
Introduction
Leukemia inhibitory factor (LIF) is a member of the
IL-6 cytokine family (1). We have shown that LIF plays
an important role in the pituitary by modulating the
hypothalamo-pituitary-adrenal (HPA) axis response
to stress or inflammation (2). Indeed, LIF receptor
expression has been demonstrated in murine hypo-
thalamus and pituitary and in murine corticotroph
AtT20 cells. Human fetal and adult pituitary tissues
also express the LIF receptor gene (3, 4). In the murine
pituitary, in addition to corticotropin-releasing hor-
mone (CRH), LIF and LIF receptor gene expression
are induced by stress and participate in upregulation
of proopiomelanocortin (POMC) gene expression and
adrenocorticotropin hormone (ACTH) secretion (2).
In AtT20 cells, LIF also induces POMC transcription
and ACTH secretion, and it synergizes with hypothal-
amic CRH to trigger these effects (5). CRH is a critical
factor in the activation of the HPA axis, and the obser-
vations that cytokines such as LIF strongly impact
this axis have established the concept of a neuroim-
munoendocrine interface occurring at the level of the
hypothalamic pituitary unit. Molecular mechanisms

involved in cytokine signaling include ligand activa-
tion of a receptor complex, comprising a low-affinity
signal-transducing receptor subunit (LIF receptor α
subunit for LIF) and the signal-transducing gp130
subunit (1). Ligand binding is associated with the for-
mation of a ligand-high affinity complex, which does
not possess intrinsic kinase activity. Janus kinase
(JAK) is, however, constitutively associated with
gp130 (6). After ligand-induced receptor dimeriza-
tion, JAK is responsible for tyrosine phosphorylation
of gp130 sites. These sites also dock with SH2-con-
taining proteins, such as STAT, and activate either
PI3K or SHP-2 (1). After tyrosine phosphorylation,
STAT homo- or heterodimerizes and translocates to
the nucleus, where it transactivates several genes (7).
We recently showed that by blocking STAT3 function
in AtT20 cells, LIF-induced activation of ACTH secre-
tion is strikingly abrogated (8). The cytokine-induced
JAK-STAT phosphorylation pathway is transient,
implying the presence of a plastic intracellular nega-
tive regulatory mechanism. Therefore, we tested
molecular mechanisms that might downregulate the
corticotroph LIF signaling pathway.
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Leukemia inhibitory factor (LIF) is a pleiotropic cytokine that stimulates the hypothalamo-pitu-
itary-adrenal (HPA) axis through JAK-STAT activation. We show here that LIF-induced JAK2 and
STAT3 tyrosine phosphorylation is transient, disappearing within 20 and 40 minutes, respectively.
LIF activates the SH2 domain–containing tyrosine phosphatase, SHP-1, with maximal stimulation
observed at 30 minutes. SHP-1 is constitutively associated with JAK2, and LIF induces recruitment
of phosphorylated STAT3 to this complex. Overexpression of wild-type or dominant negative forms
of SHP-1 shows decreased or increased LIF-induced proopiomelanocortin (POMC) promoter activ-
ity, respectively. LIF-induced JAK2 and STAT3 dephosphorylation is delayed until after 60 minutes
in cells that overexpress the mutant SHP-1. In addition,  SOCS-3, a negative regulator of LIF sig-
naling, binds to JAK2 after 60 minutes of LIF stimulation, after which the complex is degraded by
the proteasome. SOCS-3 overexpression blocks LIF-induced JAK2 tyrosine phosphorylation, con-
firming a role for SOCS-3 in deactivating JAK2 by direct association. Using SOCS-3 fusion proteins,
we also define regions of the SOCS-3 protein that are critical for inhibition of LIF-induced POMC
promoter activity. Corticotrophic signaling by LIF is thus subject to 2 forms of negative autoregu-
lation: dephosphorylation of JAK2 and STAT3 by the SHP-1 tyrosine phosphatase, and SOCS-
3–dependent inactivation of JAK2. 
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SHP-1 is a cytoplasmic protein tyrosine phosphatase
containing 2 Src homology 2 (SH2) domains (9). The
phosphatase activity of SHP-1 positively regulates
EGF- or IFN-γ–induced STAT activation in HeLa cells
(10), but it is usually reported as a negative regulator
(11–14). The negative effects of SHP-1 on cytokine
receptor–mediated signaling occur by dephosphoryla-
tion of the cytokine receptor itself or receptor-associ-
ated phosphorylated mediators, such as JAK-2, and ter-
mination of JAK2–mediated signaling (11–14).

A new family of cytokine-induced immediate-early
genes has recently been identified and includes 8 mem-
bers, including cytokine-inducible SH2 protein (CIS)
and suppressor of cytokine signaling 1-7 (SOCS-1-7)
(15). A feature of these cytokine-inducible proteins is
the negative regulation of cytokine transduction path-
ways (16, 17). We recently demonstrated that LIF
induces pituicyte SOCS-3 gene expression in vitro and
in vivo (18). Overexpression of SOCS-3 in AtT20 cells
abrogated LIF-induced gp130 and STAT3 phosphory-
lation, POMC gene expression, POMC promoter activ-
ity, and ACTH secretion (18). Furthermore, LIF-induced
SOCS-3 gene expression was partially STAT3 depend-
ent, and SOCS-3 exhibits a negative autoregulatory
feedback on its own gene expression, thus limiting
SOCS-3 accumulation in the corticotroph cell (19).

We now investigate whether SHP-1 and/or SOCS-3
are components of the early negative feedback for LIF-
induced JAK-STAT tyrosine phosphorylation in AtT20
cells, and we demonstrate that both SHP-1 and SOCS-
3 downregulate LIF signaling by using 2 distinct, but
redundant, mechanisms for terminating pituitary LIF
signaling to POMC.

Methods
Culture and transformation of AtT20 cells. AtT20 cells were
grown in DMEM supplemented with 10% FBS, 2 mM
L-glutamine, 100 U/mL streptomycin, 100 U/mL peni-
cillin, and 0.25 µg/mL amphotericin B (Life Technolo-
gies Inc., Gaithersburg, Maryland, USA). To isolate sta-
ble transformants expressing wild-type or mutated
SHP-1, corresponding cDNAs were transfected in
AtT20 cells by calcium precipitation and transformants
were selected with G418 (1 mg/mL).

Immunoprecipitation and Western blotting analysis. AtT20
cells were grown for 48 hours and serum deprived for
16 hours before treatment with 1 nM LIF (R&D Sys-
tems Inc., Minneapolis, Minnesota, USA). Cells lysis,
protein immunoprecipitations, and Western blottings
were performed as described elsewhere (8). For
immunoprecipitations and Western blottings, mono-
clonal antiphosphatase SHP-1 (Transduction Labora-
tories, Lexington, Kentucky, USA) and antiphosphoty-
rosine (Santa Cruz Biotechnology Inc., Santa Cruz,
California, USA) antibodies, or polyclonal anti-JAK2,
anti-STAT3, and anti–SOCS-3 antibodies (Santa Cruz
Biotechnology), prebound to Sepharose-protein G or
A beads (Sigma Chemical Co., St. Louis, Missouri,
USA), were used.

Tyrosine phosphatase assay. Cells were plated for 48
hours and serum deprived 16 hours before treatment
with 1 nM LIF. Tyrosine phosphatase activity was then
assessed as described elsewhere (20). For each point, the
SHP-1 activity was calculated after subtraction of the
amount of phosphatase activity obtained with a non-
immune serum immunoprecipitate. Furthermore,
SHP-1 phosphatase activity was normalized for the
amount of total SHP-1 immunoprecipitated for each
time point: one half of each immunoprecipitate was
assessed for SHP-1 activity, and the other half was used
to perform an anti–SHP-1 Western blot.

Construction of SOCS-3 fusion proteins. Defined segments
of SOCS-3 were cloned by PCR using sense and anti-
sense primers containing a BamHI or a XhoI site,
respectively, and introduced in the BamHI/XhoI sites of
pcDNA3.1/His vector (Invitrogen Corp., San Diego,
California, USA). The fusion proteins containing the X-
press tag at their 5′ end were subcloned in the SmaI site
of the pSVL vector (Pharmacia Biotech Inc., Piscataway,
New Jersey, USA). The sequences of all constructs were
verified by sequencing.

Transfection and luciferase assay. AtT20 cells were plated
in 2-mL dishes (100,000 cells per well) and allowed to
adhere for 16 hours. Cells were transiently transfected
as described elsewhere (21) with 0.5 µg per dish of rat
POMC promoter (–706/+64) fused to the luciferase
reporter gene and 0.5 µg of the pSV-lacZ (Promega
Corp., Madison, Wisconsin, USA) expressing β-galac-
tosidase as an internal transfection control. In cotrans-
fection experiments using SOCS-3 fusion proteins, 0.5
µg of each construct was cotransfected with the rat-
POMC promoter construct and with the pSV-lacZ vec-
tor. Twenty-four hours after transfection, cells were
treated with 1 nM LIF in triplicate for 6 hours. Cells
were then washed once in PBS (pH 7.0), lysed in reporter
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Figure 1
Time course of LIF-induced JAK2 and STAT3 phosphorylation.
AtT20 cells were treated for the indicated times with 1 nM LIF. After
cell lysis and immunoprecipitation with polyclonal antibody rec-
ognizing either JAK2 (a) or STAT3 (b), immunoprecipitates were
separated on a 7.5% polyacrylamide-SDS gel. Immunoblotting was
then performed with a monoclonal antiphosphotyrosine antibody.
To verify equal protein loading in each lane, membranes were
stripped and immunoblotted with antibodies recognizing either
JAK2 (a) or STAT3 (b).



lysis buffer, and subjected to assay for luciferase (21) or
β-galactosidase activity (Promega Corp.).

Results
Time course of LIF-induced JAK2 and STAT3 phosphoryla-
tion. LIF triggers its effects by inducing the JAK-STAT
transduction pathway, with JAK2 and STAT3 reported
to be the principal proteins activated by LIF signaling
(8). Therefore, we performed Western blotting analysis
to analyze the kinetics of LIF-induced JAK2 and STAT3
phosphorylation (Figure 1). Proteins from solubilized
cells were extracted at different time points after LIF
induction. JAK2 (Figure 1a) and STAT3 (Figure 1b)
phosphorylations were analyzed after immunoprecip-
itation of the solubilized proteins by using their respec-
tive antibodies (anti-JAK2 and anti-STAT3) and by
Western blotting of the immunoprecipitated proteins
with an antiphosphotyrosine antibody or anti-JAK2
and anti-STAT3 antibodies, respectively. JAK2 phos-
phorylation occurred as early as 5 minutes after LIF
stimulation and disappeared within 20 minutes. The
time course of STAT3 phosphorylation, a JAK2 sub-
strate, was similar, but its dephosphorylation was
slightly delayed: LIF-induced STAT3 phosphorylation
was evident as early as 5 minutes and disappeared with-
in 40 minutes. Thus, LIF-induced phosphorylations of
JAK2 and STAT3 are transient, and a negative feedback
mechanism might be responsible for these respective
dephosphorylation reactions.

SHP-1 is constitutively bound to JAK2. Next, we investi-
gated mechanisms accounting for the early dephos-
phorylation of LIF-signaling substrates. We tested
whether the catalytic activity of SHP-1 tyrosine phos-

phatase might be responsible for JAK2 substrate
dephosphorylation in LIF signaling. We performed pro-
tein association studies using solubilized protein from
LIF-treated AtT20 cells and antibodies recognizing
SHP-1, JAK2, and STAT3. As shown in Figure 2a, JAK2
was detected within anti–SHP-1 immunoprecipitates,
whereas no band was observed in an anti-mouse preim-
mune serum immunoprecipitate. In a cross-experiment,
the presence of SHP-1 was confirmed within anti-JAK2
immunoprecipitates (data not shown). The appropriate
size of the observed JAK2 band was verified by using
anti-JAK2 immunoprecipitate in an anti-JAK2 Western
blot (Figure 2a, lane 9). Equal protein loading was
demonstrated by stripping and reblotting the mem-
brane with an anti–SHP-1 antibody (data not shown).
The association of SHP-1 and JAK2 remained constant
after LIF treatment. These results demonstrated that
SHP-1 constitutively associates with JAK2 and that
JAK2 might be a potential substrate for SHP-1.

Association between SHP-1 and STAT3 is LIF regulated.
Next, we investigated whether STAT3 was a potential
substrate for SHP-1. We performed a Western blotting
analysis using an anti-STAT3 antibody to detect STAT3
in anti–SHP-1 immunoprecipitates. We observed an
89-kDa band corresponding in size to STAT3 (Figure
2b, lanes 1–5), which was confirmed by using an anti-
STAT3 immunoprecipitate (Figure  2b, lane 6). The
abundance of STAT3 coimmunoprecipitated with
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Figure 2
SHP-1 forms a constitutive complex with JAK2, and the recruitment of
STAT3 is LIF-inducible. AtT20 cells were treated for the indicated times
with 1 nM LIF. After cell lysis, 500 µg of protein extracts was immuno-
precipitated with an mAb recognizing SHP-1 (a, lanes 1–8 ; b, lanes
1–5) or with a mouse preimmune serum (PI). To verify the identity of
JAK2 and STAT3, 50 µg of protein extracts was immunoprecipitated
with polyclonal antibodies recognizing JAK2 (a, lane 9) and STAT3 (b,
lane 6). Immunoprecipitates were separated on a 7.5% polyacrylamide-
SDS gel, and immunoblotting was performed with a polyclonal anti-
JAK2 antibody (a) or a polyclonal anti-STAT3 antibody (b).

Figure 3
SHP-1 catalytic activity is LIF-inducible. AtT20 cells were stimulated
for the indicated times with 1 nM LIF. After cell lysis and immuno-
precipitation with mAb recognizing SHP-1, immunoprecipitates were
subjected to a phosphatase assay using [32P]poly (Glu, Tyr). The
results are representative of 3 separate experiments and are expressed
as percentage of control (100% = no treatment).



SHP-1 was LIF regulated, increased at 5 and 10 minutes
of treatment, and decreased thereafter, concordant
with STAT3 tyrosine phosphorylation after LIF stimu-
lation. This result indicates that recruitment of STAT3
to the JAK2/SHP-1 complex is LIF dependent.

Kinetics of LIF-induced SHP-1 catalytic activity in AtT20
cells. To test whether SHP-1 catalytic properties were
enhanced in LIF-stimulated AtT20 cells, we used an in
vitro assay measuring dephosphorylation of an exoge-
nous substrate, poly-Glu-Tyr, in the anti–SHP-1
immunoprecipitate. LIF-treated AtT20 cells were lysed;
SHP-1 was immunoprecipitated with a monoclonal
anti–SHP-1 antibody; and SHP-1 catalytic activity was
measured in the immunoprecipitates (Figure 3). SHP-
1 activity obtained with an anti-mouse preimmune
serum immunoprecipitate was subtracted from phos-
phatase activity values obtained with anti–SHP-1
immunoprecipitates to get specific SHP-1 activity.
Increased SHP-1 tyrosine phosphatase activity was
observed after 20 minutes of LIF treatment (174% ± 25
of control; P < 0.05), peaked at 30 minutes (245% ± 27
of control; P < 0.05) and then decreased for up to 90
minutes. Thus, LIF-induced activation of SHP-1 might
be responsible for JAK2 and STAT3 substrate dephos-
phorylation; indeed, the time course of LIF-induced
SHP-1 catalytic activation correlated with that for LIF-
induced JAK2 and STAT3 dephosphorylations.

SHP-1 catalytic inactive dominant negative mutant delays
LIF-induced dephosphorylation of JAK2 and STAT3. To con-
firm the negative regulation of LIF signaling by SHP-1,
we transfected AtT20 cells with cDNAs coding for
either wild-type or a catalytically inactive form of SHP-
1. We initially confirmed the appropriate expression of
both transformants in AtT20 cells and chose 3 clones
with the highest levels of wild-type or mutant SHP-1.

Clones overexpressing the dominant negative form
of SHP-1, or mock-transfected AtT20 cells, were used
first to analyze the levels of JAK2 and STAT3 tyrosine
phosphorylation after LIF treatment (Figure 4, a and
b). Transformants were stimulated with 1 nM LIF for
up to 90 minutes and then lysed. Immunoprecipita-
tions were performed with anti-JAK2 and anti-STAT3
antibodies, followed by antiphosphotyrosine antibody
Western blotting analysis to observe levels of JAK2 and
STAT3 tyrosine phosphorylation. Kinetics of LIF-
induced JAK2 and STAT3 phosphorylations in mock-
transfected AtT20 cells were similar to those in
parental AtT20 cells, and quantifications obtained
from 3 independent mock- and mutant SHP-1–trans-
fected clones are represented in Figure 4, c and d.
Whereas rapid dephosphorylations of JAK2 and
STAT3 occurred in mock-transfected AtT20 cells as
early as 20 minutes and 40 minutes, respectively (Fig-
ure 4, c and d), these dephosphorylations were signif-
icantly delayed in the mutant SHP-1 transformants
cells until 60 minutes and 90 minutes, respectively
(Figure 4, a–d). These results implied a role for SHP-1
in early tyrosine dephosphorylation of LIF-mediated
JAK2 and STAT3 in AtT20 cells.

Role of SHP-1 in LIF-induced POMC transcriptional activa-
tion. Next, we investigated the functional importance of
SHP-1 in LIF-mediated corticotroph action. We recent-
ly showed that STAT3 was a key signaling molecule for
LIF induction of POMC transcription and ACTH secre-
tion in AtT20 cells (8). Therefore, we reasoned that over-
expression of wild-type or a mutated form of SHP-1
might influence the LIF-activation of this pathway.
Three clones for mock-transfected AtT20 cells, wild-
type, and mutated SHP-1 transformants were tran-
siently transfected with POMC promoter-luciferase
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Figure 4
LIF-induced dephosphorylations of JAK2 and STAT3 are delayed in the mutant SHP-1–overexpressing transformants. Mutant SHP-1–over-
expressing cells were treated for the indicated times with 1 nM LIF. After cell lysis, immunoprecipitation and Western blots were performed
as described in Figure 1, a and b (a and b, respectively). Quantification of kinetics of LIF-induced JAK2 (c) and STAT3 (d) tyrosine phos-
phorylation, observed in 3 different experiments from 3 independent clones of mock or mutant SHP-1–transfected cells, was performed. *P
< 0.05%, LIF-treated versus control untreated cells. †P < 0.05%, SHP-1 mutant-transfected versus mock-transfected cells.



reporter construct and treated for 6 hours with LIF
before cell lysis (Figure 5a). Results are expressed as fold-
induction above control (i.e., LIF-stimulated cells versus
unstimulated cells). LIF-induced POMC promoter
activity decreased in wild-type SHP-1 transformants
(3.4-fold ± 0.1; P < 0.01) in comparison with mock-
transfected cells (4.2-fold ± 0.2). In mutant SHP-1 trans-
formants, luciferase was significantly enhanced (6.2-
fold ± 0.4; P < 0.01) in comparison with its activity in
mock-transfectant and wild-type SHP-1–overexpressing
clones. To confirm the specificity of SHP-1 in LIF sig-
naling, the cells were also treated with an analog of
cyclic adenosine monophosphate (cAMP), dibutyryl
cAMP (Figure 5b), which is known to stimulate POMC
promoter activity in a cytokine-independent fashion
(22). Luciferase gene activation was not different in
mock SHP-1 (2.5-fold ± 0.1), wild-type SHP-1 (2.4-fold
± 0.1), or mutant SHP-1 (2.6-fold ± 0.1) transfected cells,
indicating the specificity of SHP-1 in negatively regu-
lating LIF signaling to POMC.

These results thus ascribe functional importance of
SHP-1 association with the LIF-signaling molecules,
JAK2 and STAT3, for POMC activation. 

SOCS-3 is a component of LIF-induced dephosphorylation of
JAK2 and STAT3. Next, we tested whether SOCS-3
might also be a component of early negative feedback
of LIF signaling. We had previously shown that SOCS-
3 mRNA expression is LIF inducible, is maximal after
30 minutes, and is apparent for up to 8 hours of LIF
stimulation (18). Therefore, we performed Western
blotting to follow the kinetics of LIF-induced SOCS-3
expression at the protein level (Figure 6a). Immuno-
precipitation of SOCS-3 with an anti–COOH-terminal
region of SOCS-3 antibody, followed by Western blot-
ting using an anti–NH2-terminal region of SOCS-3
antibody, showed that appearance of SOCS-3 protein
is rapid, occurring within 20 minutes, is maximal after
40–60 minutes, and is no longer detectable after 90
minutes of LIF treatment. To investigate discrepancies
between the time course for LIF-induced SOCS-3
mRNA and protein stability, an SOCS-3 Western blot
was performed using a proteasome pathway inhibitor
(LLnL) (Figure 6b). Pretreatment of AtT20 cells for 15
minutes with 10 µM of LLnL (diluted in DMSO; final
concentration of DMSO = 1%) does not impact SOCS-
3 expression when these cells are not stimulated with 1
nM LIF (Figure 6b, lane 1). Pretreatment of AtT20 cells
with 1% DMSO for 15 minutes does not impact either
LIF-induced SOCS-3 expression or degradation: the
same time course of LIF-induced SOCS-3 expression is
observed in 0% DMSO (Figure 6a) or in 1% DMSO (Fig-
ure 6b, lanes 2–4). However, pretreating AtT20 cells
with 10 µM LLnL for 15 minutes inhibited LIF-induced
SOCS-3 degradation at 90 minutes, and SOCS-3
expression was still observed for up to 120 minutes and
180 minutes (Figure 6b, lanes 5–8).

SOCS-3 association with JAK2 was also assessed in an
anti-JAK2 Western blot using anti–SOCS-3 immuno-
precipitate (Figure 6c). After 60 minutes of LIF treat-

ment, a maximal association between JAK2 and SOCS-
3 was evident and decreased very quickly. This result
was confirmed in an anti–SOCS-3 Western blot using
anti-JAK2 immunoprecipitate: maximal coimmuno-
precipitation between JAK2 and SOCS-3 was also
observed at 60 minutes (data not shown). To ascribe a
functional importance for SOCS-3 binding to JAK2, we
investigated whether SOCS-3 directly inhibited JAK2
autophosphorylation. Using SOCS-3–transfected and
mock-transfected AtT20 cells (18), we performed an
antiphosphotyrosine Western blot experiment using
anti-JAK2 immunoprecipitates (Figure 6d). LIF-
induced phosphotyrosine levels of JAK2 in mock-trans-
fected cells (Figure 6d, lanes 4–6) were greater than in
SOCS-3–overexpressing cells (Figure 6d, lanes 1–3).
This result confirms that blockade of LIF signaling in
SOCS-3–overexpressing cells results directly from
SOCS-3–dependent inhibition of JAK2 autophospho-
rylation and activation.

Definition of SOCS-3 functional domains. We then inves-
tigated which domains of SOCS-3 were responsible for
its function by constructing SOCS-3 fusion proteins
(Figure 7a). Correct expression of each construct, tran-
siently transfected in AtT20 cells, was confirmed in an
anti–SOCS-3 Western blot using anti–X-press
immunoprecipitates (data not shown). This experi-
ment indeed showed similar protein expression levels
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Figure 5
SHP-1 catalytic activity influences LIF-induced POMC promoter
activity. Mock-, wild-type (WT) SHP-1–, or mutant (mut) SHP-
1–transfected AtT20 cells were transiently transfected with rat POMC
promoter fused to the luciferase reporter. Cells were then treated for
6 hours with 1 nM LIF (a) or 5 mM dibutyryl cAMP (b). Luciferase
activity was measured as described in Methods. The results are rep-
resentative of 3 separate experiments using 3 independent clones and
are expressed as fold-induction above control.



for all SOCS-3 constructs. The fusion protein 1-226,
corresponding to the full SOCS-3 sequence, and the
fusion protein 19-226, corresponding to the pre-SH2,
SH2, post-SH2, and SOCS box regions of SOCS-3 (Fig-
ure 7a), efficiently inhibited LIF-induced POMC pro-
moter activity (100% and 99.8% ± 4.5 of POMC
luciferase activity, respectively, versus 153% ± 8 for the
empty plasmid; P ≤ 0.001). By opposition, the fusion
proteins 19-127, 19-186, or 45-226 — corresponding,
respectively, to the pre-SH2 and SH2 domains; to the
pre-SH2, SH2, and post-SH2 domains; or to the SH2,
post-SH2, and SOCS box domains — were inactive (Fig-
ure 7b). Thus, this result confirms the critical role of
the pre-SH2 and SH2 domains of SOCS-3, as also
described for SSI-1/SOCS-1, but also ascribes a critical
role for the SOCS box for inhibition of LIF-induced
POMC promoter activity (32).

Discussion
We show here that the time course of pituicyte LIF stim-
ulation is associated with tyrosine phosphorylation of
JAK2 and STAT3, 2 well-recognized substrates for LIF in
these cells (8, 21). Earlier effects of LIF on JAK2 and
STAT3 phosphorylation occurred after 5 minutes of

stimulation with JAK2 and STAT3, whereas these phos-
phorylated substrates were undetectable after 20 or 40
minutes, respectively (Figure 1, a and b). The apparent
failure to detect these phosphorylated molecules is prob-
ably not due to their degradation because JAK2 and
STAT3 protein levels are sustained during the time
course of LIF stimulation, suggesting rapid dephospho-
rylation of both of these LIF substrates.

We investigated the respective roles of SHP-1 and
SOCS-3 in downregulating LIF signaling to POMC.
Tyrosine phosphatases act both positively and nega-
tively in cytokine and growth factor signal transduc-
tion (23). Although the SH2 domain–containing phos-
phatase SHP-1 has been implicated in positively
mediating EGF- and IFN-γ–stimulated STAT tran-
scription factor activation in HeLa cells (10), this phos-
phatase has mainly been described as a negative regu-
lator of cell signaling. SHP-1 controls erythropoietin
signal transduction by regulating receptor-associated
JAK2 tyrosine phosphorylation (14), and it controls
JAK1 tyrosyl phosphorylation in response to IFN-α/β
(24). SHP-1 is also a negative regulator of liver GH sig-
naling by regulating the rates of JAK2 and STAT pro-
tein inactivation (11, 12). These results support the
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Figure 6
SOCS-3 protein is LIF–inducible, binds in vivo to JAK2, and blocks LIF-induced JAK2 tyrosine phosphorylation. (a) AtT20 cells were treated
for the indicated times with 1 nM LIF. After cell lysis, half the lysates were used in immunoprecipitations using a polyclonal antibody recog-
nizing COOH-terminal of SOCS-3; the immunoprecipitates were separated on a 15% SDS-polyacrylamide gel and then immunoblotted with
a polyclonal antibody recognizing NH2-terminal of SOCS-3. To verify equal loading of proteins, the other half of the lysates were used in
immunoprecipitations using a polyclonal anti-JAK2 antibody, run on a 7.5% SDS-polyacrylamide gel and blotted with an anti-JAK2 anti-
body. (b) AtT20 cells were pretreated with 1% DMSO (vehicle) (lanes 2–4) or with 10 µM LLnL (dissolved in DMSO) for 15 minutes (lanes
1, 5–8), and then treated with 1 nM LIF for the indicated time (lanes 2–8). The experiment was also performed as described in a. (c) AtT20
cells were treated for the indicated times with 1 nM LIF. After cell lysis, half of the lysates were used in immunoprecipitations using a poly-
clonal antibody recognizing COOH-terminal of SOCS-3; the immunoprecipitates were separated on a 7.5% SDS-polyacrylamide gel and
then immunoblotted with a polyclonal anti-JAK2 antibody. To verify equal loading of proteins, the other half of the lysates were used in
immunoprecipitations using a polyclonal anti-JAK2 antibody, run on a 7.5% SDS-polyacrylamide gel, and blotted with an anti-JAK2 anti-
body. (d) Treatment of mock-transfected AtT20 cells (lanes 4–6) or SOCS-3–overexpressing cells (lanes 1–3) were performed as indicated.
Immunoprecipitation was then performed using an anti-JAK2 antibody. The immune complexes were run on a 7.5% SDS-polyacrylamide gel,
and a Western blot was performed using an antiphosphotyrosine antibody. To verify equal loading of proteins, the membrane was stripped
and subjected to a Western blot using an anti-JAK2 antibody.



concept that inactivation of receptor-associated JAK
may be a general mechanism by which SHP-1 regulates
multiple cytokine receptor signaling pathways.

We show SHP-1 to be associated with the LIF-stimu-
lated JAK2-STAT3 complex. Whereas the association
between SHP-1 and JAK2 is apparently independent of
LIF stimulation, interaction between SHP-1 and
STAT3 is LIF regulated. LIF induces STAT3 recruit-
ment onto the phosphatase with a time course that
parallels that of induction of STAT3 phosphorylation.
JAK2 is a constitutive partner of gp130 (6), and LIF
induces dimerization of the cytoplasmic domains of
LIFRα and gp130 subunits, which, in turn, activates
JAK2 by autophosphorylation (6). Our results also
demonstrate a constitutive association between SHP-1
and JAK2, independent of JAK2 phosphorylation. Such
an association of SHP-1 with nonphosphorylated
receptor has been previously reported for the IFN-α/β
receptor α subunit (24) and for the erythropoietin
receptor (14). Furthermore, SHP-1 has been reported
to constitutively interact with Tyk2 (25) or to be asso-
ciated with JAK2 through SH2-phosphotyrosine–inde-
pendent interactions (13, 26). We show that LIF
induces SHP-1 activation and subsequent dephospho-
rylation of JAK2. Furthermore, we demonstrated that
the association between SHP-1 and STAT3 was LIF reg-
ulated and paralleled kinetics for LIF-induced tyrosine
phosphorylation of STAT3. Although STAT3 interac-
tion with SHP-1 has not been thus far reported, acti-
vated STAT5b can bind directly to SHP-1 in the nucle-
us (11), thus STAT3 might bind directly or indirectly
through gp130 to SHP-1. We also showed that the LIF-
induced SHP-1 catalytic activation is time correlated
with JAK2 and STAT3 dephosphorylation.

The SHP-1 relevance in LIF regulation of corti-
cotroph function was studied in mutant SHP-1–over-
expressing cells, which showed delayed JAK2 and
STAT3 dephosphorylations until after 60 minutes of
LIF stimulation, in comparison to mock-transfected
cells. We also showed that LIF induction of POMC
promoter activity was reduced in wild-type SHP-
1–overexpressing clones and enhanced in mutant SHP-
1–overexpressing transformants. SHP-1 specificity in
LIF signaling was demonstrated because no difference
of POMC promoter activity was observed after stimu-
lation of transformants with dibutyryl cAMP, which is
known to stimulate POMC promoter activity through
an LIF-independent pathway (22).

On the basis of our observations, we propose a model
(Figure 8) by which SHP-1 is constitutively associated
with JAK2 in a tyrosine phosphorylation–independent
manner. After LIF stimulation, JAK2 is activated. JAK2
tyrosine phosphorylates itself, as well as gp130 and
STAT3. These new phosphotyrosine sites might be
potential docking sites for the SHP-1 SH2 domains,
resulting in SHP-1 activation. Indeed, enzymatic acti-
vation of SHP-1 has been reported to occur through
association of its SH2 COOH- or NH2-terminal
domains with phosphotyrosine docking sites of

hematopoietic growth factor receptors (14, 27–29).
Increased tyrosine phosphatase activity of SHP-1 results
in dephosphorylation of JAK2 (14), therefore inhibiting
its kinase activity and resulting in dephosphorylation
of its substrates, namely, gp130 and STAT3. Thus, these
results identify SHP-1 as an early negative feedback reg-
ulator of LIF signaling in AtT20 cells.

SOCS proteins inhibit cytokine-induced signal trans-
duction in many systems (16–18) and bind in vitro to
JAKs (30). We previously reported that LIF rapidly acti-
vates SOCS-3 mRNA expression within 30 minutes.
SOCS-3 overexpression in these cells inhibits LIF-
induced gp130 and STAT3 tyrosine phosphorylation
and blocks LIF-induced POMC promoter activity (18).
We also show here that LIF induces endogenous SOCS-
3 protein’s appearance and binding to JAK2 with a time
course correlating with JAK2 dephosphorylation, indi-
cating that SOCS-3 blocks LIF signaling by binding
and inhibiting JAK2 activity. This is confirmed in
SOCS-3–overexpressing cells that show reduced LIF-
induced JAK2 phosphorylation. Maximal in vivo asso-
ciation between SOCS-3 and JAK2 occurs at 60 min-
utes, suggesting that SOCS-3–induced inactivation of
JAK2 is slightly delayed, compared with SHP-1 action.
This result may also explain JAK2 and STAT3 dephos-
phorylations occurring even in mutant SHP-1–overex-
pressing transformants after 60 minutes.
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Figure 7
Definition of the functional domains of SOCS-3. (a) Description of
the different domains of SOCS-3. (b) Fusion protein corresponding
to a NH2-terminal tag from the pcDNA3.1/His vector (Invitrogen)
fused to different portions of SOCS-3. These constructs were tran-
siently transfected with rat POMC promoter fused to the luciferase
reporter in AtT20 cells. Cells were then treated for 6 hours with 1 nM
LIF. Luciferase activity was measured as described in Methods. The
results are representative of 3 separate experiments and are expressed
as percentage of control (100% = full-length SOCS-3).



To elucidate variations in stability of SOCS-3 protein
(< 90 minutes) and SOCS-3 mRNA (> 8 hours) after
LIF treatment, we used a proteasome pathway
inhibitor. Indeed, CIS has previously been shown to be
sensitive to degradation regulated by the proteasome
(31). Furthermore, SOCS-1 deletion constructs lacking
the “SOCS-box” were expressed in mammalian cells
only in the presence of proteasome inhibitors (32).
Blocking the proteasome pathway prolongs SOCS-3
protein expression until 3 hours after LIF treatment,
demonstrating a role for the proteasome for LIF-
induced SOCS-3 degradation.

Using fusion proteins containing different segments
of SOCS-3 protein, we show here that amino acids
sequences 19–226 are critical for SOCS-3–mediated
inhibition of LIF-induced POMC promoter activity.
Recent reports, in which deletions of the SSI-1/SOCS-
1 sequence were tested on IL-6–mediated stimulation
of the IRF-1 promoter (32) and on M1 cell differentia-
tion (33), showed that the pre-SH2 domain and the
SH2 domain contribute to SSI-1/SOCS-1 function and
that the SOCS box is required to protect SSI-1 from
proteolytic degradation (32). However, in 1 report,
SOCS-1 was deleted from its SOCS box and still inhib-
ited JAK1 kinase activity to the same extent as the full-
length SOCS-1 (33). However, we show here that the
sequences COOH-terminal to the SH2 domain of
SOCS-3 are also critical for in vivo SOCS-3 function. As

suggested elsewhere, sequences COOH-terminal of the
SH2 domain, and particularly the SOCS box, might be
required for SOCS-3 stability and prevention of pro-
teasome-induced degradation (32, 34). Increased sta-
bility of SOCS-1 protein has been shown to be mediat-
ed through interaction between the SOCS box and
elongin BC (34). However, we show here the degrada-
tion of wild-type SOCS-3, which also contains the
SOCS box, to occur in vivo after approximately 90 min-
utes of LIF treatment. This also suggests either that the
multicomplex SOCS-elongin BC is not fully protective
against SOCS-3 degradation or that a LIF-inducible
event targets SOCS-3 for degradation at this time point
of LIF treatment. Binding between SOCS-3 and JAK2
might indeed constitute 1 of these events. SOCS-
3/JAK2 association may lead either to a special folding
of SOCS-3, which masks the protective SOCS box, or
to the dissociation between the SOCS box and elongin
BC. Alternatively, SOCS/JAK2 association may result
in SOCS-3 tyrosine phosphorylation. Indeed, IL-
2–induced tyrosine phosphorylation of SOCS-3 was
recently demonstrated (35), and phosphorylation-
dependent degradation by the proteasome pathway has
been reported for STAT1 (36).

In conclusion, we report that both SHP-1 and SOCS-
3 negatively regulate LIF corticotroph function in
AtT20 cells. The mechanisms for JAK2 inactivation dif-
fer for the 2 proteins. SHP-1 acts by tyrosine-dephos-
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Figure 8
Model for SHP-1 and SOCS-3 regulation of LIF transduction signal. (a) SHP-1 is constitutively associated with JAK2 in a tyrosine phosphory-
lation–independent manner. (b) After LIF stimulation, heterodimerization occurs between LIFRα and gp130 subunits, which activates JAK2
activity. JAK2 tyrosine phosphorylates itself as well as gp130, which allows recruitment of STAT3 through its SH2 domain onto gp130 dock-
ing sites. STAT3 is also tyrosine-phosphorylated by JAK2 and therefore activated. STAT3 then homodimerizes or heterodimerizes with STAT1,
which accounts for its nuclear translocation. (c) SHP-1 might be activated because its partners (JAK2 and STAT3) become tyrosine-phos-
phorylated. Increased tyrosine phosphatase activity of SHP-1 directly dephosphorylates JAK2, therefore inhibiting its kinase activity and result-
ing in dephosphorylation of its substrates. Once gp130, JAK2, and STAT3 are dephosphorylated, STAT3 leaves the receptor complex, which
also returns to the basal state. Activation of SHP-1 is maximal at 30 minutes of LIF stimulation. (d) Sustained deactivation of LIF signaling
also occurs through LIF-induced SOCS-3 protein synthesis and binding to JAK2, which appears maximally between 40 and 60 minutes of LIF
stimulation. SOCS-3 inhibits JAK2 kinase activity and is then degraded after 90 minutes.



phorylating its substrates and thus affecting the bal-
ance of phosphorylated versus dephosphorylated pro-
tein, to prevent excess effects of ligand. SOCS-3 might
inhibit JAK2 by directly interacting with its JH1
domain, essential for its kinase function. Both mecha-
nisms might be complementary to inhibit LIF corti-
cotroph function; whereas SHP-1 is constitutively pres-
ent and rapidly activated by LIF, SOCS-3 is absent at
the basal level and its expression is LIF-inducible.

Cytokine signal transduction thus involves redun-
dancy of JAK/STAT interactions, phosphatase func-
tion, and SOCS protein autoregulation. These results
demonstrate a complex mechanism for the plastic “on-
off” cytokine-mediated regulation of the HPA axis at
the immunoneuroendocrine interface.
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