mm, 24 h) or PJ34 (10 mm, 24 h). (i) VSMCs were treated with 3AB (10 mm, 24 h) or PJ34 (10 mm, 24 h) in the presence of estradiol (E, 10”7 m, 24 h).
B, binding of ER« to ERE was detected by Southwestern blot assay. VSMCs were treated with 3AB (10 mm, 24 h) or PJ34 (10 mMm, 24 h) in the absence or presence
of estradiol (E, 1077 m, 24 h). C, nuclear extracts from non-treated VSMCs were incubated with vehicles, PARP1/NAD*/active DNA, or PARP1/NAD*/active
DNA/3AB, respectively. Binding of ERa to ERE was detected by EMSA assay. D, in a cell-free system, recombinant ERa protein was incubated with vehicles,
PARP1/NAD™ /active DNA, or PARP1/NAD */active DNA/3AB, respectively. Binding of ERa to ERE was detected by EMSA assay. E, supershift assay was performed
as described under “Experimental Procedures.” Nuclear extracts from non-treated VSMCs were incubated with anti-PAR Ab, anti-PARP1 Ab, or vehicles. F,
nuclear expression of ERa was detected by Western blot assay. VSMCs were treated with 3AB (10 mm, 24 h) or PJ34 (10 mm, 24 h) in the absence or presence of
estradiol (E, 107 M, 24 h). G, nuclear expression of ERa was detected by Western blot assay. VSMCs were transfected with PARP1 siRNA (50 nm, 48 h) or unrelated
siRNA (50 nm, 48 h), followed by treatment with estradiol (£, 10”7 m, 24 h). Data are expressed as the mean + S.E. #, p < 0.05 and ##, p < 0.01 are for comparison
with control group. *, p < 0.05 and **, p < 0.01 are for comparison with estradiol group (E).

gate whether the physical interaction with PARP1 influenced
ERa binding to ERE, we knocked down endogenous PARP1 by
siRNA in VSMCs. EMSA and Southwestern blot assays showed
that knockdown of PARP1 by siRNA not only prevented estra-
diol-induced increases in ERa binding to ERE but also inhibited
binding of ERa to ERE in VSMCs under basic conditions (Fig. 6,
A and B). ChIP assay also showed that depletion of the PARPI
gene by siRNA attenuated the recruitment of ER« to the target
promoter (Fig. 5C). To explore the underlying mechanism, a
supershift assay was carried out. Results showed that incuba-
tion of nuclear extracts from VSMCs with anti-PARP1 anti-
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body abrogated the band of the ERa-ERE complex (Fig. 4E),
indicating that PARP1 was an intrinsic component of the com-
plex. Thereafter, the direct influences of physical interaction
between PARP1 and ERa on ERa-ERE complex formation were
explored. The EMSA assay showed that incubation of nuclear
extracts from VSMCs with the PARP1 protein resulted in
increased ERa-ERE complex formation (Fig. 6C). In line with
this result, incubation of ERa with PARP1 protein promoted
ERa-ERE complex formation in a cell-free system (Fig. 6D).
These results suggested that the interaction with PARP1
enhanced the DNA binding activity of ERa.
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FIGURE 5. Poly(ADP-ribosyl)ation enhances ERa recruitment to the IGF-1 promoter. A, ChIP-PCR assay using anti-ERa antibody for amplification of IGF-1
promoters in VSMCs. Cells were treated with estradiol (£, 10~ m, 24 h), PJ34 (10 mm, 24 h), or E+PJ34. B, in re-ChlP assays, chromatin was firstimmunoprecipi-
tated with anti-ERa antibody and then, re-immunoprecipitated with anti-PAR antibody or IgG. C, ChIP-PCR assay using anti-ER« antibody for amplification of
IGF-1 promoters in VSMCs. Cells were transfected with PARP1 siRNA (50 nm) or unrelated siRNA (50 nm) for 24 h, and then were treated with empty vector
(p3flag-CMV), full-length (hPARP1) or the plasmid expressing an enzymatically inactive PARP1 protein (mut-PARP1) for 48 h in the absence or presence of
estradiol (E, 10~7 m). D, binding of ER« to ERE was detected by EMSA assay. VSMCs were transfected with PARP1 siRNA (50 nm) or unrelated siRNA (50 nm) for
24 h, and then were treated with empty vector (p3flag-CMV), full-length (hPARP1), or the plasmid expressing an enzymatically inactive PARP1 protein
(mut-PARP1) for 48 h. Data are expressed as the mean = S.E. In Fig. 5A, #, p < 0.05 is for comparison with control group. In Fig. 5C, #, p < 0.05 and ##, p < 0.01
are for comparison with unrelated siRNA group. *, p < 0.05 is for comparison with PARP1 siRNA group. $$, p < 0.05 is for the indicated comparison.

DISCUSSION observed that endogenous PARP1 associated specifically with
PARPI is the dominant member of the PARP family. It has the DBD of ERa. It has been reported that the BRCA1 C termi-

been reported to interact with a variety of nuclear-located tran- 1S (BRCT)/AMD of PARP1 is involved in directing protein-
scription factors and thereby alter their regulatory function (9, ~Protein interactions (23). Consistent with such a notion, we
15-18). This ability of PARP1 is certainly important as it will ~localized the ERa-binding site to the central BRCT/AMD of
ultimately change the transcriptional pattern of numerous PARP1 by using PARP1 deletion mutants.

genes (22). ERa belongs to nuclear receptors that are thought to Nuclear receptors serve as integrating platforms for a variety
mediate their transcriptional effects in concert with co-regula- ~ of stimuli and are the targets for post-translational modifica-
tor proteins that modulate receptor interactions with compo- ~ tions, such as phosphorylation, ubiquitination, acetylation,
nents of the basal transcription machinery. In this study, we sumolyation, and poly(ADP-ribosyl)ation (24, 25). Poly(ADP-
showed that ERa could bind to PARP1 in the absence of DNA  ribosyl)ation is an important post-transcriptional modification
or any other cofactors, implying that ER« interacted directly —of protein catalyzed by PARP enzymes, especially PARP1. Dur-
with PARP1. Given that PARP1 was also an intrinsic compo- ing poly(ADP-ribosyl)ation, PARP1 synthesizes polymer of
nent of the ERa-ERE complex, the physical interaction between ~ ADP-ribose (PAR) from NAD™ to target proteins to change
PARP1 and ERa might function importantly to the binding of ~ their respective structure and DNA binding activity (26). An
ERa to ERE. In line with this notion, incubation of recombinant ~ increasing number of transcriptional co-factors of PARP1 are
ERa protein or nuclear extracts with PARP1 increased the being reported every year, and some of them have been shown
binding of ERa to ERE. Thereby, association with PARP1 to be poly(ADP-ribosyl)ated by PARP1 (15, 16, 27, 28). In some
increased the DNA binding capacity of ERa. PARP1 is a 116-  cases, poly(ADP-ribosyl)ation is found to be required for the
kDa protein consisting of three main domains: the N-terminal activation of some transcription factors, while in other cases it
DNA-binding domain containing two zinc fingers, the auto- isnot (16,29, 30). In the present study, ERa could be poly(ADP-
modification domain (AMD), and the C-terminal catalytic ribosyl)ated by PARP1 in VSMCs. Poly(ADP-ribosyl)ation pro-
domain. We further investigated the interacting domains of moted ERa-ERE complex formation in nuclear extracts and
ERa and PARPI. By using the ERa deletion mutants, we increased the DNA binding capacity of ER« in a cell-free sys-
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FIGURE 6. PARP1 is an indispensable component of ERa-ERE complex. A and B, binding of ERa to ERE was detected by EMSA (A) and Southwestern blot assay

(B). VSMCs were transfected with PARP1 siRNA (50 nm) or unrelated siRNA (50 nw) for 48 h, followed by treatment with estradiol (£, 107

M, 24 h). C, binding of

ERa to ERE was detected by EMSA assay. Nuclear extracts from non-treated VSMCs were incubated with PARP1 protein or IgG (served as negative control).
Incubation of nuclear extracts with anti-ERa Ab showed the specificity of the ERa-ERE complex band. D, in a cell-free system, recombinant ER« protein was
incubated with vehicles, PARP1 protein, or IgG (served as negative control), respectively. The binding of ERa to ERE was detected by EMSA assay. Results are

from three independent experiments.

tem, suggesting that poly(ADP-ribosyl)ation of ERa is very
important for its transactivation. In line with this notion, inhi-
bition of PARP1 activity not only prevented the binding of ERa-
ERE complex formation in nuclear extracts, but also inhibited
ERa transactivation and dependent gene transcription in
VSMCs. To investigate whether the ERa poly(ADP-ribosyl)-
ation by PARP1 was required for ERa binding to DNA and ER«
transcriptional function, we constructed an enzyme-defective
mutants of PARP1 (mut-PARP1) in which lysine 893 was sub-
stituted with isoleucine (K893I). We first knocked down PARP1
by siRNA in VSMCs, and transfected the cells with either the
mut-PARP1 or the full-length PARP1 vector. Then we com-
pared the ERa binding to DNA and ERa transcriptional func-
tion between the mut-PARP1 and full-length PARPI1 trans-
fected cells by ChIP and EMSA assays. Our ChIP data suggested
that transfection of mut-PARP1 in PARP1 knockdown cells led
to significantly decreased recruitment of ER« to the IGF-1 pro-
moter under either basal or estradiol-treated conditions, while
transfection of full-length PARP1 in PARP1 knockdown cells
induced recruitment of ER« to the target promoter. By using
the EMSA assay, we found that the PARP1-knockdown cells
transfected with mut-PARP1 showed a much lower level of
ERa-ERE complex than that shown in the full-length PARP1-
transfected cells. These results indicated that ERa poly(ADP-
ribosyl)ation by PARP1 was required for ERa binding to DNA
and ERa transcriptional function. Moreover, we demonstrated
that incubation of nuclear extracts with anti-PARP1 antibody
abrogated the band of the ERa-ERE complex; and incubation of
nuclear extracts from VSMCs or recombinant ERa protein
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with PARP1 protein resulted in the increased ERa-ERE com-
plex formation. These data indicated that PARP1 also served as
an indispensible component for the formation of the ERa-ERE
complex and ERa-dependent transcription by directly interact-
ing with ERa. Thus, both the poly(ADP-ribosyl)ation and phys-
ical interaction are required for ERa binding to DNA and ER«
transcriptional activation.

Nucleocytoplasmic shuttling of transcription factors plays a
critical role in the transcriptional regulation of target genes
(31). ERa exerts its function through translocation from the
cytoplasm to the nucleus. It has been demonstrated that the
nucleocytoplasmic shuttling of ER« is mainly regulated by
estradiol (32). In this study, we also analyzed the nuclear accu-
mulation of ERa in VSMCs. Although we found that estradiol
treatment resulted in the increased nuclear accumulation of
ERe, inhibition of PARP1 did not influence its nuclear accumu-
lation in cells treated with or without estradiol. These results
indicated that the influence of estradiol on ERa nucleocytoplas-
mic shuttling was not mediated through the PARP1 pathway.

Many studies have shown that both natural and synthetic
estrogens have vasoprotective effects. Estrogen has been dem-
onstrated to directly modulate VSMC expression of genes con-
trolling migration of adventitial fibroblasts via an ERa-depen-
dent mechanism (33). We tested the influence of estradiol
treatment on PARP activity in VSMC cells. Our results showed
that the estradiol treatment increased PARP activity and
enhanced the poly(ADP-ribosyl)ation of ER« in a dose-depen-
dent manner. Further studies demonstrated that inhibition of
PARP1 prevented estradiol-induced ERa transactivation and
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-dependent gene transcription. These findings suggested that
estradiol treatment increased the binding of ERa to ERE- and
ERa-dependent gene transcription through activating PARP1.

In summary, the data reveal a novel mechanism underlying
ERa transactivation in VSMCs. PARP1 can bind to and poly-
(ADP-ribosyl)ate ERa in the nucleus. Poly(ADP-ribosyl)ation
of ERa by PARP1 increases the DNA binding capacity of ER«
and thereby, promotes ERa-dependent gene transcription.
PARP1 also served as an indispensible component for the for-
mation of the ERa-ERE complex and ERa-dependent tran-
scription by directly interacting with ERa. Activation of PARP1
mediates the estradiol-induced transcriptional activation of
ERa. These findings indicate that PARP1 is a crucial regulator
of ERa-dependent gene transcription. Moreover, data also sug-
gest that PARP1 might be a promising therapeutic target for
proliferative vascular diseases and other diseases induced by
dysregulation of ERa signaling.
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