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Signal transducer and activator of transcription
(Stat)4 is a signaling molecule required for normal
responses to interleukin-12 (IL-12) and is critically
involved in in¯ammatory responses. We have isolated
an alternatively spliced isoform of Stat4, termed
Stat4b, which lacks 44 amino acids at the C-terminus,
encompassing the putative transcriptional activation
domain. To assess the in vivo roles of these Stat4 iso-
forms, we generated transgenic Stat4-de®cient mice
expressing Stat4a or Stat4b. Our results indicate that
T-cell-speci®c expression of Stat4a or Stat4b can
mediate many aspects of IL-12 signaling including the
differentiation of Th1 cells. However, Stat4a is
required for normal levels of IL-12-induced inter-
feron-g production from Th1 cells. Microarray analy-
sis identi®ed 98 genes induced by both Stat4 isoforms,
32 genes induced only by Stat4a and 29 genes induced
only by Stat4b. Some induced genes correlate with
speci®c functions including the ability of Stat4b, but
not Stat4a, to mediate IL-12-stimulated proliferation.
Thus, Stat4a and Stat4b have distinct roles in
mediating responses to IL-12.
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Introduction

Signal transducer and activator of transcription (Stat)4
plays a critical role in in¯ammatory immune responses.
Stat4 is activated in response to interleukin-12 (IL-12)
(Bacon et al., 1995; Jacobson et al., 1995), which
promotes T-helper type 1 (Th1) cell development, inter-
feron (IFN)-g production and cell-mediated immune
responses (Trinchieri, 1995). Gene targeting experiments
have demonstrated the essential role of Stat4 in IL-12-
mediated immune function (Kaplan et al., 1996;
Thierfelder et al., 1996). Studies using Stat4-de®cient
mice have demonstrated the critical role of Stat4 in
generating immune responses in in¯ammatory and
infectious disease (Simpson et al., 1998; Holz et al.,
1999; Stamm et al., 1999; Cai et al., 2000; Tarleton et al.,
2000; Afanasyeva et al., 2001; Chitnis et al., 2001;

Matsukawa et al., 2001; Tekkanat et al., 2001). Thus, Stat4
is a critical mediator of in¯ammatory responses to several
cytokines.

STATs are a class of transcription factors that play a
critical role in cellular growth, differentiation and immune
responses. The seven STAT proteins are activated by
various extracellular signals (reviewed in Darnell, 1997;
O'Shea, 1997; Leonard and O'Shea, 1998). Analysis of
IFN-a and IFN-g signaling initially revealed the mechan-
ism of STAT activation (Darnell, 1997). In unstimulated
cells, STAT proteins are monomers present in the
cytoplasm. After cytokine signaling and subsequent
tyrosine phosphorylation of the receptor, STATs bind to
the intracellular domain of the receptor and become
tyrosine phosphorylated. This modi®cation of the STATs
occurs within minutes of cytokine stimulation, and begins
to decline 1±2 h later. The phosphorylated STATs
dimerize and then migrate to the nucleus where they
regulate gene expression by binding to speci®c promoter
elements.

Characterization of the STATs reveals several import-
ant functional domains (Darnell, 1997). The conserved
N-terminal region of STATs is important for tetramer
formation and cooperative DNA binding (Vinkemeier
et al., 1996, 1998; Xu et al., 1996). This region has also
been implicated in tyrosine phosphorylation of STATs in
response to cytokine signaling (Murphy et al., 2000) and
the inactivation of the tyrosine-phosphorylated Stat1
(Shuai et al., 1996). The STATs contain a novel DNA-
binding domain located in the middle of the protein. The
SH2 domain mediates interaction with the cytoplasmic
region of cytokine receptor after ligand binding and is also
required for STAT dimerization. The transcriptional
activation domain of the STATs lies at the C-terminal
end of the molecules (Wen et al., 1995; Mikita et al., 1996;
Qureshi et al., 1996; Wang et al., 1996).

Stat1, Stat3 and Stat5 are each expressed in two
alternatively spliced isoforms that vary at the C-terminal
domain (Schindler et al., 1992; Schaefer et al., 1995;
Wang et al., 1996, 2000). The full-length proteins are
referred to as a, while the truncated forms are designated
b. The b isoforms of Stat1, 3 and 5 have been shown to
function as dominant-negative factors (Shuai et al., 1993;
Caldenhoven et al., 1996; Wang et al., 2000). However, at
some promoters, Stat3b activates transcription from
composite elements in combination with c-jun and has
roles distinct from those of Stat3a in vivo (Schaefer et al.,
1995, 1997; Zhang et al., 1999; Yoo et al., 2002).

In this report, we show that the Stat4 gene is also
expressed as an alternatively spliced isoform, Stat4b,
which lacks 44 amino acids at the C-terminus.
Alternatively spliced transcripts and protein for both
Stat4 isoforms were detected in cell lines and primary
cells. Using transgenic mice, we show that both Stat4a and
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Stat4b are able to activate transcription in primary cells
though the isoforms have both overlapping and distinct
roles in mediating the biological effects of IL-12.

Results

Isolation of Stat4b cDNA clones
To determine whether Stat4 is expressed in different
isoforms, a cDNA library prepared from human peripheral

blood lymphocytes (PBLs) was screened with a 900 bp
probe derived from the 3¢ end of the Stat4a cDNA. Several
independent clones were isolated that contained a 369 bp
insertion within the codon for amino acid 704 (Figure 1A
and B). Inclusion of this sequence in the Stat4 message
changes one residue and introduces a stop codon imme-
diately downstream of the insertion point. The sequences
at the borders of the Stat4b-speci®c region conform to the
GT±AG rule for introns (Mount, 1982), indicating that this

Fig. 1. Cloning and expression of Stat4 isoforms. (A) Schematic representations of the Stat4a and Stat4b cDNAs are shown. The cross-hatched regions
at the 5¢ and 3¢ ends of the cDNAs indicate the untranslated regions. The transcriptional activation domain (TAD) is denoted by a gray, shaded box,
and the other functional domains are denoted by black regions. The numbers above the diagrams indicate the approximate positions in the amino acid
sequence of the borders of these domains. The Stat4b form contains an additional exon indicated by the bracket. (B) DNA and protein sequences of
the 3¢ regions of the Stat4a and Stat4b cDNAs. The amino acid numbers are shown on the right. The b-speci®c sequence is indicated by lower case
letters. Introduction of the b-speci®c exon introduces a stop codon, designated with an asterisk, just downstream of the splice junction at amino acid
704. (C) RNase protection was performed using a 400 nucleotide probe derived from the Stat4a cDNA (shown in A). The largest protected fragment
of 400 nucleotides corresponds to the Stat4a mRNA. Hybridization to the Stat4b mRNA produces two smaller fragments of ~260 and 140 nucleotides,
corresponding to the regions upstream and downstream of the b-speci®c exon. (D) Nuclear extracts prepared from A139 cells were analyzed by
western blot with antibodies speci®c for either the N- or the C-terminal regions of Stat4 (lanes 1 and 2, respectively). The speci®city of the antibodies
was con®rmed by western blot analysis of extracts from COS cells that had been transiently transfected with Stat4a and Stat4b expression plasmids
(2 mg) and immunoblotted with antibodies to the N-terminus (lanes 3 and 4) or the C-terminus (lanes 5 and 6) of Stat4. Experiments in (C) and (D)
were performed at least three times.
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sequence corresponds to an intron that can be spliced out
to generate the Stat4a isoform encoding 748 amino acids
(Figure 1A and B). Inclusion of the b-speci®c sequence, on
the other hand, generates the Stat4b isoform that encodes a
protein of 704 amino acids, deleting the 44 C-terminal
residues (Figure 1A and B). This cDNA clone is charac-
teristic of a STAT b isoform because the insertion point
corresponds exactly to the homologous residue in the Stat1
gene that is the site of alternative splicing for the Stat1b
isoform (Yan et al., 1995).

Expression of Stat4b
RNase protection analysis demonstrated the expression of
both Stat4 isoforms in A139 cells, a T-cell line expressing
functional IL-12 receptors (Klein et al., 1996). The
antisense RNA probe used in this assay was derived
from Stat4a cDNA and spans the alternatively processed
region (Figure 1A). Hybridization of the probe with RNA
puri®ed from A139 cells revealed three protected species
(Figure 1C). The larger species of 400 nucleotides resulted
from hybridization to Stat4a mRNA. Hybridization to the
Stat4b transcript generated the two smaller fragments of
~140 and 260 nucleotides, which correspond to the regions
upstream and downstream of the b-speci®c exon
(Figure 1A and C). This result indicates that both Stat4a
and Stat4b transcripts are expressed in the A139 cell
line. Similar results were obtained with human PBLs
(unpublished data).

Protein expression of the Stat4 isoforms was examined
by western blot analysis using nuclear extracts prepared
from A139 cells. In this assay, anti-Stat4 antibodies
speci®c for either the N-terminal region or the C-terminal
domain were used. Two species of Stat4 were detected
with the anti-N-terminal speci®c antibodies (Figure 1D,
lane 1), while the anti-C-terminal speci®c antibodies
recognized only the slower migrating species (Figure 1D,
lane 2). Since the truncated Stat4b isoform would not be
recognized by anti-C-terminal Stat4 antibodies, these
results suggest that the slower migrating species corres-
ponds to Stat4a while the faster migrating species
corresponds to Stat4b. Expression of recombinant Stat4a
and Stat4b by transient transfection in COS cells was
included as a control for the speci®city of the antibodies
(Figure 1D, lanes 3±6). These data indicate that both Stat4
isoforms are expressed in human T cells.

Generation of Stat4a and Stat4b transgenic mice
To determine the ability of Stat4b to activate gene
expression in vivo, we generated transgenic mice express-
ing Stat4a or Stat4b cDNAs regulated by the CD2 locus
control region (LCR). This expression vector directs T cell-
speci®c expression (Zhumabekov et al., 1995). Several
founders were analyzed and one Stat4a and two Stat4b
transgenic lines were selected for extensive analysis.
Transgene-positive mice were backcrossed with C57BL/6
Stat4-de®cient mice to yield mice expressing transgenic
Stat4a or Stat4b without any endogenous Stat4.
Expression of transgenic Stat4a or Stat4b did not alter
T-cell development as indicated by similar levels of CD4+

and CD8+ T cells in the thymus, spleen and lymph nodes of
wild-type, Stat4±/± and Stat4a or Stat4b transgenic mice
(unpublished data). Western analysis of total protein
extracts from wild-type and transgenic mice examined

the expression of Stat4a and Stat4b in primary T cells
(Figure 2B). Importantly, the levels of Stat4a and Stat4b
in the transgenic mice indicate that the proteins are not
overexpressed relative to the endogenous level of Stat4.
Analysis of the expression of Stat4 in transgenic mice
demonstrated Stat4 in lymphoid tissues, primarily in
T cells, with a much lower level of expression in B cells
(Figure 2C).

Activation of Stat4 isoforms
We then examined the tyrosine phosphorylation of the two
isoforms following IL-12 treatment in A139 cells. In
unstimulated cells, minimal tyrosine phosphorylation of
Stat4 protein was observed (Figure 3A). Addition of IL-12
induced tyrosine phosphorylation of both Stat4a and
Stat4b, peaking at 2 h and declining thereafter. Both Stat4
isoforms in transgenic mice were activated with kinetics
similar to those seen in human cells; however, the Stat4b
isoform maintained a high level of activation for a longer
period of time (Figure 3B). To determine if degradation of
the activated Stat4 proteins was different between the
Stat4 isoforms, we treated cells with the proteasome
inhibitor MG132 and examined the levels of phosphoryl-
ated Stat4. Similar to other studies (Wang et al., 2000), we
found that phosphorylated Stat4 was stabilized by MG132
(Figure 3A). Interestingly, Stat4a appeared to be stabil-
ized preferentially by proteasome inhibition while Stat4b
was less affected (Figure 3A). We tested whether Stat4a or
Stat4b could be ubiquitylated directly by co-transfecting
Stat4 isoform-expressing plasmids with a hemagglutinin
(HA)-tagged ubiquitin expression plasmid (Musti et al.,
1997). Stat4a was found to be more readily ubiquitylated
than Stat4b (Figure 3C). Thus, ubiquitin-mediated
degradation may be one mechanism for differentially
regulating Stat4 isoforms.

Fig. 2. Generation of Stat4 transgenic mice. (A) Schematic of the Stat4
transgenic vector. (B) Expression of transgenic Stat4 was assessed by
immunoblot using a monoclonal anti-Stat4. Note the slightly faster
migration of Stat4b. (C) Total protein extracts from the indicated
tissues from a CD2:Stat4b mouse were used for immunoblot analysis.
Tissue extracts (50 mg/lane) were probed with a monoclonal anti-Stat4.
Immunoblots are representative of 2±4 experiments.
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Stat4 isoform-dependent Th1 differentiation
We next wanted to examine further the ability of Stat4a
and Stat4b to direct Th1 differentiation and activate IL-12-
stimulated transcription in Th1 cells. To analyze gene
expression, we ®rst needed to verify target genes in the
Stat4-dependent Th1 genetic program since some genes,
known to be differentially expressed in Th1 versus Th2
cells, have not been carefully examined for their depend-
ence on Stat4 in Th1 cells. Stat4 heterozygous or Stat4±/±
CD4+ cells were differentiated under Th1 or Th2 condi-
tions as indicated in Figure 4A, and either left unstimu-
lated, or stimulated with IL-12 + IL-18 or anti-CD3 for
24 h followed by analysis of gene expression by northern
blot. Expression of surface receptors including IL-18R,
IL-12Rb2 and CCR5 was greatly reduced in Stat4-
de®cient Th1 cultures (Lawless et al., 2000; Iwasaki
et al., 2001) (Figure 4A), though expression was higher
than in Th2 cells. Expression of the transcription factors
ERM and T-bet was also absent or decreased in Stat4-
de®cient T cells, as previously observed (Ouyang et al.,
1999; White et al., 2001). IFN-regulating factor-1 (IRF-1)

expression was induced by IL-12 stimulation in Stat4-
expressing cells, while induction was not observed in cells
lacking Stat4, similar to previous reports in human cells
(Coccia et al., 1999; Galon et al., 1999) (Figure 4A). IFN-g
is the hallmark cytokine secreted by Th1 cells, and its
expression in response to IL-12 is known to be Stat4
dependent (Kaplan et al., 1996; Thierfelder et al., 1996;
Lawless et al., 2000). In these experiments, expression of
IFN-g in response to IL-12 and IL-18 was strongly reduced
in the Stat4±/± cells, while induction in Th1 polarized cells
in response to anti-CD3 was also reduced, although to a
lesser extent. This same pattern was observed for LTa
(Figure 4A). However, not all Th1-speci®c genes are Stat4
dependent as we, and others, have previously demon-
strated Lymphotactin (Ltn) and other genes to be
expressed normally in Stat4-de®cient Th1 cultures
(Venkataraman et al., 2000; Zhang et al., 2000b)
(Figure 4A). As controls, we observed Th2-speci®c
expression of IL-4, and equal expression of T-cell receptor

Fig. 3. Distinct activation kinetics of Stat4 isoforms. (A) A139 cells
were incubated in the absence or presence of IL-12 (10 ng/ml) for the
times indicated and in the presence or absence of 40 mM MG132 as
indicated. Whole-cell extracts were prepared at the indicated time
points. Extracts were resolved by SDS±PAGE, and then blotted with
anti-phospho-Stat4 (upper panel). The middle panel represents a longer
exposure of the upper panel to highlight Stat4b activation. The ®lter
was then stripped and re-probed with monoclonal anti-Stat4 to demon-
strate equal loading (lower panel). Results are representative of three
experiments. (B) Nuclear extracts were prepared from splenocytes of
Stat4 transgenic mice at the indicated times (h) after IL-12 treatment
and analyzed for Stat4 DNA binding activity by DNA pull-down and
western analysis. Results are representative of two experiments.
(C) Ubiquitylation of Stat4a. COS7 cells were transfected with either
Stat4a or Stat4b and an HA-tagged ubiquitin cloned in the pMT123
plasmid (2 mg of each plasmid). Cellular extracts harvested 48 h after
transfection were immunoprecipitated with anti-Stat4 and the presence
of ubiquitylated Stat4 was tested by western with anti-HA (upper
panel). The same blot was stripped and re-probed with anti-Stat4
antibodies (lower panel). Data are representative of three experiments.

Fig. 4. Stat4b activates the Th1 genetic program. (A) Stat4+/± CD4+

cells were differentiated into Th1 or Th2 cells by activation with anti-
CD3 in the presence of 2 ng/ml IL-12 + 10 mg/ml anti-IL-4 (Th1) or
10 ng/ml IL-4 + 10 mg/ml anti-IFN-g (Th2). Stat4±/± CD4+ cells were
differentiated into Th1 cells. After 6 days in culture, cells were left
unstimulated or stimulated with 2 ng/ml IL-12 + 50 ng/ml IL-18 or
2 mg/ml plate-bound anti-CD3 for 24 h. RNA was then recovered and
expression of the genes indicated was analyzed by northern blot.
Results are representative of two experiments. (B) Wild-type
CD2:Stat4a and CD2:Stat4b were differentiated and stimulated as in
(A). Results are representative of 4±6 experiments. Supernatants were
then recovered from cultures and IFN-g levels were determined by
ELISA. (C) Expression of the indicated genes was assayed by northern
blot in Th1 cells derived from Stat4+/±, Stat4±/±, CD2:Stat4a and
CD2:Stat4b mice. Cells were treated and RNA isolated as described in
(A). Results are representative of three experiments.
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Table I. Genes induced by both Stat4a and Stat4b

Accession No. Gene name Fold induction

Stat4a Stat4b

Secreted factors and signal transduction
M32745 TGF-b3 5.7 5.1
AK013606 Megakaryocyte-associated tyrosine kinase 4.5 5.2
AK008250 Mucin 2 4.4 4.6
AB018002 Death-associated kinase 2 3.7 3.7
AK017818 RagD G protein 3.6 3.7
W74976 Complement component 3 3.6 3.2
AF132851 Ras suppressor factor (RASSF) 3.2 3.1
BB264520 JNK-interacting protein-3a (Jip3) homolog 3.0 2.8
AK005361 Regulator of G protein signaling 16 (RGS16) 2.9 2.8
AK007774 Latent TGF-b3-binding protein 2.6 3.3
AK018113 Angiopoietin-related protein 2 precursor homolog 2.6 2.7
AK017187 Serine/arginine-rich protein-speci®c kinase 1 (SRPK1) 2.6 2.5
AK016359 ADP-ribosylation factor-like protein 5 (Arl5) homolog 2.6 2.4
AK010318 Stanniocalcin 2 2.4 2.5
AF061744 FYN-binding protein 2.4 2.5
AK014991 Death-associated protein 1 (DAP-1) homolog 2.4 2.9
AK002400 ADP-ribosylation factor GTPase-activating protein 1 homolog 2.4 2.4
AF117340 Mitogen-activated protein kinase kinase kinase 1 2.4 2.4
AK005456 Tumor protein D52 2.3 2.4
M33960 Plasminogen activator inhibitor, type I 2.1 2.0
Cell cycle
AK003389 Cyclin I 2.6 2.7
AK010928 Cyclin-dependent kinase 2 2.6 2.8
AK008585 Cyclin ANIA-6B homolog 2.2 2.2
DNA/RNA metabolism and transcription factors
AK008707 AF-9 homolog 3.0 2.7
AK011088 G1-related zinc ®nger protein 2.8 2.4
AK007880 Groucho-related protein 2.8 2.7
AK010506 Pre-B-cell leukemia transcription factor 4 2.8 3.0
AK004238 Trif gene 2.8 2.5
AK017655 Luc7 homolog 2.7 2.6
AI595019 Suppressor of ty3 homolog (SUPT3H) homolog 2.5 2.7
AK012829 Hypothetical nuclear factor SBBI22 (Zn ®nger) homolog 2.5 2.9
AK008242 CBF1-interacting corepressor CIR homolog 2.5 2.4
AK017984 Polycomb complex protein BMI-1 homolog 2.4 2.3
AF091234 Btg-associated nuclear protein (BANP) 2.2 2.2
AK010477 DNA polymerase d smallest subunit P12 homolog 2.1 2.1
Cell surface receptors
AK018582 G1-related zinc ®nger protein G1RP homolog sim to (GRAIL) 4.6 5.4
AK004650 Plakophilin 2A homolog 4.6 5.9
L48015 Activin A receptor, type II-like 1 4.3 4.3
AK017275 Melanoma antigen, family D, 1 3.7 4.2
V01527 Histocompatibility 2, class II antigen A, b1 3.4 4.0
AK015705 Transmembrane 4 superfamily member 9 3.4 3.4
AF038572 Jagged 2 3.1 3.0
AK004539 Receptor (calcitonin) activity-modifying protein 1 (RAMP1) 2.7 3.0
U03736 Copper ef¯ux ATPase homolog 2.6 2.6
AK010968 Erythropoietin receptor 2.6 2.6
U06670 Very low density lipoprotein receptor 2.5 2.7
L23423 Integrin a7 2.5 2.4
NM_010609 Potassium channel, subfamily K, member 8 2.4 2.7
AK010094 Nitrophenylphosphatase homolog 2.2 2.7
L12120 Interleukin 10 receptor a 2.2 2.3
X67469 Low-density lipoprotein receptor-related protein 2.2 2.2
Vesicle formation and traf®cking
L33726 Fascin homolog 1 4.5 5.0
BB222822 Calpain 5 3.2 3.7
AK011678 Vesicle-associated membrane protein 4 2.4 2.8
AK003515 ER lumen protein-retaining receptor 2 (KDEL receptor 2) homolog 2.4 2.1
AJ272203 Pro®lin 2 2.2 2.5
AK004761 Lysosomal apyrase-like protein (LALP70) homolog 2.2 2.4
AK011355 Peroxisomal biogenesis factor 13 2.2 2.2
Cellular metabolism
AK013167 1,4-a-glucan branching enzyme homolog 4.2 4.8
AK009667 ERO1 4.6 4.7
M74495 Adenylosuccinate synthetase 1 4.0 3.5
AK002783 Acid phosphatase 6 3.3 4.0
U16163 Proline 4-hydroxylase, aII polypeptide 3.7 3.5
AF288783 Glycogen phosphorylase 3.7 3.3
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(TCR) was observed in all genotypes and culture
conditions. Thus, there are both Stat4-dependent and
-independent aspects of the Th1 genetic program.

To test the ability of Stat4a and Stat4b to induce Th1
differentiation, we puri®ed CD4+ cells from wild-type,
CD2:Stat4a and CD2:Stat4b mice and differentiated the
cells in vitro to the Th1 phenotype by stimulating with
anti-CD3 in the presence of IL-12 and anti-IL-4. After
6 days in culture, cells were washed and restimulated to
examine IFN-g production. Figure 4B demonstrates that
stimulation of IFN-g secretion in response to anti-CD3 is
equivalent between wild-type and CD2:Stat4a, as pre-
viously observed (Broxmeyer et al., 2002). Importantly,
IFN-g production was comparable in CD2:Stat4b cultures
following anti-CD3 stimulation. In contrast, stimulation of
Th1 cultures with IL-12 demonstrated distinct functions of
Stat4 isoforms. Stat4a transgenic cells secreted levels of
IFN-g comparable with control cells, while Stat4b cultures
showed decreased IFN-g secretion (Figure 4B). Thus,
while both Stat4 isoforms can activate the Th1 differen-
tiation program, they are not equivalent in direct activation
of the IFN-g gene.

To determine if other Th1-speci®c and Stat4-dependent
genes are also expressed normally in CD2:Stat4b cells, we

performed northern analysis of Th1 cultures from
Stat4+/±, Stat4-de®cient, CD2:Stat4a and two founder
lines of CD2:Stat4b CD4+ cells left unstimulated or
stimulated with IL-12 + IL-18, IL-12 alone or anti-CD3 for
24 h. Th1-speci®c expression of IL-12Rb2, T-bet, ERM
and LTa was observed to be similar between Stat4a- and
Stat4b-expressing transgenic cells compared with Th1
cells (Figure 4C). However, IFN-g mRNA levels were
lower in cells from both Stat4b founder lines compared
with either Stat4+/± or Stat4a transgenic Th1 cells
(Figure 4C), which agrees with the data on IFN-g secretion
in Figure 4B. Thus, Stat4b can activate the Th1 genetic
program and rescue the phenotype of Stat4-de®cient Th1
cells. However, Stat4b is not as ef®cient as Stat4a in
directly inducing IFN-g gene expression.

Stat4 isoform-speci®c gene regulation
While a handful of genes have been identi®ed as IL-12
inducible and Stat4 dependent, we wanted to determine if
additional genes showed speci®c regulation by either
Stat4a or Stat4b. Microarray analysis was performed
using RNA isolated from CD2:Stat4a or CD2:Stat4b Th1
cells that were left unstimulated or stimulated with IL-12
for 18 h. Data are presented as fold induction of expression

Table I Continued

Accession No. Gene name Fold induction

Stat4a Stat4b

AK019539 Lipin 1 3.3 3.1
AI787918 Pyruvate dehydrogenase kinase homolog 3.0 2.9
NM_011961 Procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 2.7 3.1
AK012811 F-box and leucine-rich repeat protein 12 2.8 2.6
AK012060 Ubiquitin E3 ligase SMURF2 homolog 2.8 2.6
AK005680 DnaJ (Hsp40) homolog 2.7 2.5
AK005077 Aldolase 3, C isoform 2.6 2.6
L29123 Ferredoxin 1 2.5 2.5
AK012017 Tripeptidyl peptidase II 2.4 2.3
AK004042 Acetyl-coenzyme A synthetase 2 2.3 2.4
AK002531 Spermidine/spermine N1-acetyl transferase 2.3 2.1
BE573662 Inducible 6-phosphofructo-2-kinase 2.2 2.2
Y00964 Hexosaminidase B 2.1 2.4
Unknown
AK004548 N-myc downstream regulated 1 3.7 4.0
AK003295 DJ434O11.1 (novel protein) homolog 3.3 3.9
AK012716 P33ING2 homolog 3.0 3.3
AK009377 Hypoxia-induced gene 2 3.0 2.8
AF022992 Period homolog 3.0 3.1
AK004851 Gene 33 polypeptide homolog 3.1 2.9
BE573435 Y029_human hypothetical protein KIAA0029 homolog 3.0 2.9
AK003156 NPD017 homolog 3.0 3.1
AK009866 PDZ domain-containing protein 3.0 2.9
AK003466 Immediate early response 3 2.9 2.9
AK016342 Putative ovary-speci®c acidic protein homolog 2.9 3.1
AK011325 Neighbor of A-kinase anchoring protein 95 2.4 2.1
BE623294 Wolf±Hirschhorn syndrome candidate 1-like 1 protein homolog 2.4 2.2
AK017846 PR-domain-containing protein 16 homolog 2.3 2.6
AK013649 HDCMC04P homolog 2.3 2.4
AK003918 Reticulocabin precursor homolog 2.3 2.5
AK018058 BM024 homolog 2.3 2.2
AK014511 RIS homolog 2.2 2.9
AW113965 Z73359 human DNA homolog 2.2 2.3
AK014585 SAD1 UNC-84 domain protein 1 homolog 2.2 2.2
AK014600 Immunoglobulin domain-containing protein 2.1 2.2

RNA from CD2:Stat4a or CD2:Stat4b Th1 cells was stimulated with or without IL-12 for 18 h. Fold induction is the expression at 18 h divided by
expression in unstimulated cells and is the average of duplicate determinations. Average fold variation between the determinations was 0.23.
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at 18 h over the expression in the unstimulated condition.
Only genes that were induced >2-fold are listed. Ninety-
eight genes were activated by both Stat4 isoforms
(Table I). However, additional genes were induced
speci®cally by either Stat4a (32 genes) or Stat4b (29
genes) (Tables II and III). Surprisingly, no gene expression
was decreased by IL-12 treatment.

To verify these targets as IL-12-responsive genes and as
differential targets of Stat4a and Stat4b, we performed
northern analysis of RNA isolated from IL-12-stimulated
activated T cells at several time points. We ®rst examined
induction of IL-12Rb2, since it was expressed equally in
Stat4a and Stat4b transgenic Th1 cells (Figure 4C). As
previously observed (Lawless et al., 2000), there is a
1.5- to 2-fold induction of IL-12Rb2 mRNA following
IL-12 stimulation, and this induction is similar between
Stat4a- and Stat4b-expressing cells (Figure 5A and B).
The cell cycle inhibitor, p27Kip1, was shown to be activated
speci®cally by Stat4a (Table II). Northern and western
analysis con®rmed this, showing an almost 5-fold induc-
tion over 10 h in Stat4a-expressing cells, with little
induction in Stat4b-expressing cells (Figure 5A±C).
Decreased p27Kip1 levels even in unstimulated
CD2:Stat4b cells is re¯ected in the enhanced growth
characteristics of these cells. In contrast, the SH2-B gene
is induced 2-fold by 10 h in Stat4b-expressing cells, while

it is not induced in Stat4a-expressing cells (Figure 5A
and B).

We have shown previously that p27Kip1 regulates
cytokine-stimulated proliferation and that p27Kip1 de®-
ciency partially rescues the inability of Stat4-de®cient
activated T cells to proliferate (Zhang et al., 2000a; Shen
and Kaplan, 2002). Thus, if p27Kip1 is induced by Stat4a,
but not Stat4b, we would expect that there would be
differences in their proliferative responses to IL-12. To
test this, wild-type, Stat4-de®cient, CD2:Stat4a and
CD2:Stat4b Th1 cells cultured as described above were
stimulated with increasing doses of IL-12 and pulsed with
tritiated thymidine at various time points. Cultures
harvested at 24 h demonstrated similar proliferation
between wild-type and Stat4b cells, while Stat4a cells
showed considerably lower levels of proliferation and
Stat4-de®cient cells had a minimal proliferative response.
Wild-type cell proliferation decreased at the 48 and 72 h
time points, while, comparatively, Stat4b cells showed
enhanced proliferation at these time points. Stat4a-
expressing cells consistently showed diminished prolif-
erative responses compared with wild-type or Stat4b-
expressing cells. Thus, Stat4a-expressing cells, which
induce p27Kip1 expression, demonstrate modest IL-12
proliferative responses. These results suggest that Stat4b
is required for a normal proliferative response to IL-12.

Table II. Genes induced speci®cally by Stat4a

Accession No. Gene name Fold induction

Secreted factors and signal transduction
S37052 Vascular endothelial growth factor-3 2.6
AK017251 TBC domain-containing protein 2.3
AW318679 MEK binding partner 1 2.1
AW536752 SH3-domain-binding protein 4 homolog 2.1
Cell cycle
AK004705 RGC32, induced by complement activation in oligodendrocytes homolog 2.2
U10440 Cyclin-dependent kinase inhibitor 1B (p27Kip1) 2.2
DNA/RNA metabolism and transcription factors
AK011431 H3 histone, family 3B 3.0
AK002725 Histone gene complex 2 2.6
AK011560 Histone 4 protein 2.6
AK011843 RNA polymerase II 2.4
AK002387 Zinc/ring ®nger, C3HC4 type-containing protein 2.3
AK009842 Zinc ®nger protein 94 (ZFP-94) homolog 2.3
AK003001 Activating transcription factor 4 (ATF-4) 2.2
AW681680 Putative RNA helicase homolog 2.2
BE289038 RelA-associated inhibitor homolog 2.2
AI385616 Nuclear receptor ROR-a-1 homolog 2.1
AK012632 Splicing factor 3b, subunit 1 2.0
Cell surface receptors
AK019083 Receptor (calcitonin) activity-modifying protein 2 2.3
Cellular metabolism
AK002447 Selenium-binding protein 1 7.4
M75135 Solute carrier family 2 (facilitated glucose transporter), member 3 2.6
M35021 Heat shock protein, 70 kDa 1 2.5
AK002455 Acid sphingomyelinase-like phosphodiesterase 3a 2.5
AK003051 Enolase 2, g neuronal 2.4
AF045573 Leucine-rich repeat (in FLII)-interacting protein 1 2.3
AK009422 5-Formyltetrahydrofolate cyclo-ligase homolog 2.2
AK016474 Autophagy 12 (APG12) homolog 2.1
AK003223 Dolichol-phosphate-mannose synthase homolog 2.1
AF221525 Cytochrome P450 2.1
AI429813 GTP-binding protein and M protein homolog 2.0
AK005798 GAPDH homolog 2.0
Unknown
AK002594 HSPC189 protein homolog 2.3
AK008415 Protein X 013 homolog 2.2
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Discussion

In this report, we have demonstrated that the Stat4 gene
encodes a truncated isoform, Stat4b, which is created by
alternative mRNA splicing. Thus, Stat4 is similar to
STATs 1, 3, 5A and 5B in that it is expressed as an isoform
that lacks the C-terminal domain. This region has been
shown to be critical for transcriptional activation by Stat1
and Stat5. The Stat1b and Stat5b isoforms, which lack
this C-terminal region, exhibit different transcriptional
activities from their full-length a isoforms. Stat1b cannot
mediate IFN-g control of cell growth (Bromberg et al.,
1996) and failed to promote the transcription of an IFN-g-
inducible reporter gene (Wen et al., 1995). Similarly,
Stat5b isoforms act as dominant-negative factors to
suppress genes that are normally activated by Stat5A
(Wang et al., 1996). Based on these precedents, we
expected that Stat4b might also function as a dominant-
negative repressor of transcription. However, studies using
transgenic mice that express either Stat4a or Stat4b
demonstrate that Stat4b can activate many IL-12-inducible
genes. Furthermore, there are distinct requirements for
both isoforms of Stat4. For example, Stat4a is required for
maximal induction of IL-12-induced IFN-g production,
while Stat4b is required for IL-12-stimulated proliferative
responses.

The C-terminal `transactivation' domain of Stat4 can
activate transcription in a GAL4 fusion reporter assay

(unpublished data), though only to a very low level. Thus,
the mechanism for Stat4b-dependent gene transactivation
is still unclear. Studies using a reporter with the Stat4-
inducible element of the IRF-1 promoter (Coccia et al.,
1999; Galon et al., 1999) demonstrate the importance of
the adjacent CRE site and suggest that interactions with, or
recruitment of, Jun or ATF family members at IL-12-
inducible promoters may be important in mediating robust
transcriptional activation (unpublished data). This is very
similar to the mechanism of transcriptional activation by
Stat3b, which interacts with Jun family members through
the STAT N-terminal coiled-coil region (Schaefer et al.,
1995, 1997; Zhang et al., 1999). Importantly, the bio-
logical effects of Stat4 are not mediated by heterodimer-
ization with other STAT family members (unpublished
data).

IL-12 has also been reported to activate p38 MAPK
(Visconti et al., 2000; Zhang and Kaplan, 2000), which is
involved in the phosphorylation of Stat4 Ser721, contained
in the transactivation domain, to increase Stat4-dependent
transactivation. Mutation of Ser721 reduced IL-12-
dependent activation of a reporter gene in a transient
transfection assay in Jurkat cells (Visconti et al., 2000).
Reconstitution of Stat4 S721A into Stat4-de®cient T cells
recovered IL-12-stimulated proliferative responses but not
IL-12-stimulated IFN-g production or Th1 differentiation
(Morinobu et al., 2002). The reliance on Ser721 phos-
phorylation for IFN-g production agrees with our own data

Table III. Genes induced speci®cally by Stat4b

Accession No. Gene name Fold induction

Secreted factors and signal transduction
AB041542 Hypothetical serine/threonine protein kinase 3.0
AK004590 SH3-domain GRB2-like B1 (endophilin) 2.6
Y17860 Ganglioside-induced differentiation-associated-protein 10 2.2
AF020526 SH2-B PH domain-containing signaling mediator 1 2.1
X95603 Insulin-like 3 2.1
AA475831 Centaurin b1 homolog 2.0
DNA/RNA metabolism and transcription factors
Y14296 Kruppel-like factor 9 2.3
AK007317 Host cell factor C1 (HCF) homolog 2.2
AK002324 P34SEI-1/TRIP-Br1 2.2
AK013443 Hairy and enhancer of split 6 (Drosophila) 2.1
AK007492 Transcription initiation factor IIE, b subunit (TFIIE-BETA) 2.1
Cell surface receptors
AK010239 Frizzled homolog 7 (Drosophila) 2.8
C88843 Kidney injury molecule-1 homolog 2.1
AK002332 Basigin/CD147 2.1
Vesicle formation and traf®cking
AK010786 Tubulin b chain (T BETA-15) homolog 2.8
M11686 Keratin complex 1, acidic, gene 18 2.6
AK003049 Secretory granule neuroendocrine protein 1 2.5
AK014595 Coatomer protein complex, subunit g1 2.3
U58869 Pantophysin 2.2
AK009735 Adaptor protein complex AP-2, a2 subunit 2.1
Cellular metabolism
AK007983 Metallothionein 1 3.3
AK009903 Aspartate-b-hydroxylase 2.4
AK003332 Peroxiredoxin 6 2.3
AK003930 Serine (or cysteine) proteinase inhibitor 2.1
AF004106 Dimethylarginine dimethylaminohydrolase 2 2.1
AK002740 Voltage-dependent anion channel 1 2.1
AI317339 Inter-a-trypsin inhibitor heavy chain precursor homolog 2.1
AK012352 Nucleoredoxin 2.0
Unknown
AK019405 ALEX1 protein homolog 2.2
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that the Stat4 C-terminal domain is required for IL-12-
induced IFN-g production (Figure 4). However, we
observed normal Th1 differentiation, as assessed by anti-
CD3-induced IFN-g production as well as several other
genes, in Stat4b transgenic mice. This differed from the
result in Morinobu et al. (2002) that demonstrated little
Th1 differentiation in Stat4 S721A-reconstituted Stat4-
de®cient cells. These data suggest that Stat4b and Stat4
S721A are not functionally equivalent and that the S721A
mutation might even interfere with the ability of Stat4 to
interact with other proteins to mediate transactivation, thus
functioning as a dominant negative at some gene pro-
moters. It may be interesting to compare these forms of
Stat4 directly in the future.

There may be important differences in the activation of
the Stat4 isoforms. In transgenic mice, Stat4b stays
activated for a longer period of time than Stat4a, though
this difference is not as clear in a human cell line.
Consistent with this observation, the b isoforms of other
STATs have been reported to remain activated longer than
the a forms following tyrosine phosphorylation (Wang
et al., 1996, 2000; Park et al., 2000). This may also result
in altered DNA binding, since the b isoform of Stat3 forms
more stable dimers resulting in enhanced DNA binding

af®nity (Park et al., 2000). The mechanism of the altered
activation kinetics between the Stat4 isoforms is still
unclear and may also be distinct in human and mouse cells.
It may be due to the fact that Stat4a is more extensively
ubiquitylated and sensitive to proteasome inhibition than
Stat4b, allowing greater Stat4b accumulation within the
cell (Figure 3). Alternatively, it could be a product of a
unique biological function. For example, Stat4b, but not
Stat4a, activates the expression of SH2-B (Figure 5),
which has been shown to potentiate Janus kinase activ-
ation (Rui and Carter-Su, 1999; O'Brien et al., 2002).
Altered kinetics could also be a result of differential
inhibitor function such as altered SOCS activation or
decreased interaction with a STAT phosphatase. The
mechanism of altered activation of Stat4 isoforms may
involve several of these possibilities, and more detailed
experimentation will be required.

It is also interesting to speculate on the unique roles that
each Stat4 isoform may have in vivo. While we have
shown that there are functional differences between the
isoforms in mice that express only one isoform, the
regulation of genes and biological responses in cells that
express both isoforms will be more complex. Stat4a is far
more abundant than Stat4b, and has the property of being

Fig. 5. Differential gene activation by Stat4 isoforms. (A) Spleen cells CD2:Stat4a or CD2:Stat4b were activated with anti-CD3 for 72 h. Cells were
then washed and incubated for the indicated time periods with 2 ng/ml IL-12. RNA was isolated, electrophoresed and transferred to nylon membrane.
Membranes were hybridized sequentially with radiolabeled IL-12Rb2, p27Kip1 and SH2-B cDNAs. The blot was stripped and re-probed with TCRa as
a control for loading. Densitometry was performed following autoradiography, and expression was normalized to TCRa expression and is presented as
the fold induction over expression of the genes in unstimulated cells. Results are representative of several different northern analyses.
(B) Autoradiographs of northern analysis of the induction of genes analyzed in (A). (C) Western analysis of p27Kip1 levels in Stat4a and Stat4b trans-
genic Th1 cells. Protein extracts from cells incubated with or without 2 ng/ml IL-12 for the indicated times were resolved by SDS±PAGE and
immunoblotted with monoclonal anti-p27Kip1 followed by stripping and probing with anti-GAPDH as a loading control. Results are representative of
two experiments.
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transiently activated. In contrast, Stat4b maintains activ-
ation for a longer period of time and may bind DNA more
tightly, as discussed above. Thus, gene activation may be
more Stat4a dependent at early time points, while Stat4b
may be critical for sustained gene expression. Further
analysis of gene induction kinetics in Stat4 isoform-
expressing transgenic mice may help distinguish the roles
of Stat4a and Stat4b in IL-12 responses.

Our analysis of the Stat4-activated transcriptome
demonstrated both common and distinct roles for Stat4a
and Stat4b in activating gene transcription (Tables I±III).
Stat4a induces genes that interfere with the cell's ability to
proliferate, as we demonstrated in Figures 5 and 6. Stat4a
also induces a splicing factor that might play a role in
enhancing Stat4b production. Stat4b activates a panel of
genes involved in vesicle formation that might increase
secretion of cytokines or other regulatory factors. Stat4b
also activates a distinct set of surface proteins that play a
role in adhesion and in¯ammation. Biologically, we have
shown that Stat4a is required for maximal IL-12-induced
IFN-g production, while Stat4b is required for normal
IL-12-stimulated proliferative responses. Both isoforms
mediate the induction of several IL-12-responsive genes as
well as promoting Th1 differentiation. Thus, while Stat4
isoforms may have overlapping functions, each isoform is
required for speci®c subsets of IL-12-stimulated biological
responses. Furthermore, IL-23- or IFN-a-stimulated Stat4
activity (Cho et al., 1996; Oppmann et al., 2000;
Nguyen et al., 2002) may reveal further distinct roles for
each isoform. As the functions of more genes are
identi®ed, the unique roles that Stat4a and Stat4b play
in the in¯ammatory response will become clearer.

Alternative splicing of STAT mRNAs appears to be a
common mechanism to increase the diversity of gene
regulation in response to cytokine signaling. Our results
suggest that alternatively spliced forms of Stat4 regulate
cytokine responses during T-cell activation and differen-
tiation. Identi®cation of more IL-12-inducible genes and
characterization of their promoters will yield further
insights into the mechanisms of Stat4 transcriptional
activity.

Materials and methods

Isolation of a Stat4b cDNA clone
A randomly primed cDNA library derived from human PBLs was
screened with a 900 bp probe from the 3¢ end of the Stat4a cDNA.

Construction of the library and conditions for hybridization and washing
have been described previously (Hoey et al., 1995). Thirty-two positive
clones were obtained from ~1 3 106 recombinant phage. These clones
were analyzed by DNA sequencing: 27 were identical to Stat4a, and ®ve
contained an insertion of 369 bp not present within the Stat4a clone.
cDNAs encoding Stat4a and Stat4b were cloned into the pRK5
expression vector, which contains a cytomegalovirus (CMV) promoter
and an N-terminal myc epitope.

Cell culture
COS7 cells were grown in Dulbeccos's modi®ed Eagle's medium
containing 10% fetal calf serum. A139 cells were grown in AIM-V/RPMI
(1:1) + 10% serum + 10 ng/ml IL-2. Before stimulating A139 cells with
IL-12, the cells were washed with acidic RPMI pH 6.4 and starved in
RPMI + 2% serum for 6 h. Human PBLs were grown in RPMI + 10%
serum + 2.5 mg/ml phytohemagglutinin-L (PHA; Boehringer-Mannheim,
Indianapolis, IN).

RNase protection assay
Total RNA was prepared from A139 cells or human PBLs using the
Trizol reagent (Life Technologies, Gaithersburg, MD). The RNase
protection assay was performed with 20 mg of total RNA as previously
described (Williams et al., 1988). Antisense RNA probes for human Stat4
were synthesized with either T7 or T3 RNA polymerase and radiolabeled
with [a-32P]CTP (Dupont). The labeled RNA probes were gel puri®ed on
a 6% polyacrylamide denaturing gel.

Immunoprecipitation and western blot analysis
Nuclear extracts from A139 and Stat4-transfected COS7 (2 mg of the
indicated plasmid using calcium phosphate precipitation) cells were
prepared and immunoprecipitated with anti-Stat4 antiserum for 2 h at 4°C
and then mixed with protein A±Sepharose beads (Pharmacia) for 1 h at
4°C. The samples were washed ®ve times with 1 ml of TNT (200 mM
NaCl, 20 mM Tris pH 7.5, 1% Triton) buffer containing phosphatase
inhibitors (1 mM NaVO4 and 5 mM NaF) and Completeâ (Boehringer
Mannheim) protease inhibitor tablets. Immunoprecipitated proteins were
resolved by 7.5% SDS±PAGE and transferred to Immobilon-P mem-
branes (Millipore). Membranes were blocked with 3% bovine serum
albumin (BSA) and sequentially incubated with anti-phosphotyrosine
(1:1000) or anti-STAT4 antibodies (1:1000) followed by incubation with
horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG
(1:5000, Amersham). Proteins were detected by enhanced chemilumines-
cence (ECL; Amersham). Mouse anti-phosphotyrosine antibody was
purchased from Zymed Laboratories Inc. (PY-7E1). Anti-Stat4 antibodies
were generated in rabbits by using puri®ed, full-length Stat4a as the
antigen. These antibodies recognize both Stat4a and Stat4b. In addition,
anti-peptide antibodies speci®c against the N- (L18) and C-terminus
(C20) of Stat4 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Generation of transgenic mice
The generation of Stat4-de®cient mice has been described previously
(Kaplan et al., 1996). The Stat4±/± mice were backcrossed eight
generations to the C57BL/6 genetic background. The transgenic
expression vector was generated by cloning human Stat4a or Stat4b
cDNAs within the CD2 LCR (Zhumabekov et al., 1995). Stat4 transgenic
mice (CD2:Stat4a and CD2:Stat4b) were generated by the Indiana

Fig. 6. Differential requirements for Stat4 isoforms in IL-12-stimulated proliferation. Th1 cells from mice of the indicated genotypes were generated
as described in Figure 5. Cells were plated in microtiter plates with the indicated concentration of IL-12 and in the presence of 5 mg/ml anti-IL-2.
Cultures were pulsed with [3H]thymidine for the last 18 h of 24, 48 and 72 h time points. Cultures were then harvested and counted in a scintillation
counter. Results are representative of at least six experiments with both activated T and Th1 cells.
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University transgenic facility (on a C3H genetic background) and
backcrossed two generations to C57BL/6 mice and 3±4 generations to
Stat4±/± C57BL/6 mice. The controls were transgene-negative Stat4+/±
mice or wild type C57BL/6 mice purchased from Harlan Bioproducts
(Indianapolis, IN). Mice were genotyped for the presence of the transgene
either by Southern blot using the Stat4 cDNA as a probe or by PCR
(conditions available on request). The presence of wild-type and Stat4-
targeted alleles was typed by PCR. Western analysis was performed using
100 mg of total cellular extract and anti-Stat4 monoclonal (BD
Transduction Laboratories, San Diego CA).

T-cell differentiation, gene expression and proliferation
analysis
Puri®ed CD4+ cells of the indicated genotype were differentiated into Th1
and Th2 cells as described (Zhang et al., 2000b). Total RNA was isolated
following treatment with the indicated stimuli for 24 h using Trizol (Life
Technologies), run on a formaldehyde±agarose gel, transferred to a nylon
membrane and hybridized to the indicated cDNAs. IFN-g levels were
determined by enzyme-linked immunosorbent assay (ELISA) using
speci®c monoclonal antibodies (BD Pharmingen). For analysis of
proliferation, Th1 cells were incubated at 5 3 104/well in a round-
bottom microtiter plate with the indicated concentration of IL-12. All
cultures were incubated in the presence of anti-IL-2 (S4B6) at 5 mg/ml.
Cultures were pulsed with 1 mCi of [3H]thymidine for the last 18 h of a 24,
48 or 72 h culture period. Cultures were harvested and samples counted
by scintillation counter.

DNA binding assays
For DNA precipitation experiments, oligonucleotides corresponding to
the IRF-1 STAT/CRE element (5¢-AGCCTGATTTCCCCGAAATGA-
CGGCACG-3¢ and the complement) (Coccia et al., 1999; Galon et al.,
1999) were biotinylated on one strand and coupled to streptavidin±
agarose (Sigma, St Louis, MO) at a concentration of 1 mg/ml. The beads
were equilibrated in 0.1 M KCl-HEMG (25 mM HEPES pH 7.9, 5 mM
MgCl2, 0.1 mM EDTA, 10% glycerol) plus 1 mM dithiothreitol (DTT),
phosphatase inhibitors (1 mM NaVO4 and 5 mM NaF) and protease
inhibitors. Activated T cells were stimulated with 2 ng/ml IL-12 for the
indicated time points, and nuclear extracts were prepared using the Pierce
Chemical Co. NE-PER reagents. Binding reactions were carried out in a
volume of 1 ml of 0.1 M KCl-HEMG for 30 min at 4°C with 10 mg of
poly(dIdC). The beads were washed three times with 0.5 ml of 0.1 M
KCl-HEMG. Speci®cally bound proteins were eluted with SDS sample
buffer and analyzed by western blot using a monoclonal anti-Stat4 (BD
Transduction Labs).

Array analysis
Pooled Th1 cells from CD2:Stat4a and CD2:Stat4b cultures (two mice of
each genotype) were stimulated with 2 ng/ml IL-12 for 6 or 18 h. Total
RNA was isolated as described above and puri®ed using the Qiagen
Isolation Kit. Microarray analysis was carried out using arrays with
~24 000 murine genes at Rosetta Inpharmatics fabricated using their ink-
jet oligonucleotide synthesizer technology (Hughes et al., 2001). Data
were analyzed with Tularik MicroArray eXplorer (TMAX) software, and
an arbitrary level of 2-fold average induction was chosen for further
analysis and presentation. The mean fold variation between duplicate runs
of microarray analysis was 0.23.
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