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ABSTRACT JAK2, a member of the Janus kinase super-
family was found to interact functionally with Raf-1, a central
component of the ras/mitogen-activated protein kinase signal
transduction pathway. Interferon-y and several other cyto-
kines that are known to activate JAK2 kinase were also found
to stimulate Raf-1 kinase activity toward MEK-1 in mamma-
lian cells. In the baculovirus coexpression system, Raf-1 was
activated by JAK2 in the presence of p21¢. Under these
conditions, a ternary complex of p217%, JAK2, and Raf-1 was
observed. In contrast, in the absence of p21*%, coexpression of
JAK2 and Raf-1 resulted in an overall decrease in the Raf-1
kinase activity. In addition, JAK2 phosphorylated Raf-1 at
sites different from those phosphorylated by pp60'-sr. In
mammalian cells treated with either erythropoietin or inter-
feron-vy, a small fraction of Raf-1 coimmunoprecipitated with
JAK?2 in lysates of cells in which JAK2 was activated as judged
by its state of tyrosine phosphorylation. Taken together, these
data suggest that JAK2 and p21*2° cooperate to activate Raf-1.

The serine/threonine kinase Raf-1 is activated by numerous
growth factors (1, 2) and is believed to play a central role in cell
growth and differentiation. Binding of a growth factor to its
tyrosine kinase receptor at the cell surface leads to p21™s
activation that in turn recruits Raf-1 to the plasma membrane
(3, 4) through a direct interaction with the N-terminal region
of Raf-1. At the cell membrane, Raf-1 is activated in a
p21s-independent manner. Activated Raf-1 phosphorylates
and activates MEK-1, leading to activation of the mitogen-
activated protein (MAP) kinase cascade (5, 6). Unlike mem-
bers of the tyrosine kinase receptor superfamily, the cytokine
receptors have no intrinsic tyrosine kinase activity, but are
dependent mainly upon the JAK family of tyrosine kinases
with which they form a stable complex (7-10). Binding of a
cytokine to its receptor causes the receptor to dimerize,
thereby activating the associated JAK kinases through tyrosine
phosphorylation. Activated JAK kinases in turn phosphorylate
a number of important cellular substrates, chief among which
are members of the STAT family of transcription factors
(11-14). Previous studies have documented that tyrosine phos-
phorylation of STATS leads to their oligomerization and is
essential for activation of their DNA binding activity (15, 16).
However, recently it has become apparent that subsequent
phosphorylation of STATs on serine/threonine residues is
required for their full activation as transcription factors (17,
18). It has also been reported that JAK2, p21™, and Raf-1 are
required for the activation of MAP kinases by growth hormone
stimulation (19), and in the interferon (IFN) system, STAT
activation requires functionally activated MAP kinases (20).
This focuses particular interest on the molecular mechanisms
by which cytokine receptor family members couple to Raf-1
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and to the MAP kinase cascade. Before the discovery of either
MEK-1 as a physiological substrate of Raf-1 or the linkage of
JAK kinases with cytokine receptors, it was demonstrated that
in hematopoietic cells, stimulation of either granulocyte/
macrophage colony-stimulating factor (GM-CSF), erythropoi-
etin (EPO), or interleukin 2 (IL-2) receptors resulted in Raf-1
hyperphosphorylation (21-23). This data prompted us to
search for a functional link between Raf-1 and JAK kinases.
Using both a baculovirus system and cytokine-stimulated
mammalian cell lines, we found that Raf-1 is not only phos-
phorylated on tyrosine residues when JAK2 is active, but also
is activated by JAK2 in the presence of p217s.

MATERIALS AND METHODS

Cytokines and Antibodies. Recombinant human EPO and
IL-2 were from Boehringer Mannheim. IFN-y and GM-CSF
were from Endogen (Cambridge, MA). Polyclonal anti-JAK2
antibody was purchased from Upstate Biotechnology (Lake
Placid, NY). Rabbit polyclonal anti-Raf-1 serum was raised
against a peptide corresponding to the C-terminal 12 residues
of Raf-1 (CTLTTSPRLPVF). Mouse monoclonal antibody
specific for phosphotyrosine (4G10) was generated in our own
laboratory. Rat (clone Y13-238) and mouse (clone F111-85)
monoclonal antibodies recognizing p21™ were purchased
from Oncogene Science.

Cells and Cell Culture. Spodoptera frugiperda (Sf21) cells
were grown either in suspension or as a monolayer culture in
Grace’s medium (GIBCO/BRL 350-1605AJ) supplemented
with 10% fetal calf serum. Human HeLa cells were grown in
DMEM (GIBCO/BRL) supplemented with 10% calf serum.
CTLL-EPO receptor (EPOR) and BaF/3-GM-CSFR cell lines
were grown in RPMI medium 1640 supplemented with 10%
fetal calf serum.

Preparation of Baculovirus-Infected Sf21 Cell Lysates and
Cytokine-Stimulated Cell Lysates. Sf21 cells (2 X 105) were
infected with the desired recombinant baculovirus or with
combinations of the different recombinant baculoviruses in
appropriate ratios. At 48 h postinfection, cell lysates were
prepared in Nonidet P-40 lysis buffer [20 mM Tris, pH 8.0/137
mM NaCl/1 mM MgCl,/10% (vol/vol) glycerol/1% (vol/vol)
Nonidet P-40] supplemented with phenylmethylsulfonyl fluo-
ride (1 mM), aprotinin (0.15 unit/ml), DTT (1 mM), and
sodium orthovanadate (1 mM). HeLa cells (5 X 10°) were
stimulated with human recombinant IFN-vy (15 ng/ml) for 10
min at 37°C. Appropriately starved CTLL-EPOR cells (2 X
107) were stimulated with 50 units/ml of either IL-2 or EPO

Abbreviations: EPO, erythropoietin; EPOR, erythropoietin receptor;
IL-2, interleukin 2; IFN-v, interferon-y; MAP, mitogen-activated
protein; GM-CSF, granulocyte/macrophage colony-stimulating fac-
tor.
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for 10 min at 37°C. Cell lysates were prepared essentially as
described above.

Immunoprecipitation and Western Blot Analysis. For p2172s
immunoprecipitation, the rat anti-p21™* monoclonal antibody
(Y13-238) was incubated with rabbit anti-rat IgG coupled to
protein A-Sepharose beads and the appropriate amount of
lysate for at least 6 h at 4°C. For JAK2 and Raf-1 immuno-
precipitation, the rabbit anti-Raf-1 antibody or anti-JAK2
antibody was incubated directly with protein A-Sepharose
beads and the appropriate amount of lysate for at least 4 h at
4°C. The beads bound to the specific antibody were washed
three times with modified Nonidet P-40 lysis buffer containing
0.2% Nonidet P-40 and once with kinase buffer (25 mM
Hepes, pH 7.4/1 mM DTT/10 mM MgCl,/10 mM MnCl,).
The samples were then resolved by an 8% SDS/PAGE and
transferred onto nitrocellulose paper. The blots were probed
with the desired antibody and developed by enhanced chemi-
luminescence (ECL, Amersham).

In Vitro Kinase Assays. The Raf-1 immunoprecipitates were
prepared as above and the beads bound to anti-Raf antibody
were washed twice with Nonidet P-40 lysis buffer, once with 0.5
M LiCl;, and once with kinase buffer. The washed immuno-
precipitates were then incubated in 40 ul of kinase buffer
containing 15 uM nonradioactive ATP, 10 uCi (1 Ci = 37
GBq) of [y-*?P]JATP (3000 Ci/mmol), and 0.1 pg 5'-p-
fluorosulfonyl-benzoyladenosine-treated MEK-1 at room tem-
perature for 30 min. The assays were terminated by addition
of Laemmli sample buffer and resolved by SDS/PAGE. The
phosphorylation of MEK-1 was quantitated by
PhosphorImager and the amount of Raf-1 protein in each lane
was either quantitated by a Western blot and FluorImager or
qualitatively by ECL as previously described (24).

RESULTS

Activation of Raf-1 Kinase in Response to Cytokine Treat-
ment as well as in Coexpression of JAK2 and p21™*. Inter-
ferons and cytokines, which are known to activate JAK
kinases, were first examined for their ability to activate the
kinase activity of Raf-1 toward MEK-1. Raf-1 immunopre-
cipitates were made from IFN-vy-treated HeLa cells as well as
from untreated controls. As shown in Fig. 14, the stimulation
of HeL a cells with IFN-vy increased the kinase activity of Raf-1
immunoprecipitates toward MEK-1. Similar results were ob-
tained for IFN-vy treatment of NIH 3T3 cells and IL-2 and EPO
treatment of CTLL-EPOR cells (data not shown).

To assess a functional link between the activation of Raf-1
and JAK2 kinases, we used the baculovirus expression system.
This system allows a detailed study of functional interactions
between Raf-1, p21™*, and pp60¥- family kinases (25). In the
baculovirus system, two signals must synergize for the efficient
activation of Raf-1 autophosphorylation and substrate-
directed kinase activities. One signal is supplied by p21™ that
serves to localize Raf-1 to the membrane. The second signal is
supplied by tyrosine kinases, such as pp60¥*', and is indepen-
dent of p21s (26). Either signal alone gives a modest activa-
tion of Raf-1. Since many cytokines activate both Raf-1 and
JAK?2, we initially tested the ability of JAK2 to activate Raf-1.
Raf-1 kinase activity was measured using highly purified
inactive MEK-1 as a substrate in Raf-1 immunoprecipitates
from insect cells infected with various recombinant baculovi-
ruses as indicated. The kinase activity of Raf-1 from a single
infection was normalized to 1 (Fig. 1B). Coexpression of Raf-1
with both p21™ and JAK2 resulted in higher levels of both
Raf-1 autokinase and transkinase activity than were observed
with Raf-1 alone or with Raf-1 and p21™ in combination. The
absolute levels of Raf-1 activation by p217#* and JAK2 were not
as high as those observed for p21™ and pp60Y-**. This may be
due to the difference in the sites of phosphorylation on Raf-1
by the two tyrosine kinases (see below) or to the relatively low
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FiG. 1. (A) Activation of Raf-1 activity in IFN-y-treated HeLa
cells. The exponentially growing HeLa cells were unstimulated (—) or
stimulated (+) with IFN-y (15 ng/ml) for 10 min. Raf-1 immune
complexes were prepared and subjected to an in vitro kinase assay
using the purified, inactivated MEK-1 as a substrate. (B) Specific
activation of Raf-1 kinase by JAK2 in the presence of p21'#s. Anti-Raf
immunoprecipitates were prepared from Sf21 cells infected with Raf-1
alone or in combination with baculoviruses encoding JAK2, or p21s
or both. Extensively washed immunoprecipitates were subjected to an
in vitro kinase assay using purified MEK-1 as a substrate. The resulting
phosphorylated products were resolved on an 8% SDS/PAGE and
transferred onto nitrocellulose paper. The phosphorylated MEK-1
and the amounts of Raf-1 used in each lane were quantitated by
PhosphorImager and FluorImager, respectively. Data were normal-
ized accordingly and the activation fold was calculated in comparison
with Raf-1 activity toward MEK-1.

level of activity of JAK2 in the system. Interestingly, coex-
pression of Raf-1 and JAK2 consistently showed a slight
decrease in Raf-1 kinase activity. This contrasts with previous
results with pp60Y-*¢, which activates Raf-1 even in the absence
of increased p21™ expression in this system.

Interaction of Raf-1 and p21s with JAK2. In the course of
our kinase assays, we observed a potential interaction between
Raf-1 and JAK2. To examine this interaction further, we
performed Western blot analysis of Raf-1 immunoprecipitates
from Sf21 cells infected singly with baculovirus encoding Raf-1
or doubly with Raf-1 and JAK2. JAK2 was easily detectable in
Raf-1 immunoprecipitates (Fig. 24). The binding specificity
was confirmed by the addition of the synthetic peptide corre-
sponding to the 12 amino acids from the C terminus of Raf-1
against which the antibody was raised (Fig. 24, lanes 1 and 3).
It was also possible to do the reciprocal experiments in which
Raf-1 could be blotted in JAK2 immunoprecipitates (data not
shown). Interestingly, when p21™* immune complexes were
blotted with a mixture of Raf-1 and JAK2 specific antibodies,
a tripartite complex formation of Raf-1, p21™*, and JAK2 was
observed (Fig. 2B). Control experiments revealed that neither
the wild-type p21™* nor the dominant negative rasN17 binds to
JAK?2 in the absence of Raf-1 (Fig. 2C).

Tyrosine Phosphorylation of Raf-1 in Coexpression with
JAK2. Raf-1 is known to be phosphorylated on tyrosine
residues in the baculovirus system when coexpressed with src
family kinases or certain receptor tyrosine kinases. The sites of
this phosphorylation have been mapped to tyrosines 340 and
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FiG. 2. Specific interactions between JAK2 and Raf-1 in Sf21 cells. (4) Insect cells (Sf21) were either infected with recombinant baculovirus
encoding Raf-1 or in combination with baculovirus encoding JAK2. Anti-Raf-1 immunoprecipitates were prepared in the presence (+) or absence
(-) of the synthetic Raf-1 peptide (10 nM), and analyzed by SDS/PAGE and immunoblotted with anti-JAK2 antibodies (Upper) or anti Raf-1
antibodies (Lower). The immunoblots were developed using ECL. (B) A tripartite complex formation among JAK2, p21, and Raf-1. Raf-1 or
p217s immune complexes were prepared with rabbit anti-Raf-1 or rat anti-p21s monoclonal antibody (Y13-238) from Sf21 cells infected with
baculoviruses encoding various proteins as indicated. The immunoblot was probed with a mixture of antibodies against Raf-1 and JAK2. (C) The
immunoprecipitates were prepared as above, and the blot was probed with a mixture of antibodies against Raf-1, JAK2, and p217¢ (F111-85).

341 (27). Mutation of these sites renders Raf-1 insensitive to
pp60¥-s. Upon coexpression with JAK2, Raf-1 is also phos-
phorylated on tyrosine although to a lower level than is seen
for pp60¥-~* (Fig. 34 Left). The mutant allele of Raf-1 in which
tyrosines 340 and 341 have both been changed to phenylala-
nines is still phosphorylated on tyrosine residues by JAK2 but
not by pp60¥-©. This indicates that Raf-1 is phosphorylated on
sites other than 340/341. To test the functional importance of
these additional phosphorylations, we performed a kinase
assay on the Raf-1 mutant 340/341. As shown in Fig. 3B, JAK2
was able to activate 340/341 in the presence of p21™ but to a
much lower extent than is seen with wild-type Raf-1. This
indicates that the sites at 340/341 are indeed phosphorylated
by JAK2 and that this phosphorylation represents a major
component of the activation process. However, it is worth
noting that pp60*-5° also activates the 340/341 mutant protein
to a similar degree in the presence of p21™s; therefore, it is
possible that this residual activation by both pp60¥-*® and JAK2
may be due to a different mechanism than tyrosine phosphor-
ylation. Interestingly, the level of JAK2 tyrosine phosphory-

lation is markedly decreased upon coexpression with Raf-1
(Fig. 34 Right). ’

Interaction of Raf-1 with JAK2 in Mammalian Cells. We
also examined the physical interactions of Raf-1 with JAK2 in
mammalian cells responding to IFN-y, EPO, and GM-CSF.
Receptors for each of these ligands interact with and activate
JAK?2. Fig. 44 shows the results from a T-cell line (CTLL-
EPOR) that naturally expresses IL-2 receptor and has been
engineered to express EPOR. Upon stimulation with IL-2,
JAKI1 and JAK3, but not JAK2, are activated, whereas upon
stimulation with EPO, only JAK?2 is activated (30, 31). Cells
were treated with the relevant ligand, and Raf-1 immunopre-
cipitates were prepared and blotted with anti-JAK2 antibodies
(Fig. 44 Upper). In unstimulated or IL-2-stimulated CTLL-
EPOR cells, little binding of Raf-1 and JAK2 was observed.
However, in EPO-stimulated cells, JAK2 appears to be asso-
ciated with Raf-1. The blot was stripped and reprobed with
anti-phosphotyrosine antibody (Fig. 44 Lower). As expected,
JAK2 was markedly phosphorylated on tyrosine in EPO-
stimulated cells (lanes 3 and 6). Interestingly, a band of the
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FiG. 3. (A Left) Differential tyrosine phosphorylation of Raf-1 by JAK2 and pp60¥-5r. Anti-Raf immunoprecipitates were prepared from Sf21
cells singly infected with baculoviruses encoding either Raf-1 or a mutant Raf-340/341 or doubly infected with baculoviruses encoding Raf-1 or
Raf-340/341 in combination with either JAK2 or pp60V-sr. The immunoblot was probed with anti-phosphotyrosine antibody and analyzed using
ECL. (A4 Right) Effect of Raf-1 on tyrosine phosphorylation of JAK2. Anti-JAK2 immunoprecipitates were prepared from Sf21 cells singly infected
with baculovirus encoding JAK2 or doubly infected with baculoviruses encoding Raf-1 and JAK2. The immunoblot was probed with
anti-phosphotyrosine antibody and analyzed using ECL. (B) Activation of Raf-340/341 mutant protein by JAK2 or pp60"-' in cooperation with
p217s, Anti-Raf immune complexes were prepared from Sf21 cells infected with Raf-340/341 alone or in combination with baculoviruses encoding
JAK2 or pp60¥-s and p2172s. An in vitro kinase assay was performed essentially as described in Fig. 1B. The resulting phosphorylated products
were resolved on an SDS/8% polyacrylamide gel and transferred onto nitrocellulose paper. The phosphorylated MEK-1 was revealed by exposing
the blot to Kodak X-AR film and the amounts of Raf-340/341 used in each lane were indicated by specific antibody reaction and ECL (data not

shown).

exact mobility of JAK?2 is seen in the antiphosphotyrosine blots
of Raf-1 immunoprecipitates from EPO-treated cells. These
data are consistent with an association between Raf-1 and
activated forms of JAK2. We also examined the interaction of
Raf-1 and JAK2 in Pro-B cells (Ba/F3) engineered to express
GM-CSF receptor. Raf-1 and JAK2 coimmunoprecipitated in
the cases in which JAK2 was tyrosine phosphorylated (data not
shown). Similar results were obtained for HeLa cells treated
with IFN-vy (Fig. 4B). However, we were unable to detect Raf-1
in JAK2 immunoprecipitates from EPO or IFN-vy treated cells

in a reproducible fashion. This may be due to the low levels of
the Raf-1/JAK2 complex or to the relatively limited ability of
the anti-JAK2 serum to recognize JAK2 in complex with
Raf-1.

DISCUSSION

Our data provide a key molecular link between two signaling
pathways. It has become clear that in addition to eliciting the
tyrosine phosphorylation of STATSs, cytokine receptors often
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Fic. 4. (A) Coimmunoprecipitation of JAK2 with Raf-1 in CTLL-EPOR cells. CTLL cells engineered to express EPOR (28, 29) were either
unstimulated (lanes C) or stimulated with IL-2 (50 units/ml) or EPO (50 units/ml). The cell extracts were incubated with anti-Raf antibody (the
first three lanes) or anti-JAK2 antibody (the last three lanes). The immunoprecipitates were analyzed by SDS/8% polyacrylamide gel and
immunoblotted with anti-JAK2 antibodies (Upper) or with antiphosphotyrosine antibody (Lower). The immunoblots were developed using ECL.
(B) Coimmunoprecipitation of JAK2 with Raf-1 in HeLa cells. HeLa cells were either untreated or treated with recombinant IFN-vy as described
in Fig. 14. The preparation and analysis of Raf-immunoprecipitates were basically the same as indicated in Fig. 44.

activate MAP kinases. Here we demonstrated that not only can
JAK?2 activate Raf-1 in the presence of p21™s, but also that it
may form a complex with its target. Based on our data, we
propose the following model. Cytokine receptors, when stim-
ulated, activate JAK2 kinase, which in turn binds Raf-1.
Notably, formation of this Raf-1/JAK2 complex alone is not
sufficient to activate Raf-1. Instead Raf-1 is sequestered until
the p21™s protein, activated by the same or another cytokine
receptor, enters the complex. Ras entrance triggers the acti-
vation of Raf-1 and may initiate the release of the Raf/Ras
complex from the cytokine receptor. A key question that
remains to be answered concerns the mechanism by which
JAK2 contributes to the activation of Raf-1. In the case of
pp60¥-s activation of Raf-1 in baculovirus, it appears that
tyrosine phosphorylation of Raf-1 on tyrosines 340/341 is
essential. While tyrosine phosphorylation of Raf-1 by JAK2
occurs at sites in addition to 340/341 in the baculovirus system,
our data show that mutation of 340/341 is sufficient to block
most, but not all, of the activation by JAK2 and p21™s. We are
now in the process of mapping the new sites to facilitate genetic
analysis of the problem. Meanwhile, we note that tyrosine
phosphorylation of Raf-1 is detectable in EPO-, GM-CSF-, or
IFN-vy-stimulated mammalian cells (unpublished data). This
raises the possibility that tyrosine phosphorylation may play a
role in Raf-1 activation in response to cytokine stimulation of
cells.

The physiological relevance of the interaction between
Raf-1 and JAK2 will also require further study. This type of
binding has been previously observed for Raf-1 and the
platelet-derived growth factor receptor. It can be argued that
it is mechanistically favorable to bring the activating tyrosine
kinase together with its downstream target. However, the role
of p21™s in bringing Raf-1 to the membrane must not be
neglected. While in our model we envision an interaction
between Raf-1 and JAK2 preceeding the arrival of p2172s, it is
quite possible that under physiological conditions p21™s first

brings Raf-1 to the membrane, and only then does Raf-1
interact with the activated JAK kinase. In mammalian cells we
see very low levels of the JAK2/Raf-1 complex. This might
suggest that the complex is not a major element in signaling
under physiological conditions, but it should be noted that
even the well established interaction between p21™* and Raf-1
is difficult to detect at physiological levels of expression for the
interacting proteins.
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