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tein termed p48 is rapidly formed, then the complex
Studies of transcriptional activation by interferons binds to IFN-stimulated response elements (ISRE). In

and various cytokines have led to the identification of contrast, in response to IFN-g, a DNA-binding complex
a family of proteins that serve as signal transducers consisting of STAT1a homodimers that bind to a
and activators of transcription (STAT). STAT4 is phos- unique element termed the IFN-g activated site (GAS)phorylated following interleukin (IL)-12 stimulation is formed. Later on, other STAT family members thatand is required for IL-12 signal transduction. By im-

serve as DNA-binding proteins were cloned. STAT3 ismunoprecipitation and PCR amplification, a specific
an IL-6 activated transcription factor (9), while STAT5consensus sequence for DNA binding of the STAT4
is a prolactin-activated transcription factor of sheepcomplex was determined. The binding sequence of the
(10). Subsequently, it was found that in mice there areSTAT4 complex, (T/A)TTCC(C/G)GGAA(T/A), proved to
two highly related STAT5 genes, STAT5a and STAT5bbe palindromic and similar to the IFN-g activated site
(11). STAT6 was identified as an IL-4-activated DNA-(GAS)-like sequence. The first (T/A) and last (T/A) sites
binding protein (12).of the consensus sequence were critical for the binding

STAT4 was cloned using PCR amplification (13) oraffinity of the STAT4 complex. q 1997 Academic Press

low stringency screening method (14). In response to
IL-12, STAT4 is inducibly tyrosine phosphorylated,
and forms homo- or hetero-dimer complexes (15, 16,Cytokines regulate various functions within the he-
17). Promotor sequences of the target genes that arematopoietic system, including proliferation, differenti-
regulated by binding of the STAT4 complex are stillation, apoptosis, and functional responses of cells.
unknown. Here, we selected and characterized a spe-Many of these effects are mediated by cytokines inter-
cific consensus sequence for DNA binding of STAT4action with receptors which constitute the cytokine re-
complex by immunoprecipitation and PCR amplifica-ceptor superfamily (1). Cytokines binding to their re-
tion (18).ceptors leads to the tyrosine phosphorylation of associ-

ated cytoplasmic protein tyrosine kinases, Janus
MATERIALS AND METHODSkinases (Jak) (2, 3). Following cytokine binding and

activation of Jak(s), Signal Transducers and Activators
Cell cultures, expression vectors, and reagents. COS 7 cells were

of Transcription (STAT) proteins are phosphorylated. maintained in DMEM medium supplemented with 10% fetal calf
The phosphorylated STAT proteins form homo- or hete- serum. Peripheral blood cells (PBCs) from healthy donors were iso-

lated with Lympholyte-H (Cosmo Bio, Tokyo, Japan) by gradientro- dimer complexes, and the complexes translocate
centrifugation. To induce IL-12 responsiveness, PBCs were culturedinto the nucleus where they bind to specific DNA se-
for 4 to 7 days in RPMI 1640 medium containing phytohemagglutininquences in promotor regions of responsive genes (4-5). (PHA) (Life Technologies, Gaithersburg, MD) (19, 20). Recombinant

Six members of the mammalian STAT family have human IL-12 (rhIL-12) was purchased from R&D Systems (Minneap-
been cloned, and some of the cytokines that activate olis, MN). Expression vectors for STAT1a, STAT3, STAT4, STAT5a,

STAT6 and Jak2 have been previously described (13, 21). For immu-members of the STAT family have been studied (5, 6).
noprecipitation, Western blotting and supershift analysis in electro-STAT1a and STAT2 were identified as DNA-binding
phoretic mobility shift assay (EMSA), FLAG or HA epitope wasproteins in interferon (IFN)-regulated gene expression tagged as previously described (13). Anti-FLAG monoclonal antibody

(7, 8). In response to IFN-a/b, a DNA-binding complex (M2) and agarose-conjugated anti-FLAG antibody (M2) were pur-
chased from Kodak International (New Haven, CT). Anti-HA mono-consisting of STAT1a, STAT2 and a DNA-binding pro-
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clonal antibody (12CA5) was obtained from Boehringer Mannheim
(Tokyo). Anti-phosphotyrosine monoclonal antibody (4G10) was pur-
chased from Upstate Biotechnology (Lake Placid, NY). Anti-STAT1,
anti-STAT3, anti-STAT4, anti-STAT5 and anti-STAT6 antibodies
have been previously described (21).

Preparation of proteins. To make STAT complex, COS 7 cells were
transfected with Jak2 and/or the STAT expression vector (13, 21).
PHA-activated PBCs were stimulated with rhIL-12 (4 ng/ml) without
starvation. Before stimulation, PBCs were preincubated for 2 hours
with protein kinase inhibitor, 50 mM of H7 (Seikagaku Co., Tokyo)
or 0.5 mM of staurosporin (Sigma, St. Louis, MO). Whole cell extracts
of COS 7 cells and PBCs were prepared by incubating the cells in
lysis buffer as previously described (13).

Binding site selection. To determine the DNA sequences that are
recognized by the STAT4 complex, two sets of double-stranded ran-
dom oligonucleotides were synthesized as previously described (22). FIG. 2. Sequences of oligonucleotides obtained by binding and

PCR amplification using the STAT4 complex. Identification of con-The random oligonucleotides which contained 15 and 35 bases were
sandwiched between two constant flanking regions of 20 bases that sensus sequences of clones obtained by immunoprecipitation and

PCR amplification. Lowercase letters indicate nucleotides that werecould be used as primers for PCR amplification, and that also con-
tained BamHI and EcoRI restriction sites for subcloning. Whole cell in the constant flank regions of the synthesized oligonucleotides. The

obtained sequences were arranged from 5* sites to obtain maximalextracts of COS 7 cells, containing approximately 200 mg of protein,
were incubated with 2 mg of poly(dI-dC)-poly(dI-dC) (Pharmacia, homology. The sequences showing similarity with STAT binding se-

quences, TTC(N)2-4GAA (6), were underlined.Tokyo) and 2 mg of double-stranded oligonucleotide for 1 h at 47C,
and then incubated with 10 ml of agarose-conjugated anti-FLAG anti-
body for 1 h at 47C. The precipitated oligonucleotide-protein complex
was washed four times with washing buffer (0.5% Nonidet P-40, 50

STAT5, and anti-STAT6 antibodies, and Western blotting with anti-mM Tris-Cl (pH 8.0), 10% Glycerol, 0.1 mM EDTA, 150 mM NaCl,
phosphotyrosine, anti-HA, anti-STAT4, anti-STAT5, and anti-0.1 mM Na3VO4, 50 mM NaF, 0.1 mM ZnSO4). The selected oligonu-
STAT6 antibodies, were carried out as previously described (13). Tocleotides were eluted from the agarose in 10 ml of H2O by boiling for
prepare the DNA affinity agarose, synthetic 5*-biotin labeled (biotin-5min. The supernatant was harvested, and 1 ml was used for PCR
N3) or non-biotin labeled oligonucleotide (N3), CTAGGCGTGGCT-amplification in a 100 ml mixture containing 30 pmoles of forward
TTCCCGGAATCCTTGAG, was annealed with a complementary oli-and reverse primers corresponding to the constant flanking regions
gonucleotide, CTAGCTCAAGGATTCCGGGAAAGCCACGC. Theof random oligonucleotides, and 2 U of Taq DNA polymerase (Takara,
double-stranded oligonucleotide was ligated by 5* overhang, and re-Kyoto, Japan). PCR was carried out as 25 cycles of 947C for 1min in
cessed 3 * ends were filled by Klenow enzyme. The biotinylated DNAscase of denaturation and 527C for 1min in that of annealing. PCR
were mixed with agarose-conjugated streptavidin (Sigma) for 30 min,products of 5 ml were used for the former cycle of binding reaction.
washed with phosphate buffered saline (PBS), and stocked at 47C asAfter six rounds of binding and PCR amplification, PCR products
a 50% slurry DNA-agarose. Whole cell extracts containing approxi-were digested with EcoRI and BamHI, and subcloned into EcoRI-
mately 800 mg of protein were incubated with 30 ml of DNA-agaroseBamHI digested pBluescript, and sequenced using an autosequencer
and 20 mg of poly(dI-dC)-poly(dI-dC) for 15 min at 47C, washed with(Applied Biosystems, Chiba, Japan).
washing buffer, and eluted in SDS-PAGE loading buffer. The sam-

EMSA. EMSAs were carried out essentially as previously de- ples were analyzed by Western blotting.
scribed (13) using [32P]-Klenow labeled synthetic double-stranded
oligonucleotide probes. The sequences of probes used in this study
are shown in Fig. 1. Underlines indicate consensus sequences of the

RESULTSSTAT bindings with a spacer, TTC(N)2-4GAA (6), and letters in italics
are mutated sequences.

Immunoprecipitation, DNA affinity precipitation, and Western In vitro binding sequence selection for STAT4. To
blotting. Immunoprecipitation with anti-HA, anti-STAT4, anti- select specific STAT4-DNA binding sequences, we em-

ployed a unique technique that involved immunopre-
cipitation of FLAG-tagged STAT4 and PCR amplifica-
tion of bound oligonucleotides (18). We sequenced 20
independent clones prepared from STAT4-bound oligo-
nucleotides (Fig. 2). A consensus binding sequence, (T/
A)TTCC(C/G)GGAA(T/A) was readily found. The con-
sensus sequence was palindromic and similar to the
previously identified GAS-like elements, TTNCNN-
NAA (4).

STAT4 complex binding to the selected consensus
sequence. To confirm binding of the STAT4 complex to

FIG. 1. Sequences of oligonucleotide probes used for EMSA. The the obtained consensus sequence, we performed EMSA.consensus sequences (6) are underlined and mutations were intro-
The double-stranded oligonucleotide N3, was synthe-duced to the region of the consensus sequence (CA-TC, -TAA-,

A---A, C---C, and G---G) and spacing sites (N2 and N4). sized according to the obtained consensus sequence,
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for STAT4-DNA binding was further characterized by
competitive assay of EMSA using the N3 probe. To con-
firm similarity with STAT binding sequence, TTCNNN-
GAA (6), unlabeled oligonucleotide probes N3, mIRF-1,
N2, N4, CA-TC and -TAA-, were used in the assay as
competitors (Fig. 1). As shown in Fig. 5A, the STAT4-
DNA binding complex was competed not only by the cor-
responding unlabeled N3 probe in an excess amount, but
also by the unlabeled mIRF-1 probe (lanes 3-8). No com-
petition was observed with unlabeled N2, N4, CA-TC
probes (lanes 9-11) and unlabeled -TAA- probe (data not
shown). No binding was observed using labeled CA-TC
and -TAA- probes (data not shown).

To investigate the effect of the flanking sequence of
NTTCNNNGAAN on binding affinity, unlabeled oligonu-
cleotides, A---A, C---C, G---G were employed in the compe-
tition assay (Fig. 1). As shown in Fig. 5B, the STAT4-
DNA binding complex was completely inhibited by the
A---A probe (lanes 5 and 6), weakly inhibited the C---C

FIG. 3. EMSA with a labeled oligonucleotide of the consensus
sequence. A radiolabeled probe (N3) that corresponded to the STAT4
consensus sequence was incubated with extracts of COS 7 cells that
were transfected with Jak2 (lane 1), STAT4 (lane 2), Jak2 and STAT4
(lanes 3-5), Jak2 and STAT4-HA (lane 6), and Jak2 and STAT4-
FLAG (lane 7). Preimmune serum, anti-STAT4 serum, anti-HA anti-
body, and anti-FLAG antibodies were added (lanes 4-7). The arrow
indicates the STAT4-DNA complex.

and used as a probe (Fig. 1). As shown in Fig. 3, a
STAT4 DNA-binding complex was observed only when
COS 7 cells were transfected with Jak2 and STAT4
expression vectors (lane 3). The complex was not af-
fected by the addition of pre-immune serum (lane 4),
but the band disappeared when anti-STAT4 serum or
anti-HA antibody was added (lanes 5 and 6), and
shifted upward when anti-FLAG antibody was added
to the reaction mixture (lane 7).

Next, DNA affinity precipitation was carried out to
determine whether the STAT4 directly binds to the
consensus sequence. As shown in Fig. 4, phosphory-
lated STAT4 was precipitated with the oligonucleotide-

FIG. 4. DNA affinity precipitation and immunoprecipitation ofagarose that corresponded to the consensus sequence
STAT4. Whole cell extracts of COS 7 cells transfected with Jak2(lane 4). Without Jak2 transfection, STAT4 was not
(lanes 1 and 3) or Jak2 and STAT4 (lanes 2 and 4) were immunopre-phosphorylated and not precipitated (data not shown).
cipitated with anti-STAT4 antibody (lanes 1 and 2) or DNA affinity

Analysis of STAT4 binding sequence using mutated oli- precipitated (lanes 3 and 4) and subjected to anti-STAT4 blotting (a-
Stat4) followed by reprobing with anti-phosphotyrosine (a-P-Tyr).gonucleotide probes. The specificity of DNA sequence
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FIG. 5. Competition analysis of EMSA. The radiolabeled N3 probe was incubated with extracts of COS 7 cells that were transfected
with Jak2 (A, lane 1, and B, lane 1), and Jak2 and STAT4 (A, lanes 2-11, and B, lanes 2-10) with 1, 10, or 100-fold excess of unlabeled
oligonucleotides, N3, mIRF-1, N2, N4, CA-TC, A---A, C---C, G---G.

probe (lanes 7 and 8), and not inhibited by the G---G plex had strongest affinity at 30 min and high affinity
was found in the faster migrating complex at 90 min.probe (lanes 9 and 10). The labeled A---A oligonucleotide

probe bound to the STAT4-DNA complex, but labeled Specificity of other STAT complexes for N3 and mu-
C---C and G---G probes did not bind (data not shown). tated probes. The specificity of other STAT complexes

for N3, N2 and N4 probes were investigated by EMSA.DNA binding complex in IL-12-stimulated PBCs.
COS 7 cells were transfected with STAT1a, STAT3,To further characterize DNA-binding complexes in IL-
STAT5a and STAT6 expression vectors. All STAT com-12-stimulated cells, PHA-activated PBCs were stimu-
plexes were similarly tyrosine-phosphorylated withlated with rhIL-12 for various periods of time, and
Jak2 cotransfection in a phosphotyrosine blot (data notwhole cell extracts were analyzed by EMSA and West-
shown). As shown by the arrowheads in Fig. 7,ern blotting. Phosphorylated STAT4 was detected after
STAT1a- and STAT5-DNA complexes could bind to N2,2 min of rhIL-12 stimulation and persistently found for
N3, and N4 (lanes 3 and 9), while STAT3 and STAT6120 min in phosphotyrosine blot (data not shown). As
bound to N4 (lanes 5, 11), and STAT4 complex boundshown in Fig. 6A, a slowly migrating DNA-binding
only to N3.complex (upper arrow in Fig. 6A) was observed after

5 min of rhIL-12 stimulation and a faster migrating
complex (lower arrow in Fig. 6A) was similarly detected DISCUSSION
after 60 min. These bands completely disappeared
when anti-STAT4 antibody, but not anti-STAT3 or By immunoprecipitation and PCR amplification, we de-

termined the STAT4-binding sequence (T/A)TTCC(C/anti-STAT1 antibody was added (Fig. 6B). These bands
were not affected by preincubation with H7, but, were G)GGAA(T/A), which is palindromic and very similar to

the previously identified GAS-like element TTNCNNNAAabolished by preincubation with staurosporin (Fig. 6A,
lanes 10-14). The slowly migrating DNA-binding com- (4). Recently, the optimal sequence for STAT4 binding,
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FIG. 6. EMSA of PHA-activated PBCs stimulated with rhIL-12. PHA-activated PBCs were stimulated with rhIL-12 for indicated periods
of time. Following stimulation, cells were lysed, and EMSA was carried out with the N3 probe. Before stimulation, PBCs were preincubated
with H7 (A, lanes 10-12) or staurosporin (A, lanes 13 and 14). Whole cell extracts were incubated with anti-STAT4, anti-STAT3, or anti-
STAT1 antibody (B, lanes 3-5 and 7-9).

TTCCGGGAA, was reported (23), and its sequence is and did not bind to those with a 2-bp or 4-bp spacing.
Also half-sites bearing the trinucleotide sequence 5*-quite similar to the STAT4 binding consensus sequence

obtained in this study. As previously reported, the STAT4 TTC-3 *, are critical for STAT4 binding.
Because mIRF-1, GRR, and m67 contain either T orcomplex can bind to GAS-like elements, such as mIRF-1

(AGCCTGATTTCCCCGAAATGATGAG) (13), IFN-g re- A in the flanking positions of NTTCNNNGAAN, and
90% of the obtained sequence of clones had either T orsponse element (GRR) of the human Fcg receptor I

(FcgRI) gene (AGCATGTTTCAAGGATTTGAGATGTAT- A in one of the flanking positions, we determined the
effect of the flanking sequence of TTCNNNGAA by in-TTCCCAGAAAAG) (15, 16, 17), and m67 (GTCGACATT-

TCCCGTAAATCGTCGA) (15). These sequences contain troducing mutations at both ends of the consensus se-
quence. The mutations of flanking T/A nucleotidessequences very similar to the obtained STAT4-binding

sequence (underlined). abolished STAT4-DNA binding. The first and the last
flanking bases of T/A must be prerequisites to the for-The binding consensus sequences of other STATs

have been reported (6). STATs recognize a palindromic mation of the STAT4-DNA complex.
Interestingly, IL-12 stimulation induced a decreasesequence characterized by half-sites bearing the tri-

nucleotide sequence 5*-TTC-3 *, with 2- to 4- base spac- in the mobility of STAT4 protein in Western blotting
(16). Approximately half of the STAT4 protein mi-ing between dyad half sites (24). STAT1a and STAT5

complexes favor a 3-bp spacing (TTCNNNGAA), grated slowly after stimulation for 20 min, and most
of the STAT4-DNA complex migrated as the upperSTAT3 a 2- or 3-bp spacing (TTCNNGAA or TTCNNN-

GAA), and STAT6 a 3- or 4-bp spacing (TTCNNNGAA band after stimulation for 90 min. The shift of the up-
per band was inhibited by preincubation with H7 (dataor TTCNNNNGAA) (24, 25). The GAS sequence shows

a 3-bp spacing. In this report, the STAT4 complex not shown), and the shift of the upper band was
thought to be due to phosphorylation of the serine resi-bound to only consensus sequences with 3-bp spacing,
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portant for the development of Th1 response which is
critical for an effective host defense against intracellu-
lar pathogens (28, 29). Recently, gene targeting of
STAT4 have been reported by two groups (30, 31).
STAT4-deficient mice lack IL-12 mediated responses of
NK and T cells, and STAT4 is required for IL-12 signal
transduction. Although STAT4 can bind to GAS-like
sequences in vitro, IL-12 did not induce m-IRF gene
expression (data not shown). The target genes of IL-
12-receptor-Jak-STAT4 signal transduction pathway
should be further determined.
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