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Fig. 5. Autophosphorylation of R4 in vitro. (A) In
vitro autophosphorylation assay to compare the
kinase activity of GST-RIl and GST-R4. An
equal amount of protein was loaded in each
lane and separated by SDS-polyacrylamide
gel electrophoresis (8% gel). Autoradiography
was done at —80°C for 1.5 hours. (B) Phos-
phoamino acid analysis of in vitro autophos-
phorylated GST-R4.

binding of TGF-B1 to the 63- to 67-kD
protein. These results demonstrate that R4
has the binding properties of the type I
TGE-B receptor (4).

The type II TGF-B receptor is an active
kinase capable of autophosphorylation in an
in vitro kinase assay (Fig. 5A) (5). Because
the cytoplasmic domain of R4 also contains
a putative serine-threonine kinase domain,
which has sequence similarity to the type II
receptor kinase (41% identity), we tested
whether R4 could act as a functional serine-
threonine kinase in vitro. A fusion protein
between glutathione-S-transferase and the
type I receptor cytoplasmic domain was gen-
erated and used in an in vitro kinase assay
(15). As a control, we constructed a similar
fusion protein using the R4 cytoplasmic
domain containing the K230R mutation.
The wild-type R4 kinase was active whereas
the fusion protein containing the K230R
mutation did not autophosphorylate (Fig.
5A). The type II receptor fusion protein
showed four times more activity than the R4
protein (Fig. 5A). We also assayed a GST-
R1 construct for autophosphorylation activ-
ity and found its activity to be 1/100 that of
the type Il receptor (12). This result suggests
that in vitro the R4 type I receptor, like the
type II receptor, acts as a functional serine-
threonine kinase. The GST-RII kinase is
mainly a serine kinase with a small amount
ofactivity toward threonine (5) . Phosphoami-
no acid analysis of the autophosphorylated
GST-R4 kinase revealed mainly phospho-
threonine with a small amount of phospho-
serine (Fig. 5B).

We conclude that R4 is a functional
type I TGF-B receptor because it restored
expression of a reporter gene in response to
TGEF-B in the nonresponsive R1B mutant
cells, it required the presence of a function-
al type II receptor to bind ligand and to
signal, its kinase activity was required for
signaling, and the kinase domain was capa-

ble of serine-threonine autophosphoryla-
tion under in vitro conditions. R4 may
represent only one of the functional type I
receptors for TGF-B because the functional
assay involving TGF-B induction of a spe-
cific promoter in a particular cell type may
have limited our ability to test the function-
al nature of the other members of this
receptor family. The diversity of biological
responses elicited by TGF-B could be de-
rived from the existence of multiple recep-
tors that can functionally mediate various
effects in different biological systems.
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Association of Transcription Factor APRF and
Protein Kinase Jak1 with the Interleukin-6
Signal Transducer gp130

Claudia Lutticken, Ursula M. Wegenka, Juping Yuan,
Jan Buschmann, Chris Schindler, Andrew Ziemiecki,
Ailsa G. Harpur, Andrew F. Wilks, Kiyoshi Yasukawa,
Tetsuya Taga, Tadamitsu Kishimoto, Giovanna Barbieri,
Sandra Pellegrini, Michael Sendtner, Peter C. Heinrich,
Friedemann Horn*

Interleukin-6 (IL-6), leukemia inhibitory factor, oncostatin M, interleukin-11, and ciliary
neurotrophic factor bind to receptor complexes that share the signal transducer gp130.
Upon binding, the ligands rapidly activate DNA binding of acute-phase response factor
(APRF), a protein antigenically related to the p91 subunit of the interferon-stimulated
gene factor-3a (ISGF-3a). These cytokines caused tyrosine phosphorylation of APRF
and ISGF-3a p91. Protein kinases of the Jak family were also rapidly tyrosine phos-
phorylated, and both APRF and Jak1 associated with gp130. These data indicate that
Jak family protein kinases may participate in IL-6 signaling and that APRF may be

activated in a complex with gp130.

Interleukin-é, leukemia inhibitory factor
(LIF), oncostatin M (OSM), interleukin-
11 (IL-11), and ciliary neurotrophic factor
(CNTF) are members of a family of cyto-
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kines and neuronal differentiation factors
(1) or neurokines (2). These factors exert
pleiotropic effects on multiple cell types and
bind to composite receptors containing the
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signal transducer gp130 (3). The neurokine
receptors belong to a superfamily of cyto-
kine receptors sharing both structural and
functional features (4). Cytokine receptors
initiate related signaling pathways charac-
terized by association with and activation of
protein tyrosine kinases of the Jak family
(5, 6) and the recruitment of latent cyto-
plasmic transcription factors of the ISGF-
3a family by tyrosine phosphorylation and
subsequent nuclear translocation (7-10).

The IL-6 signal transduction pathway
has not yet been elucidated, but the in-
volvement of Jak family members has been
proposed (11). A latent cytoplasmic tran-
scription factor, APREF, is rapidly activated
in response to IL-6, LIF, OSM, IL-11, and
CNTF (12, 13). After activation, the 89-
kD protein binds to IL-6 response elements
identified in the promoter regions of various
IL-6-induced plasma-protein and immedi-
ate-early genes (12—14). The binding spec-
ificity of APRF is shared by the interferon vy
(IFN-y)—activation factor (GAF) (14),
which is identical to the ISGF-3a p91
protein (8, 10). Because APRF cross-reacts
with an antiserum raised against the ISGF-
3a p91 NH,-terminus, it is likely to be
related to p91 (13). Thus, the signaling
pathway of IL-6 may be similar to that
induced by other cytokines.

Because activation of ISGF-3a by IFN-a
involves tyrosine phosphorylation of the
pl13, p91, and p84 components and GAF
activation by IFN-y requires the tyrosine
phosphorylation of p91 (9, 10), we inves-
tigated whether APRF becomes tyrosine
phosphorylated in response to IL-6. Lysates
from untreated or IL-6—treated human hep-
atoma (HepG2) cells were subjected to
immunoprecipitation with an antiserum to
the NH,-terminus of p91 and p84 (anti-
p91,p84) and analyzed by an immunoblot
with monoclonal antibodies to phosphoty-
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rosine. The IL-6 induced the appearance of
two major tyrosine-phosphorylated protein
bands of 91 and 89 kD (Fig. 1A). The
91-kD band was also observed after IFN-y
treatment of HepG2 cells (Fig. 1A) and was
immunoprecipitated by other antisera to
p91, demonstrating its identity with ISGF-
3a p91 (15). Tyrosine-phosphorylated p91
has a higher apparent molecular size after
SDS-polyacrylamide gel electrophoresis
(PAGE) than unphosphorylated p91 (10).
In fact, when immunoblotted with antise-
rum to p91, the IL-6— and IFN-y—induced
appearance of a retarded p91 band was
observed (Fig. 1A). Activation of p91
DNA binding by IL-6 was also demonstrat-
ed by gel retardation assays (15).

The 89-kD phosphoprotein band in-
duced by IL-6 corresponds to APRF (16).
After immunoprecipitation from IL-6-
treated, >?P-labeled HepG2 cells, phospho-
serine and phosphotyrosine but no phos-
phothreonine were detected in an APRF
protein hydrolysate (Fig. 1B). The presence
of phosphotyrosine in the DNA binding
form of APRF was confirmed by the obser-
vation that incubation with antiphosphoty-
rosine antibodies specifically interfered with
the formation of the APRF-DNA complex
(Fig. 1C). These findings show that both
ISGF-3a p91 and APREF are tyrosine phos-
phorylated in response to IL-6. The time
course of this effect (15) corresponded
closely to that determined for the induction

of APRF DNA binding activity (12), indi-
cating that latent APRF is activated by
tyrosine phosphorylation.

Tyrosine protein kinase activity copre-
cipitates with gp130 from IL-6-treated cells
(17). Antisera to the Jak family members
Tyk2 and Jakl were used to test whether
these kinases respond to IL-6 stimulation of
HepG2 cells. Both Jakl and, to a lesser
extent, Tyk2 were transiently tyrosine-
phosphorylated in response to IL-6 (Fig. 2,
A and B). Also, LIF, OSM, CNTF, and
IL-11 stimulated the tyrosine phosphoryla-
tion of Jakl, as well as of APRF and p91
(Fig. 2C). Thus, phosphorylation of these
proteins appears to be generally induced
upon activation of gp130. The magnitude
of the response to different cytokines var-
ied, but the relative extents of APRF and
Jak1 phosphorylation changed coordinate-
ly. Furthermore, the time course of IL-6-
induced Jakl and Tyk2 tyrosine phospho-
rylation matched well with the one ob-
served for APRF (15). Therefore, Jak fam-
ily members may be involved in the
tyrosine phosphorylation and activation of
APREF.

The tyrosine phosphorylation of Jakl
was also induced by IFN-y (Fig. 2C). In
contrast to IL-6, which only transiently
activates APRF and p91, IFN-vy induces
p91 DNA binding activity for several hours
in HepG2 cells (14). Similarly, IFN-vy in-
duced the tyrosine phosphorylation of both
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Fig. 1. Tyrosine phosphorylation of APRF and ISGF-3a p91 in response to IL-6. (A) HepG2 cells
(107) were treated for 20 min without or with human IL-6 (100 units/ml) or IFN-y (25 ng/ml). Cells
were rinsed with cold phosphate-buffered saline and lysed in 0.5-ml lysis buffer (24) for 20 min at
0°C. Proteins in the lysates were immunoprecipitated with anti-p91,p84 (4 ul) (25). Immune
complexes were separated by SDS-PAGE (7% gel), transferred to polyvinyldifluoride (PVDF)
membrane, and probed with monoclonal antibodies to phosphotyrosine (PY20) [International
Chemical and Nuclear (ICN), Costa Mesa, CA]. To verify application of equal protein amounts, we
stripped and reprobed the blot with antiserum to p91 (25). The unphosphorylated and phospho-
rylated forms of p91 (lower and upper band, respectively) are indicated by arrowheads (26). I1gG,
immunoglobulin G. Molecular size markers are indicated on the left in kilodaltons. (B) Phosphoam-
ino acid analysis of APRF. The 32P-labeled HepG2 cells were stimulated with IL-6 or IFN-y as above.
The APRF and p91 were immunoprecipitated with anti-p91,p84, protein immunoblotted, and
visualized by autoradiography (lower panel). The phosphorylated APRF band (brackets) was
excised and subjected to phosphoamino acid analysis (27) (upper panel). The positions of
unlabeled phosphoamino acid standards are indicated. S, serine; T, threonine; and Y, tyrosine. (C)
Inhibition of binding of APRF to DNA by antibodies to phosphotyrosine. Nuclear extracts were
prepared from HepG2 cells treated for 15 min with IL-6 (100 U/ml) as described (72) and were
incubated overnight at 0°C with antibodies to phosphotyrosine (anti-PT) in the absence or presence
of phosphotyrosine (1 mM). The DNA binding of APRF was examined in a gel retardation assay (28).
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p91 and Jakl for at least 1 hour (15),
confirming a close correlation between ty-
rosine phosphorylation of members of the
Jak and ISGF-3a families.

To examine whether Jak family mem-
bers may be associated with gp130, we
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Fig. 2. Tyrosine phosphorylation of Jak family
protein kinases in response to IL-6 and other
cytokines. (A) Time course of Jak1 phosphoryl-
ation in response to IL-6. Lysates from HepG2
cells treated with IL-6 (200 U/ml) for various
periods (labeled in minutes) were immunopre-
cipitated with antiserum to Jak1 (6) or preim-
mune serum (pre) and immunoblotted with an-
tibodies to phosphotyrosine (upper panel). The
position of Jak1 (130 kD) is indicated. We
verified equal protein load by reprobing with
antiserum to Jak1 (lower panel). (B) Time
course of Tyk2 phosphorylation in response to
IL-6, analyzed as described above for Jak1
(29). The position of Tyk2 (134 kD) is indicated.
(C) Induction of Jak1, APRF, and ISGF-3a p91
tyrosine phosphorylation by different cytokines.
The HepG2 cells were stimulated for 10 min
without or with human IL-6 (200 U/ml), OSM (20
ng/ml), or IFN-y (25 ng/ml), and FAO cells (30)
were treated for 10 min with human LIF (25
ng/ml), rat CNTF (20 ng/ml), or human IL-11 (50
ng/ml). Cell lysates were immunoprecipitated
with antiserum to Jak1 or anti-p91,p84 and
immunoblotted with antibodies to phosphoty-
rosine (317).

studied the possibility of coprecipitations of
Jakl and gp130. When lysates from IL-6—
treated HepG2 cells were immunoprecipi-
tated with antiserum to Jakl, coprecipita-
tion of tyrosine-phosphorylated gp130 was
observed (Fig. 3) (I8). Reciprocally, Jakl
was coprecipitated upon immunoprecipita-
tion of gp130. Stimulation by IL-6 was not
required for this effect (Fig. 3), indicating
that Jak1 constitutively interacts either di-
rectly or indirectly with gp130 and hence is
likely to represent at least part of the
tyrosine kinase activity coprecipitated with
gpl130.

Homodimerization of gp130 and activa-
tion of its associated protein kinase activity
have only been observed in the absence of
reducing agents (17). Thus, disulfide bridges
appear to be important in the formation of
an active receptor complex. When immuno-
precipitation of hepatoma cell lysates with
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Fig. 3. Association of Jak1 with the IL-6 signal
transducer gp130. Untreated HepG2 cells
(right panel) or cells treated for 5 min with IL-6
(200 units/ml) (left panel) were washed with
ice-cold phosphate-buffered saline and collect-
ed. Cells were cross-linked (32) and lysed, and
proteins were immunoprecipitated with preim-
mune serum (pre) or antibodies to gp130 or
Jak1 as indicated. The cross-linker was then
cleaved upon boiling in sample buffer, and
proteins were analyzed by immunoblotting with
antibodies to phosphotyrosine or Jak1, as indi-
cated.
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anti-p91,p84 was performed under nonre-
ducing conditions, a phosphoprotein similar
in size (145 kD) to gp130 was coprecipitated
from IL-6-treated HepG2 cells (Fig. 4A).
The 145-kD protein could be released from
the immune complexes by dithiothreitol and
then immunoprecipitated by antibodies to
gp130, proving its identity with gp130 (Fig.
4B). Several antisera to p91 that do not
recognize APRF failed to coprecipitate
gp130 (15). These experiments do not show
whether the association of APRF and gp130
is direct or mediated by other proteins.
However, because coprecipitation of gp130
is observed only in the absence of dithio-
threitol, an active gp130 homodimer seems
to be required for its interaction with APRF.
Therefore, association of APRF with gp130
is likely to be ligand-induced and may direct
the factor into a complex with gp130-asso-
ciated tyrosine kinases. Similarly, a ligand-
induced association of p91 with the epider-
mal growth factor receptor has recently been
reported (19). After treatment of rat hepa-
toma (FAO) cells with LIF, gp130 and a
190-kD protein were coprecipitated with
anti-p91,p84 (Fig. 4A). This protein prob-
ably represents the LIF receptor, which het-
erodimerizes with gp130 upon LIF treatment
(20). Although OSM has been proposed to
bind to a gpl30-LIF receptor heterodimer
(21), only gp130 was coprecipitated from
OSM-treated HepG2 cells (Fig. 4A).

These data indicate that the signaling
cascade induced by IL-6 and related factors
is similar to that initiated by other cyto-
kines and is characterized by activation and
tyrosine phosphorylation of ISGF-3a-relat-
ed transcription factors and of Jak family
protein kinases. The observation that the
transcription factor APRF associates with
the gp130 signal transducer upon IL-6 stim-
ulation suggests that a transcription factor
can be regulated by its physical interaction
with a plasma membrane receptor.

Fig. 4. Coprecipitation of gp130 A +DTT . .DTT B

with APRF from IL-6-stimulated HepG2 Hepai2. _FAD LR O G
hepatoma cells. (A) HepG2 or i Y s § . 202

FAO cells were treated for 10min = ik [ L RS
with human IL-6 (200 U/ml), OSM - e 8L

(20 ng/ml), or LIF (25 ng/ml). Cell i p ﬂ

lysates prepared in the presence 1164 - 4 L ’ H

or absence of dithiothreitol (DTT) 1 = & ga @R 77 S
were immunoprecipitated with

monoclonal antibodies to gp130 o : L

or with anti-p91,p84, as indicated, Antigp130 Anti-pa1,p8a

and were immunoblotted with an-

tibodies to phosphotyrosine. The open arrowhead indicates the position of the coprecipitated
190-kD protein after LIF treatment. Lane M shows molecular size markers (labeled on left in
kilodaltons). (B) The coprecipitated 145-kD phosphoprotein reacts with antibodies to gp130.
HepG2 cells treated for 10 min with IL-6 (200 U/ml) were lysed and subjected to immunoprecipi-
tation with antiserum to gp130 (lane 1) or with anti-p91,p84 in the absence of DTT (lane 2). The
anti-p91,p84 immunoprecipitates from 2 x 107 cells were washed with lysis buffer without DTT (lane
3) or with 1 mM DTT (lane 4). The supernatants of both wash steps were subjected to a second
immunoprecipitation with antibodies to gp130 (33). All immunoprecipitates were then analyzed by
immunoblotting with antibodies to phosphotyrosine.
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ed poorly to these cytokines (75).

31. In several lanes of Fig. 2C, two APRF bands (89
and 87 kD) are observed. These are caused by a
different serine phosphorylation status of APRF
(15).

32. Cross-linking was performed by incubation of pel-
leted cells in phosphate-buffered saline with 100 pM
sodium orthovanadate and the cleavable cross-
linker dithiobis-succinimidyl-propionate (DSP, 0.5
mM) for 30 min at 4°C as described (23).

33. The monoclonal antibodies to gp130 used for
immunoprecipitation did not recognize gp130 in
immunoblot experiments. Therefore, direct detec-
tion of gp130 on the blot was not possible.

34. Supported by grants from the Deutsche Fors-
chungsgemeinschaft, Bonn, Germany, the Fonds
der Chemischen Industrie, and the Swiss National
Science Foundation. We thank A. Nordheim and
J. Krieg for help with phosphoamino acid analy-
sis.
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Association and Activation of Jak-Tyk Kinases by
CNTF-LIF-OSM-IL-6 B Receptor Components

Neil Stahl,* Teri G. Boulton, Thomas Farruggella, Nancy Y. Ip,
Sam Davis, Bruce A. Witthuhn, Frederick W. Quelle,
Olli Silvennoinen, Giovanna Barbieri, Sandra Pellegrini,
James N. lhle, George D. Yancopoulos*

A recently defined family of cytokines, consisting of ciliary neurotrophic factor (CNTF),
leukemia inhibitory factor (LIF), oncostatin M (OSM), and interleukin-6 (IL-6), utilize the
Jak-Tyk family of cytoplasmic tyrosine kinases. The B receptor components for this cy-
tokine family, gp130 and LIF receptor B, constitutively associate with Jak-Tyk kinases.
Activation of these kinases occurs as a result of ligand-induced dimerization of the receptor
B components. Unlike other cytokine receptors studied to date, the receptors for the CNTF
cytokine family utilize all known members of the Jak-Tyk family, but induce distinct patterns
of Jak-Tyk phosphorylation in different cell lines.

Although they have different biological
activities, CNTF, LIF, OSM, and IL-6
make up a cytokine family on the basis of
their predicted structural similarities (I, 2)
and shared B signal-transducing receptor
components (3-8). Receptor activation by
this cytokine family results from either
homo- or heterodimerization of these B
components (6, 8, 9). IL-6 receptor activa-
tion involves homodimerization of gp130
(9), a protein initially identified as the IL-6
signal transducer (10). CNTF, LIF, and
OSM receptor activation requires het-
erodimerization between gp130 and a sec-
ond gp130-related protein known as the LIF
receptor B (LIFRB) (6), initially identified
for its ability to bind LIF (11). Both CNTF
and IL-6 also require specificity-determin-
ing o components that are more limited in
their distribution than the B components
and thus determine the cellular targets of
the particular cytokines (8). Both the
CNTF binding protein CNTFRa (12) and
the IL-6 receptor IL-6Ra (10, 13) can
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function as soluble proteins, consistent
with the notion that they do not interact
with intracellular signaling molecules but
that they serve to help their ligands interact
with the appropriate signal-transducing
subunits (8).

Receptor activation by the CNTF family
of cytokines results in the immediate tyro-
sine phosphorylation of the B components
and other cellular proteins (3, 5, 14-17).
Because the B receptor components do not
contain intrinsic tyrosine kinase domains,
tyrosine phosphorylation was hypothesized

_ to result from the activation of one or more

receptor-associated tyrosine kinases, which
appear to be essential for downstream
events because tyrosine kinase inhibitors
were found to block the early tyrosine
phosphorylations and subsequent physio-
logical responses (3, 14). We report here

‘that gp130 and LIFRB associate with the

Jak-Tyk family of cytoplasmic protein tyro-
sine kinases (18-21) in the absence of
ligand and that Jak-Tyk kinase activity is
induced after cytokine binding. Unlike oth-
er cytokines studied to date (21-24), the
CNTF family of factors utilizes all known
members of the Jak-Tyk family but elicits
distinct profiles of Jak-Tyk activation in
different cells.

Stimulation of responsive cells with
CNTF or LIF induces tyrosine phosphoryl-
ation of both gp130 and LIFRB, which form
a complex that can be recovered after cell





