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ABSTRACT Pituitary corticotroph SOCS-3 is a novel in-
tracellular regulator of leukemia inhibitory factor (LIF)-
mediated proopiomelanocortin gene expression and adrenocor-
ticotropic hormone (ACTH) secretion, inhibiting LIF-activated
Janus kinase-signal transducers and activators of transcription
(STAT) signaling in a negative autoregulatory loop. We now
demonstrate in corticotroph AtT-20 cells that LIF-stimulated
endogenous SOCS-3 mRNA expression is blocked in stable
transfectants of SOCS-3 wild type or in dominant negative
STAT-3 mutants, respectively. We characterized '3.8-kb
genomic 5* sequence of murine SOCS-3, including '2.9-kb
sequence upstream of the transcription start site (11), which
was determined by 5* rapid amplification of cDNA ends and
RNase protection assay. Different 5* constructs were cloned into
the pGL3Basic vector, and luciferase activity was assayed in
transiently transfected ACTH-secreting corticotroph AtT-20
cells. A STAT-1ySTAT-3 binding element, located at nucleotides
272 to 264, was essential for LIF stimulation of SOCS-3
promoter activity. LIF induced 10-fold increased luciferase ac-
tivity in a wild-type construct spanning 22757 to 1929 bases.
However, deletion or point mutation of the STAT-1ySTAT-3
binding element abrogated LIF action (2- to 3-fold). Electro-
phoretic mobility-shift assay analysis confirmed specific binding
of STAT-1 and STAT-3 to this region. These results characterize
the genomic 5* region of murine SOCS-3 and identify an impor-
tant STAT-1ySTAT-3 binding element therein. Thus, LIF-
stimulated SOCS-3 gene expression is at least in part mediated
by STAT-3 and STAT-1. The cytokine inhibitor SOCS-3 acts in
a negative loop to autoregulate its own gene expression, thus
limiting its accumulation in the corticotroph cell. These results
demonstrate a mechanism for corticotroph plasticity with rapid
‘‘on’’ and ‘‘off’’ ACTH induction in response to neuro-immuno-
endocrine stimuli, such as LIF.

Ligand binding to several type I and type II cytokine receptors
causes activation of cytoplasmic Janus kinases (Jaks), tyrosine
phosphorylation of signal transducers and activators of transcrip-
tion (STATs), and further downstream events (1–3). Recently,
several groups have described a new family of cytokine-inducible
proteins, inhibiting the Jak-STAT signaling cascade. These pro-
teins have been termed suppressors of cytokine signaling (SOCS)
(4, 5), STAT-induced STAT inhibitors (SSI) (6, 7), cytokine-
inducible SH2 containing protein (CIS) (8–10), and Jak binding
protein (JAB) (11, 12). The SOCS-protein family currently
consists of CIS and SOCS-1 to SOCS-7 (5, 13, 14). SOCS-protein
expression is stimulated by various cytokines in a tissue-specific
manner (4, 13, 14). The gene expression of SOCS-1ySSI-1yJAB
(4, 6, 11) and SOCS-3ySSI-3yCIS-3 (4, 7, 9), which in this
manuscript are referred to as SOCS-1 and SOCS-3, is induced by
IL-6 and leukemia inhibitory factor (LIF) in various tissues (4–7,

9, 11, 15). Both SOCS-1 and SOCS-3 bind to the JH1 domain of
Jak-2 and inhibit Jak-2 activity (9, 11), as well as IL-6- or
LIF-induced tyrosine phosphoylation of gp130 and STAT-3 (4, 7,
9, 11, 15).

The IL-6 cytokine family, consisting of IL-6, IL-11, LIF,
oncostatin M, ciliary neurotrophic factor, and cardiotrophin-1, is
characterized by their receptors sharing the common receptor
subunit gp130 and subsequent activation of the Jak-STAT sig-
naling cascade (1, 3, 16). In addition to IL-1, several cytokines of
the IL-6 cytokine family are important neuro-immuno-endocrine
modulators of pituitary function (17–19). We previously demon-
strated LIF to be a potent autoyparacrine stimulus of pituitary
proopiomelanocortin (POMC) gene expression and adrenocor-
ticotropic hormone (ACTH) secretion, modulating the hypothal-
amus-pituitary-adrenal (HPA) axis response to various inflam-
matory and stress stimuli (20–22). In vitro experiments using
human fetal pituitary cells (23) and the corticotroph cell line
AtT-20 (24, 25) showed a profound synergistic action of LIF and
corticotropin-releasing hormone on POMC gene expression and
ACTH secretion. The LIF-induced signaling cascade in the
corticotroph cell involves phosphorylation of gp130, STAT-3, and
STAT-1 (15, 23, 26, 27), and LIF-induced POMC expression and
ACTH secretion is STAT-3 dependent (28). SOCS-3 gene ex-
pression is rapidly induced by LIF in the pituitary in vivo and in
corticotroph AtT-20 cells in vitro (15). SOCS-3 inhibits LIF-
induced POMC gene expression and ACTH secretion (15), thus
providing an intracellular negative feedback on cytokine-induced
activation of the HPA axis. We now demonstrate the regulation
of pituitary SOCS-3 gene expression by characterizing '3.8 kb of
the genomic 59 region of murine SOCS-3, including its promoter
region. We show that murine SOCS-3 gene expression is STAT-3
dependent and is negatively autoregulated by SOCS-3 protein
itself. We also show that a STAT-1ySTAT-3 binding element is
functionally critical for murine SOCS-3 promoter activity. Thus,
negative autoregulatory feedback of SOCS-3 appears to provide
a mechanism for limiting corticotroph SOCS-3 accumulation.

MATERIALS AND METHODS
Materials. Recombinant murine LIF, IL-6, and IL-11 were

purchased from R & D Systems. Mouse liver Marathon-Ready
cDNA, Advantage-GC cDNA polymerase, mouse Genome-
Walker Kit, and Advantage-GC genomic polymerase were from
CLONTECH. Maxiscript T7 polymerase kit and ribonuclease
protection kit RPA-II were from Ambion (Austin, TX), and
polyclonal STAT-1 p84yp91 (M-22) and STAT-3 (H-190) anti-
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bodies were from Santa Cruz Biotechnology. Mouse genomic
DNA, Erase-a Base system, pGL3 Basic, and pSV-b-galactosi-
dase vector were from Promega, and TOPO-TA PCR2.1 was
from Invitrogen.

Cell Culture. Cell culture of AtT-20yD16v-F2 cells was per-
formed as described (15, 21). Individual clones of AtT-20 cells,
overexpressing SOCS-3 (AtT-20S), mock-transfected (AtT-
20M), wild-type (wt) STAT-3 (AtT-20W), or dominant negative
STAT-3 mutants (AtT-20F and AtT-20D) were isolated after
stable transfection (15, 28). Three separate individual clones with
high stable overexpression of the respective construct were
selected with G418 (1 mgyml) for the experiments.

Northern Blot Analysis. Northern blot analysis was performed
as described (15, 21). To detect endogenous SOCS-3 mRNA in
AtT-20S cells, without hybridization to exogenous SOCS-3
mRNA derived from stable overexpression of SOCS-3, a probe
spanning exon 1 and the untranslated 59 region of exon 2 was
used. Otherwise, the previously described (15, 19) murine
SOCS-3 probe spanning most of the coding region was used.

5* Rapid Amplification of cDNA Ends (RACE) and RNase
Protection Assay. 59 RACE was performed with a premade,
adaptor-ligated Marathon-Ready double-stranded (ds) cDNA
derived from pooled BALByc mouse liver (29) and Advan-
tage-GC cDNA polymerase by using gene-specific primary and
nested antisense primers 59-CAGTAGAATCCGCTCTCCTG-
CAGCTTG-39 and 59-CTCGCTTTTGGAGCTGAAGGTCT-
TGAG-39. Products were cloned into PCR2.1 vector, and mul-
tiple single clones were sequenced.

RNase protection assay was performed with a RPA-II kit,
following the manufacturer’s recommendations. A fragment
spanning nucleotides 1160 to 2273 was cloned into PCR2.1
and linearized, and a [32P]UTP-labeled antisense probe was
generated.

PCR-Based Characterization of the 5* Genomic Region. The 59
genomic region of SOCS-3 was cloned by using a PCR-based
technique (30) with premade adaptor-ligated genomic DNA
fragments, derived from ICR Swiss mice (Genomewalk kit). PCR
and subsequent nested PCR were performed by automatic hot-
start as touchdown-PCR (Advantage-GC genomic Polymerase)
and gene-specific antisense primers 59-CAGTAGAATCCGCT-
CTCCTGCAGCTTG-39 and 59-CTCGCTTTTGGAGCTGA-
AGGTCTTGAG-39. Further genomic walks in 59 direction were
performed with gene-specific antisense primers 59-CTTCCTA-
CCTAGTCCCGAAGCGAAATC-39, 59-CAGATGTTGGCA-
GCCGTGAAGTCTAC-39, 59-GCGGGCGAGTGTAGAGTC-
AGAGTTAGAG-39, and 59-CGATTCCTGGAACTGCCCG-
GCCGGTCTTC-39, as well as 59-CTCAGTGGGCTTT-
CTGACCTGCCCTCTTG-39 and 59-GACTACACAGAGTA-
GCTTGGGCTAGGAG-39. Products were cloned into PCR2.1,
and single clones were sequenced.

Different Constructs of the 5* Genomic Region of SOCS-3. 39
Truncated forms of the full-length 3.7-kb construct in pGL3Basic
vector (clone 6) were generated by PCR from genomic DNA.

59 Truncated forms of clone 6 were generated by digestion with
SstI and NheI, followed by unidirectional digestion with exonu-
clease III (Erase-a-Base kit) (31) and subsequent religation.

Mutated forms of clone 6 were generated by overlap extension
PCR (32) with Pfu polymerase and 5% DMSO, by using external
sense primer 59-CATCGCGACGCCCCCGCCTCT-39 and anti-
sense primer 59-GAAACCCGAGGGCCCCAGTCTG-39 with
exclusive restriction sites for NruI or ApaI, respectively. Internal
mutagenizing primers caused deletions of nucleotides 278 to
258 and 299 to 260, respectively. Similarly, the STAT binding
element region at 272 to 264 was mutated. Gel-purified PCR
products and the original template were digested and purified,
and the mutated fragments were religated into the original 3.7-kb
construct in pGL3Basic and verified by sequencing.

Luciferase Assay. For transient transfection experiments, 2 3
105 cells were plated in 6-well plates, incubated for 24 hr, and
transfected by using Lipofectamine and 0.5 mg of constructs in

pGL3Basic vector and 1.0 mg pSV-b-galactosidase. Transfected
cells were first incubated for 24 hr in serum-free DMEM,
followed by 6 hr of cytokine treatment and subsequent measure-
ment of luciferase activity. In experiments using different pro-
moter constructs, transfection efficiency was verified by b-galac-
tosidase activity.

Electromobility Shift Assay (EMSA). Nuclear extracts of
AtT-20 cells and EMSA were performed as described (25).
AtT-20 cells were grown to 80% confluency and serum-deprived
24 hr before treatment with 1029 M LIF, followed by cell lysis and
preparation of nuclear extracts. For the EMSA, 20-mg nuclear
extracts were preincubated for 15 min at room temperature in 20
ml of binding buffer (10 mM TriszHCly50 mM NaCly1 mM
EDTAy1 mM DTTy0.1% NP-40y5% glyceroly1 mg/ml BSA, pH
7.5) with 1 mg of poly(dI-dC). A 32P-labeled ds oligonucleotide
corresponding to sequence 275 to 255 of SOCS-3 promoter
(59-275CAGTTCCAGGAATCGGGGGGC255-39) and used as
probe (60,000 cpm, 5 fmol per reaction) then was added for 20
min. In competition experiments, 100-fold molar excess unla-
beled competitor oligonucleotides were added to the preincuba-
tion reaction with the ds oligonucleotide corresponding to se-
quence 275 to 255 of SOCS-3 promoter; this same oligonucle-
otide mutated at positions 272, 269, 267, and 264 (underlined)
(59-275CAGATCGACGATTCGGGGGGC255-39) or the AP-2
recognition site oligonucleotide (59-GATCGAACTGACCGC-
CCGCCGCCCGT-39). For supershift experiments, 2 mg poly-
clonal STAT-1 p84yp91 or STAT-3 antibody was added to the
preincubation reaction and incubated for an additional 60 min at
4°C. Protein-DNA complexes were run on a 6% nondenaturing
polyacrylamide gel in 0.53 TBE buffer (90 mM Trisy64.6 mM
boric acidy2.5 mM EDTA), gels were dried, and autoradiographs
were exposed.

Statistical Analysis. Statistical analysis was performed by
unpaired t test. All values are mean 6 SEM.

RESULTS
5* Genomic Sequence of Murine SOCS-3 and Determination

of the Transcription Start Site by 5* RACE and RNase Protection
Assay. Based on the sequence information from the 59 genome
walk, a full-length 59 product of murine SOCS-3 spanning '3.8
kb of genomic sequence was generated by using the following
sense and antisense primers: 59-GACGTTCCTAAAAGCATG-
CATGTCACCCAG-39 and 59-GGATCTGCGCGGCGGTGG-
CTGCAGCTGCTT-39. Cloning of the product into PCR2.1 was
followed by orientation verification, sequencing, restriction en-
zyme digestion with SstI and XhoI, and subcloning of a '3.7-kb

FIG. 1. Nucleotide sequence of the full-length ' 3.8-kb genomic 59
region of murine SOCS-3. Exons are single underlined. The transcrip-
tion start site is defined as 11. The translation initiation codon ATG
and a putative TATA-box are indicated in bold letters. Two putative
STAT binding elements are indicated in bold and underlined. The
complete available sequence of the genomic 59 region of murine
SOCS-3 has been deposited in GenBank (accession no. AF117732).
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construct into pGL3Basic (clone 6). Sequence information was
obtained for the whole '3.8 kb (Fig. 1) (GenBank accession no.
AF117732).

59 RACE revealed the existence of an untranslated exon 1
(11 to 1299), separated from exon 2 (starting at 1856) by an
intron (1300 to 1855). By using RNase protection assay, the
main transcription start site was defined and is referred to as
11 (Fig. 1 and 2). The previously determined translation
initiation site for murine SOCS-3 (GenBank accession no.
U88328) (4) was in exon 2 at 1946 (Fig. 1).

Effect of Different Cytokines on SOCS-3 Promoter Activity
and Gene Expression. AtT-20 cells were either untreated or
stimulated with 0.5 3 1029 M LIF, IL-6, and IL-11 for 60 or 120
min. Northern blot analysis showed a SOCS-3-specific signal of
uniform transcript size of '2.8 kb (Fig. 3A). LIF was the most
potent inducer of SOCS-3 mRNA expression. Although less
potent stimuli of SOCS-3 gene expression, IL-6 and IL-11 showed
a similar pattern of SOCS-3 mRNA induction (Fig. 3A). For
measurement of SOCS-3 promoter activity, transient transfec-
tions of AtT-20 cells were performed either with pGL3Basic
alone or clone 6, a construct containing 22757 to 1929 59
genomic region of murine SOCS-3 linked to the luciferase
reporter gene in pGL3Basic vector. AtT-20 cells transfected with
clone 6 showed a significantly higher basal luciferase activity than
cells transfected with pGL3Basic alone (4043 6 443 vs. 1611 6
398 relative light unitsysec; P , 0.001). Stimulation with 0.5 3
1029 M LIF, IL-6, or IL-11 caused no further increase of
luciferase activity in control AtT-20 cells transfected with
pGL3Basic alone. However, AtT-20 cells transfected with clone
6 showed an approximately 10-fold (P , 0.01), 2-fold (not
significant), and 3-fold (P , 0.05) stimulation of luciferase activity
in comparison to untreated cells, after stimulation with LIF, IL-6,
and IL-11, respectively (Fig. 3B).

Effect of Overexpressed Dominant Negative STAT-3 Mutants
or wt SOCS-3 on LIF-Induced SOCS-3 Gene Expression and
Promoter Activity. AtT-20 cells overexpressing wt STAT-3 (AtT-
20W) showed a 5.4 6 0.7-fold increase of SOCS-3 mRNA levels
after 45-min stimulation with 0.5 3 1029 M LIF. In comparison,
AtT-20 cells overexpressing the dominant negative mutants
STAT-3F (AtT-20F) and STAT-3D (AtT-20D) showed a dimin-
ished 3.4 6 0.4 (P 5 0.07) and 2.6 6 0.1-fold (P , 0.02) induction
of SOCS-3 mRNA after stimulation with LIF (Fig. 4 A and B).
Similarly, transient transfection experiments with clone 6 showed
stimulation of luciferase activity by LIF (6.9 6 0.5-fold) in
AtT-20W cells, whereas only a 5.4 6 0.5-fold (P 5 0.09) and 3.4 6
0.4-fold (P , 0.01) stimulation was observed in AtT-20F and
AtT-20D cells, respectively (Fig. 4C).

Mock-transfected AtT-20 cells (AtT-20M) showed an approx-
imately 5-fold increase of SOCS-3 mRNA levels after 45-min
stimulation with 0.5 3 1029 M LIF, whereas AtT-20 cells over-
expressing wt SOCS-3 (AtT-20S) showed a significant inhibition
of LIF-induced SOCS-3 mRNA expression (Fig. 4 D and E).
Similarly, transient transfection experiments with clone 6 re-
vealed luciferase activity to be stimulated by LIF (9.9 6 1.3-fold)
in AtT-20M cells, whereas LIF-induced luciferase activity in
AtT-20S cells was abrogated and did not differ substantially from
luciferase activity in untreated AtT-20S cells (Fig. 4F).

Functional Analysis of Different SOCS-3 5* Region-Luciferase
Constructs. Clone 6 is the 22757 to 1929 59 genomic region of
murine SOCS-3 linked to the luciferase reporter in pGL3Basic
vector. 39 Truncations of clone 6 are: clone 4 (nucleotides 22757
to 1106) and clone 2 (nucleotides 22757 to 2714). 59 Trunca-
tions of clone 6 are: clone 6T1 (nucleotides 21862 to 1929), clone
6T2 (nucleotides 2855 to 1929), clone 6T3 (nucleotides 2159 to
1929), and clone 6T4 (nucleotides 261 to 1929). Analysis of

FIG. 2. Determination of the transcription start site of murine
SOCS-3 mRNA by RNase protection assay. As described in Materials
and Methods, a 32P-labeled antisense probe spanning nucleotides 1160
to 2273 of the murine SOCS-3 gene was hybridized at 42°C with 10
mg yeast RNA (lanes 2 and 3) or 10 mg total RNA derived from
LIF-stimulated AtT-20 cells (lane 4). Lane 2 shows the undigested
full-length probe. RNase AyRNase T1 mix was added for digestion of
unprotected fragments to samples of lane 3 (negative control) and lane
4. Lanes 5 and 6 show 33P-sequencing of A and C with antisense primer
(1160 to 1143). Arrows indicate a protected band in lane 4 and the
corresponding nucleotide sequence.

FIG. 3. Stimulation of murine SOCS-3 mRNA and SOCS-3 re-
porter gene activity by different cytokines in corticotroph AtT-20 cells.
(A) AtT-20 cells were treated with 0.5 3 1029 M LIF, IL-6, or IL-11
for 60 and 120 min. Northern blot analysis was performed with 25 mg
total RNA per lane. (Upper) SOCS-3 mRNA. (Lower) b-actin mRNA.
(B) Luciferase activity of pGL3Basic alone and a 22757y1929 murine
SOCS-3 promoter-pGL3Basic construct (clone 6) was measured in
AtT-20 cells. Cells were treated with 0.5 3 1029 M LIF, IL-6, or IL-11.
Relative light units were calculated from four independently per-
formed experiments. Each experiment was performed with n 5 3 wells
per group. * indicate in-group significance of untreated (2) vs. treated
(1); p, P , 0.05; pp, P , 0.01.
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clone 6 sequence with Mat Inspector V2.2 (33) revealed potential
STAT binding sites containing the consensus binding sequence
TT(N)5AA (34–36) located at nucleotides 295 to 287 and
nucleotides 272 to 264, as well as at nucleotides 2345 to 2337
and 21400 to 21392, respectively. However, only the STAT
binding site from nucleotides 272 to 264 showed the more
specific sequence TTCCAGGAA (34–36), indicating a potential
binding site for STAT-1 and STAT-3. Therefore, in subsequent
experiments, we focused on the STAT binding site at nucleotides
272 to 264, constituting part of the tandem STAT binding region
pair nucleotides 295 to 287 and nucleotides 272 to 264. By
using overlap extension PCR, we deleted the complete tandem
STAT binding region from nucleotides 299 to 260 (clone 6D2),
or only the 39 located STAT binding element from nucleotides
278 to 258 (clone 6D1). In clone 6M1, the 39 located STAT
binding element from nucleotides 272 to 264 was not deleted,
but mutated to ATCGACGAT, thus destroying the specific
binding sequence TTCCAGGAA. Clone 8 is a minimal 2273 to
1160 59 genomic region of murine SOCS-3 linked to the lucif-
erase reporter in pGL3Basic vector. Basal and LIF-induced
luciferase activity were assayed after transient transfection of
corticotroph AtT-20 cells with the different constructs (Fig. 5).

Relative luciferase activities were calculated in comparison to
basal luciferase activity of pGL3Basic alone, which was normal-
ized as 1.0. Basal luciferase activity of clone 2 did not differ from
pGL3Basic, and neither clone showed induction of luciferase
activity by LIF. However, clones 4 and 6 showed 7- and 4-fold
higher basal as well as ' 35-fold higher LIF-stimulated luciferase
activity than pGL3Basic (P , 0.001). Increasing 59 truncations of
clone 6 up to nucleotide 2159 caused a gradual increase of basal
and LIF-stimulated luciferase activity, with clone 6T2 (P , 0.05)
and clone 6T3 (P , 0.001) showing significantly higher basal and
LIF-induced luciferase activities than clone 6, respectively. Clone
6T3 revealed highest basal and LIF-induced luciferase activities,
being 15-fold and 88-fold elevated in comparison to basal
pGL3Basic (P , 0.001). Further 59 truncation to nucleotide 261
in clone 6T4 caused a decrease of basal, and more markedly,
LIF-inducible promoter activity. Mutated clone 6D1 (P , 0.001)
and clone 6M1 (P , 0.01) showed reduced LIF-induced lucif-
erase activity in comparison to wt clone 6. Further deletions in
clone 6D2 did not result in altered luciferase activity in compar-
ison to clone 6D1. Clone 8 showed basal and LIF-induced
luciferase activity comparable to clone 6 (Fig. 5).

EMSA. EMSA showed specific binding of nuclear extracts
from LIF-induced AtT-20 cells to a ds oligonucleotide probe

FIG. 4. Effect of overexpressed dominant
negative STAT-3 mutants or wt SOCS-3 on LIF-
induced SOCS-3 promoter activity and gene ex-
pression. Corticotroph AtT-20 cells overexpress-
ing wt STAT-3 (AtT-20W) or dominant negative
STAT-3 mutants (AtT-20F and AtT-20D), as well
as wt SOCS-3 (AtT-20S) and mock-transfected
(AtT-20M), were isolated after stable transfec-
tion, as described (15, 28). (A and D) Cells were
treated with 0.5 3 1029 M LIF for 45 min.
Northern blot analysis was performed with 15 mg
total RNA per lane; shown is a representative
experiment. (Upper) SOCS-3 mRNA. (Lower)
b-actin mRNA. (B and E) Northern blot signals
for SOCS-3 mRNA were analyzed by quantitative
densitometry and normalized for b-actin. The
relative increase of LIF-induced SOCS-3 mRNA
was calculated from three independently per-
formed experiments. Each experiment was per-
formed with three different clones per group. (C
and F) Luciferase activity of a 22757y1929
murine SOCS-3 promoter-pGL3Basic construct
(clone 6) was measured in different cell clones
and treated with 0.5 3 1029 M LIF. LIF-induced luciferase activity was normalized to the untreated control for each clone. Relative induction of
luciferase activity after stimulation was calculated from three independently performed experiments. Each experiment was performed with three
independent clones per group.

FIG. 5. Luciferase activity of different con-
structs of the genomic 59 region of murine
SOCS-3. Different constructs were obtained as
described in Materials and Methods. After tran-
sient transfection, luciferase activity of each con-
struct was measured in untreated (filled bars) and
LIF-stimulated (empty bars) AtT-20 cells. Rela-
tive luciferase activity was normalized to the
activity of pGL3Basic alone in untreated AtT-20
cells, which was defined as 1.0. Crossed lines
indicate deletions of STAT binding elements in
clones 6D1 and 6D2, in between the named
nucleotides. Dotted line indicates a mutation of
the wt STAT binding sequence (59-TTCCAG-
GAA-39) with mutant (59-ATCGACGAT-39) in
clone 6M1.
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spanning nucleotides 275 to 255 (STAT oligo), including the
STAT-1ySTAT-3 binding element from 272 to 264 (Fig. 6).
Although nuclear extracts from unstimulated AtT-20 cells did not
form specific complexes with the oligoprobe, nuclear extracts
from LIF-stimulated AtT-20 cells formed three specific com-
plexes, compatible with STAT-3 homodimer, STAT-1ySTAT-3
heterodimer, and STAT-1 homodimer (34–36). The three com-
plexes were not evident during self-competition with 100-fold
excess of unlabeled ds STAT oligo, whereas the same ds oligo
mutated at positions 272, 269, 267, and 264 (see Materials and
Methods), or a nonspecific ds AP-2 oligo had no effect. An
apparent nonspecific band was present at the bottom of each lane
and was not competed by unlabeled ds STAT oligo. Incubation
with a specific antibody directed against STAT-1 abolished the
two bands representing STAT1 homodimer and STAT-1y
STAT-3 heterodimer. Similarly, incubation with a specific anti-
body directed against STAT-3 abolished the two bands repre-
senting STAT-3 homodimer and STAT-1ySTAT-3 heterodimer.

DISCUSSION
Cloning of the SOCS-protein family has provided important new
insights into regulation of cytokine signaling and the Jak-STAT
pathway (4–15). SOCS-3 is up-regulated by several cytokines in
a tissue-specific manner (4, 15, 19, 37, 38), and so far has been
demonstrated to act as an inhibitor of LIF (7, 9, 15), IL-11 (19),
growth hormone (37), and leptin (38) signaling. We recently have
shown SOCS-3 expression in the pituitary to be stimulated by
LIF, whereas SOCS-3 inhibits LIF-induced POMC gene expres-
sion and ACTH secretion in a negative autoregulatory feedback
(15). To further understand the regulation of SOCS-3 gene
expression in the pituitary, we have cloned and characterized '
3.8 kb of the genomic 59 region of murine SOCS-3. We demon-
strate that murine SOCS-3 promoter activity depends on a
STAT-1ySTAT-3 binding element, located at 272 to 264.

Northern blot analysis, 59 RACE, and RNase protection assay
revealed a single major transcript of murine SOCS-3 mRNA ('
2.8 kb). Previously, a slightly longer transcript size for SOCS-3 was

reported, using Northern blot analysis (4). The major transcript
form consists of at least two exons: a 59 untranslated exon 1 (11
to 1299) and exon 2 (beginning at 1856) that contains the
intronless coding region of SOCS-3 (4). Although PCR-based
methods suggested the existence of two longer splicing variants of
murine SOCS-3 containing several 59 untranslated exons and an
alternative transcription start site region between 21193 and
21109, these splicing variants were not confirmed by RNase
protection assay or Northern blot analysis. Therefore, the single
2.8-kb transcript of murine SOCS-3 mRNA seems to be the major
transcript.

To demonstrate promoter activity in the 59 genomic region of
murine SOCS-3, we linked the full-length 22757 to 1929 59
genomic region of murine SOCS-3 to the luciferase reporter gene
in pGL3Basic vector (clone 6). Transient transfection experi-
ments with this construct in AtT-20 cells showed significant
baseline promoter activity further enhanced by LIF, IL-6, and
IL-11. In accordance, SOCS-3 mRNA expression was rapidly
induced by these IL-6 receptor family cytokines. All cytokines of
the IL-6 receptor family are known to use the common gp130
signaling subunit and to act through Jak2 activation and phos-
phorylation of STAT-3 and STAT-1, respectively (1, 17). Acti-
vation of SOCS-3 promoter activity and gene expression by LIF,
IL-6, and IL-11 thus is concordant with our finding of a func-
tionally important STAT-1ySTAT-3 binding element in the mu-
rine SOCS-3 promoter region.

Luciferase activity of the different 59 constructs was similar for
both basal and LIF-induced luciferase activities of clone 4 and 6,
indicating that the region from nucleotides 1106 to 1929 is likely
not involved in promoter activity. The 59 truncated clone 6T3
showing significantly higher basal and LIF-induced luciferase
activity than clone 6 itself demonstrates that the region from
22757 to 2159 contains apparent negative regulatory elements,
but is not responsible for basal and LIF-induced SOCS-3 pro-
moter activity. Further 59 truncation to nucleotide 261 in clone
6T4 caused a decrease of basal and especially LIF-inducible
promoter activity, which we hypothesized to be caused by loss of
the specific STAT 1ySTAT 3 binding element (TTCCAGGAA) at
nucleotides 272 to 264. We therefore inactivated this STAT
binding element, either by deletion (clone 6D1) or mutation of
the consensus sequence (clone 6M1). Both clone 6D1 and clone
6M1 exhibited significantly reduced LIF-induced luciferase ac-
tivity, in comparison to wt clone 6. Extending the deletion to the
entire tandem STAT binding region in clone 6D2 showed no
significant difference in the magnitude of basal vs. LIF-induced
luciferase activity in comparison to clone 6D1. These results
indicate that the specific STAT-1ySTAT-3 binding element at
272 to 264 (TTCCAGGAA) mediates the LIF-induced rise in
luciferase activity, whereas the more 59 located STAT binding
element at 295 to 287 (TTACAAGAA) does not significantly
participate in this signal. The tested minimal promoter region
from nucleotides 2273 to 1160 (clone 8) showed basal and
LIF-induced luciferase activity comparable to clone 6, thus
further demonstrating the functional importance of this region.

Dominant negative STAT-3 mutants, isolated by substitution
of a carboxyl-terminal tyrosine phosphorylation site Tyr705 to
Phe705 (STAT-3F) or mutation at positions important for DNA
binding (STAT-3D), recently have been described (39). Overex-
pression of these STAT-3 dominant negative mutants in corti-
cotroph AtT-20 cells inhibits LIF-induced POMC gene expres-
sion and ACTH secretion (28). We now demonstrate that LIF-
induced SOCS-3 promoter activity and gene expression also is
decreased in these dominant negative STAT-3 mutant transfec-
tants, thus being at least in part dependent on wt STAT-3.
Overexpression of wt SOCS-3 in AtT-20 cells abrogated LIF-
induced SOCS-3 promoter activity and gene expression, suggest-
ing a negative autoregulatory feedback of SOCS-3 on its own
cytokine-induced gene expression. SOCS-3 as well as SOCS-1
bind to Jak2 (9, 11) and block phosphorylation of gp130 and
STAT3 (4, 7, 9, 11, 15). Our report of a functionally important

FIG. 6. Gel shift analysis with nuclear cell extracts (20 mg) from
AtT-20 cells. A 32P-labeled ds oligonucleotide (STAT oligo), containing
the STAT binding consensus sequence (sense 59-275CAGTTCCAG-
GAATCGGGGGGC255-39) was used as a probe. Cells were either
untreated or treated with 1 nM LIF for 15 min or 30 min. By using nuclear
cell extract from 15-min LIF-treated AtT-20 cells, competition of the
probe with a 100-fold excess of the unlabeled STAT oligo or the unlabeled
STAT oligo mutated at positions 272, 269, 267, and 264, or an
unrelated AP-2 oligo could be demonstrated. A presumably unspecific
band, unaltered by competition with unlabeled STAT oligo, is shown at
the bottom of each lane. Incubation with a STAT-1 antibody or with a
STAT-3 antibody abolished DNA binding of specific complexes as
evidenced by the absence of specific bands.
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STAT 1ySTAT 3 binding site in the SOCS-3 promoter region at
272 to 264 provides a model for SOCS-3 acting as a negative
autoregulatory inhibitor on its own gene expression (Fig. 7).
Cytokine-induced gene expression of SOCS-1 also has been
shown to be inhibited in cells overexpressing dominant negative
STAT-3 mutants (6), whereas the promoter region of SOCS-1 has
not yet been cloned. Thus, expression of SOCS-1 and SOCS-3 is
stimulated by a STAT-3-dependent pathway, whereas they both
behave as negative feedback regulators of STAT3 activation.
Similarly, gene expression of another member of the SOCS
protein family, namely CIS, is up-regulated by a STAT-5 depen-
dent pathway (10, 40), whereas CIS is a negative feedback
regulator of STAT-5 activation (8, 10). The human CIS gene
promoter contains two functionally important pairs of STAT
binding elements (10, 41). Structurally similar, the murine
SOCS-3 gene promoter contains a pair of STAT binding elements
TT(N5)AA (40–42) separated by only 14 nt. However, compar-
ison of LIF-induced luciferase activity in AtT-20 cells transfected
with clones 6, 6D1, 6M1, and 6D2 indicates that only the
STAT-1ySTAT-3 binding element at 272 to 264 is functionally
important. EMSA with a specific ds oligonucleotide probe of this
region revealed specific binding of three complexes, correspond-
ing to STAT-3 homodimers, STAT-1ySTAT-3 heterodimers, and
STAT-1 homodimers (34). Specific inhibition with polyclonal
STAT-3 and STAT-1 antibodies verified this observation.

In conclusion, we have cloned and characterized the genomic
59 region of murine SOCS-3. LIF-induced SOCS-3 gene expres-
sion is partially STAT-3 dependent, and the murine SOCS-3
promoter has a functionally important STAT-1ySTAT-3 binding
element at 272 to 264. As SOCS-3 is a potent inhibitor of the
LIF-induced Jak-STAT signaling cascade in the corticotroph cell,
these findings indicate a negative autoregulatory feedback of
SOCS-3 on its own gene expression, thus limiting accumulation
of SOCS-3 in the corticotroph cell (Fig. 7). The STAT-3 depen-
dence and the negative autoregulatory feedback of SOCS-3 on its

LIF-induced gene expression might explain the rapid and short-
lived SOCS-3 mRNA peak after LIF stimulation (15). As LIF-
induced POMC gene transcription and ACTH secretion are
STAT-3 dependent (28) and SOCS-3 potently inhibits LIF-
induced STAT-3 phosphorylation and subsequent POMC tran-
scription and ACTH secretion (15), the suggested negative
feedback of SOCS-3 on its own gene expression provides a
mechanism enabling cortocotroph plasticity with fast ‘‘on’’ and
‘‘off’’ ACTH secretion in response to LIF and other neuro-
immuno-endocrine stimuli.
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FIG. 7. Model of interaction and negative autoregulatory feedback
of SOCS-3 protein on POMC and SOCS-3 gene expression. The
LIF-induced signaling cascade in the corticotroph cell envolves ty-
rosine phosphorylation of gp130, STAT-3, and STAT-1 (15, 23, 26, 27).
LIF induces gene expression of POMC (28) and SOCS-3 in the
corticotroph cell in a STAT-3 dependent manner. Although the region
from nucleotides 2173 to 2160 in the rat POMC promoter is
important for synergy of LIF and corticotropin-releasing hormone, it
does not involve STAT protein binding (25); the putative STAT
binding element in the POMC promoter has not yet been character-
ized. The murine SOCS-3 promoter has a functionally critical STAT-
1ySTAT-3 binding region at 272 to 264. SOCS-3 inhibits Jak2 activity
by binding to its JH1 domain (9) and thus inhibits LIF-induced tyrosine
phosphorylation of gp130 and STAT-3 in the corticotroph cell (15). By
inhibiting Jak-STAT signaling, SOCS-3 negatively regulates LIF-
induced POMC gene expression and ACTH secretion and also exerts
a negative autoregulatory feedback on its own gene expression. This
negative autoregulatory feedback of SOCS-3 on its own gene expres-
sion limits the accumulation of SOCS-3 protein in the corticotroph
cell.
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