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ADP-ribosylation is a reversible posttranslational modification mediated by poly-ADP-ribose polymerase
(PARP). The results of recent studies demonstrate that ADP-ribosylation contributes to transcription regu-
lation. Here, we report that transcription factor NFAT binds to and is ADP-ribosylated by PARP-1 in an
activation-dependent manner. Mechanistically, ADP-ribosylation increases NFAT DNA binding. Functionally,
NFAT-mediated interleukin-2 (IL-2) expression was reduced in T cells upon genetic ablation or pharmaco-
logical inhibition of PARP-1. Parp-1~'~ T cells also exhibit reduced expression of other NFAT-dependent
cytokines, such as IL-4. Together, these results demonstrate that ADP-ribosylation mediated by PARP-1
provides a molecular switch to positively regulate NFAT-dependent cytokine gene transcription. These results
also imply that, similar to the effect of calcineurin inhibition, PARP-1 inhibition may be beneficial in modu-

lating immune functions.

ADP-ribosylation is a reversible posttranslational modifica-
tion that transfers ADP-ribose from NAD™ to Glu, Asp,
and/or Arg amino acids of target proteins (18). Similar to
ubiquitination, ADP-ribosylation modifies target proteins to
various masses due to the assorted chain lengths of the ADP-
ribose. ADP-ribosylation is inhibited by the NAD™ analog
3-aminobenzamide and, more specifically, by PJ-34 (45). Poly-
ADP-ribose polymerase-1 (PARP-1) is a nuclear enzyme that
accounts for the bulk of ADP-ribosylation in vivo (43). Indeed,
only ~10% of PARP activity remains in Parp-1' cells upon
DNA damage. In addition to its role in DNA damage repair,
the results of recent studies demonstrate that PARP-1 contrib-
utes to gene transcription regulation (26, 40).

Transcription factor NFAT is the master regulator of inter-
leukin-2 (IL-2) gene transcription (24, 42). In resting cells,
NFAT resides in the cytosol. The nuclear accumulation of
NFAT is regulated by calcineurin-mediated dephosphorylation
(9, 15, 23). The immunosuppressant drugs cyclosporine A
(CsA) and tacrolimus (FK506) inhibit calcineurin and abro-
gate NFAT activation. Indeed, understanding the mechanism
of NFAT activation has contributed to the great advances in
transplantation surgery (27). Given that immunosuppressant
therapy using CsA or FK506 causes neuro- and nephrotoxicity
(1, 19), further understanding of the molecular basis of NFAT
activation will provide alternate therapeutic targets for the
treatment of transplant patients.

Once in the nucleus, NFAT interacts with coregulators to
achieve optimal NFAT activation (11, 21, 28). These NFAT
coregulators include Fos-Jun, C/EBPs, and Fox3p, which form
a composite transcription complex to regulate NFAT-mediated
gene transcription. In addition, transcription coactivator CREB-
binding protein/p300 and class II histone deacetylases are re-
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cruited to modulate NFAT-mediated transcription (3, 12, 16, 48).
Here, we report that PARP-1 binds to and ADP-ribosylates
NFAT. The ADP-ribosylation mediated by PARP-1 provides a
molecular switch to positively regulate NFAT-dependent cyto-
kine gene transcription, including the transcription of IL-2.
Hence, PARP-1 inhibition may be beneficial in modulating im-
mune functions.

MATERIALS AND METHODS

Mice. Animal experiments were performed in accordance with the guidelines
of the Albert Einstein College of Medicine Institute of Animal Studies. Parp-
17/~ mice were obtained from the Jackson Laboratory and were back-crossed
with C57BL/6 mice at least nine times before use. Back-crossed Parp-1—'~ mice
were used for the isolation of mouse embryonic fibroblasts (MEFs), as well as
primary T cells.

Reagents. Antibodies for NFATc4 (sc13036), NFATc2 (sc7295 and sc7296),
fibrillin (sc7540), PARP-1 (sc7150, sc8007, and sc25780), CD3 (553295), and
CD28 (553058) were obtained from Santa Cruz Biotech or Pharmingen. Tubulin
antibody was obtained from the monoclonal antibody facility at the University of
Towa. The PARP-1 inhibitors PJ-34 and 3-aminobenzamide, calcineurin inhibitor
CsA, recombinant PARP-1, and NAD ™" were obtained from Calbiochem, Sigma,
and/or Fisher Scientific. [*?P]NAD™ was obtained from Amersham.

Cell culture. Primary MEF cells were isolated from embryonic-day-13.5 em-
bryos after trypsin digestion as described previously (49). Primary MEFs were
used for experiments within the first three passages. Naive CD4* T cells were
isolated from lymph nodes and spleens of 4- to 6-week-old control C57BL/6 and
Parp-1~'~ mice as described previously (29). Th1 cells were differentiated for 7
days in the presence of mouse IL-12 (10 ng/ml), anti-mouse IL-4 (10 pwg/ml), and
mouse IL-2 (10 units/ml). Cells were challenged with ionomycin (2 pM) and
phorbol ester (100 nM) or anti-mouse CD3 (0.12 to 0.5 pg/ml) plus anti-mouse
CD28 (0.12 to 0.5 wg/ml) as indicated in the figures. MEFs, as well as COS and
HEK293 cells, were cultured in Dulbecco modified Eagle medium. Jurkat T cells
were cultured in RPMI medium. All media were supplemented with 10% fetal
calf serum, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100
pg/ml) (Invitrogen). Cells were transfected by using Lipofectamine (Invitrogen).

Binding assays. Biotinylated NFAT DNA binding elements (biotin-ATTA
CAGGGAAAATATTGCCACACTGTCTC) were incubated with tissue ex-
tracts prepared from heart expressing constitutively active calcineurin (31).
Therefore, endogenously expressed activated NFAT and its associated proteins
were investigated. DNA binding precipitation was performed as described pre-
viously (49), and NFAT-associated proteins were visualized by Coomassie blue
staining. NFAT-associated proteins were excised and subjected to in-gel diges-
tion and proteomic analysis. Chromatin immunoprecipitation assays were per-
formed on cross-linked DNA isolated from Jurkat T cells using NFATc2



VoL. 28, 2008

A
Expt. 1

Competition =

Expt. 2

PARP-1 CONTRIBUTES TO NFAT-DEPENDENT GENE TRANSCRIPTION

2861

C

DNA

. 4 Lysate pull down
120 kD - e o 11 T
rEee <—pl15 Competiton - - 4
85KkD- =2—p19g
P83 8 — < PARP-
e
oo
Position Peptide fragment
66 QPDVEVDGFSELR
109 TLGDFLAEYAK
B Coverage map
166 KRDELGFRPEYSASQLK
583 .7 %866 168 DELGFRPEYSASQLK
454 v 80};‘ 848 183 GFSLLSAEDKEALK
2320\_ o 209 KGDEVDGTDEVAKK
> 396 210 GDEVDGTDEVAKKK
109 . *183
6y Sries 396 ILTLGKLSQNKDEAK
- 166 454 VVCEDFLQDVSASTK
0 1014 583 YWIFR
Residue number 803 VVDRDSEEAEVIR
848 YKPFR
866 TTNFAGILSQGLR

FIG. 1. Identification of PARP-1 as an NFAT-interacting protein. (A) DNA affinity isolation of NFAT-interacting proteins using biotinylated
NFAT DNA binding elements. Binding of proteins (p115, p100, and p83; marked by asterisks) was ascertained by competition with nonbiotinylated
NFAT oligonucleotides and revealed by protein staining. Two representative results of the binding assays are shown (Expt. 1 and Expt. 2).
Molecular size markers are shown on the left. (B) The 115-kDa NFAT-interacting protein was excised and subjected to tryptic digestion and
matrix-assisted laser desorption ionization-time of flight mass spectrometry analysis. The peptide mass obtained (with coverage of at least 12%)
was searched against the NCBI protein database using ProFound software. With confidence in the 99th percentile, computation analysis
unambiguously predicted that the 115-kDa NFAT-interacting protein is PARP-1. (C) DNA affinity isolation was performed using NFAT DNA
binding elements. The presence of PARP-1 in the NFAT-DNA precipitates was detected by immunoblotting analysis. Competition with nonbio-
tinylated NFAT oligonucleotides was used to ascertain specificity. +, present; —, absent.

(sc7296), PARP-1 (5¢7150), and isotype-matching immunoglobulin G antibodies.
Primers for the amplification of IL-2 and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) promoter were, for IL-2, 5'-AGCTGACATGTAAGAAGCA
ATCT-3" and 5'-TGGTTTCCTGTTTCAGAATGG-3' and, for GAPDH, 5'-G
GCTCTCTGCTCCTCCCTGTTCC-3" and 5'-CAATGAAGGGGTCGTTGAT
GGC-3'. Coimmunoprecipitations were carried out using antibodies against
NFATCc4 (sc13036) and PARP-1 (sc7150), and enhanced chemiluminescence was
performed to visualize bound NFAT and PARP-1. Gel mobility shift assays were
performed as described previously (49) using nuclear extracts prepared from
control C57BL/6 and Parp-1~"~ cells or Jurkat T cells treated or not treated with
PJ-34. Gel shift assays using recombinant proteins were performed after in vitro
ADP-ribosylation of the NFATc2 DNA binding domain (DBD) (130 ng/reaction
mixture) by PARP-1 (2 ng/reaction mixture; Sigma) in the presence and absence
of NAD* (0.1 pM) and/or PJ-34 (5 wM; Calbiochem). The percentage of DNA
binding was determined by dividing the amount of shifted probe (NFAT-DNA
complex) by the total amount of probe input (free probe plus shifted probe).

ADP-ribosylation assays. COS cells transiently transfected with NFATc4 were
labeled with [*?P[NAD™. The transfected cells were rendered permeable to
NAD™ by using hypotonic buffer as described previously (46). The in vivo
incorporation of ADP-ribose onto transfected NFATc4 and endogenous
PARP-1 was examined by immunoprecipitation and subsequent autoradiogra-
phy. The in vitro ADP-ribosylation on recombinant NFATc2 DBD (13 to 130
ng/reaction mixture) was performed by using purified PARP-1 (2 ng/reaction
mixture; Sigma) and NAD™* (0.1 pM to 500 uM) as described previously (30).
PARP inhibitor PJ-34 (5 uM; Calbiochem) or 3-aminobenzamide (3 mM; Fisher
Scientific) was preincubated with PARP-1 as indicated in the figures. The ADP-
ribosylation of NFATc2 DBD and PARP-1 was examined by immunoblotting
analysis and enhanced chemiluminescence. The in vitro ADP-ribosylation using
[*’PINAD™ was visualized by autoradiography.

IL-2 determination. The amount of secreted IL-2 protein was determined by
enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s

protocol (Raybiotech). Quantitative PCR amplification was performed to assess
the expression of IL-2 transcript (the primers for IL-2 were 5'-ATGTACAGG
ATGCAACTCCTG-3" and 5'-CAAGTTAGTGTTGAGATGATGC-3' and
those for GAPDH were 5'-ACCTGACCTGCCGTCTAGAA-3' and 5'-TCCA
CCACCCTGTTGCTGTA-3").

Statistical analysis. Experiments were conducted at least three times, and all
values are reported as the means * standard errors of the means. Statistical
analyses were performed by using the Student ¢ test, and statistical significance
was determined at values of P <0.05.

RESULTS

Identification of PARP-1 as an NFAT-interacting protein.
To identify novel coregulators of NFAT, we performed DNA
affinity isolation using biotinylated NFAT binding elements to
avidly pull down activated endogenous NFAT and its associ-
ated proteins (Fig. 1A). Protein staining indicated that several
specific NFAT-interacting proteins were present in NFAT-
DNA precipitates. Competition with nonbiotinylated NFAT
binding oligonucleotides reduced the binding of these proteins.
Mass spectrometry analysis identified the 115-kDa NFAT-in-
teracting protein as PARP-1 (Fig. 1B). The wide spread of
PARP-1 peptide fragments and the presence of conjoining
peptides indicated the likelihood of PARP-1 in the DNA pre-
cipitates. Subsequent immunoblotting analysis validated the
presence of PARP-1 in the DNA precipitates; PARP-1 was
sensitive to competition with nonbiotinylated NFAT binding



2862 OLABISI ET AL. MoL. CELL. BIOL.

Parp-1++Parp-17-

C

lon+PMA = 4 - 4 PARP-1 + + PARP-1 4+ +
IP: PARP-1| o <—NFATc4 NFATe1 - 4+ NFATc2 -+
IB: NFATc4 IP: NFATC1 i IP: NFATc2
4 IB: PARP-1 < PARPA B: PARP-1 <+— PARP-1
q‘ NFATC4 S| +— PARP © <—PARP-1
o — <+ [ Lysate Lysat
[O) 4 sate
| - —  <— NFATct ¥ - <« NFATC2
| —— <—PARP-1
PARP-1  + + PARP-1 + +
NFATc3 -  + NFATC4 - 4+
IP: NFATc3 - g IP: NFATc4 | 5=
B IB: PARP-1 | — =—FARP-1 IB:PARP-1 | === <— PARP-1
CD3+CD28 = + " aw o+ PARP-1 . W & <« PARP-1
Lysate
IP: PARP-1 “— <— NFATC3 - <«— NFATc4
IB: NFATc2 | <+ NFATc2
- qtNFATCZ E PARP-1 4+ 4 G
Lysate NFATc4 _ &
DBD
W@ W <—PARP-1 IP: NE/;‘BCA | —— —_ Auio
1B: PARP-1 binding modification Catalytic
D S <« PARP-1 domain domain domain
Lysate — Met NLS 537 1014
E Ee| +— NFATo PARP-1 LEC B — a
PARE- DBD ZF1 ZF2 BRCT
Met 308 365 450 581 853 902 NFATC4
NFATc4 72 | S— ] F a 8
SRR AB C REL 2 8 - -
Lysate Co-immunoprecipitation 3 5 S % ) %
o Qo T oy Ty
NN O W ® N M- O W ®© '::'E - - - -
83 8L 88 S8 B YS L ° PARP- - e BREP
- e ' - z
- > IP: PARP-1
3 > : - NFATc4 DBD
> ) - - - 3 " - - —
2 .. :|g IB: NEAT - e < gG Pf‘RF” +— 196
s - IgG 587
= - - B Lysate  IP: NFATc4
= ‘.= p— <«— NFATc4 DBD IB: PARP-1
- &
1B: NFATc4 IP: PARP-1 L NFATCA1-365
IB: NFATc4 ysate
W\ W <— PARP-1

FIG. 2. PARP-1 binds to the REL DBD of NFAT. (A) Parp-1""" and Parp-1~'~ MEFs were treated (+) or not treated (—) with ionomycin
and the phorbol ester PMA (Ion + PMA) for 30 min. Nuclear extracts were prepared and immunoprecipitated (IP) with PARP-1 antibody. The
presence of NFATc4 in the PARP-1 precipitates was analyzed by immunoblotting analysis (IB). (B) In vitro-differentiated Th1 cells were
stimulated or not stimulated with anti-mouse CD3 and anti-mouse CD28 for 2 h. Extracts were prepared and immunoprecipitated (IP) with
PARP-1 antibody. The presence of NFATc2 in the PARP-1 precipitates was analyzed by immunoblotting analysis (IB). (C) Cell extracts prepared
from COS cells transiently transfected with PARP-1 and/or NFAT (NFATc1, NFATc2, NFATc3, or NFATc4) were immunoprecipitated (IP) with
NFAT antibody. The presence of PARP-1 in the NFAT precipitates was analyzed by immunoblotting analysis (IB). (D) Deletion analysis revealed
that PARP-1 binds to the NFATc4 REL DBD. COS cells were transiently transfected with PARP-1 and/or various NFATc4 proteins (residues 1
to 902, 1 to 853, 1 to 581, 1 to 450, 1 to 365, and 1 to 308). Interaction between PARP-1 and NFATc4 proteins was examined by immunopre-
cipitation (IP) with PARP-1 antibody and analyzed by immunoblotting analysis (IB). SRR, Ser-rich region. (E, F) Cell extracts prepared from COS
cells transiently transfected with PARP-1 and/or NFATc4 DBD (NFATc4 344-749) were immunoprecipitated (IP) with NFAT antibody (panel
E). The presence of PARP-1 in NFAT precipitates was analyzed by immunoblotting analysis (IB). Reversed immunoprecipitation to detect
NFATc4 DBD in PARP-1 precipitates was also performed (panel F). (G) Deletion analysis revealed that the COOH-terminal catalytic domain
of PARP-1 is required to bind to NFATc4. COS cells were transiently transfected with NFATc4 and PARP-1 (1-1014) or ACOOH-PARP-1
(PARP-1 1-537). Interaction between PARP-1 and NFATc4 proteins was examined by immunoprecipitation (IP) with NFATc4 antibody and
analyzed by immunoblotting analysis (IB). NLS, nuclear localization signal; +, present; —, absent; IgG, immunoglobulin G.

oligonucleotides (Fig. 1C). These data demonstrate that
PARP-1 was present in the NFAT-DNA precipitates.
PARP-1 binds to the REL DBD of NFAT. Given that
PARP-1 can bind nonspecifically to DNA, we investigated
whether protein-protein interaction was involved in order to
ascertain PARP-1-NFAT association. We performed coimmu-
noprecipitation assays and demonstrated the presence of en-
dogenous NFATc4 in the PARP-1 precipitates (Fig. 2A). No-
tably, NFATc4-PARP-1 interaction was potentiated by NFAT
activation using the calcium ionophore ionomycin and the
phorbol ester phorbol myristate acetate (PMA), which elicits
NFAT nuclear translocation. Interaction between NFATc2

and PARP-1 upon T-cell activation was also observed (Fig.
2B), suggesting that PARP-1 interacts with the conserved
NFAT domain. Indeed, the interaction between PARP-1 and
NFAT (NFATcl, NFATc2, NFATc3, and NFATc4) was fur-
ther confirmed by coexpression and subsequent coimmunopre-
cipitation to demonstrate the presence of PARP-1 in NFAT
precipitates (Fig. 2C). We also mapped the PARP-1 binding
domain on NFAT by reversed coimmunoprecipitation to de-
tect NFAT in PARP-1 precipitates (Fig. 2D). Deletion analysis
revealed that PARP-1 interacted with the REL DBD of
NFATCc4. The interaction between PARP-1 and the NFATc4
DBD was further confirmed by coexpression and subsequent
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coimmunoprecipitation (Fig. 2E and F). On the other hand,
the COOH-terminal catalytic domain of PARP-1 was required
for NFATc4 interaction (Fig. 2G). Together, these data dem-
onstrate that the COOH-terminal catalytic domain of PARP-1
binds to the REL DBD of NFAT.

PARP-1 ADP-ribosylates NFAT DBD. Next, we asked
whether the binding of PARP-1 to the DBD promoted the
ADP-ribosylation of NFAT. To test this hypothesis, we per-
formed in vivo-labeling analysis in the presence of [*?P][NAD*.
The results of the in vivo-labeling studies demonstrated the
incorporation of [**P]JADP-ribose onto NFATc4 and PARP-1.
Notably, ADP-ribosylated NFATc4 was found only in the pres-
ence of ionomycin and the phorbol ester PMA (Fig. 3A),
indicating that the ADP-ribosylation of NFATc4 is activation
dependent. PARP inhibitor PJ-34, however, reduced the ADP-
ribosylation of NFATc4 and PARP-1.

To demonstrate direct ADP-ribosylation of NFAT by
PARP-1, we performed in vitro ADP-ribosylation assays using
recombinant NFATc2 DBD and purified PARP-1 proteins.
The results of the ADP-ribosylation assays demonstrated a
dose-dependent increase in the incorporation of ADP-ribose
into the NFATc2 DBD (Fig. 3B). A similar extent of auto-
ADP-ribosylation of PARP-1 was used as a control. ADP-
ribosylation on the NFATc2 DBD and PARP-1, however, was
sensitive to the PARP inhibitor PJ-34 or the absence of NAD ™.
Notably, the extent of ADP-ribosylation was higher in PARP-1
than in the NFATc2 DBD, a result which was in agreement
with the high intrinsic autoribosylation of PARP-1 (32). To-
gether, these data demonstrate that PARP-1 catalyzes the
transfer of ADP-ribose onto NFAT and itself using NAD™" as
a substrate.

Conserved Glu residue on NFAT DBD is ADP-ribosylated
by PARP-1. Few reports have identified target sites of PARP-1
acceptor proteins (18). We next mapped the ADP-ribosylation
site on the NFAT DBD by using mass spectrometry (Fig. 4A).
Unlike phosphorylation, ADP-ribosylation modifies target
proteins to various masses due to the assorted chain lengths of
the poly-ADP-ribose. Although similar to ubiquitination,
which modifies target proteins to various extents, the moieties
of ADP-ribosylation, ADP-ribose, are indigestible by trypsin,
and the large carbohydrate chain can impede the detection of
the modified peptide in the mass spectrometer. Hence, we
determined the amounts of loss of specific NFAT peptides
upon ADP-ribosylation. In comparison to its intensity in the
mass spectrum obtained from the NFATc2 DBD, the intensity
of peptide 3636.6 was reduced in the presence of PARP-1.
Peptide 3636.6 completely disappeared upon the activation of
PARP-1 using single-stranded DNA. The subsequent sequenc-
ing of peptide 3636.6 identified Glu**® of NFATc2 as a possible
ADP-ribosylation target. Based on previous structural analysis
(7), Glu*®® is located away from the DNA contact and is ex-
posed, providing accessibility for ADP-ribosylation. Notably,
the Glu corresponding to Glu*®® of NFATc2 is conserved in
other NFAT members (Glu**” of NFATc1, Glu**? of NFATc3,
and Glu*'® of NFATc4) (Fig. 4A).

To ascertain the ADP-ribosylation site on NFAT, we per-
formed site-directed mutagenesis to replace the conserved Glu
with Ala. Since the recombinant E408 A NFATc2 DBD was not
soluble, we expressed wild-type and Ala*'® NFATc4 DBD in
COS cells, immunoprecipitated them, and tested to determine
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and the results are presented in the bottom panel. +, present; —, absent.
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whether ADP-ribosylation was affected by using recombinant
PARP-1 (Fig. 4B). The results of in vitro ADP-ribosylation
assays demonstrated reduced ADP-ribosylation upon Ala re-
placement of Glu**® of NFATc4. Ala*'® NFATc4 remained
ADP-ribosylated at high concentrations of NAD™, suggesting
the presence of additional target sites. Together, these data
demonstrate that PARP-1 ribosylates Glu*'® of NFATc4.

PARP-1 regulates NFAT DNA binding. Given that the in-
teraction between PARP-1 and NFAT requires the DBD (Fig.
2D and E), ADP-ribosylation at the REL DBD might modu-
late NFAT DNA binding. We performed gel mobility shift
assays to test this hypothesis. The formation of the NFAT-
DNA complex was evident upon stimulation with ionomycin or
ionomycin plus PMA using nuclear extract isolated from Parp-
17" T cells (Fig. 5A). The formation of the NFAT-DNA
complex, however, was reduced in the absence of PARP-1
using nuclear extract isolated from Parp-1~'~ T cells. The
DNA binding of AP-1 and NF-kB was similar, indicating
the specific effect on NFAT in activated Parp-1~'~ T cells. The
results of gel mobility shift assays also demonstrated reduced
NFAT DNA binding in Parp-1~'~ MEFs (Fig. 5B). A similar
amount of nuclear NFATc4 was detected in Parp-1~'~ and
Parp-1*'* MEFs, however, indicating that the subcellular dis-
tribution of NFATc4 was not affected by the ablation of
PARP-1.

We further confirmed the role of ADP-ribosylation on
NFAT DNA binding, but not subcellular distribution, by using
PARP inhibitor PJ-34 (Fig. 5C). Jurkat T cells were pretreated
or not with PJ-34 and challenged with and without ionomycin
and PMA, and the cytoplasmic and nuclear fractions were
prepared for immunoblotting and gel mobility shift assays. The
results of the immunoblotting analysis indicate that the cal-
cineurin-dependent nuclear translocation of NFATc2 was not
affected by PARP inhibition (Fig. 5C). In the presence and
absence of PJ-34, similar amounts of NFATc2 were found in
the cytosolic fraction at resting state and in the nuclear extracts
upon activation (Fig. 5C). The formation of the NFAT-DNA
complex, however, was reduced upon PARP inhibition (Fig.
5C). The results for the control indicated that the inhibition of
calcineurin function by using CsA blocked NFATc2 nuclear
translocation and, thus, abolished the formation of the NFAT-
DNA complex. These data demonstrate that the inhibition of
PARP activity with PJ-34 reduced the DNA binding, but not
the subcellular distribution, of NFAT.

ADP-ribosylation regulates NFAT DNA binding. Next, we
asked whether the ADP-ribosylation mediated by PARP-1 af-
fects the NFAT DNA binding (Fig. 6A). Recombinant
NFATc2 DBD was incubated with **P-labeled NFAT DNA
binding element in the presence and absence of purified
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PARP-1 and/or NAD™. The results of gel mobility shift assays
indicate that purified PARP-1 did not form a complex with the
NFAT DNA binding element. The presence of PARP-1 pro-
tein, however, increased NFAT DNA binding. Notably, incu-
bation with NAD™ further increased the formation of NFAT-
DNA complexes. Treatment with PJ-34, however, abolished
the effect of PARP-1. In addition, wild-type and Ala*'®
NFATc4 DBD were expressed in COS cells and tested to
determine whether ADP-ribosylation affected DNA binding.
The results of gel mobility shift assays indicated that Ala re-
placement of Glu*'® reduced NFATc4 DNA binding (Fig. 6B),
supporting the idea that ADP-ribosylation potentiates NFAT
DNA binding. Together, these data demonstrate that ADP-
ribosylation promotes NFAT-DNA interaction.

PARP-1 contributes to NFAT-dependent gene transcription.
The results of previous studies establish that NFAT is the
master regulator of IL-2 gene transcription (24, 42). Targeted
disruption of NFAT or the administration of CsA to inhibit
NFAT activation reduces IL-2 expression (8, 14, 24, 29, 34, 38,
42). Therefore, NFAT is required for IL-2 gene transcription.
We next asked whether PARP-1 is associated with the IL-2
transcription loci. We addressed this question by performing
chromatin immunoprecipitation assays using NFATc2 and
PARP-1 antibodies (Fig. 7A). The results of quantitative PCR
amplification revealed activation-dependent recruitment of
NFATCc2 to the IL-2 transcription loci. Similarly, PARP-1 was
recruited to the same IL-2 transcription loci upon activation.
These data demonstrate that PARP-1 and NFATc2 are re-
cruited to the IL-2 transcription loci upon T-cell activation.

Given that PARP-1, which accounts for the majority of
ADP-ribosylation in vivo (43), is recruited to the IL-2 gene loci
(Fig. 7A) and that ADP-ribosylation increased NFAT DNA
binding (Fig. 5), we asked whether naive CD4 ™ T cells isolated
from Parp-1~'~ mice exhibited defects in IL-2 expression. The
results of ELISA assays indicated that T-cell activation elicited
by anti-mouse CD3 and anti-mouse CD28 increased IL-2 pro-
duction in Parp-1"'" naive CD4" T cells in a dose-dependent
manner (Fig. 7B). The production of IL-2, however, was re-
duced in Parp-1~'" naive CD4™" T cells. Reduced IL-2 produc-
tion was also found in splenocytes freshly isolated from Parp-
17/~ mice (data not shown). In addition to IL-2, NFAT
regulates other cytokines in T cells, including IL.-4 and gamma
interferon (IFN-v). Similar to that of IL-2, IL-4 and IFN-y
expression levels are reduced in NFAT-null mice or upon CsA
treatment (5, 20, 38, 39, 44). Indeed, the induction of IL-4
mRNA was reduced in Parp-1~'~ naive CD4" T cells (Fig.
7C). The extent of T-cell proliferation in Parp-1"'" and Parp-
17/~ naive CD4™ T cells, however, was similar after stimula-
tion (Fig. 7D), indicating that the difference in IL-2 and IL-4

mass spectrometry analysis. The effect of PARP-1 activator single-stranded DNA (ssDNA) was also determined. Target peptide 3636.6 was
sequenced by tandem mass spectrometry to confirm its identity. The conserved Glu residues of NFAT members are highlighted in black in the
sequence alignment above, with their positions given at the right. “R” enclosed in a pentagon above the sequences indicates ADP-ribosylation.
Gray highlighting indicates similar amino acid sequences on the DBDs of different NFAT members. (B) Wild-type or Ala*'® NFATc4 DBD
expressed in COS cells was immunoprecipitated and incubated with increasing amounts of NAD™ in the presence of purified PARP-1. After
incubation, NFAT DBD and PARP-1 were analyzed by immunoblotting analysis. The extent of ADP-ribosylation was revealed by the reduction
in electrophoretic mobility of NFAT DBD and PARP-1 (top panel, indicated by asterisks). PARP-1 inhibitor PJ-34 was used to demonstrate
specificity. The extent of [**P]JADP-ribose incorporation in NFATc4 DBD and PARP-1 was determined by using a PhosphorImager, and the results
are presented in the bottom panel. +, present; ++, higher concentration present; —, absent.
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FIG. 5. PARP-1 regulates NFAT DNA binding. (A) Parp-1""" and Parp-1~/~ Thl cells were treated or not treated with ionomycin (Ion) or
ionomycin and PMA (Ion + PMA), and prepared nuclear extracts were incubated with **P-labeled oligonucleotides containing binding sites for
NFAT, AP-1, or NF-kB. Gel mobility shift assays were performed to determine the formation of protein-DNA complexes. (B) Nuclear extracts
prepared from Parp-1""" and Parp-1~/~ MEFs were incubated with **P-labeled NFAT. Gel mobility shift assays demonstrated reduced formation
of NFAT-DNA complex in Parp-1~/~ extracts. Immunoblotting analysis indicated similar amounts of NFAT proteins in the nuclear extracts. The
expression level of nuclear protein fibrillin was used as loading control. The amounts of NFAT-DNA complexes were quantified by using a
PhosphorImager. (C) Jurkat T cells were treated or not treated with PARP inhibitor PJ-34 for 2 h before stimulation with ionomycin and phorbol
ester PMA (Ion + PMA) for 30 min. Gel mobility shift assays demonstrated reduced formation of NFAT-DNA complexes in PJ-34-treated nuclear
extracts. Immunoblot analysis indicated similar amounts of NFAT in cytoplasmic or nuclear fraction in cells treated or not treated with PJ-34. CsA
was used as control to block nuclear translocation of NFAT and, hence, formation of NFAT-DNA complex. The amounts of NFAT-DNA
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FIG. 6. ADP-ribosylation regulates NFAT DNA binding. (A) Re-
combinant NFATc2 DBD was incubated with **P-labeled NFAT DNA
binding element in the presence and absence of purified PARP-1 proteins
for gel mobility shift assays. Effect of NAD™* and PJ-34 on the formation
of NFAT-DNA complex was also examined. The amounts of NFAT-
DNA complexes were quantified by using a PhosphorImager. (B) Wild-
type or Ala*'® NFATc4 DBD expressed in COS cells was incubated with
various amounts of **P-labeled NFAT DNA binding element (100, 150,
and 200 fmol) for gel mobility shift assays. Similar amounts of wild-type or
Ala*'® NFATc4 DBD in gel shift assays were also shown. +, present; —,
absent.

production was intrinsic and was not due to changes in T-cell
numbers in Parp-1"'" and Parp-1~'~ mice. These data indicate
that PARP-1 contributes to NFAT-dependent gene transcrip-
tion.
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Next, we extended the role of PARP-1 in NFAT-dependent
gene transcription in immune cells by using in vitro-differen-
tiated Th1 cells. The results of cell-sorting analysis indicated
that the expression of Thl cell markers was similar in Parp-
1%/ and Parp-1~"~ Thl cells (Fig. 7E). The expression of IL-2,
however, was reduced in Parp-1~'~ Thl cells (Fig. 7F). The
expression of the Thl cytokine IFN-y was also reduced in
Parp-1~'" Thl cells (Fig. 7G). These data support the idea that
PARP-1 contributes to NFAT-dependent gene transcription.

In addition to the genetic approach in determining IL-2 gene
expression in Parp-1""" and Parp-1~'~ cells, we further ascer-
tained the role of ADP-ribosylation in IL-2 gene expression by
using PARP inhibitors (Fig. 7H). The results of quantitative
PCR analysis reveal that the expression of IL-2 mRNA in
Jurkat T cells was increased upon stimulation with ionomycin
and PMA. The administration of PARP inhibitor PJ-34 or
3-aminobenzamide reduced IL-2 gene expression. The results
for the control indicated that the administration of CsA
blocked IL-2 expression. These data confirm that PARP-1 pos-
itively regulates IL-2 gene expression.

DISCUSSION

In this report, we have demonstrated that PARP-1 binds to
and ADP-ribosylates NFAT in an activation-dependent man-
ner. The results of genetic-ablation and pharmacological-inhi-
bition approaches demonstrate that ADP-ribosylation regu-
lates NFAT DNA binding and IL-2 gene expression. Hence, in
addition to phosphorylation, ADP-ribosylation provides an-
other layer of regulation of NFAT-dependent gene transcrip-
tion. Notably, similar to phosphorylation, ADP-ribosylation is
reversible, and the hydrolysis of ADP-ribose is mediated by
PARG (4). Interestingly, cytoplasmic PARG accounts for most
of the cellular PARG activity (18). Given the compartmental-
ization of the molecules involved in NFAT phosphorylation
and ADP-ribosylation, it is tempting to speculate that in the
cytosol, calcineurin mediates dephosphorylation and promotes
NFAT nuclear accumulation, where nuclear NFAT is ADP-
ribosylated by PARP-1 to increase avidity toward DNA (Fig.
8). Upon transcription termination, ADP-ribosylated NFAT is
phosphorylated by nuclear NFAT kinases and returns to the
cytosol, where PARG promotes the hydrolysis of ADP-ribose.
One question remaining is whether dephosphorylation is a
prerequisite of subsequent ADP-ribosylation of NFAT, espe-
cially since calcium and extracellular signal-regulated kinase
also contribute to PARP-1 activation (10, 22). Conversely,
whether phosphorylation is necessary in order to recruit
PARG to hydrolyze the ADP-ribose on NFAT remains elusive.
This causal relationship is intriguing and may provide fine-
tuning of NFAT-mediated gene transcription.

Optimal NFAT-mediated gene transcription requires the
integration of two signaling pathways—activation of the cal-
cium/calcineurin phosphatase and Ras/Raf/mitogen-activated
protein kinase (MAPK) signaling. In addition to DNA dam-
age, calcium and Ras/Raf/MAPK signaling have recently been
shown to activate PARP-1. The calcium induction of PARP-1
is mediated by calmodulin-dependent protein kinase II, which
phosphorylates PARP-1 (25). The extracellular signal-regu-
lated kinase group of the MAPK family also phosphorylates
PARP-1 (10). Given the activation-dependent recruitment of
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FIG. 8. Schematic illustration of PARP-1 in NFAT signaling pathway. At resting state, basal phosphorylation is required to maintain cytosolic
localization of NFAT. Upon an increase in intracellular calcium, activated calcineurin dephosphorylates NFAT to promote nuclear translocation.
Once in the nucleus, NFAT interacts with NFAT partners to mediate gene transcription. Here, we demonstrate that PARP-1 acts as coregulator
of NFAT. Interaction with PARP-1 promotes ADP-ribosylation of NFAT, which increases avidity of NFAT DNA binding, to regulate gene
transcription. Transcription termination requires rephosphorylation of NFAT, which is mediated by multiple protein kinases. Similar to phos-
phorylation, ADP-ribosylation is reversible, and hydrolysis of ADP-ribose is mediated by PARG. Given that cytoplasmic PARG accounts for most
of the cellular PARG activity, it is tempting to speculate that compartmentalization of the molecules involved in NFAT phosphorylation (protein
kinases and calcineurin phosphatase) and ADP-ribosylation (PARP-1 and PARG) provides fine-tuning of NFAT-mediated gene transcription.
SRR, Ser-rich region; boxes A, B, and C, Ser-Pro motifs; 14-3-3, phospho-Ser binding protein; PxIXIT, calcineurin docking site.

PARP-1 to NFAT transcription loci, it is tempting to speculate
that the integration of calcium and Ras/Raf/MAPK coordi-
nates the recruitment of PARP-1 in NFAT-mediated gene
transcription.

We have demonstrated that PARP-1 ADP-ribosylates con-
served Glu residues on NFAT (Glu**” of NFATc1, Glu*® of
NFATCc2, Glu**? of NFATCc3, and Glu*'® of NFATc4). Based
on previous structural analysis (7), the Glu residue is exposed
and lies in the NH,-terminal half of the NFAT DBD. Inter-
estingly, there is a large surface at the NH,-terminal half of the
NFAT DBD to make contact with an NFAT partner, such as

Fos-Jun. Given that the NFAT partner forms a ternary com-
plex with NFAT, ADP-ribosylation of NFAT at this interface
may provide additional charge-charge interaction and/or hy-
drophobic stacking to stabilize the DNA binding. Alterna-
tively, the ADP-ribose may ensure DNA binding by stabilizing
the conformation of dephosphorylated NFAT, which is likely
reconfigured to expose the nuclear localization sequence for
nuclear import. Nonetheless, extended incorporation and
branching of the ADP-ribose polymers may interfere with the
ternary complex formation and disrupt the cooperation be-
tween NFAT and NFAT partners. Indeed, we found that the

FIG. 7. PARP-1 contributes to NFAT-dependent gene transcription. (A) Recruitment of PARP-1 to IL-2 transcription loci upon T-cell
activation. Chromatin immunoprecipitation was performed with Jurkat T cells to demonstrate binding of NFATc2 and PARP-1 in the IL-2
transcription loci upon stimulation with ionomycin and PMA (Ion + PMA). Immunoprecipitation with isotype-matched immunoglobulin G (IgG)
was used as control. (B to D) Naive CD4" T cells isolated from Parp-1"/* and Parp-1~/~ mice were stimulated or not with anti-mouse CD3 and
anti-mouse CD28 (0.12 to 0.5 wg/ml) for 12 h. The amounts of IL-2 secreted were determined by ELISA and are presented in panel B. Quantitative
PCR was performed to determine the level of expression of IL-4 in naive T cells upon stimulation. The expression of IL-4 was normalized to that
of GAPDH, and the level of induction is presented in panel C. The extent of T-cell proliferation before (Resting) and after stimulation is indicated
in panel D. BrdU, bromodeoxyuridine. (E to G) In vitro-differentiated Th1 cells isolated from Parp-1*'* and Parp-1~/~ mice were stained with
antibodies against CD25, CD44, and CD62L and analyzed by fluorescence-activated cell sorting (E). FITC, fluorescein isothiocyanate. Parp-1*/"
and Parp-1~"~ Thl cells were stimulated or not stimulated for IL-2 (F) and IFN-y (G) production with anti-mouse CD3 and anti-mouse CD28 for
24 h, and production levels were determined by ELISA. (H) Jurkat T cells were stimulated with ionomycin and PMA (Ion + PMA) in the presence
or absence of PARP-1 inhibitors (PJ-34 or 3-aminobenzamide [3AB]) for 1 h before isolation of total RNA for cDNA synthesis. Quantitative PCR
was performed to determine the expression of IL-2 transcripts. The level of expression of GAPDH was used as control. The effect of CsA on IL-2
expression is also shown.
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exogenous expression of PARP-1 inhibits transient NFAT re-
porter gene transcription and DNA binding (data not shown).
Hence, understanding the physiological relevancy of PARP-1
will require investigation of the endogenous expression of spe-
cific gene targets by using PARP-1 inhibitors or Parp-1"'" and
Parp-1~'" mice.

The NFAT group of transcription factors was first identified
as a critical component in cytokine gene expression upon T-cell
activation (11, 21). In additional to the established role of
NFAT in cytokine gene regulation in immune cells (33-37, 41,
47), targeted disruption of the calcineurin-regulated NFAT
members has further illuminated the role of NFAT in multiple
biological processes, including cardiac morphogenesis (6, 13,
31) and neural pathfinding (17). Recently, we have extended
the role of NFAT in adipokine gene transcription in adipo-
cytes. Similarly, PARP-1 contributes to multiple aspects of
pathophysiological regulation, including inflammatory disease,
ischemia-reperfusion injury, diabetes pathogenesis, arthritis,
myocardial injury, etc. (18, 40, 45). Given their diverse roles in
multiple tissues, future studies using NFAT- and PARP-null
mice to investigate the transcription cooperation between
NFAT and PARP-1 are warranted.

In conclusion, we have demonstrated that the ADP-ribo-
sylation mediated by PARP-1 provides a molecular switch to
positively regulate NFAT-dependent cytokine gene transcrip-
tion. The integration of ADP-ribosylation (PARP versus
PARG) and phosphorylation (NFAT kinases versus cal-
cineurin) would affect the duration of nuclear localization,
avidity of DNA binding, and/or recruitment of other transcrip-
tion cofactors in NFAT-dependent gene transcription. Such a
combinatorial effect may implement a dosage-dependent reg-
ulation on the expression of distinct NFAT targets in response
to different extracellular stimuli (2, 50).
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