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ABSTRACT Gene activation and cellular differentiation
induced by interleukin-6 (IL-6) and transcription factor Stat3
are suppressed by several factors, including ionomycin, gran-
ulocyteymacrophage-colony-stimulating factor, and phorbol
12-myristate 13-acetate (PMA), that block IL-6-induced Stat3
activation. These inhibitory agents activate mitogen activated
protein kinases (MAPKs), and thus the role of MAPKs in the
mechanism of inhibition of Stat3 activation was investigated.
Inhibition of IL-6-induced Stat3 activation by PMA and
ionomycin was rapid (within 5 min) and did not require new
RNA or protein synthesis. Inhibition of Stat3 DNA-binding
activity and tyrosine phosphorylation by PMA, ionomycin,
and granulocyteymacrophage-colony-stimulating factor was
reversed when activation of the extracellular signal-regulated
kinase (ERK) group of MAPKs was blocked by using specific
kinase inhibitors. Expression of constitutively active MEK1,
the kinase that activates ERKs, or overexpression of ERK2,
but not JNK1, inhibited Stat3 activation. Inhibition of Stat3
correlated with suppression of IL-6-induction of a signal
transducer and activator of transcription (STAT)-dependent
reporter gene. In contrast to IL-6, activation of Stat3 by
interferon-a was not inhibited. MEKs and ERKs inhibited
IL-6 activation of Stat3 harboring a mutation at serine-727,
the major site for serine phosphorylation, similar to inhibition
of wild-type Stat3, and inhibited Janus kinases Jak1 and Jak2
upstream of Stat3 in the Jak-STAT-signaling pathway. These
results demonstrate an ERK-mediated mechanism for inhib-
iting IL-6-induced Jak-STAT signaling that is rapid and
inducible, and thus differs from previously described mech-
anisms for downmodulation of the Jak-STAT pathway. This
inhibitory pathway provides a molecular mechanism for the
antagonism of Stat3-mediated IL-6 activity by factors that
activate ERKs.

The Janus kinase-signal transducer and activator of transcrip-
tion (Jak-STAT) signal transduction pathway is used by many
cytokines and growth factors that regulate gene expression and
cellular activation, proliferation, and differentiation (1, 2). The
binding of these cytokines to their receptors activates Jak
protein tyrosine kinases, followed by tyrosine phosphorylation
and activation of latent cytoplasmic transcription factors
termed STATs, which dimerize and translocate to the nucleus.
Ligation of cytokine receptors typically results in a transient
activation of Jaks and STATs, and STAT activation can be
inhibited by antagonistic factors (2). This suggests that path-
ways that down-regulate Jak-STAT signaling exist, and, in-
deed, several inhibitory mechanisms have been described
recently. Constitutive pathways for downmodulating STAT
activity include dephosphorylation, proteolytic degradation,
or association with inhibitory molecules (3–8). One inducible

mechanism for inhibiting the Jak-STAT pathway is cytokine-
mediated induction of expression of SOCSyJABySSI proteins,
which interact with and inhibit Jaks (9–11). Many additional
stimuli, including crosslinking of Fc or complement CR3
receptors (12, 13), antagonistic cytokines such as TGFb,
granulocyteymacrophage-colony-stimulating factor (GM-
CSF), and angiotensin II (14–17), activation of calcium fluxes
(17), or activation of protein kinase A or protein kinase C (17,
18, 19), inhibit Jak-STAT signaling by blocking signaling
upstream of the activation of STATs. The mechanisms of
inhibition of Jak-STAT signaling by these agents have not been
resolved.

ERKs constitute one family of MAPKs that are downstream
effector kinases in a signaling pathway activated by a large
number of extracellular ligands (20–22). Interaction between
ERK and Jak-STAT pathways can lead to synergistic activation
of genes by interferon-a (IFNa) (23), but ERKs also can
antagonize Jak-STAT signaling in several systems (24–30).
The molecular basis for the interaction of ERK and Jak-STAT
pathways has not yet been resolved. One hypothesis is that
ERKs modify STATs directly by phosphorylating STATs on a
conserved carboxy-terminal sequence, PXSP (corresponding
to serine-727 in Stat1 and Stat3), that is the predominant site
for serine phosphorylation and resembles a substrate for
proline-directed kinases such as ERKs (23, 31). However,
evidence from several laboratories suggests that kinases other
than ERKs phosphorylate STATs on serine residues (31–40).
Serine phosphorylation of STATs has varying effects on
function and has been reported to potentiate transcriptional
activity (39), potentiate tyrosine phosphorylation and DNA
binding (34, 38), inhibit tyrosine phosphorylation (31), or have
no effect on tyrosine phosphorylation or DNA binding (36, 37,
39). Thus, the kinases that phosphorylate STATs on serine-727
and the functional significance of serine phosphorylation will
likely vary according to extracellular stimulus, cell type, and
activation status.

We have previously shown that inhibition of IL-6-induced
immediate early gene activation, Stat3 activation, and Jak1
activity in monocytes by the calcium ionophore ionomycin was
rapid (occurring within 5 min of addition of ionomycin) and
independent of new RNA and protein synthesis (17). This
result suggested the existence of a novel inhibitory pathway
that acted by direct modification of Jak-STAT-signaling com-
ponents. Because ligands that activate ERKs can antagonize
STAT-mediated effects on gene activation and cell differen-
tiation (12–14, 17, 19, 24–29, 41), we investigated whether the
mechanism of inhibition of IL-6 activation of Stat3 involved
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ERKs. We present evidence demonstrating that rapid inhibi-
tion of IL-6 signaling and Stat3 activation by several factors is
mediated by the ERK group of MAPKs and that inhibition
occurs upstream of Stat3 activation.

MATERIALS AND METHODS

Tissue Culture. MM6 human myeloid cells (42), 293T,
CHO, and Hep-G2 cells were cultured in RPMI 1640, DME,
or F12 (Ham) medium supplemented with 10% fetal bovine
serum. When agents that were dissolved in dimethyl sulfoxide
were used (phorbol 12-myristate 13-acetate (PMA), ionomy-
cin, PD98059, U0126), dimethyl sulfoxide was added to control
cells to keep concentrations of dimethyl sulfoxide (0.1 or 0.2%)
equal in all wells. Cell extracts were prepared as described (43).

Electrophoretic Mobility Shift Assays (EMSAs). Extracts
corresponding to 3.3 3 105 cells ('20 mg of protein) were
incubated for 15 min at room temperature with 0.5 ng of
32P-labeled double-stranded hSIE oligonucleotide (17) in 15 ml
of binding reaction containing 40 mM NaCl and 2 mg of
poly-deoxyinosine-deoxycytidine (Pharmacia), as described
(43), and complexes were resolved on nondenaturing 4.5%
polyacrylamide gels.

Immunoblotting, Immunoprecipitation (IP), and Kinase
Assays. Extracts corresponding to 3.3 3 105 cells or 25% of an
immunoprecipitate (see below) were fractionated on 7.5%
SDS-polyacrylamide gels, transferred to poly(vinylidene diflu-
oride) membranes, and incubated with specific Stat3 anti-
serum (44), phospho-specific (tyr-705) anti-Stat3 (New En-
gland Biolabs), ERK2 mAb (Transduction Laboratories, Lex-
ington, KY) or FLAG antibody M2. Detection was by
enhanced chemiluminescence (Amersham). For IPs, extracts
corresponding to 10–50 3 106 cells were adjusted to 0.5 ml of
volume in IP buffer (17), precleared by using protein G-
agarose beads (Pierce), and incubated with 4 mg of affinity-
purified ERK2, FLAG, Stat3, Jak1, or Jak2 antibodies. Im-
munoprecipitates were collected by using protein G-agarose
beads and washed three times with IP buffer and one time with
PBS. For kinase assays, 25% of the IPs were saved for
immunoblot analysis and the remaining 75% were washed and
resuspended in 50 ml of kinase buffer and Jak assays carried

out as described (17), and ERK2 activity was assayed by
incubation at room temperature for 30 min with 10 mCi of
[g-32P]ATP and 5 mg of myelin basic protein (MBP).

Transient Transfections. CHO cells were transfected by
using lipofectamine and 293T and Hep-G2 cells by using the
calcium coprecipitation technique. The Stat3 expression plas-
mid (35, 39), the plasmids encoding ERK2, JNK1, b-galacto-
sidase, and the constitutively active MEK1 (containing the
S218E, S222D mutations, and an amino terminal deletion of
residues 32–51) have been described (45, 46).

RESULTS

Inhibition of IL-6-Induced Stat3 DNA Binding by PMA,
Ionomycin, and GM-CSF Is Reversed by MEK Inhibitors. The
potential role of ERKs in inhibition of IL-6-induced activation
of Stat3 DNA binding was investigated by using PMA, which
activates protein kinase C and the Raf-MEK-ERK-signaling
pathway (22). Stimulation of MM6 myeloid cells with IL-6
resulted in the rapid induction of a DNA-protein complex (Fig.
1A, first panel, lane 2) that binds the hSIE oligonucleotide (17,
44), and was shown by competition and supershift experiments
to consist predominantly of Stat3, consistent with our previous
results (data not shown; see ref. 17). Addition of PMA 5 min
before adding IL-6 resulted in strong suppression of Stat3
activation (lane 3). Preincubation with the MEK inhibitor
PD98059 resulted in a near-complete reversal of PMA-
mediated inhibition of Stat3 DNA-binding activity (lane 4).
PD98059 appears to be a specific inhibitor of MEK1 and
MEK2, the kinases directly upstream of ERK-1 and ERK-2,
and, at the doses used, does not inhibit at least 22 other kinases
tested (47, 48). Immunoblotting of the same extracts with Stat3
antibody demonstrated comparable levels of Stat3 protein in
all lanes (Fig. 1 A, second panel). PMA induced ERK2 activity,
as expected (Fig. 1A, third panel, lane 3) and complete
inhibition of ERK2 activity (lane 4) correlated with reversal of
inhibition of Stat3 binding. Inhibition of Stat3 DNA binding by
PMA also was reversed by compound U0126, a specific MEK
inhibitor (data not shown) that is structurally unrelated to
PD98059 (Fig. 1B); inhibition was not reversed by several
different kinase inhibitors, including p38 kinase inhibitors

FIG. 1. Inhibition of IL-6 activation of Stat3 by PMA is reversed by MEK inhibitors. MM6 cells (A and B) or 293T and CHO cells (C) were
incubated in complete medium with PMA for 5 min (A) or 15 min (B and C), followed by a 12-min stimulation with IL-6 (20 ngyml). Cells were
preincubated with PD98059 (20 mM) or U0126 (10 mM) for 45 min. Cell extracts were assayed for binding to the hSIE oligonucleotide by using
EMSA as described (17). In A, the same extracts were analyzed by immunoblotting with specific Stat3 antiserum or were immunoprecipitated with
ERK2 antibodies. Seventy-five percent of each immunoprecipitate was used in a kinase assay with MBP substrate, and 25% was subjected to
immunoblotting with ERK2 antibodies. IB, immunoblot; PD, PD98059; U, U0126.
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(data not shown). MEK-dependent inhibition of Stat3 activa-
tion was not limited to myeloid cells but was observed in
several cell lines including 293T and CHO cells (Fig. 1C).
These results suggest that MEKs and likely ERKs play a role
in the inhibition of Stat3 activation.

We previously demonstrated that ionomycin and GM-CSF
inhibited IL-6-triggered Stat3 activation and expression of a
Stat3 target gene (17). Treatment of MM6 cells with ionomycin
and GM-CSF resulted in, respectively, near-complete and
partial inhibition of IL-6-triggered Stat3 activation (Fig. 2A,
lanes 3 and 5). Incubation with PD98059 resulted in a partial
reversal of the ionomycin effect (lane 4) and a near-complete
reversal of the GM-CSF effect (lane 6). Both GM-CSF and
ionomycin induced ERK2 activity (Fig. 2B, lanes 2 and 4), and
inhibition of kinase activity by PD98059 (lanes 3 and 5)
correlated with reversal of inhibition of DNA binding. These
results suggest that ERKs play a significant role in inhibition
of Stat3 DNA binding by at least three different inhibitory
factors. Inhibition of Stat3 DNA binding by a MEK-dependent
pathway occurred as soon as 5 min after treatment with
ionomycin or PMA, and did not require new RNA or protein
synthesis (Fig. 1, ref. 17, and data not shown), suggesting that
inhibition occurred via modification of preexisting IL-6-
signaling components.

Inhibition of Stat3 Tyrosine Phosphorylation by the MEK-
Dependent Pathway. Tyrosine phosphorylation of Stat3 at a
conserved tyrosine residue 705 is necessary for dimerization
and DNA binding. The role of ERKs in the regulation of Stat3
tyrosine phosphorylation was examined by using IP and im-
munoblotting with phosphotyrosine-specific antibodies (Fig.
3). Preincubation with PMA for short periods (8 or 15 min)
resulted in suppression of IL-6-induced Stat3 tyrosine phos-
phorylation levels (Fig. 3A, lanes 3 and 5), and this suppression
was reversed by the MEK inhibitor PD98059 (lanes 4 and 6).
Similar results were obtained when ionomycin and GM-CSF
were used to inhibit IL-6, and compound U0126 gave similar
results to PD98059 (data not shown). Inhibition of tyrosine
phosphorylation of Stat3 and reversal of inhibition by PD98059
also were observed when 293T and CHO cells were used (Fig.
3B). These data indicate that the MEK-ERK pathway regu-
lates Stat3 at the level of tyrosine phosphorylation.

Inhibition of Stat3 Activation by Expression of Constitu-
tively Active MEK1 or Overexpression of ERK2. Transient
transfection experiments were performed to confirm a role for
MEKs and ERKs in regulation of IL-6 activation of Stat3.
CHO cells were cotransfected with either a control expression
vector or a vector encoding constitutively active MEK1 and a
plasmid encoding wild-type Stat3 containing a carboxy-
terminal FLAG tag (35, 39). Expression of constitutively active
MEK1 dramatically suppressed tyrosine phosphorylation of
Stat3 in response to IL-6 (Fig. 4A, lanes 2 and 4); suppression
was not observed when catalytically inactive MEK1 was used
(data not shown). Reblotting of the same filter with antibodies
against the FLAG epitope confirmed equivalence of IP (Fig.
4A Lower). The role in inhibition of the ERKs downstream of
MEKs was investigated by using overexpression of ERK2 in
293T cells. In these experiments, transfection efficiencies of
.85% of cells were achieved, and thus the effect of ERK2
overexpression on activation of DNA binding of endogenous
Stat3 could be examined. Activation of Stat3 in cells trans-
fected with control expression vector was inhibited almost
completely by 100 ngyml PMA, and inhibition was partial when
50 ngyml or 20 ngyml PMA was used (Fig. 4B Upper). In
contrast, Stat3 was strongly inhibited by all three doses of PMA
in cells that overexpressed ERK2 (Fig. 4B Lower). Thus, ERK2
overexpression potentiated the inhibition of Stat3 activation,
and overexpression of JNK1 did not (Fig. 4C). Similar results
were obtained in four independent transfection experiments.
These results, taken together with the results by using phar-
macological inhibitors of MEK, strongly support a role for the
MEK-ERK pathway in inhibition of Stat3 activation by IL-6.

Inhibition of STAT-Dependent Reporter Gene Activity. The
functional consequences of activation of the MEK-ERK path-
way on Stat3 regulation of transcription were investigated by
using transient transfections with a reporter construct, 3 X
Ly6E g-activated sequence-luciferase, that contains three
Stat3-binding sites upstream of the thymidine kinase promoter
and has been shown previously to be dependent on STATs for
cytokine-activated transcription (39). Hep-G2 cells were used
because they showed significant levels of IL-6-inducible re-

FIG. 2. Inhibition of Stat3 by ionomycin and GM-CSF is reversed
by the MEK inhibitor PD98059. MM6 cells were treated with iono-
mycin (1 mgyml) or GM-CSF (100 ngyml), followed by a 12-min
stimulation with IL-6 (20 ngyml). (A) Cell extracts were assayed for
binding to the hSIE oligonucleotide, and the same extracts were
analyzed by immunoblotting with specific Stat3 antiserum. (B) Cell
extracts were immunoprecipitated with ERK2 antibodies. Seventy-five
percent of each immunoprecipitate was used in a kinase assay, and
25% was analyzed by immunoblotting.

FIG. 3. Inhibition of tyrosine phosphorylation of Stat3 by PMA.
MM6 cells (A) or CHO and 293T cells (B) were treated with PMA
followed by a 12-min stimulation with IL-6. (A) Cell extracts were
immunoprecipitated with Stat3 antibody and analyzed by using im-
munoblotting. (B) Cell extracts were fractionated by SDSyPAGE and
analyzed by immunoblotting with antibodies specific for Stat3 phos-
phorylated on tyrosine-705.
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porter gene activity (20- to 40-fold increase over baseline), and
inhibition of IL-6 activation of Stat3 by the MEK-ERK path-
way was verified in these cells (data not shown). IL-6-induced
luciferase activity was inhibited by 61% when cells were treated
with PMA (Fig. 5). Incubation of cells with MEK inhibitors
nonspecifically suppressed reporter gene activity, precluding
determination of the role of the MEK-ERK pathway by using
this approach. Instead, a role for the MEK-ERK pathway in
suppressing IL-6-activated, Stat3-dependent transcription was
confirmed by using expression of constitutively active MEK1
(Fig. 5).

Stat3 Is Not the Target of Inhibition, Which Likely Occurs
Upstream of Stat3 Tyrosine Phosphorylation in the IL-6-
Signaling Pathway. ERKs have been reported to phosphory-
late Stat3 on serine-727, the major serine phosphorylation site.
If the MEK-ERK pathway inhibits Stat3 by directly phosphor-
ylating Stat3, one would predict that activation of Stat3
DNA-binding activity and tyrosine phosphorylation should be
inhibited by ERKs, regardless of which cytokine is used to
activate Stat3. This prediction was tested by activating Stat3 by
using IFNa, which activates Stat3 (binds the hSIE oligonucle-
otide, Fig. 6A) in addition to activating ISGF3 (binds ISRE
sequence; not detected by using hSIE) (1). In contrast to
previous results when IL-6 was used (Figs. 1 and 3), pretreat-
ment with PMA did not inhibit either DNA binding or tyrosine
phosphorylation of Stat3 that was activated by using IFNa

(Fig. 6A). Activation of Stat3 by IL-6 in the same experiment
was inhibited by .80% (data not shown). Similar results were
obtained when ionomycin or GM-CSF were used instead of
PMA. These results suggest that the target for inhibition is not
Stat3 but rather a molecule that is a component of the IL-6-,
but not IFNa, signaling pathway. Inhibition was not mediated
by modulation of levels of cell surface expression the IL-6
receptor (data not shown).

The role of serine-727 phosphorylation in regulating ty-
rosine phosphorylation of Stat3 in our system was addressed
directly by using the Stat3S727A mutant that abolishes serine
phosphorylation at this site; this is the same mutation studied
in ref. 31. Tyrosine phosphorylation of Stat3S727A was inhib-
ited by PMA, and inhibition was reversed when MEK was

FIG. 4. Inhibition of Stat3 by constitutively active MEK1 or
overexpression of ERK2. (A) CHO cells were cotransfected with 3 mg
of FLAG-Stat3 plasmid and 12 mg of control vector or vector encoding
constitutively active MEK1 (CA-MEK). FLAG-Stat3 protein was
immunoprecipitated by using FLAG antibodies, and immunoprecipi-
tates were analyzed by using immunoblotting. (B and C) 293T cells
were transfected with 15 mg of expression plasmids and 2.5 mg of a
b-galactosidase-encoding plasmid that was used to monitor transfec-
tion efficiency (.85% of cells). Each transfected dish was split into
replicate tissue culture dishes, and after 24 hr, cells were treated with
PMA and IL-6 (20 ngyml) and analyzed by using EMSA. Control,
expression vector not containing an insert; ERK2 and JNK1, expres-
sion vectors containing an insert encoding, respectively, ERK2 or
JNK1.

FIG. 5. Inhibition of an IL-6-inducible, STAT-dependent reporter
gene. Hep-G2 cells were cotransfected with 3 mg of 3 X Ly6E
GAS-luciferase (39), 1 mg of a b-galactosidase-encoding plasmid, and
11 mg of a control empty vector, or, as indicated, of the same vector
containing a CA-MEK cDNA. Cells were split onto replicate plates
and after an additional 24 hr, treated for 15 min with PMA followed
by a 6-hr stimulation with IL-6. The mean luciferase activity (normal-
ized according to b-galactosidase activity) relative to IL-6-induced
activity (set at 100%) is shown. IL-6 induced luciferase activity 20- to
40-fold in these experiments. The results for PMA are based on five
independent experiments and for CA-MEK on three independent
experiments.

FIG. 6. (A) IFNa activation of Stat3 is not inhibited by PMA. MM6
cells were incubated with PMA for 15 min, followed by a 12-min
stimulation with IFNa (8 ngyml). Cell extracts were assayed for
binding to the hSIE oligonucleotide by using EMSA. (B) Inhibition of
Stat3S727A mutant. CHO cells were transfected with plasmids en-
coding Stat3S727A containing a FLAG epitope tag, stimulated with
PMA and IL-6 and anti-FLAG immunoprecipitates analyzed by
immunoblotting.
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inhibited (Fig. 6B); inhibition of tyrosine phosphorylation was
comparable to that of wild-type Stat3 in the same experiment
(data not shown). These results indicate that inhibition of Stat3
by the ERK pathway was independent of phosphorylation on
serine-727. To determine whether signaling events upstream of
Stat3 tyrosine phosphorylation were inhibited, the activity of
the Jak1 and Jak2 kinases that are activated by IL-6 (49) was
analyzed. Modest but reproducible activation of Jak2 was
detected and was inhibited by PMA pretreatment (Fig. 7A).
Stronger activation over background of Jak1 was detected
when oncostatin M, a cytokine similar to IL-6 that also signals
through gp130, was used, and was inhibited by PMA (Fig. 7B),
in parallel to inhibition of Stat3 tyrosine phosphorylation (data
not shown). These results indicate that inhibition by the
MEK-ERK pathway occurs, at least in part, upstream of Stat3
tyrosine phosphorylation.

DISCUSSION

The results presented herein describe a pathway for inhibiting
IL-6 activation of Stat3 that acts rapidly (within 5 min) and is
mediated by the MEK-ERK cascade, likely by post-
translational modification of preexisting IL-6-signaling com-
ponents. Signaling by IL-6 is preferentially inhibited relative to
signaling by IFNa, and the mechanism involves inhibition of
tyrosine phosphorylation of Stat3 by blocking signaling up-
stream of this event. This inhibitory pathway differs from
previously described mechanisms for inhibition of Jak-STAT
signaling because it is inducible rather than basal (3–8) and
because inhibition occurs rapidly without the time lag that is
necessitated by a requirement for new protein synthesis (9–11).
The MEK-dependent inhibitory pathway also could work
together with other inhibitory mechanisms that are induced at
later timepoints (9–11) to block cytokine signaling over an
extended time frame.

Several lines of evidence support a role for MEKs and ERKs
in inhibition of IL-6 activation of Stat3. Inhibition of Stat3
activation by several agents correlated with activation of ERK
activity, and specific inhibition of MEK and ERK activity by
using two structurally unrelated compounds, PD98059 and
U0126, resulted in a reversal of inhibition of IL-6 signaling.
PD98059 appears to be a specific inhibitor of MEKs (47, 48);
similarly, compound U0126 has been tested against at least 15
kinases and appears specific for MEKs (P.A.S., unpublished
data). Most convincingly, expression of constitutively active
MEK1 blocked tyrosine phosphorylation of Stat3, and over-
expression of ERK2 potentiated inhibition of Stat3 DNA

binding. Potentiation of Stat3 inhibition after overexpression
of ERK2 suggests that ERKs or other kinases downstream of
ERK in the MEK-ERK cascade mediate inhibition.

The MEK-dependent inhibition of IL-6-, but not IFNa-
induced Stat3 tyrosine phosphorylation, provides insight into
molecular mechanisms whereby MAPK and Jak-STAT path-
ways can interact in either a synergistic or antagonistic fashion.
ERKs have been reported to potentiate signaling and gene
activation by IFNa (23). In this case, ERKs would not block
IFNa signaling (Fig. 6) and instead could potentiate transcrip-
tional activation by STATs through serine phosphorylation of
serine-727 in the transcription activation domain (39). In
contrast, ERKs antagonize or inhibit the action of IL-6 or
related cytokines that signal through gp130 in several systems
(17, 25, 26, 28). Inhibition of Stat3 tyrosine phosphorylation
through activation of the MEK-ERK pathway identifies a
plausible molecular mechanism that may underly differentia-
tion of monocytic cells into dendritic-like cells (17, 26) and
nerve growth factor inhibition of ciliary neurotrophic factory
Stat3-mediated differentiation of cerebral cortical cells into
astrocytes, or of IL-6yStat3-mediated regulation of neurite
outgrowth in PC12 cells (25, 28).

The relative selectivity of inhibition of IL-6 relative to IFNa
suggests that IL-6R subunits or associated molecules may be
targets of inhibition. Pilot experiments with fusion receptors
(50) suggest that regulation of inhibition is complex, and
multiple receptor sequences may play a role in mediating
inhibition (T.K.S. and L.B.I, unpublished data). Many cyto-
kines, including those that signal by using gp130, simulta-
neously activate signal transduction pathways leading to acti-
vation of ERKs and Stat3 (49, 51), although the relative
intensity of ERK activation varies according to cell type (ref.
52 and L.B.I., unpublished data). Our data suggest that ERKs
participate in negative feedback by limiting the intensity of
Stat3 activation, and one would hypothesize that a mutated
gp130 molecule that does not activate the MAPK pathway
would activate Stat3 more strongly. Indeed, this hypothesis is
supported by data showing that mutant gp130 receptors that
do not activate ERKs are superactivators of Stat3-regulated
target genes (53, 54) and of Stat3 DNA binding (ref. 54 and
T.K.S., unpublished data). Because the mutation that blocks
ERK activation abolishes the docking site for the tyrosine
phosphatase SHP-2, further experiments will be required to
resolve the relative roles and possible interactions of ERK
activation and other functions mediated by SHP-2. Similar
observations on the balance between ERK-dependent prolif-
eration and Stat3-dependent differentiation have been re-
ported in MDCK epithelial cells (24) and in myeloid precur-
sors (27, 29). Greater understanding of the molecular basis for
inhibition of IL-6 activation of Stat3 by the MEK-ERK path-
way will lead to increased insight into regulation of cell
proliferation and differentiation by cytokines and also may
lead to novel therapeutic approaches to inflammatory arthritis,
in which IL-6 plays an important role in pathogenesis (55).
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