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ABSTRACT The interleukin 6 receptor-associated signal
transducer, gpl3O, is shared by receptor complexes for leuke-
mia inhibitory factor, oncostatin M, ciliary neurotrophic fac-
tor, and interleukin 11. We show here that JAK2 kinase is
rapidly tyrosine phosphorylated in mouse embryonic stem cells
whose pluripotentiality is maintained only by gpl3O-sharing
cytokines after stimulation that is known to induce gpl30
homodimerization. JAK1 is also tyrosine phosphorylated, but
to a lesser extent, under the same conditions. Comparable
results are obtained with hemopoietic lineage cells such as
myeloid leukemic Ml cells and pro-B-cell line-derived trans-
fectants expressing gpl3O, the former of which differentiate
into macrophages after stimulation of gpl30 and the latter of
which initiate DNA synthesis. gpl3O-dimerizing stimulus up-
regulates kinase activity of JAK2 as revealed by immunocom-
plex kinase assay. Deletion or point mutation in the membrane-
proximal cytoplasmic motifs in gpl3O that are conserved in the
hemopoietic cytokine receptor family results in the loss of
tyrosine phosphorylation of JAK2, which coincides with the
lack of signal transducing capability of gpl3O mutants.

dimerization of the cytoplasmic regions of receptor compo-
nents triggers tyrosine kinase activation.

In the present study, in order to obtain a clue as to a
cytoplasmic tyrosine kinase(s) involved in gp30-mediated
signal transduction, we have first performed PCR amplifica-
tion of reverse-transcribed mRNA from mouse embryonic
stem (ES) cells by using primers prepared based on the
conserved tyrosine kinase motifs. ES cells express gpl3O (14,
15) and expression of other cytokine receptors is very limited
(16); the pluripotential phenotype of ES cells is known to be
maintained only by the gpl3O-stimulatory factors such as
LIF, oncostatin M, and the complex of IL-6 and sIL-6R (15,
17, 18). Based on (i) the finding that JAK2 (19, 20) is most
frequently observed among potential nonreceptor tyrosine
kinases from this first survey and (ii) recent reports showing
activation of JAK2 upon stimulation with erythropoietin,
growth hormone, and IL-3 (20-22), we have examined a role
of JAK2 and its close relative, JAK1 (23), in the signaling
processes initiated by gpl3O-homodimerizing reagent-i.e.,
the IL-6-sIL-6R complex.

Receptors and receptor-associated signal transducing com-
ponents for most of the cytokines functioning in immune and
hemopoietic systems are similar in structure and thus belong
to the hemopoietic cytokine receptor family (1). Of such
receptors and signal transducers in this family, none pos-
sesses intrinsic tyrosine kinase domains, unlike conventional
growth factor receptors (1-3). However, several lines of
evidence have indicated that signaling processes initiated by
ligand binding to the receptors in the hemopoietic cytokine
receptor family involve tyrosine phosphorylation of receptor
components and activation of cellular tyrosine kinases (4, 5).
The interleukin 6 receptor (IL-6R)-associated signal trans-
ducer, gpl30 (6, 7), which is also a member of this family, is
shared by other receptor complexes for leukemia inhibitory
factor (LIF), oncostatin M, ciliary neurotrophic factor, and
IL-li (2, 5, 8-12). For these cytokines, signaling cascades are
believed to be triggered by the formation of homo- or
heterodimers of gpl30. In the case of the IL-6R system, a
complex of IL-6 with IL-6R [or with an extracellular soluble
form of IL-6R (sIL-6R)] interacts with gpl3O and induces its
homodimerization (13). In contrast, heterodimerization of
gp130 and LIF-receptor has been shown to be important for
signaling of LIF, oncostatin M, and ciliary neurotrophic
factor (8, 12). Such homo- or heterodimers including at least
one gpl3O protein are associated with tyrosine kinase activ-
ity, while monomers are not (12, 13). Thus, these dimers look
functionally similar to conventional growth factor receptors
with intrinsic tyrosine kinases (3) in that ligand-induced

MATERIALS AND METHODS
Reverse Transcription and PCR Cloning. Poly(A)+ RNA

was prepared from ES cells cultured in the presence of LIF
and reverse transcribed by using random hexanucleotide
primers (Amersham). The cDNAs were amplified with Taq
DNA polymerase using degenerative tyrosine kinase-specific
primers as described (24), and products ofan expected length
(--"210 bp) were obtained. The PCR products were cloned in
pBluescript plasmid (Stratagene), transfected in Escherichia
coli, and subjected to DNA sequencing analysis (25).

Antibodies. Anti-JAK1 (no. 1065) and anti-JAK2 (no. 1067)
antibodies have been described (20, 21). Anti-JAK2 (no. 683)
antibody was prepared in rabbit and guinea pig against a
synthetic peptide of murine JAK2 (amino acids: REEDRRT-
GNPPFIK). Rabbit anti-JAK2 (no. 683) antibody was further
affinity purified with the peptide column.
Immunoblot Analysis. Cells were solubilized with Nonidet

P-40 (NP-40) lysis buffer (0.5% NP-40/10 mM Tris-HCl, pH
7.6/150 mM NaCl/5 mM EDTA/2 mM Na3VO4/1 mM phe-
nylmethylsulfonyl fluoride/5 ,Ag of aprotinin per ml), and
clear lysates obtained by centrifugation were incubated with
anti-JAK1 or anti-JAK2 antibody. Immunoprecipitates using
protein A-Sepharose (Pharmacia) were analyzed by SDS/
PAGE and subsequent immunoblotting with anti-phosphoty-
rosine monoclonal antibody (4G10; Upstate Biotechnology,
Lake Placid, NY) using an enhanced chemiluminescence
(ECL) detection system (Amersham) according to the man-
tifacturer's procedures.

Abbreviations: IL-6, interleukin 6; LIF, leukemia inhibitory factor;
IL-6R, IL-6 receptor; sIL-6R, soluble IL-6R; ES, embryonic stem.

2285

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



2286 Cell Biology: Narazaki et al.

Immunocomplex Kinase Assay. Cells were solubilized with
NP-40 lysis buffer (same as above, except elimination of
EDTA). Immunoprecipitates with anti-JAKi or anti-JAK2
antibody were washed extensively in NP-40 lysis buffer
without EDTA and then in kinase buffer (10 mM Hepes, pH
7.4/50 mM NaCl/5 mM MgCl2/5 mM MnCl2/0.1 mM
Na3VO4). The immunocomplexes were subjected to in vitro
kinase assay (22) using [y-32P]-ATP (0.5 mCi/ml; 1 Ci = 37
GBq). Reacted immunocomplexes were washed in NP-40
lysis buffer without EDTA, eluted from Protein A-Sepharose
by 50 mM glycine buffer (pH 2.5), and separated by SDS/
PAGE. Gels were treated in 1 M KOH at 60°C for 1 hr with
gentle agitation (26) and neutralized in 10%o acetic acid at 25°C
for 2 hr before autoradiography.

RESULTS
We first performed PCR amplification and cloning oftyrosine
kinases from reverse-transcribed mRNAs expressed in ES
cells whose pluripotentiality is maintained only by gpl3O-
stimulatory cytokines. Among 173 clones encoding tyrosine
kinase domains, 28 showed a sequence characteristic to
nonreceptor-type tyrosine kinases (27). As shown in Fig. 1A,
JAK2 was most frequently observed in such tyrosine kinases.
We thus examined tyrosine phosphorylation of JAK2 and its
close relative JAK1 in ES cells in response to the IL-6-
sIL-6R complex, which is known to induce gp130 ho-
modimerization. ES cells were stimulated with IL-6 plus
sIL-6R and NP-40 lysates were used for immunoprecipitation
and subsequent immunoblot analysis. As shown in Fig. 1B,
both JAK1 and JAK2 proteins immunoprecipitated by spe-
cific antibodies were phosphorylated on tyrosine residues
within 10 min after stimulation ofgpl30 with the IL-6-sIL-6R
complex. The extent of tyrosine phosphorylation of JAK2
was more prominent than that of JAK1.
We next examined whether tyrosine phosphorylation of

JAK1 and JAK2 after IL-6 stimulation occurs also in he-
mopoietic lineage cells. Mouse myeloid leukemic Ml cells
respond to IL-6 to stop proliferation and differentiate into
macrophages (28, 29). Mouse pro-B-cell line (BAF.B03)-
derived transfectants expressing human (BAFhl30) or mouse
(BAFml3O) gpl30 initiate DNA synthesis in response to the
IL-6-sIL-6R complex (7, 14). As shown in Fig. 2A, stimu-
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FIG. 2. Tyrosine phosphorylation of JAKl and JAK2 and acti-
vation of JAK2 in myeloid and lymphoid cells after gpl3O stimula-
tion. (A) gpl3O-mediated tyrosine phosphorylation of JAKl and
JAK2 in Ml cells and BAF.B03-derived transfectants expressing
gpl3O. Cells (2.4 x 108) were starved in serum-free RPMI 1640
medium for 1 hr (Ml) or 3 hr (BAFhl3O, BAFml3O) and stimulated
with (+) or without (-) IL-6 plus sIL-6R (same concentrations as in
Fig. 1) for 10 m. NP-40 lysates from the cells were subjected to
immunoprecipitation with anti-JAKl (no. 1065) or anti-JAK2 (no.
1067) rabbit anti-serum. SDS/PAGE and immunoblotting were done
as described in Fig. 1. (B) Kinetic analysis of tyrosine phosphory-
lation of JAK1 and JAK2. Serum-starved Ml cells were stimulated
with IL-6 plus sIL-6R for the indicated time. Tyrosine phosphory-
lation of JAKI and JAK2 was analyzed as in A. (C) Activation of
JAK2 after stimulation of gpl30. Ml and BAFhl3O cells (1.2 x 108
each) were starved, stimulated with (+) or without (-) IL-6 plus
sIL-6R, and solubilized in NP-40 lysis buffer lacking EDTA as
described. Immunoprecipitates (IP) with anti-JAKl (no. 211) rabbit
anti-serum or anti-JAK2 (no. 683) rabbit antibody were subjected to
in vitro kinase assay and separated by SDS/PAGE. Gels were
alkaline treated and autoradiographed.

FIG. 1. Identification ofpotential nonreceptor tyrosine kinases in
ES cells and tyrosine phosphorylation of JAKi and JAK2 after
stimulation ofgp130. (A) Nonreceptor-type tyrosine kinases found in
ES cells by reverse transcription PCR cloning and subsequent DNA
sequencing. The number ofclones having the sequence ofeach ofthe
indicated kinases is listed. (B) Tyrosine phosphorylation ofJAK1 and
JAK2 in ES cells after gpl3O stimulation. ES cells (in twelve 15-cm
dishes), which had been cultured with LIF under subconfluent
conditions, were starved in serum- and cytokine-free Dulbecco's
modified Eagle's medium for 9 hr. Cells were then stimulated with
(+) or without (-) a combination of IL-6 (2 tg/ml) plus sIL-6R (2
,ug/ml) for 10 min, solubilized with NP40 lysis buffer, and immu-
noprecipitated with anti-JAK1 (no. 1065) antiserum or anti-JAK2
(no. 683) rabbit antibody. Immunoprecipitates (IP) were analyzed by
SDS/PAGE and subsequent immunoblotting with anti-phosphoty-
rosine monoclonal antibody.

lation of either of these cells by IL-6 together with sIL-6R
induced tyrosine phosphorylation of JAK1 and JAK2. The
phosphorylation of JAK2 was more intense than that of
JAK1, as was observed in ES cells. The kinetic analysis
showed that tyrosine phosphorylation of JAK1 and JAK2
was very rapid and transient; it was detectable as early as 2
min after stimulation, reached a maximum at 15 min, and then
became fainter after 30 min of stimulation (Fig. 2B). gpl3O
protein showed kinetics comparable to its tyrosine phosphor-
ylation after stimulation with IL-6 plus sIL-6R (M.N. and
T.T., unpublished observation). Activation of JAK1 and
JAK2 kinases upon stimulation of gpl3O was further exam-
ined. JAK1 and JAK2 proteins were immunoprecipitated by
specific antibodies from Ml and BAFh13O cells stimulated
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FIG. 3. Involvement of membrane-proximal cytoplasmic motifs of gpl30 in inducing tyrosine phosphorylation of JAK2. (A) Schematic
structure of wild-type and mutant gp130 proteins. (B) Tyrosine phosphorylation of JAK2 mediated by gpl30 mutants. BAF.B03-derived
transfectants (2 x 108 each) expressing wild-type and mutant gpl30 proteins were starved, stimulated, and solubilized as in Fig. 2A.
Immunoprecipitates (IP) with anti-JAK2 (no. 683) rabbit antibody were analyzed by SDS/PAGE and immunoblotting as in Fig. 1. (C) Detection
of JAK2 protein in BAF.B03 transfectants. Immunoprecipitates prepared as in B were analyzed by SDS/PAGE and immunoblotting with
anti-JAK2 (no. 683) guinea pig anti-serum.

with IL-6 plus sIL-6R. The immunoprecipitates were sub-
jected to immunocomplex kinase assay, and in vitro phos-
phorylated proteins were separated by SDS/PAGE. As
shown in Fig. 2C, in vitro phosphorylation of JAK2 was
significantly upregulated when the protein was prepared from
stimulated cells. Phosphorylation ofJAK1 in vitro could not
be detected in this assay.

In the cytoplasmic region of gpl30, the membrane-
proximal part of -60 amino acid residues is structurally
similar to that of many other members of the hemopoietic
cytokine receptor family. In this part, there are two short and
well-conserved stretches of -10 amino acids, termed boxl
and box2, and in the former, a Pro-Xaa-Pro (PXP) peptide
exists in almost all the family members. These motifs have
been shown to be critical for signal transduction at least in
BAF.B03 cells (30). In BAF.B03-derived transfectants,
gpl30 mutant protein possessing the membrane-proximal
region just enough to contain boxl and box2 (IC65 in Fig. 3A,
having 65 intracytoplasmic amino acid residues) is sufficient
to induce DNA synthesis (ref. 30; M. Murakami, M.N., and
T.T., unpublished observation). The gpl30 mutant protein
having a deletion in box2 (IC51) or having proline-to-serine
substitutions in the PXP motif in boxl (PP) cannot mediate
such a signal. We examined whether the signal transducing
capability of various gpl30 mutants correlates with tyrosine
phosphorylation of JAK2 kinase after stimulation with IL-6
plus sIL-6R. In BAF.B03-derived transfectants expressing
gpl30 with the full cytoplasmic region (WT) or with intact
boxl and box2 (IC65), the IL-6-sIL-6R complex was shown
to induce tyrosine phosphorylation of JAK2, although the
IC65-mediated one was weaker than that induced by wild-
type gpl30 (Fig. 3B). Stimulation of IC51 and PP mutants that
are incapable of mediating signals in BAF.B03 cells failed to
induce tyrosine phosphorylation ofJAK2. In all transfectants
used in this experiment, a level of immunoprecipitated JAK2
was comparable (Fig. 3C). Thus, loss of tyrosine phosphor-
ylation ofJAK2 by disruption of conserved boxl and box2 is
shown to coincide with the disappearance of biological
responses to the IL-6-sIL-6R complex.

DISCUSSION
The complex of IL-6 and IL-6R (or sIL-6R) interacts with
gpl30 and induces formation of gpl30 homodimers, which is
associated with tyrosine kinase activity (13). In exerting
multiple biological functions of IL-6, homodimerization of
the signal transducer gpl30 thus appears to be a triggering
event. In the present study, we have shown that JAK1 and
JAK2 are rapidly and transiently tyrosine phosphorylated in
response to IL-6 plus sIL-6R, the gpl30-dimerizing stimulus.

Activation of JAK2 kinase by this stimulus is also clearly
observed by in vitro immunocomplex kinase assay. In our
experimental system, in vitro phosphorylation of JAKi after
a gpl3O-dimerizing stimulus was undetectable. The possibil-
ity remains that activation of JAKi may take place in intact
cells, but it could be below the detection limit when examined
by the immunocomplex kinase assay. Another possibility is
that JAK2 kinase is activated after gpl30 stimulation and
JAKi might be one of its potential substrates. We have also
shown that tyrosine phosphorylation of JAK2 was abolished
in cells expressing mutant gpl30, which could not transduce
the signal. The above findings suggest that JAK family
kinases may be involved in gpl30-mediated signaling. It
remains to be determined whether the JAK family members
are prerequisite kinases that functionally link the gpl30
dimerization to the IL-6-induced biological outputs. To study
the possibility of the involvement of the other kinases, we
examined the tyrosine phosphorylation of YES, FYN, SRC,
and LYN after IL-6 stimulation. In neither U266 myeloma
cells nor HepG2 hepatoma cells was tyrosine phosphoryla-
tion ofthese kinases observed. It will be important, however,
to examine other nonreceptor kinases including ETK2, which
is expressed in ES cells, as well as HCK (see Fig. 1A).

Previous studies have demonstrated a physical association
of JAK2 with growth hormone receptor and erythropoietin
receptor (21, 22). Our studies have not addressed the issue of
physical association of gpl30 with JAKi or JAK2, but in
initial studies using standard lysis conditions we have not
detected JAKi or JAK2 in immunoprecipitates of gpl30, nor
have we detected gpl30 in immunoprecipitates of JAK1 or
JAK2. Since we have shown that membrane-proximal con-
served boxl and box2 in gp130 are important for tyrosine
phosphorylation of JAK2, it will be necessary to use other
approaches to study association and to determine whether
the membrane-proximal region is required for gpl30-JAK
kinase interaction.

IL-6 stimulation was reported to activate RAS and mito-
gen-activated protein kinases (MAPK) in addition to tyrosine
kinases (31-33). NF-IL6, initially identified as a nuclear
factor for IL-6 gene expression (34), activates several acute-
phase protein genes, which are typical targets ofIL-6 (35, 36).
Nakajima et al. (37) have shown that a RAS-dependent
MAPK cascade is essential for NF-IL6 activation. Consid-
ering that some ofthe signals oftyrosine kinase receptors and
SRC family kinases reach the nucleus through the RAS-
dependent MAPK cascade via adaptor proteins (38, 39), it is
important to examine whether JAK family members lead to
RAS activation. If not, involvement of non-JAK family
kinases in gp130-mediated signaling processes could be spec-
ulated as well. Thus, at this moment, it remains to be
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determined whether non-JAK family kinases are functioning,
in concert with or independently of JAK kinases, in exerting
gpl3O-mediated signals. In this relation if multiple tyrosine
kinases, some of which might phosphorylate JAK2, interact
with gpl3O, this could explain weaker tyrosine phosphory-
lation of JAK2 in cells expressing mutant gpl3O with the
shorter cytoplasmic region (IC65; Fig. 3B).
JAK kinase family members have recently been shown to

be taking a critical part in transducing interferon (IFN)-a/-f3
and IFN-y signals by modifying IFN-stimulated gene factor
3a (ISGF3a) (40-43). Since receptors for IFNs form a family
that is distantly related in structure to the hemopoietic
cytokine receptor family (44), it has been speculated that a
signaling process initiated by gpl3O homodimerization might
involve transcription factors related to ISGF3a. Recently,
Lutticken et al. (45) showed that the acute-phase response
factor, a transcription factor that binds to IL-6 response
elements in the promoter region of various acute-phase
protein genes, is antigenically related to the p91 subunit of
ISGF3a, and JAK kinase could activate this factor by the
signal through gpl3O.

IL-6 mediates various biological responses (5). We have
shown here that in at least three different types of IL-6-
responsive cells, JAK1 and JAK2 kinases are phosphorylated
on tyrosine residues very rapidly after stimulation of gpl30.
Since this stimulation leads to totally different biological
outputs (maintenance of pluripotentiality of ES cells, mac-
rophage differentiation of Ml cells, and initiation of DNA
synthesis of BAF.B03 transfectants), tyrosine phosphoryla-
tion ofJAK family kinases may be a general first step in the
cytoplasmic signaling cascade just after gpl30 dimerization.
If so, cell-specific biological responses might be determined
by downstream substrates, which may differ from cell type to
cell type, for JAK family kinases. Alternatively, phosphor-
ylation and/or activation of a combination of JAK1, JAK2,
and possibly another tyrosine kinase might determine cell-
specific response. In addition, multiple cytoplasmic signaling
pathways (via, for example, RAS/MAPK/NF-IL6 or
ISGF3a-related proteins) as discussed above could alterna-
tively determine the specificity. Because the signal trans-
ducer gpl3O is used in common in receptor complexes as a
partner of the receptor component(s) for several other cyto-
kines, it would be of interest to examine what kind oftyrosine
kinases and their substrates are functioning in each of these
different receptor complexes.
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