
NF-AT-Driven Interleukin-4 Transcription NF-ATp(RHD)-Gal4 bait, as exhibited by 
high P-galactosidase activity and ability to 

Potentiated by NIP45 confer leucine prototrophy, was isolated. 
The interaction with this factor was specif- 
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Rebecca Lieberson, Laurie H. Glimcher baits that encoded Max-Gal4 or CDK2- 
Gal4 fusion proteins, or only an epitope- 
tagged Gal4 protein ( I  1 ). 

The induction of cytokine gene transcription is mediated in part by the nuclear factor of The ability of this polypeptide to inter- 
activated T cells (NF-AT). Factors involved in the mechanisms of NF-AT-mediated act specifically with NF-ATp in vivo was 
transcription are not well understood. A nuclear factor that interacted with the Rel tested in mammalian cells. The 1.9-kb in- 
homology domain (RHD) of NF-ATp was identified with the use of a two-hybrid interaction sert was subcloned into a mammalian ex- 
trap. Designated NIP45 (NF-AT interacting protein), it has minimal similarity to any known pression vector that fused the coding region 
genes. Transcripts encoding this factor were enriched in lymphoid tissues and testes. to an epitope tag from an influenza hemag- 
NIP45 synergized with NF-ATp and the proto-oncogene c-Maf to activate the interleu- glutinin (HA) peptide. This tagged con- 
kind (IL-4) cytokine promoter; transient overexpression of NIP45 with NF-ATp and c-rnaf struct was cotransfected with an NF-ATp 
in B lymphoma cells induced measurable endogenous IL-4 protein production. The expression plasmid into HepG2 cells 
identification of NIP45 advances our understanding of gene activation of cytokines, (which express low NF-ATp) and lysates 
critical mediators of the immune response. were prepared for immunoprecipitation 

with an antibody to NF-ATp. Western im- 
munoblot analysis of these samples with an 
HA-specific monoclonal antibody (mAb) 

T h e  molecular basis for cytokine gene ex- NF-KB proteins. Because optimal reconsti- showed that the antibody to NF-ATp co- 
pression in T helper cells is beginning to be tution of endogenous IL-4 gene expression immunoprecipitated the HA-tagged poly- 
elucidated. Analysis of the IL-4 promoter has not yet been achieved, it is likely that peptide, designated NIP45-HA (below). 
has revealed functionally critical sites for additional proteins that act in concert with The amount of HA-tagged protein immu- 
several transcription factors including known transcriptional activators such as noprecipitated was further increased by co- 
members of the NF-AT and AP-1 families NF-AT and c-Maf exist. transfection with the NF-ATp expression 
(1, 2). The selective expression of the To  identify such factors we sought to plasmid, demonstrating the specificity of 
proto-oncogene c-maf in TH2 cells is re- isolate proteins that could directly bind to this interaction (Fig. 1A). No immunoreac- 
sponsible for tissue-specific IL-4 expression the RHD of NF-ATp. Using a yeast two- tive material for either NF-ATp or the HA- 
(3). c-Maf acts in synergy with NF-AT hybrid interaction trap, we selected a T cell tagged protein was detected when we im- 
proteins to transactivate the IL-4 promoter. cDNA library for sequences encoding munoprecipitated with normal rabbit serum 
The inducible expression of multiple cyto- polypeptides that specifically interact with ( I  I). Thus, NF-AT and NIP45 physically 
kine genes and cell surface proteins after T a NF-ATp(RHD)-Gal4 fusion protein (10). associate in vivo. 
cell receptor stimulation requires members One class of interactors encoding a fusion Because the transcript size detected by 
of the NF-AT transcription factor family protein with apparently high affinity for the northern blot analysis (below) was approx- 
(1, 4-61. 

NF-AT is a multisubunit transcription 
complex that contains a cyclosporin A-sen- 
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domain (RHD) of the NF-KB family of a c t t a t t t a t t t c a  qaaccccagaciatgcacata&aaggatqat 1421: 
saa$~aggcaaaac~nq '1 '1~ -P~-Pa~c t t taqccagcc tc ta~agab .$a~g tcaa  1484 transcription factors (9). Subsequent clon- Fig. 1- Identification of NF- 
gcaa~aaaabta-Jtact~gtchggctctgtstatgtttstq~otatttgOC3qcce 1544 
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NF-AT members into the epitope tag expres- tqqacaccta~cqacqcqoqm~_nattqgzcqacttcqag 
share approximately 70% sequence similar- ,ion vector pCEp4.HA (76). 
ity within this domain and approximately This construct results in the in-frame fusion of amino acids with the sequence YPYDVPDYA (7 7) of the 
18% similarity to the RHD of the NF-KB influenza hemagglutinin protein to the open readlng frame of the NIP45 coding region. Lysates were 
family of transcription factors, consistent prepared from HepG2 cells transfected with NIP45-HA, NF-ATp, or both plasmids, as indicated. 

with their behavioral differences with the Samples indicated with (- )  indicate cotransfection with corresponding expression vector (for NF-ATp) or 
an out of frame fusion with the epitope tag (NIP45-HA). Top and middle. lysates were imrnunoprecipi- 
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imately 3.1 kb, the 1.9-kb insert from this 
clone was used to screen a T cell cDNA 
library to identify full-length clones. 
Screening of a library containing approxi- 
mately 8 x lo5 clones yielded an isolate 
that contained an additional segment of 
180 bp located 868 bp downstream from the 
5' end of the original clone. Junction se- 
quences at the ends of this 180-nucleotide 
segment indicate it to be an unspliced in- 
tron, and conceptual translation of the nu- 
cleotide sequence within this region re- 
vealed an in-frame stop codon. Much of the 
additional sequence in this clone was at the 
3' end and represented an extensive 3' 
untranslated region followed by a poly (A)+ 
tail (11). Such extensive 3' untranslated 
regions have been observed in many genes. 
Conceptual translation of the original iso- 
late predicted a polypeptide of 412 amino 
acids with a molecular mass of 45 kD (Fig. 
1B) and hence we have named it NF-AT 
Interacting Protein 45 (NIP45). Allowing 
for the splicing of the small intron and 
translation of the single, large open reading 
frame, the 3.1-kb cDNA clone is predicted 
to encode a polypeptide identical to that of 
the original isolate. A comparison of the 
sequence of NIP45 to the GenBank, Euro- 
pean Molecular Biology Organization, and 
SwissProt databases using the BLAST algo- 
rithm revealed no significant sequence 
identities to known proteins. No similarities 
were observed with sequences in the Ex- 
pression Sequencing Tag (EST) databases. 
Inspection of the amino acid sequence of 
NIP45 revealed a highly basic domain at 
the NH,-terminus in which 13 of 32 amino 
acids are basic (Fig lB), but in general the 
primary sequence had no striking features 
that could yield clues to the function of this 
gene. 

Northern blot analysis of RNA from dif- 
ferent murine tissues revealed a transcript of 
approximately 3.1 kb (Fig. 2). RNA from 
testis contained an additional 1.4-kb hy- 
bridizing species. The highest amounts of 
NIP45 transcripts were seen in spleen, thy- 
mus, and testis. The preferential expression 
in lymphoid organs may indicate a specific 
function for NIP45 in the immune system. 
The low intensity hybridization signal and 
the rare occurrence of NIP45 cDNA clones 
in the T cell cDNA library combined with 
its absence in the current EST databases 
indicate that the NIP45 RNA is a relatively 
rare message. 

To  gain further clues to the potential 
function of NIP45, subcellular localization 
of epitope-tagged protein was determined 
by indirect immunofluorescence (Fig. 3). 
The fluorescence pattern indicated that 
NIP45 is evenly distributed throughout the 
nucleus, matching the pattern seen for the 
same cells treated with the nuclear staining 

Fig. 2 (left). RNA blot analysis of NIP45 transcript. Total RNA (10 kg) from indicated tissues was 
separated on denaturing agarose gels, blotted, and hybridized with a radiolabeled 1.4-kb NIP45 cDNA 
fragment. Samples were controlled for equivalent loading of RNA by comparison of ethidium bromide 
fluorescence. Fig. 3 (right). Nuclear localization of NIP45. lmmunofluorescence analysis of BHK 
cells transfected with an expression construct encoding an HA epitopetagged NIP45 (pCEP4-HA). 
Transfected cells were fixed and probed with a monoclonal antibody specific for the HA peptide (78). 
Nuclear staining of NIP45 was observed with a indocarbocyanine-labeled goat anti-mouse secondary 
reagent (A) by comparison to the same cells counterstained with the DNA staining dye Hoechst 33258 
(B). lndocarbocyanine fluorescence was not detected in control experiments of cells transfected with 
NIP45AHA. 

dye Hoechst 33258 and that of cells trans- 
fected with NF-AT4 and stimulated with 
ionomycin ( I  I). Stimulation with PMA, 
ionomycin, or both did not affect the sub- 
cellular localization of this NIP45 (1 I) .  Nu- 
clear trafficking of NF-AT4 in HepG2 cells 
in response to changes in intracellular cal- 
cium concentrations was not affected by the 
overexpression of exogenous NIP45 ( I  I ). 

We tested for a functional role of NIP45 
in NF-AT-driven transcription by overex- 
pressing NIP45 in HepG2 cells. HepG2 
cells express low amounts of endogeneous 
NF-AT, and ectopic expression of NF-AT 
proteins transactivates NF-ATJriven tran- 
scription in this cell line in the absence of 
exogenous stimulation ( I  2). The cDNA en- 
coding NIP45 was cloned into an expres- 
sion vector and cotransfected into HepG2 
cells with NF-ATp and a reporter gene 
containing tandem copies of the NF-AT 

binding site (3XNF-AT-CAT). Transfec- 
tion of NIP45 alone into HepG2 cells with 
the 3XNF-AT-CAT reporter did not lead 
to a significant increase in CAT expression 
(Fig. 4A), showing that NIP45 cannot act 
on its own to transactivate an NF-AT tar- 
get sequence. Overexpression of NF-ATp 
alone resulted in substantial (six times 
greater than vector control) transactivation 
of the NF-AT-CAT reporter (Fig. 4A) 
(12). Cotransfection of NIP45 plus NF- 
ATp resulted in a four to five times increase 
in CAT activity relative to transfection 
with NF-ATp alone and a 25 to 30 times 
increase over that seen with vector alone 
(Fig. 4A). This increase was not observed 
when a mutant 3XNF-AT-CAT reporter or 
a control major histocompatability complex 
(MHC) class I1 promoter reporter was used, 
thus demonstrating its target site specificity 
(11). 

Fig. 4. NIP45 stimulates transcription with NF-AT. (A) NIP45 potentiated transactivation by NF-ATfamily 
member proteins. HepG2 cells were transfected with a 3XNF-AT-CAT reporter from the IL-2 gene (19) 
and control or expression plasmids for NIP45 and NF-AT family members (NF-ATp, NF-ATc, NF-AT3, 
and NF-AT4) (9) as indicated (20). One representative assay for each combination is shown adjacent to 
a bar graph representing relative CAT activity for each group. (B) NIP45 synergized with NF-ATp and 
c-maf to activate the IL-4 promoter. HepG2 cells were transfected with an IL-4-CAT reporter construct 
(extending to -732 bp of the 11-4 promoter) and expression vectors or controls for NIP45, NF-ATp, and 
c-maf as indicated. The control for NIP45 was a frame shift mutant at amino acid 13. Controls for 
NF-ATp and c-maf were the empty expression vectors pREP4 and pMM, respectively (3). Represen- 
tative CAT assays and bar graphs are depicted as in (A). 
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Fig. 5. Transient overexpression of NIP45 with 
NF-ATp and c-maf results in endogenous IL-4 
production. MI2 B lymphoma cells were tran- 
siently cotransfected with expression pasmids for 
NF-ATp and c-maf together w~th NIP45 or pCl 
vector control, and the concentration of L-4 n 
supernatants harvested 72 hours later was mea- 
sured by enzyme-linked immunosorbent assay 
(ELISA) (21). 

T o  confirin that the polypeptide product 
encoded by the NIP45 cDNA was responsi- 
ble for this enhanced transactivation, a 
frame shift mutation was introduced in the 
coding region that encoded a truncated 
NIP45 (NIP45A) (13). The NIP45A con- 
struct did not transactive the NF-AT report- 
er in the presence or absence of NF-ATp, 
thus confirming that the enhanced transac- 
tivation obaerved was due to the polypeptide 
expressed from NIP45 cDNA. Transactiva- 
tion experiments were also done in the B cell 
line M12 and the T cell clone D l 0  with 
similar although less dramatic results (1 1 ), 
which may be due to higher endogenous 
NIP45 or NF-ATp expression in these latter 
cell lines. We conclude that NIP45 substan- 
tially and specifically potentiates transcrip- 
tion induced by NF-ATp, an activity that 
requires interaction with NF-ATp. 

Because NF-AT proteins share approxi- 
mately 70% identity within the RHD, we 
tested whether other NF-AT family mem- 
bers could interact with NIP45. NIP45 was 
cotransfected as above with expression con- 
structs encoding either NF-ATc, NF-AT3 
or NF-AT4 plus the NF-AT-CAT reporter 
plasmid. All NF-AT family members can 
transactivate a reporter gene containing 
three copies of an NF-AT-APl site when 
overexpressed in HepG2 cells, although to 
different extents (Fig. 4A). Although NF- 
ATp was the most potent transactivator of 
the NF-AT-CAT reporter, NIP45 potenti- 
ated both NF-ATc (fourfold increase) and 
NF-AT3 (threefold)-driven transactiva- 
tion as well as NF-AT4 (twofold)-mediated 
transactivation (Fig. 4A). T h e  ability of 
NIP45 to potentiate the activity of all NF- 
A T  family members is not surprising given 
the high degree of sequence conservation of 
the RHD of the NF-AT family members. 

W e  also determined if NIP45 was func- 
tional in the context of a native NF-AT- 
dependent promoter. IL-4 expression is tis- 
sue specific and restricted to the T,2 subset 
of T cells and to mast cells. Thus, the IL-4 

prornoter is not active in the HepG2 cell 
line hut could be activated by the introduc- 
tion of NF-ATp and c-maf (Fig. 4B), con- 
sistent with the action of transfected c-maf 
with NF-ATp to transactivate the other- 
wise inert IL-4 promoter in T,1 and B cells 
(3). Introduction of NIP45 together with 
NF-ATp and c-maf resulted in an addition- 
al ninefold increase in the activity of the 
IL-4 prornoter relative to that seen for NF- 
ATp and c-maf alone (Fig. 4B). NIP45 also 
increased the activity of the IL-4 promoter 
in the absence of transfected NF-ATp, an 
effect likely due to interaction with endog- 
enous NF-ATp (Fig. 4B). 

B lymphoina cells stably transfected with 
NF-ATp and c-naf expression vectors pro- 
duce low amounts of endogenous IL-4 pro- 
tein (3). In contrast, endogenous IL-4 is not 
detected upon transient transfection, which 
presumably reflects the lower fraction of cells 
expressing the introduced genes. We inves- 
tigated if providing the B lymphoma cells 
with NIP45 in addition to NF-ATp and 
c-maf [night increase endogenous IL-4 pro- 
duction to levels detectable in a transient 
expression system. Therefore, M12 cells were 
transiently cotransfected with c-naf and NF- 
ATp and either NIP45 or control vector. 
Four independent sets of transient transfec- 
tions were done and assayed for secretion of 
IL-4 into the culture supernatant. For each 
set of transfections, inclusion of NIP45 led to 
a 50 to 200 times increase in IL-4 production 
over cells that did not receive NIP45, in 
which IL-4 production was near the limit of 
detection (Fig. 5). The  effect of c-maf, NF- 
ATp, and NIP45 was specific for IL-4 as no 
endogenous IL-5 protein was detected (14). 
Thus NIP45 substantially stimulates the 
ability of NF-AT to activate transcription of 
genes that contain binding sites for NF-AT. 
The mechanism of action for this effect is 
not known although some clues are provided 
by the localization of this protein to the 
nucleus. A tempting mechanism for the 
stirnulation of NF-AT transactivation is 
through a coactivator function. This implies 
the existence of specific factors in the basic 
transcriptional colnplex that interact with 
NF-AT-bound NIP45. Further studies will 
be required to identify these putative fac- 
tors. Electrophoretic mobility shift analy- 
sis did not provide evidence for coopera- 
tive binding of NIP45, c-maf, and NF- 
A T p  in the presence of DNA (15) .  Al- 
though this does not rule out the 
possibility of a coactivator function, other 
mechanisms inay explain the activity of 
this factor. This includes but is not limited 
to a posttranslational modifying enzyme of 
NF-AT, an accessory protein involved in 
the subcellular transport of NF-AT, or a 
factor involved in the assembly of an NF- 
AT transcription complex. 
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