
MOLECULAR AND CELLULAR BIOLOGY, July 2011, p. 2889–2901 Vol. 31, No. 14
0270-7306/11/$12.00 doi:10.1128/MCB.00974-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Interferon Regulatory Factor 2 Binding Protein 2 Is a New NFAT1
Partner and Represses Its Transcriptional Activity�
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The nuclear factor of activated T cells (NFAT) family of transcription factors is expressed in a wide range
of cell types and regulates genes involved in cell cycle, differentiation, and apoptosis. NFAT proteins share two
well-conserved regions, the regulatory domain and the DNA binding domain. The N- and C-terminal ends are
transactivation sites and show less sequence similarity, whereas their molecular functions remain poorly
understood. Here, we identified a transcriptional repressor, interferon regulatory factor 2 binding protein 2
(IRF-2BP2), which specifically interacts with the C-terminal domain of NFAT1 among the NFAT family
members. IRF-2BP2 was described as a corepressor by inhibiting both enhancer-activated and basal tran-
scription. Gene reporter assays demonstrated that IRF-2BP2 represses the NFAT1-dependent transactivation
of NFAT-responsive promoters. The ectopic expression of IRF-2BP2 in CD4 T cells resulted in decreased
interleukin-2 (IL-2) and IL-4 production, supporting a repressive function of IRF-2BP2 for NFAT target genes.
Furthermore, NFAT1 and IRF-2BP2 colocalized in the nucleus in activated cells, and the mutation of a newly
identified nuclear localization signal in the IRF-2BP2 rendered it cytoplasmic, abolishing its repressive effect
on NFAT1 activity. Collectively, our data demonstrate that IRF-2BP2 is a negative regulator of the NFAT1
transcription factor and suggest that NFAT1 repression occurs at the transcriptional level.

The regulation of eukaryotic gene expression is a coordi-
nated action of basal transcriptional machinery, chromatin re-
modeling factors, and transcriptional factors that bind specific
elements in promoters and enhancers; these components form
a complex network of protein-protein interactions for the
proper regulation of mRNA transcription (37). Nuclear factor
of activated T cells (NFAT) transcriptional factor, first identi-
fied as an inducible nuclear factor that binds the interleukin-2
(IL-2) promoter in activated T cells (57), plays an important
role in the control of gene expression in a wide range of cell
types and tissues (42, 65). The NFAT family consists of four
members that are regulated by calcium and the calcineurin
signaling pathway, known as NFAT1 (also called NFATp or
NFATc2), NFAT2 (NFATc or NFATc1), NFAT3 (NFATc4),
and NFAT4 (NFATx or NFATc3) (42, 52). A fifth member,
NFAT5 (TonEBP or OREBP), is regulated by hyperosmotic
stress (40, 45).

All NFAT members share a highly conserved DNA binding
domain (DBD) that is structurally related to the DBD of the
Rel family of transcriptional factors and confers a common
DNA-binding specificity to all NFAT proteins (52). The
calcium-regulated members, NFAT1 to NFAT4, have a second
conserved domain, the NFAT homology region (NHR). This
region contains several serines that are phosphorylated when
these proteins are in their inactive cytoplasmic forms, and it
also contains the docking site for calcineurin and NFAT ki-

nases (42, 52). The high degree of amino acid sequence con-
servation of the DBD and NHR among the different NFAT
family members may result in some functional redundancies,
which may be deduced from the observed phenotypes in mice
lacking individual NFAT proteins (24, 71, 76). Generally, a
more severe functional impairment is observed when more
than one NFAT protein is absent (54). However, some diver-
gent phenotypes in individual NFAT-deficient mice can be
noted. NFAT1�/� mice develop normally but show a lympho-
cyte hyperproliferative phenotype, which leads to splenomeg-
aly and a T-cell response that is biased toward a Th2 pheno-
type, with enhanced IL-4 expression upon T-cell receptor
activation (24). These mice also develop the neoplastic trans-
formation of cartilage cells (50). On the other hand, NFAT2
deficiency in mice is lethal as a result of defects in cardiac valve
formation (13); nevertheless, in the RAG-deficient comple-
mentation system, NFAT2�/� T cells show reduced prolifera-
tion and impaired Th2 response (51). Furthermore, in a recent
report, Robbs et al. demonstrated distinct roles for NFAT1
and NFAT2 in cell transformation using NIH 3T3 cells, reveal-
ing that NFAT1 acts as a tumor suppressor and NFAT2 as an
oncogene (55). Taken together, these data suggest that al-
though there is some redundancy in NFAT-related functions,
individual NFAT proteins play specific and distinct roles in cell
physiology.

An increase in intracellular calcium levels activates the cal-
cium/calmodulin-dependent phosphatase calcineurin, which
dephosphorylates the serines in the NHR. This action allows
the exposure of a nuclear localization signal to promote the
translocation of NFAT into the nucleus. Once in the nucleus,
NFAT proteins can bind to their target genes, activating or
repressing transcription, either alone or in cooperation with
other nuclear partners (42, 65). NFAT proteins have an im-
portant role regulating the expression of the cytokines IL-2,
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IL-4, IL-5, IL-13, tumor necrosis factor alpha (TNF-�), and
gamma interferon (IFN-�) (52, 65). Moreover, the NFAT fam-
ily of transcription factors has a wide role in normal cell phys-
iology, regulating genes related to cell cycle progression (1, 8,
28), cell differentiation (30, 60), angiogenesis (22, 73), and
apoptosis (27, 77).

Activator protein 1 (AP-1) family members are the main
NFAT partners during T-cell activation. Fos and Jun dimers
form complexes with NFAT and DNA on NFAT-AP-1 com-
posite sites that are present in many genes induced during
T-cell activation (25, 32, 42). In addition, NFAT proteins in-
teract with other transcriptional factors, such as Maf, ICER,
p21SNFT, GATA, EGR (4, 5, 23), the nuclear receptor perox-
isome proliferator-activated receptor � (72), the helix-turn-
helix proteins Oct and IRF-4 (3, 53), FOXP3 (70), and
MEF-2D (77). Most of these partners interact with the more
conserved regions of NFAT, except for MEF-2D, which binds
to the NFAT1 C-terminal domain (77).

The amino- and carboxyl-terminal ends of the NFAT1 to
NFAT4 proteins exhibit less sequence conservation and are
potent transactivation domains (TAD) (41). The reduced se-
quence conservation observed in these regions may be biolog-
ically relevant, because these TADs may be the sites where
distinct NFAT family members interact with specific partners.
Here, we identified a new NFAT1 partner that interacts with
the less-conserved C terminus of NFAT1, called interferon
regulatory factor 2 binding protein 2 (IRF-2BP2). This protein
binds IRF-2, acting as a corepressor molecule by inhibiting
both enhancer-activated and basal transcription, and presents
an N-terminal zinc finger and a C-terminal RING domain (10).
Recently, it was demonstrated that IRF-2BP2 can influence
the p53-mediated transactivation of p21 and Bax promoters
(35). Thus, we described that IRF-2BP2 specifically interacts
with NFAT1 protein and acts as a repressor of NFAT1-medi-
ated transactivation. To function as a repressor, IRF-2BP2
requires its zinc finger and RING domain, and its effect occurs
in the nucleus. In summary, our data identified IRF-2BP2 as a
new regulator of NFAT1 transcriptional activity, suggesting an
NFAT1-specific mechanism of repression.

MATERIALS AND METHODS

Cell culture. HEK293T cells and primary CD4 T cells were maintained in
Dulbecco’s modified medium supplemented with 10% fetal bovine serum (FBS),
L-glutamine, penicillin-streptomycin, essential and nonessential amino acids, so-
dium pyruvate, vitamins, HEPES, and �-mercaptoethanol (all from Invitrogen)
at 37°C and 5% CO2 in a humidified environment. Jurkat cells were cultured in
RPMI-1640 medium (Gibco) supplemented with 10% FBS, L-glutamine, peni-
cillin-streptomycin, and �-mercaptoethanol under equal conditions.

Plasmid constructions. The NFAT1 C-terminal end (amino acids 727 to 925)
was amplified by PCR and inserted into the EcoRI and BamHI sites of the pTL-1
vector (7) to generate the pTL-CT-NFAT1 vector. The pTL-TAD-C vectors
were constructed by site-directed mutagenesis using the Gene Tailor site-di-
rected mutagenesis system (Invitrogen), performed according to the manufac-
turer’s instructions, or by the PCR amplification of the regions of interest and
inserted into the pTL-1 vector. The pTL-CT-NFAT1 vector was used as the
template, and specific pairs of primers were designed to delete the target regions.
To express the C-terminal end of NFAT1 in Escherichia coli, the corresponding
cDNA fragment was transferred from the pTL-CT-NFAT1 vector using the
enzymes EcoRI and SalI and was inserted into the pProEX-HTa vector (Invit-
rogen) digested with the same enzymes; the result was pProex-CT-NFAT1. The
NFAT1 N-terminal region (amino acids 4 to 405) was amplified by PCR and
cloned in the pET-TEV vector (7) using the SacI and HindIII restriction sites of
this vector, and the resulting plasmid was pProex-NT-NFAT1. The E. coli strain

containing the NFAT1 DBD domain-expressing vector, pNFATpXS(1-297), was
a gift from Anjana Rao (Harvard Medical School, Boston, MA) (31). pLIRES-
EGFP, pLIRES-EGFP-CA-NFAT1, pLIRES-EGFP-NFAT1 (55, 61), pcDNA5-
NFAT1 (8), and pcDNA3-NFAT2 (58) were constructed as described previously.
To generate the pcDNA5-NFAT1�C vector, NFAT1 (amino acids 1 to 698) was
amplified by PCR and inserted into the HindIII and XhoI sites of pcDNA5. To
generate the pcDNA5-NFAT3 vector, NFAT3 was purified from pBlueScript-
NFAT3 (18) with BamHI and NotI and cloned into the same restriction sites of
pcDNA5. To generate pcDNA4-NFAT4, NFAT4 was amplified by PCR from
pBlueScript-NFAT4 (17) and cloned into pcDNA4 vector using EcoRI and XhoI
restriction sites in fusion with a c-myc tag. Luciferase reporter constructs 3�
NFAT-Luc, which contains three copies of the distal NFAT-AP1 site of the IL-2
promoter (21); 6� NF�B, containing six copies of the NF-�B responsive element
(49); �3-Luc, which contains the �3 element of the TNF-� promoter (63); and
the IL-2 and IL-4 proximal promoters (59) were constructed as described pre-
viously and obtained from Addgene (Boston).

The coding sequence of IRF-2BP2B (accession number NM_001077397) was
amplified by PCR, using cDNA molecules obtained from the Raji cell line as a
template; the primers were 5� CATGGAATTCGGCTCCTCGGACATGGCCG
3� and 5�CCTACTCGAGCGAGTCTCTCTC TTTTTTCAC 3�. The amplified
molecule was inserted in the EcoRI and XhoI sites of pcDNA4/TO/Myc-HisA
(Invitrogen) to generate the vector pcDNA4-IRF-2BP2 in fusion with a c-myc
tag. The inserts of pcDNA4-IRF-2BP2�ring (amino acids 1 to 485) and
pcDNA4-IRF-2BP2�zinc (amino acids 302 to 571) were obtained through PCR
amplification, using pcDNA4-IRF-2BP2 as a template and specific primers to
delete the zinc finger and RING domain. The amplified regions were inserted
into the EcoRI and XhoI sites of pcDNA4/TO/Myc-HisA (Invitrogen). The
vector pGAD-IRF-2BP2 was constructed by transferring the EcoRI-XhoI frag-
ment from pcDNA4-IRF-2BP2 to the EcoRI and SalI sites of pGAD424 (Clon-
tech). pGAD-IRF-2BP2�ring was constructed using specific primers to amplify
the region comprising amino acids 1 to 485. This fragment was inserted in the
EcoRI and XhoI sites of the pGAD424 vector. The vectors pACT-IRF-2BP2 and
pACT-IRF-2BP2�zinc contain a partial IRF2-BP2 cDNA sequence (amino acids
302 to 571) isolated from the library used in the two-hybrid screen. The IRF-
2BP2 C-terminal end containing the RING domain was cloned in the pET-GST-
Tev vector (7) through PCR amplification; we used a partial clone isolated in the
yeast two-hybrid screen as a template. The resulting vector, pET-GST-IRF-
2BP2, contains the C-terminal end of IRF-2BP2 (amino acids 439 to 571) fused
to glutathione S-transferase (GST). The pcDNA4-IRF-2BP2MutNLS vector was
constructed by site-directed mutagenesis to mutate a putative nuclear localiza-
tion signal (NLS) in the amino acid positions 339 to 342 using the primers 5�
GCAGTTGCAAGAACAGCAGCGGCAGCGGCGCCCTCTCCAGAACC 3�
and 5� TGCTGTTCTTGCAACTGCAGTCAGGGC 3� and pcDNA4-IRF-2BP2
as a template. To construct the pLIRES-EGFP-IRF2BP2 vector, pcDNA4-IRF-
2BP2 was digested with PmeI and BamHI, and the digested fragment containing
the IRF-2BP2 cDNA was inserted into the BglII and SalI sites (previously
blunted) of pLIRES-EGFP.

Yeast two-hybrid assays. A large-scale screen was performed using the NFAT1
C-terminal end as the bait. For this purpose, the L40 strain (26) containing the
pTL1-CT-NFAT1 vector was transformed with an Epstein-Barr virus (EBV)-
transformed human B cell cDNA library fused to the activation domain of Gal4p
in the pACT vector (Clontech). Positive clones were selected on plates contain-
ing YNB medium supplemented with adenine and 3 mM 3-amino-triazole (3-
AT), followed by �-galactosidase filter assays (2). Plasmid DNA was extracted
from the positive clones, transformed into E. coli XL-1 blue (Stratagene) for
amplification, and subjected to DNA sequencing analysis (48). For further in-
teraction analyses, the L40 strain was cotransformed with pTL-CT-NFAT1/
pACT-IRF-2BP2; pTL-Nip7/pACT-Nop8 was used as a positive control (78),
and the combinations pTL-CT-NFAT1/pGAD424, pTL-Nip7/pACT-IRF-2BP2,
and pTL-Nip7/pGAD424 were used as negative controls. The test and control
strains were grown in YNB medium containing either histidine or 5 and 15 mM
3-AT. Filter assays to test �-galactosidase expression also were performed.

Protein interaction assays. The E. coli BL21(DE3) strain (Stratagene) was
transformed with vectors pET-GST-IRF-2BP2 and pET-GST-TEV (7). To ex-
press the recombinant proteins, the cultures were induced with 0.5 mM isopro-
pyl-�-D-thiogalactopyranoside (IPTG) at an optical density at 600 nm (OD600) of
0.8. E. coli extracts were prepared in phosphate-buffered saline (PBS) containing
0.5 mM phenylmethylsulfonyl fluoride (PMSF) and incubated with glutathione-
Sepharose 4B beads (GE Healthcare) for 1 h at 4°C. Subsequently, the beads
loaded with the proteins were washed with 6 ml of PBS and incubated for an
additional 1 h at 4°C with Jurkat T cell extract (1.5 � 107 cells) or HEK293T cells
extract (5 � 106 cells) transfected with pcDNA5-NFAT1, pCDNA5-NFAT1�C,
pcDNA3-NFAT2, pcDNA5-NFAT3, or pcDNA5-NFAT4, which were prepared
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in buffer containing 50 mM sodium phosphate (pH 7.5), 5% glycerol, 100 mM
NaCl, 0.5 mM PMSF, 1 	g/ml aprotinin, 1 	g/ml leupeptin, 1 	g/ml pepstatin, 30
mM NaPPi, and 50 mM NaF. The beads then were washed with 3 ml of the same
buffer, and the eluted proteins, in buffer containing 10 mM reduced glutathione,
were analyzed by Western blotting. In a second test, the GST or GST–IRF-2BP2
recombinant proteins bound to glutathione-Sepharose 4B resin, as described
above, were incubated for 1 h at 4°C with E. coli extracts in buffer containing 50
mM sodium phosphate (pH 7.5), 5% glycerol, 100 mM NaCl, and 0.5 mM PMSF.
The E. coli extracts were prepared from strains transformed with pProex-NT-
NFAT1, pProex-CT-NFAT1, and pNFATpXS(1-297), expressing NT-NFAT1,
CT-NFAT1, and DBD-NFAT1, respectively. The beads were washed with 4 ml
of PBS, and all proteins were eluted in buffer containing 10 mM reduced gluta-
thione. The inputs and eluted proteins were separated on SDS-PAGE and
analyzed by Western blotting.

Coimmunoprecipitation assay. HEK293T (2 � 107) cells transfected either
with pLIRES-EGFP-CA-NFAT1, pcDNA4-IRF-2BP2, or both were harvested
and incubated with l ml of hypotonic buffer (10 mM Tris, pH 7.5, 10 mM KCl, 0.1
mM EDTA, 1.5 mM MgCl2, 10 mM iodoacetamide) for 30 min on ice. The
nuclear fraction was recovered by centrifugation and resuspended in 1 ml of
hypertonic buffer (20 mM Tris, pH 8.0, 0.4 M NaCl, 0.1 mM EDTA, 1.5 mM
MgCl2, 10 mM iodoacetamide, 25% [vol/vol] glycerol), followed by incubation on
ice for 30 min. After centrifugation, the fractions were incubated with anti-c-myc
antibody (Invitrogen) and protein A-Sepharose at 4°C overnight. Beads then
were washed with 6 ml of wash buffer (20 mM Tris, pH 8.0, 150 mM NaCl, and
0.1% Nonidet P-40) and eluted for Western blot analysis. All buffers contain a
mixture of protease and phosphatase inhibitors as described above.

Western blotting. Total cell lysate proteins from HEK293T, inputs, and eluted
proteins from protein interaction assays were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane. Total protein from 106 cells
(HEK293T) was obtained in cell lysis buffer (40 mM Tris [pH 7.5], 60 mM NaPPi,
10 mM EDTA, and 5% SDS) and then incubated at 100°C for 15 min. The
antibodies used were polyclonal antibody anti-67.1 and anti-T2B1, against pep-
tides from NH2- and COOH-terminal regions of NFAT1, respectively; R59,
against peptides from the DBD, kindly provided by Anjana Rao (Harvard Med-
ical School, Boston, MA); anti-NFAT2 (Santa Cruz); anti-NFAT3 (Santa Cruz);
anti-c-myc monoclonal antibody (Invitrogen); and anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) monoclonal antibody 6C5 (Santa Cruz). Immu-
nodetection was performed with the ECL Western blotting detection kit (GE
Healthcare).

Immunofluorescence analysis. HEK293T cells were transfected by the calcium
phosphate method with pcDNA4-IRF-2BP2, pcDNA4-IRF-2BP2MutNLS,
pcDNA4-IRF-2BP2�ring, or pcDNA4-IRF-2BP2�zinc or cotransfected with
pLEGFP-NFAT1 and pcDNA4-IRF-2BP2. Forty-eight hours after transfection,
cells grown on glass coverslips were left untreated or were treated for 15 min with
ionomycin (5 	M), cyclosporine A (CsA; 2 	M), or both. Cells were fixed with
4% paraformaldehyde, and IRF-2BP2 was detected with an anti-tag primary
antibody (anti-c-myc; Invitrogen), followed by a rhodamine-conjugated second-
ary antibody. NFAT1 was fused to green fluorescent protein (GFP). 4�,6�-Di-
amidino-2-phenylindole (DAPI) staining was used to stain DNA. The cells were
examined with an Olympus BX60 fluorescence microscope.

Luciferase reporter assays. Jurkat cells (3 � 106 cells/600 	l) were electropo-
rated (950 	F and 250 mV) with empty vectors (8 	g each), pcDNA5-NFAT1 (8
	g), pcDNA5-NFAT1�C (8 	g), pcDNA3-NFAT2 (8 	g), or pcDNA4-IRF-
2BP2 (0.5 to 8 	g), as indicated in the figure legends, and 1 	g of luciferase
reporter plasmids containing 3� NFAT-Luc, pGL4.30 (Promega), 6� NF�B-
Luc, �3-Luc (TNF-�), or IL-2 or IL-4 proximal promoter, as indicated. After
24 h, cells were stimulated for 6 h with PMA (10 nM) and ionomycin (1 	M) and
lysed with 50 	l of 1� passive lysis buffer (Promega). The extracts were analyzed
in a Veritas microplate luminometer (Turner Biosystems) using a dual-luciferase
reporter assay system (Promega) as directed by the manufacturer. The firefly
luciferase reporter gene was normalized with the renilla vector pRL-TK (0.1 	g).
The average values of the tested constructs were normalized to the activity of the
empty vectors.

Retroviral transduction of primary CD4 T cells. To perform retrovirus gen-
eration, the Phoenix packaging cell line was transiently transfected with 20 	g of
the retroviral vector pLIRES-EGFP or pLIRES-EGFP-IRF-2BP2 and 7.5 	g of
pCL-Eco by the calcium phosphate precipitation method for 24 h. The viral
supernatants were collected 48 h after transfection and concentrated by centrif-
ugation using an Amicon Ultracel 50 K (Millipore). Primary CD4 T cells were
isolated from lymph nodes (inguinal, brachial, axillary, and superficial cervical)
of 8- to 12-week-old C57BL/6 mice and purified (
90% purity) by negative
selection according to the manufacturer’s instructions (Dynal mouse CD4 neg-
ative isolation kit; Invitrogen). Cells (1 � 106 cells/well) were stimulated with

anti-CD3 (1 	g/ml) and anti-CD28 (1 	g/ml) in a 12-well plate coated with
anti-IgG (0.3 mg/ml). After 48 h, the culture medium was replaced with 1 ml of
complete medium containing concentrated retrovirus supplemented with poly-
brene (8 	g/ml). The plates were centrifuged at 930 � g for 1.5 h at room
temperature and then incubated at 37°C.

Intracellular cytokine staining. CD4 T cells (1.5 � 106 cells/ml) were stimu-
lated with 10 nM PMA and 1 	M ionomycin for 6 h. BD Golgi Stop (10 	g/ml;
BD Pharmingen) was added 2 h before the staining procedure. Briefly, cells were
harvested, fixed with 2% of formaldehyde in PBS, permeabilized with 0.5% of
saponin, and stained with anti-IL-2-phycoerythrin and anti-IL-4-allophycocyanin
(eBioscience).

RESULTS

NFAT1 interacts with IRF-2BP2. To characterize the mo-
lecular mechanisms related to NFAT transcriptional functions,
we performed a yeast two-hybrid screening to identify new
NFAT1-interacting proteins, using the less-conserved NFAT1
C-terminal end (amino acids 727 to 925) as bait (Fig. 1A). Fifty
percent of the sequenced clones isolated from a total of 107

yeast colonies transformed with a human B-cell cDNA library
encoded the IRF-2BP2 protein, isoform B. The IRF-2BP2
protein has been identified as an IRF-2-binding protein that
acts as a transcriptional corepressor molecule, which contains
an N-terminal zinc finger and a C-terminal RING domain (10).

FIG. 1. IRF-2BP2 interacts with NFAT1 TAD-C in a yeast two-
hybrid assay. (A) Schematic representation of the NFAT1 transcrip-
tional factor with its conserved domains: the NFAT homology region
(NHR), the DNA binding domain (DBD), and the transactivation
domains (TAD-N and TAD-C). The boundary of each region is la-
beled above the sequence; numbering refers to the amino acid position
of the protein. The NFAT1 C-terminal end (amino acids 727 to 925)
used in the yeast two-hybrid system also is represented. (B) Yeast
two-hybrid system interaction assays on plates containing synthetic
minimal medium and 0, 5, or 15 mM 3-AT. Region 1, positive control
(pTL-Nip7p � pACT-Nop8p); region 2, test (pTL-CT-NFAT1 �
pACT-IRF-2BP2); regions 3, 4, and 5, negative controls (pTL-CT-
NFAT � pGAD424, pBTM-Nip7 � pGAD-IRF-2BP2, pBTM-Nip7 �
pGAD-424, respectively). (C) �-Galactosidase filter assay. The L40
strain, which contains the HIS3 and lacZ reporter genes, was cotrans-
formed with vectors containing the LexA DBD fusion proteins and
Gal4p activation domain fusion proteins. All results are representative
of at least three independent experiments.
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To confirm this interaction, the L40 strain was cotransformed
with pTL-CT-NFAT1 and pACT-IRF2-BP2. The assay for the
HIS3 reporter was performed in medium containing a high
3-AT concentration (up to 15 mM); growth under these con-
ditions is an indication of positive interaction (Fig. 1B). As
expected, positive interaction also was observed for the lacZ
reporter gene (Fig. 1C). As a positive control, we used the L40
strain cotransformed with the plasmids pTL-Nip7 and pACT-
Nop8, which encode interacting proteins (78).

To ensure the interaction between IRF-2BP2 and NFAT1,
we performed an in vitro pulldown assay with the purified
recombinant IRF-2BP2–RING domain fused to GST. In this
test, cell extracts from the Jurkat T-cell line, which expresses
NFAT1 endogenously, were incubated with recombinant GST
or GST–IRF-2BP2–RING which previously had been immo-
bilized in affinity beads. Our data showed that NFAT1 bound
specifically to GST–IRF-2BP2–RING, whereas we did not ob-
serve any interaction with GST alone (Fig. 2A). The interac-

tion also was confirmed by coimmunoprecipitating NFAT1 and
IRF-2BP2 using nuclear extracts of HEK293T cells cotrans-
fected with pLIRES-EGFP-CA-NFAT1 and pcDNA4-IRF-
2BP2 (Fig. 2B).

We then performed an immunofluorescence analysis to de-
termine the subcellular localization of IRF-2BP2 and to inves-
tigate whether NFAT1 and IRF-2BP2 colocalize in the cell.
HEK293T cells were cotransfected with pLIRES-EGFP-
NFAT1 and pcDNA4-IRF-2BP2. After 48 h, transfected cells
were left unstimulated or were treated with ionomycin in the
presence or absence of CsA (Fig. 2C). NFAT1 was expressed
in these cells as a fusion protein with enhanced green fluores-
cent protein (EGFP), and IRF-2BP2 was fused with the c-myc
tag. As shown in Fig. 2C, under all conditions, IRF-2BP2 was
localized in the nucleus, whereas NFAT1 was nuclear only
when cells were treated with ionomycin. This result indicates
that IRF-2BP2 and NFAT1 colocalize only when NFAT1 is in
its activated nuclear form.

FIG. 2. IRF-2BP2 interacts with NFAT1, and these proteins colocalize in the nucleus. (A) In vitro binding assay. Glutathione-Sepharose beads
were loaded with GST or GST-IRF-2BP2-RING proteins, washed, and incubated with Jurkat extracts. The proteins then were eluted as described
in Materials and Methods. Samples from the extracts and eluted from the resin were fractionated by SDS-PAGE and subjected to immunoblot
analysis using anti-GST and anti-NFAT1 antibodies. (B) NFAT1 coimmunoprecipitates (IP) with IRF-2BP2. Nuclear lysates of HEK293T cells
cotransfected with pcDNA4-IRF-2BP2 and pLIRES-EGFP-CA-NFAT1 were immunoprecipitated with anti-c-myc antibody. Bound proteins then
were analyzed by SDS-PAGE followed by Western blotting using anti-tag antibody (c-myc) for IRF-2BP2 or anti-NFAT1 antibody. (C) Immu-
nofluorescence analysis of IRF-2BP2 and NFAT1. HEK293T cells cotransfected with GFP-NFAT1 and IRF-2BP2, grown on glass coverslips, and
treated with ionomycin (Iono) (5 	M), CsA (2 	M), or both for 15 min. Untreated cells were used as a control. NFAT1 was fused to EGFP, and
IRF-2BP2 was detected with an anti-tag primary antibody (c-myc) followed by a rhodamine-conjugated antibody. DAPI staining shows the position
of the nucleus. All results are representative of at least three independent experiments. Unst, unstimulated.
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IRF-2BP2 represses NFAT1-mediated transactivation. Be-
cause IRF-2BP2 has been described as a transcriptional re-
pressor protein (10, 35), we investigated its effect on the trans-
activation of NFAT1-regulated genes. Jurkat T cells were
transfected with NFAT1 and IRF-2BP2 expression constructs
along with different luciferase reporter plasmids containing
known NFAT element sequences. Transfected cells were stim-
ulated with PMA plus ionomycin to mediate NFAT activation
and nuclear translocation. We initially used a luciferase re-
porter plasmid under the control of three copies of the distal
NFAT-AP1 element of the IL-2 promoter (3�NFAT-Luc). As
shown in Fig. 3A, NFAT1 was able to drive luciferase expres-
sion in activated Jurkat T cells. However, when these cells were
cotransfected with NFAT1 and increasing amounts of IRF-
2BP2 plasmid, the luciferase signal decreased in a dose-depen-
dent manner (Fig. 3A, left). To evaluate whether IRF-2BP2
affected the transcription mediated by another transcription
factor, we analyzed the 6� NF-�B reporter vector, which con-
tains a responsive NF-�B element. Jurkat T cells were trans-
fected with the 6� NF-�B construct and increasing amounts of
IRF-2BP2. Twenty-four h after transfection, cells were stimu-
lated for 6 h with PMA and luciferase activity was assessed. As
shown in Fig. 3A (right), IRF-2BP2 did not repress NF-�B
transcriptional activity.

To further characterize the effect of IRF-BP2 on NFAT1-
mediated transcription, we have analyzed other reporter vec-
tors of NFAT-regulated promoter genes, including TNF-�,
IL-2, and IL-4. The analysis of the NFAT-mediated transacti-
vation of the NFAT element from the �3 element (TNF-�
promoter), which is independent of AP-1 cooperation, showed
that the repressive function of IRF-2BP2 also was observed
when cells were cotransfected with NFAT1- and IRF-2BP2-
expressing constructs (Fig. 3B). In fact, the luciferase signal in
cotransfected cells was reduced to 35% of that observed when
only NFAT1 was transfected (Fig. 3B). We further evaluated
the effect of IRF-2BP2 on NFAT1-mediated transactivation in
the context of the IL-2 and IL-4 proximal promoters. Cotrans-
fection with IRF-2BP2- and NFAT1-expressing vectors re-
duced the NFAT1-dependent activation of IL-2 and IL-4 re-
porter plasmids to approximately 15 and 20%, respectively, of
the signal obtained with NFAT1 alone (Fig. 3B). Taken to-
gether, these data suggest that IRF-2BP2 has a repressing
effect on the transactivation function of NFAT1 toward its
target genes, and that this effect is independent of the ability of
NFAT1 to cooperate with the AP-1 transcription factor. More-
over, IRF-2BP2 acts specifically by repressing NFAT-regulated
transcription, since the NF-�B reporter vector was not affected
by IRF-2BP2.

To reinforce the observation that IRF-2BP2 represses the
expression of NFAT target genes, we evaluated the effect of
IRF-2BP2 on the endogenous expression of IL-2 and IL-4 in
primary CD4 T lymphocytes. CD4 T cells were retrovirally
transduced with either pLIRES-EGFP-empty or pLIRES-
EGFP-IRF-2BP2 vector. As shown in Fig. 3C, CD4 T cells
infected with the pLIRES-EGFP-IRF-2BP2 construct showed
a decrease of IL-2 and IL-4 levels compared to those of CD4
T cells infected with the control vector (Fig. 3C). This result
corroborates the reporter assays and demonstrates the impor-
tance of IRF-2BP2 in repressing the expression of some NFAT
target genes.

IRF-2BP2 interacts with NFAT1 C-terminal end, which me-
diates the IRF-2BP2-repressing effect. In an effort to map the
IRF-2BP2 and NFAT1 interaction, we performed an in vitro
binding assay to analyze the interaction of IRF-2BP2 with the
NFAT1 domains independently, including the N terminus,
DBD, and C terminus (Fig. 4A). As described above, GST and
GST–IRF-2BP2–RING proteins were bound to affinity beads
and further incubated with E. coli extracts that independently
expressed the NFAT domains. As shown in Fig. 4A, we ob-
served that only the C-terminal end of the NFAT1 protein
(TAD-C) was able to bind to IRF-2BP2–RING. To confirm
the interaction of the NFAT1 TAD-C with IRF-2BP2, we also
performed an in vitro binding assay between IRF-2BP2 and a
truncated form of NFAT1 deleted at the C-terminal end
(NFAT1�C). Cell extracts from HEK293T cells transfected
with pcDNA5-NFAT1 or pCDNA5-NFAT1�C were incu-
bated with recombinant GST or GST–IRF-2BP2–RING,
which previously were immobilized in affinity beads. As shown
in Fig. 4B, NFAT1�C does not bind to IRF-2BP2–RING, as
demonstrated by in vitro binding assays.

To confirm the relevance of the NFAT1 C-terminal end for
the repressing phenotype exerted by IRF-2BP2 on NFAT1-
mediated transcription, we investigated the effect of IRF-2BP2
on NFAT1�C by gene reporter assay. Jurkat T cells were
transfected with NFAT1 or NFAT1�C and IRF-2BP2 expres-
sion constructs along with an NFAT reporter plasmid. As
shown in Fig. 4C, NFAT1�C presents diminished transactiva-
tion activity compared to that of full-length NFAT1, confirm-
ing that the NFAT1 C-terminal end exhibits transactivation
function. Although this truncated form of NFAT1 is less ef-
fective at inducing the transactivation of the NFAT reporter
plasmid, the NFAT1�C-induced luciferase activity was not
repressed by IRF-2BP2 (Fig. 4C). These data demonstrated
that the NFAT1 TAD-C is the site of IRF-2BP2 interaction,
and that this region is extremely relevant for the repressive
function of IRF-2BP2.

We then mapped the NFAT1 TAD-C region required for
the IRF-2BP2 interaction using the yeast two-hybrid method.
Several truncations in the NFAT1 C-terminal end were fused
to the LexA DNA binding domain (pTL-TAD-C vectors) and
tested for their ability to bind IRF-2BP2 fused to the Gal4p
activation domain (Fig. 4D). We observed that the deletion of
the C terminus up to amino acid 819 (TAD-C 727-819) still
maintained the interaction, although the reporter signal
seemed weaker in this construction (Fig. 4D). However, the
constructs TAD-C 727-749 and TAD-C �750-879 failed to
bind to IRF-2BP2 (Fig. 4D). Because the deleted regions were
too large, two other constructions were designed to define a
smaller interaction site. We observed that the TAD-C �781-
867 construct failed to interact with IRF-2BP2. Thus, the
smallest interaction region mapped in our assay spanned
amino acids 781 to 867 (Fig. 4D). The capacity of these trun-
cated NFAT1 constructs to interact with the full-length IRF-
2BP2 was confirmed using the HIS3 reporter gene, which cor-
roborated these results (data not shown).

IRF-2BP2 interacts specifically with NFAT1 protein. An
important characteristic of the C-terminal end of NFAT pro-
teins is its little sequence conservation among NFAT family
members. To investigate whether IRF-2BP2 could interact
with other NFAT proteins, we first compared the amino acid
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FIG. 3. IRF-2BP2 represses NFAT1-mediated transactivation and cytokine expression in primary lymphocytes. (A and B) Jurkat cells were
electroporated with empty vectors (8 	g each), the NFAT1 vector (8 	g), the IRF-2BP2 vector (0.5 to 8 	g), and luciferase reporter vectors (1
	g). After 24 h, cells were stimulated for 6 h with PMA (10 nM) plus ionomycin (1 	M) for 3� NFAT vector-transfected cells (left) or PMA (10
nM) alone for 6� NF-�B vector-transfected cells (right). (A) Luciferase assays using reporter plasmids containing the NFAT binding site
(3�NFAT-Luc) or NF-�B binding site (6�NF�B). Unst, unstimulated. (B) Luciferase assays using reporter plasmids containing the �3 element
of the TNF-� promoter or IL-2 or IL-4 promoter. For all experiments, the firefly luciferase reporter gene was normalized with a renilla vector (0.1
	g pRL-TK). Results represent the means from three independent experiments � standard deviations. (C) Primary CD4 T cells from lymph nodes
of C57/BL6 mice were stimulated with anti-CD3 and anti-CD28 for 48 h and then transduced with pIRES-EGFP or pILRES-EGFP-IRF-2BP2
vector. Twenty hours after transduction, cells were restimulated with PMA (10 nM) plus ionomycin (1 	M) for 6 h, and the intracellular cytokines
IL-2 and IL-4 were stained and analyzed by flow cytometry.
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primary sequence among NFAT1 to NFAT4 proteins compris-
ing the specific region of NFAT1 (amino acids 781 to 867)
mapped to interact with IRF-2BP2. As shown in Fig. 5A, we
have not seen any amino acid identity between analyzed NFAT
family members. This observation suggests that IRF-2BP2 in-
teracts specifically with NFAT1. To address this question, GST
and GST–IRF-2BP2–RING proteins were bound to affinity
beads and further incubated with extracts of HEK293T cells
transfected with pcDNA5-NFAT1, pcDNA3-NFAT2,
pcDNA5-NFAT3, or pcDNA4-NFAT4 as described previ-
ously. As shown in Fig. 5B, only NFAT1 protein was able to
bind to IRF-2BP2–RING. These data demonstrated that IRF-
2BP2 interacts specifically with NFAT1, since we have not

observed any interaction between IRF-2BP2 and other NFAT
proteins, including NFAT2, NFAT3, and NFAT4.

To analyze the specificity of the IRF-2BP2 repression effect
on the transactivation mediated by NFAT1, we performed a
gene reporter assay using the NFAT reporter plasmid. Jurkat
cells were transfected with NFAT1 or NFAT2 and IRF-2BP2
expression constructs with NFAT reporter plasmid. Upon
stimulation, IRF-2BP2 repressed the NFAT1-mediated trans-
activation as previously demonstrated (Fig. 5C). Nevertheless,
IRF-2BP2 did not repress the NFAT2-mediated transactiva-
tion (Fig. 5C), indicating that the IRF-2BP2 repressor pheno-
type is NFAT1 specific and dependent on the interaction be-
tween these two proteins.

FIG. 4. IRF-2BP2 interacts with the C-terminal end of NFAT1, and this region is essential for the repressing phenotype mediated by IRF-2BP2.
(A) GST and GST–IRF-2BP2 proteins were immobilized on glutathione-Sepharose beads and further incubated with E. coli extracts expressing
each NFAT1 domain independently (N terminus, DBD, or C terminus) as indicated. The beads were washed and then proteins were eluted.
Samples from the extracts (inputs) and eluted from the resin (pull down) were fractionated by SDS-PAGE, followed by immunoblot analysis using
anti-GST and anti-NFAT1 antibodies. (B) Extracts prepared from HEK293T cells transfected with pcDNA5-NFAT1 or pCDNA5-NFAT1�C were
incubated with the recombinant proteins GST and GST–IRF-2BP2, which previously were immobilized on glutathione-Sepharose beads. After
incubation, the beads were washed, proteins were eluted, and samples from the extracts (inputs) and eluted from the resin (pulldown) were
fractionated by SDS-PAGE, followed by immunoblot analysis using anti-GST and anti-NFAT1 antibodies. (C) Jurkat cells were electroporated
with empty vectors (8 	g each), NFAT1 vector (8 	g), NFAT1�C vector (8 	g), IRF-2BP2 vector (8 	g), and the luciferase reporter vector 3�
NFAT (1 	g), as indicated. After 24 h, cells were stimulated for 6 h with PMA (10 nM) plus ionomycin (1 	M). The firefly luciferase reporter gene
was normalized with a renilla vector (0.1 	g pRL-TK). Results represent the means from three independent experiments � standard deviations.
(D) The interaction sites of CT-NFAT1 and IRF-2BP2 were mapped by the yeast two-hybrid system in the L40 strain cotransformed with
CT-NFAT1 and IRF-2BP2 constructs. A �-galactosidase filter assay was performed to test the lacZ reporter gene. Different deletions of
CT-NFAT1 were constructed as shown. The boundary of each region is labeled above the sequence; numbers refer to the amino acid position of
the protein. All results are representative of at least three independent experiments.
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RING domain and the zinc finger are necessary for IRF-
2BP2-mediated repression. To better characterize the repres-
sive effect of IRF-2BP2 on NFAT1-mediated transcription and
to study the importance of the conserved domains of the IRF-
2BP2 protein for its function, we investigated the role of the
RING domain and the zinc finger in the IRF-2BP2–NFAT1
interaction. We used the yeast two-hybrid system to map the
IRF-2BP2 regions that are required for interaction with
NFAT1. The L40 strain containing the LexA-NFAT1 vector

was transformed with full-length IRF-2BP2, IRF-2BP2�ring
(amino acids 1 to 485), or IRF-2BP2�zinc (amino acids 302 to
571) fused to the Gal4p activation domain (Fig. 6A). Gal4–
IRF-2BP2 and Gal4–IRF-2BP2�zinc were able to interact with
NFAT1, as shown by the lacZ reporter gene (Fig. 6A). How-
ever, when the IRF-2BP2 RING domain was deleted (IRF-
2BP2�ring), the interaction with the NFAT1 C terminus was
abolished (Fig. 6A). The assay for the HIS3 reporter gene
produced the same results (data not shown).

FIG. 5. IRF-2BP2 interacts specifically with NFAT1. (A) Amino acid sequence alignment comparing the C-terminal end of NFAT1-4 family
members. (B) In vitro binding assays. The recombinant proteins GST and GST–IRF-2BP2 expressed in E. coli and immobilized on glutathione-
Sepharose beads were incubated with extracts prepared from HEK 293T cells transfected with pcDNA5-NFAT1, pcDNA3-NFAT2, pcDNA5-
NFAT3, or pcDNA4-NFAT4. After incubation, the beads were washed, proteins were eluted, and samples from the extracts (inputs) and eluted
from the resin (pulldown) were fractionated by SDS-PAGE, followed by immunoblot analysis using anti-GST and anti-NFAT1 antibodies.
(C) Jurkat cells were electroporated with empty vectors (8 	g each), NFAT1 vector (8 	g), NFAT2 vector (8 	g), IRF-2BP2 vector (8 	g) as
indicated, and the luciferase reporter vector 3� NFAT (1 	g). After 24 h, cells were stimulated for 6 h with PMA (10 nM) plus ionomycin (1 	M).
The firefly luciferase reporter gene was normalized with a renilla vector (0.1 	g pRL-TK). Results represent the means from three independent
experiments � standard deviations.
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To confirm the relevance of the RING domain and address
the role of the zinc finger in the repressive function of IRF-
2BP2, we performed a luciferase reporter assay using 3�
NFAT-Luc as a reporter plasmid and the IRF-2BP2-deleted
RING domain (IRF-2BP2�ring) or zinc finger (IRF-
2BP2�zinc) proteins in Jurkat T cells. The cells were cotrans-
fected with the NFAT1 construct and increasing amounts of

vectors expressing full-length IRF-2BP2, IRF-2BP2�ring, or
IRF-2BP2�zinc. Accordingly, the reduction in NFAT1-medi-
ated transactivation no longer was observed after transfection
with IRF-2BP2�ring (Fig. 6B), since the RING domain is the
interacting region between IRF-2BP2 and NFAT1 (Fig. 6A).
Interestingly, when the zinc finger was deleted in IRF-2BP2
(IRF-2BP2�zinc), the repression of NFAT1 activity was abol-
ished as well (Fig. 6C), although the deletion of the IRF-2BP2
zinc finger did not interfere with the IRF-2BP2–NFAT1 inter-
action (Fig. 6A). Since IRF-2BP2 has been described as a
nuclear protein (10), it was important to find out whether the
deletion of the RING domain or the zinc finger would alter the
nuclear localization of the truncated proteins. The analysis of
HEK293T cells transfected with IRF-2BP2�ring or IRF-
2BP2�zinc constructs demonstrated that these truncated pro-
teins were still in the nucleus (data not shown). Taken to-
gether, these data demonstrate that the IRF-2BP2 RING
domain is essential for the interaction with NFAT1 TAD-C.
Therefore, both the IRF-2BP2 RING domain and the zinc
finger are necessary for the repressive function IRF-2BP2.

Interaction with IRF-2BP2 does not lead to NFAT1 degra-
dation. Several reports have demonstrated that RING domains
generally are found in ubiquitin E3 ligases. A recent report
identified the IRF-2BP1 protein, which is related to IRF-2BP2
and displays a highly conserved RING domain, as a JDP2
ubiquitin ligase (34). Consequently, we decided to investigate
whether IRF-2BP2 influences NFAT1 protein stability. To ad-
dress this question, we transfected HEK293T cells with
NFAT1 and increasing amounts of IRF-2BP2 and then evalu-
ated the NFAT1 protein levels in cotransfected cells. Flow-
cytometric analysis of EGFP levels was performed to ensure
equal transfection efficiency (data not shown). As shown in Fig.
7A, we could not detect any changes in the levels of NFAT1
protein in the presence of IRF-2BP2. To further analyze
whether the repressive function of IRF-2BP2 on NFAT1-me-
diated transactivation involves NFAT1 protein degradation via
the ubiquitin-proteasome pathway, we also performed lucifer-
ase reporter assays using Jurkat T cells left untreated or
treated with the proteasome inhibitor MG132. Cells were
cotransfected with an NFAT1 construct and increasing
amounts of IRF-2BP2 plasmid. After 24 h, cells were left
untreated or were treated with MG132 and then stimulated
with PMA plus ionomycin for 6 h. As shown in Fig. 7B, we did
not detect any differences in the reporter signal using 3�
NFAT-Luc in the presence or absence of the proteasome in-
hibitor. The proteasome inhibitor was able to prevent NF-�B
activation in a similar assay, which demonstrates that we used
an effective concentration of MG132 (data not shown). These
results indicate that the effect of IRF-2BP2 on the inhibition of
NFAT1-mediated transactivation is not related to NFAT1 pro-
tein stability, which suggests that IRF-2BP2 repression occurs
at the transcriptional level.

IRF-2BP2 is a nuclear protein that possesses an NLS. The
description of IRF-2BP2 as a nuclear protein (10) is in accor-
dance with our subcellular localization results with HEK293T
cells transfected with full-length IRF-2BP2 (Fig. 2C). We in-
vestigated whether IRF-2BP2 possesses an NLS that could
keep this protein in the nucleus. There is a relatively basic
region in IRF-2BP2 which has the sequence RKRK (residues
339 to 342) at its core that could serve as an NLS (Fig. 8A).

FIG. 6. RING domain and zinc finger are necessary for the repres-
sive function of IRF-2BP2. (A) Mapping the IRF-2BP2 interaction
sites with NFAT1 via the yeast two-hybrid system (�-galactosidase
reporter assay). The L40 strain was cotransformed with the following
CT-NFAT1 and IRF-2BP2 constructs: full-length IRF-2BP2, IRF-
2BP2�ring, or IRF-2BP2�zinc. A schematic diagram of the IRF-2BP2
constructs is shown on the left. The boundary of each region is labeled
above the sequence; numbers refer to the amino acid position of the
protein. Luciferase reporter assays testing the truncated proteins IRF-
2BP2�ring (B) and IRF-2BP2�zinc (C) are shown. Jurkat cells were
electroporated with 3� NFAT-Luc (1 	g), empty vectors (8 	g), the
NFAT1 vector (8 	g), and increasing amounts (1 to 8 	g) of IRF-2BP2
constructs (full length, �ring, or �zinc). After 24 h, cells were stimu-
lated for 6 h with PMA (10 nM) plus ionomycin (1 	M). For all
experiments, the firefly luciferase reporter gene was normalized with a
renilla vector (0.1 	g pRL-TK). Results represent the means from
three independent experiments � standard deviations.
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The ectopic expression of IRF-2BP2 in HEK293T cells shows
a correctly regulated intracellular localization, where the pro-
tein is restricted to the nucleus (Fig. 8B, upper). The mutation
of amino acids RKRK to AAAA in the putative NLS of IRF-
2BP2 prevents its nuclear localization. The expression of this
mutated protein was restricted to the cytoplasm (Fig. 8B,
lower). These findings are consistent with a role for the RKRK
residues of IRF-2BP2 in the control of its intracellular local-
ization.

Further, we evaluated whether the nuclear localization of
IRF-2BP2 is important for its activity. We used the 3� NFAT-
Luc reporter plasmid to determine whether AAAA-mutated
IRF-2BP2 (IRF-2BP2MutNLS) could repress NFAT1-medi-
ated transactivation. Jurkat T cells were transfected with the
NFAT1 construct and increasing amounts of wild-type IRF-
2BP2 or IRF-2BP2MutNLS vectors, as indicated in Fig. 8C.
Twenty-four h after transfection, cells were stimulated for 6 h
with PMA plus ionomycin, and luciferase activity was assessed.
As shown in Fig. 8C, the mutated IRF-2BP2 (IRF-
2BP2MutNLS) that remained in the cytoplasm did not repress
NFAT1 transcriptional activity, which indicates that the re-
pressor phenotype observed previously only takes place when
the two proteins are colocalized in the nucleus. Furthermore,
this result supports the idea that the repression of NFAT1
activity by IRF-2BP2 occurs at the transcriptional level.

DISCUSSION

In this study, we performed a yeast two-hybrid screen using
the less-conserved NFAT1 C-terminal end as bait and found a
new NFAT1 partner, the transcriptional repressor IRF-2BP2
(Fig. 1). This protein has an N-terminal C4 zinc finger and a
C-terminal C3HC4 RING domain and was first identified as an
IRF-2-interacting molecule that functions as a corepressor in
inhibiting both basal and enhancer-activated transcription

FIG. 7. NFAT1 protein stability is not affected by IRF-2BP2.
(A) HEK293T cells were transfected with pLIRES-EGFP-CA-NFAT1
(2 	g) and increasing amounts of pcDNA4-IRF-2BP2 (0.25 to 2 	g).
After 48 h, the indicated proteins were detected by Western blotting
with specific antibodies. Results are representative of three indepen-
dent experiments. (B) Jurkat cells were electroporated with the lucif-
erase reporter vector 3� NFAT-Luc (1 	g), empty vectors (8 	g), the
pcDNA5-NFAT1 vector (8 	g), and increasing amounts of the
pcDNA4-IRF-2BP2 vector (1 to 8 	g). After 24 h, cells were left
untreated or were treated with MG132 (20 	M) and stimulated for 6 h
with PMA (10 nM) plus ionomycin (1 	M). The firefly luciferase
reporter gene was normalized with a renilla vector (0.1 	g pRL-TK).
Results represent means from three independent experiments � stan-
dard deviations.

FIG. 8. IRF-2BP2 repression phenotype depends on its nuclear
localization. (A) Schematic representation of IRF-2BP2 and its nu-
clear localization signal (NLS). The RKRK amino acids from the
wild-type protein (WT) were changed to alanine to generate a mutated
protein (Mut: AAAA). The boundary of each region is labeled above
the sequence; numbers refer to the amino acid position of the protein.
(B) Immunofluorescence analysis of HEK293T cells transfected with
vectors encoding wild-type IRF-2BP2 (RKRK) or the AAAA-mutated
protein. Proteins were labeled with a conjugated rhodamine antibody.
DAPI staining shows the position of the nucleus. Results are repre-
sentative of three independent experiments. (C) Luciferase reporter
assay comparing IRF-2BP2 (wild type) and IRF-2BP2MutNLS
(AAAA mutation) using the reporter 3� NFAT-Luc. Jurkat cells were
electroporated with 3� NFAT-Luc (1 	g), empty vectors (8 	g), the
NFAT1 vector (8 	g), and increasing amounts (1 to 8 	g) of IRF-2BP2
constructs. After 24 h, cells were stimulated for 6 h with PMA (10 nM)
plus ionomycin (1 	M). The firefly luciferase reporter gene was nor-
malized with a renilla vector (0.1 	g pRL-TK). Results represent
means from three independent experiments � standard deviations.
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(10). The NFAT1–IRF-2BP2 interaction was confirmed by
pulldown and coimmunoprecipitation assays (Fig. 2). To un-
derstand the phenotype of this interaction, we tested the effect
of IRF-2BP2 in NFAT1-mediated transactivation. We ob-
served that IRF-2BP2 represses the NFAT1-mediated trans-
activation in luciferase assays using NFAT binding sites
(3�NFAT and �3 element) and NFAT1-dependent promoters
(IL-2 and IL-4) as reporter plasmids (Fig. 3). It is important to
note that IRF-2BP2 does not repress the NF-�B-mediated
transactivation (Fig. 3A). Consistently with this, primary CD4
T lymphocytes transduced with IRF-2BP2 vector showed im-
paired endogenous production of IL-2 and IL-4 cytokines (Fig.
3C), reinforcing the fundamental role of IRF-2BP2 as a re-
pressor of NFAT-regulated genes. The IRF-2BP2 repressor
properties also were described more recently by Koeppel et al.,
who observed that IRF-2BP2 represses the p53-dependent
transcription of p21 and Bax genes (35). Interestingly, they did
not find direct interaction between p53 and IRF-2BP2, which
suggests that the repressor phenotype observed is mediated by
endogenous IRF-2 (35). However, it is possible that IRF-2BP2
repression observed in the p21 gene promoter also is mediated
by the NFAT1 protein, because this transcription factor regu-
lates p21 in primary mouse keratinocytes (56).

We observed that IRF-2BP2 interacts specifically with the
C-terminal end of NFAT1, since the DBD and N terminus do
not interact with IRF-2BP2 (Fig. 4A). Another important find-
ing is that the truncated protein at amino acid 698 was not able
to interact with IRF-2BP2 (Fig. 4B), and the IRF-2BP2 repres-
sor phenotype observed in NFAT1-mediated transactivation
was abolished when the NFAT1 C-terminal end was deleted
(Fig. 4C). Furthermore, the NFAT1 and IRF-2BP2 interaction
was mapped to a region comprising 86 amino acids at the
C-terminal end, spanning amino acids 781 to 867 (Fig. 4D).
These data indicated that the repression mediated by IRF-
2BP2 is dependent of the interaction between IRF-2BP2 and
the NFAT1 C-terminal end. In fact, the analysis of amino acids
781 to 867 demonstrated no sequence identity among NFAT
family members (Fig. 5A). Thus, we investigated whether IRF-
2BP2 interaction was NFAT1 specific. Our data strongly sug-
gest that IRF-2BP2 is an NFAT1-specific interacting partner,
since no interaction with other NFAT proteins was observed
(Fig. 5B). Taken together, these data contribute to elucidating
a specific regulatory mechanism in the NFAT family, which
indicates a new regulatory pathway for NFAT1-mediated gene
regulation and may explain the distinct functions of NFAT
observed in different studies (13, 24, 50, 51, 55).

Although we observed a complete inhibition of NFAT1 ac-
tivity in the presence of IRF-2BP2, the signaling events that
control IRF-2BP2 regulation are not fully understood, thus
other factors may contribute to NFAT regulation under dif-
ferent conditions. Accordingly, accumulating evidence demon-
strated that NFAT activity is negatively regulated by coordi-
nated posttranslational mechanisms, which differentially
regulate the NFAT proteins in response to specific cellular
signals. Inside the nucleus NFAT is inactivated by rephosphor-
ylation by different kinases, including GSK3, DYRK, and CK1
(42, 43, 65), resulting in NFAT export to the cytoplasm. In
addition to phosphorylation, several other mechanisms that
control NFAT activation have been described, including a non-
coding RNA called NRON (noncoding repressor of NFAT)

(68), cleavage by caspase-3 (69), ubiquitylation (74, 75), and
sumoylation (47, 62). Here, our data demonstrated that IRF-
2BP2 is a central negative regulator of NFAT1 protein, which
seems to suppress NFAT1 activity at the transcriptional level.
However, further studies will be necessary to address the phys-
iological contribution of IRF-2BP2 to the NFAT1 regulatory
system and its potential interactions with other regulators.

IRF-2BP2 possesses a RING domain at its C-terminal end.
Our data suggest that NFAT1 recruits IRF-2BP2 to the target
gene via its C terminus and IRF-2BP2 RING domain, since
when its RING domain was deleted, the repressor phenotype
of IRF-2BP2 was abolished in luciferase reporter assays (Fig.
6). RING domains of many proteins mediate ubiquitin ligase
activity (14). Because IRF-2BP1, an IRF-2BP2-related protein,
was identified as a JDP2 ubiquitin ligase (34) and NFAT1 is
regulated through ubiquitination in an Akt-dependent manner
(75), we tested whether IRF-2BP2 could influence the stability
of the NFAT1 protein. We did not observe any reduction in
NFAT1 levels in the presence of IRF-2BP2 (Fig. 7A), and we
did not see any difference in the luciferase reporter signal in
cells left untreated or treated with a proteasome inhibitor (Fig.
7B). These data indicate that the decreased signal observed in
the luciferase assays was not related to ubiquitin-dependent
NFAT1 degradation. However, our data did not rule out
whether IRF-2BP2 targets other protein substrates for ubiq-
uitination or whether it ubiquitinates NFAT1 for nonproteo-
lytic purposes, such as intracellular trafficking or altering the
three-dimensional structure of NFAT1.

The mechanism by which IRF-2BP2 represses its target
genes is not yet clear. It is possible that IRF-2BP2 interferes
with the following functions: the binding of transcriptional
activators to DNA, the assembly of basal transcriptional ma-
chinery, and the recruitment of histone deacetylases or chro-
matin-remodeling complexes, which would alter the chromatin
structure at the promoters of target genes. Our data showed
that when the IRF-2BP2 N terminus was deleted (IRF-
2BP2�zinc), the repressor phenotype mediated by IRF-2BP2
was abolished, although the interaction with NFAT1 was main-
tained (Fig. 6). The deleted region contains the C4 zinc finger,
which suggests that the zinc finger domain is necessary for
IRF-2BP2 to function as a repressor.

The C4 zinc finger at the N-terminal end of IRF-2BP2 is an
interesting domain that should be considered in further anal-
yses. Zinc finger proteins can bind to DNA and regulate target
genes both positively and negatively (36). In addition to inter-
action with nucleic acids, protein-protein interactions medi-
ated by zinc fingers have been described extensively (44, 46).
The MDM2 C4 zinc finger plays an important role in mediat-
ing binding to ribosomal proteins and in the degradation of p53
(38). It is possible that the IRF-2BP2 zinc finger binds to DNA
and helps to stabilize the interaction with the target promoter,
because the affinity of NFAT for DNA is enhanced by inter-
action with other transcriptional factors or cofactors (52). An-
other possibility is that the zinc finger interacts with other
proteins, such as other transcriptional factors that may bind to
the promoter adjacent to NFAT1 elements, histone deacety-
lases, chromatin-remodeling complexes, or the basal transcrip-
tional machinery. NFAT1 interacts with p300/CBP (16), which
has an intrinsic histone acetylase activity and interacts with the
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basal transcription machinery (9). Thus, IRF-2BP2 may pre-
vent NFAT1 from recruiting p300/CBP to promoters.

IRF-2BP2 has been described as a nuclear protein (10), and
NFAT1 translocates to the nucleus when it is dephosphoryl-
ated by calcineurin after the activation of the calcium-signaling
pathway (39). Our data confirmed the nuclear localization of
IRF-2BP2, and we observed that IRF-2BP2 and NFAT1 colo-
calize in the cell only when NFAT1 is also in the nucleus (Fig.
2C). We also identified an NLS in the IRF-2BP2 protein at
amino acid positions 339 to 342 (the RKRK sequence) (Fig.
8A). The mutation of the RKRK sequence to AAAA retained
IRF-2BP2 in the cytoplasm (Fig. 8B), which demonstrates that
the RKRK sequence acts as a functional NLS. Furthermore,
the repressor phenotype mediated by IRF-2BP2 was abolished
in the mutated IRF-2BP2 (IRF-2BP2MutNLS) (Fig. 8C); this
finding suggests that IRF-2BP2 functions as a repressor in the
nucleus. Interestingly, the analysis of the secondary structure
of IRF-2BP2 demonstrated that the central region of this pro-
tein (amino acids 70 to 490), which includes the NLS, is pre-
dicted to be intrinsically disordered. Unstructured regions may
adopt rigid structures upon binding to specific ligands (15).
However, even if the central region of IRF-2BP2 could fold
under special conditions, the NLS appears to always be ex-
posed, because IRF-2BP2 was constitutively nuclear under all
conditions tested.

Besides NFAT1, IRF-2 is the only IRF-2BP2 partner de-
scribed thus far. IRF-2 was described as a factor that bound to
the IFN-� promoter and antagonized the effect of the tran-
scriptional activator IRF-1 (19). IRF-2 also has been described
as an oncogene. The overexpression of IRF-2 in NIH 3T3 cells
resulted in the oncogenic transformation of these cells (20).
Furthermore, it was shown that IRF-2 upregulates genes in-
volved in cell cycle regulation, such as the histone H4 gene (64)
and cyclin D1 (67). Moreover, specific short interfering RNA
(siRNA) to downregulate IRF-2 in TF cells resulted in an
augmented IRF1/IRF2 ratio, thereby allowing IRF-1 and
p21Waf1 tumor suppressor effects (11). The IRF-2BP2 knock-
down data from U2OS cells seem to support this model (35).
In fact, a discrete upregulation of p21 expression and increased
apoptosis rates after chemotherapeutic treatments in the IRF-
2BP2 knockdown cells have been demonstrated (35).

Finally, the physiological role of NFAT1–IRF-2BP2 inter-
action is not completely understood. In addition to their widely
known effects on cytokine gene expression, members of the
NFAT family of transcription factors have been shown to reg-
ulate genes related to cell cycle progression, cell differentia-
tion, and apoptosis, which indicates a broader role for these
proteins in normal cell physiology (29, 42, 65). NFAT1 has
been implicated in the control of cell proliferation as a repres-
sor of cell cycle progression (6). Furthermore, NFAT1 was
shown to be able to negatively regulate two cell cycle genes,
CDK4 and cyclin A2 (1, 8). Data generated by the in vivo gene
disruption of the NFAT1 showed an enhanced Th2 develop-
ment in both in vivo and in vitro models of Th differentiation,
as demonstrated by increased levels of IL-4 production (24, 33,
66). These results implicate NFAT1 as a negative controller of
genes that regulate cell cycle progression and cell differentia-
tion, thereby supporting the idea that NFAT1 acts as a central
regulator of the immune system homeostasis. NFAT1 also has
been described as a positive regulator of cell death by apop-

tosis and also as a tumor suppressor gene (50, 55). Moreover,
it has been shown that the overexpression of human NFAT1
leads to an increase in activation-induced cell death (AICD) in
primary CD4� T cells (12). We can hypothesize that in view of
the fact that IRF-2BP2 acts by repressing gene transcription
mediated by NFAT1, IRF-2BP2 impairs the gene suppressor
effect of NFAT1; this action, along with NFAT1-induced
AICD, may determine the fate of cells. However, the function
of IRF-2BP2 still is unclear, and more studies are necessary to
better understand the molecular regulation of the cellular tran-
scriptional machinery by this corepressor and its role in cell
physiology.
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