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The high-affinity receptor for granulocyte-macrophage colony-stimulating factor (GM-CSF) consists of a
unique a chain and a Pc subunit that is shared with the receptors for interleukin-3 (IL3) and IL-5. Two
regions of the Pc chain have been defined; these include a membrane-proximal region of the cytoplasmic
domain that is required for mitogenesis and a membrane-distal region that is required for activation of Ras,
Raf-1, mitogen-activated protein kinase, and S6 kinase. Recent studies have implicated the cytoplasmic protein
tyrosine kinase JAK2 in signalling through a number of the cytokine receptors, including the IL-3 and
erythropoietin receptors. In the studies described here, we demonstrate that GM-CSF stimulation of cells
induces the tyrosine phosphorylation of JAK2 and activates its in vitro kinase activity. Mutational analysis of
the 1c chain demonstrates that only the membrane-proximal 62 amino acids of the cytosolic domain are
required for JAK2 activation. Thus, JAK2 activation is correlated with induction of mitogenesis but does not,
alone, activate the Ras pathway. Carboxyl truncations of the a chain, which inactivate the receptor for
mitogenesis, are unable to mediate GM-CSF-induced JAK2 activation. Using baculovirus-expressed proteins,
we further demonstrate that JAK2 physically associates with the Pc chain but not with the a chain. Together,
the results further support the hypothesis that the JAK family of kinases are critical to coupling cytokine
binding to tyrosine phosphorylation and ultimately mitogenesis.

Hematopoiesis is regulated through the interaction of one or
more of a variety of cytokines with their cognate receptors.
Granulocyte-macrophage colony-stimulating factor (GM-CSF)
regulates the proliferation and differentiation of cells at vari-
ous stages of differentiation along the myeloid lineages (1, 17).
The functional, high-affinity receptor for GM-CSF consists of
two subunits, each of which is a member of the cytokine
receptor superfamily (19, 20). The binding of GM-CSF occurs
through an a subunit of 60 to 80 kDa, which alone binds
GM-CSF with low affinity. Association of the a chain with a
140-kDa 1c chain results in the formation of a high-affinity
binding site for GM-CSF. The 1c chain also associates with 'a
subunits that specifically bind interleukin-3 (IL-3) and IL-5 and
similarly contributes to the formation of high-affinity binding
sites for these ligands.

Stimulation of growth factor-dependent cell lines with GM-
CSF has been shown to induce a variety of immediate cellular
responses, including the rapid tyrosine phosphorylation of the
1c subunit and a number of cellular substrates (7, 16, 30);
induction of transcription of several immediate-early genes
(5); and activation of components of the Ras signalling path-
way, including SHC phosphorylation, increases in GTP-bound
Ras, activation of Raf-1 kinase, and activation of mitogen-
activated protein (MAP) kinase (4, 8, 23, 26, 27). Recent
studies (26) have shown that at least two distinct cytoplasmic
regions of the Pc subunit are required for these functions. A
membrane-proximal region of approximately 60 amino acids is
essential for induction of c-myc and pim-1 as well as for
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inducing mitogenesis, while a distal region is required for
activation of Ras, Raf-1, MAP kinase, and S6 kinase.
Although considerable evidence demonstrates that induc-

tion of protein tyrosine phosphorylation is critical to cytokine
function, only recently have the JAK family of kinases been
implicated in coupling ligand binding to tyrosine phosphoryla-
tion. The JAK family consists of JAK1 (15), JAK2 (29), and
TYK2 (9) and is characterized by proteins of approximately
130 kDa that contain a carboxyl kinase domain and a second
kinase-like domain and lack SH2 or SH3 domains. JAK2 has
been shown to be activated in the responses to erythropoietin
(Epo) (36), IL-3 (29), growth hormone (2), G-CSF (35a), and
prolactin (3). In contrast, IL-6, ciliary neurotrophic factor
(CNTF), and leukemia-inhibitory factor activate JAK1, JAK2,
and to some extent TYK2 (22, 31). The JAK kinases have also
been shown to play an essential role in interferon signalling. In
particular, the response to alpha/beta interferon requires both
JAK1 (21) and TYK2 (34), while the response to gamma
interferon requires JAK1 (21) and JAK2 (35).

In a number of cases, JAK family members have been shown
to associate with the receptors either prior to or following
ligand binding. In particular, JAK2 binds to the membrane-
proximal region of the Epo receptor (EpoR) (36), a region that
has been shown to be required for mitogenesis (18). Similarly,
JAK1 and JAK2 associate with the membrane-proximal region
of gpl3O (22, 31), which is required for mitogenesis. In the
studies presented here, we have examined the role of the JAK
family members in signalling through the receptor for GM-
CSF. The studies demonstrate that JAK2 is activated by
GM-CSF binding. Moreover, activation requires a membrane-
proximal domain of the Pc chain as well as the cytoplasmic
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domain of the a chain. Lastly, JAK2 associates with the Pc
chain but not the a chain.

MATERLALS AND METHODS

Cell lines. Human TF-1 cells (American Type Culture
Collection) were maintained in RPMI 1640 supplemented with
10% fetal calf serum (FCS) and 10 ng of human IL-3 per ml.
BaF3 cells expressing human GM-CSF receptor, either wild
type or mutant, have been described elsewhere (25, 26) and
were maintained in RPMI 1640 supplemented with 10% FCS
and an appropriate cytokine. BaF3/c43p, BaF3/ao763, BaF3/
a,3626, and BaF3/aIB517 cells were maintained in either 25 U of
murine IL-3 per ml or 20 ng of human GM-CSF per ml.
BaF3/a13455 and BaF3/at328I3c cells were maintained in 25 U of
murine IL-3 per ml. SF9 cells were maintained in Grace's
insect medium supplemented with 10% FCS.

Reagents. The antiserum against JAK2 has been described
elsewhere (29, 36). Monoclonal antibodies against p93c-fes
(clone F-113) were purchased from Oncogene Science. Rabbit
monoclonal antibodies against rat immunoglobulin M were
purchased from Calbiochem. Polyclonal antisera against amino
acids 23 to 38 of the GM-CSF receptor a chain were prepared
by immunizing rabbits with peptide coupled to keyhole limpet
hemocyanin followed by affinity purification on a bovine serum
albumin (BSA)-peptide coupled solid support (13). Polyclonal
antisera against the extracellular domain of the GM-CSF
receptor , chain were prepared by immunizing rabbits with a
glutathione S-transferase--,3-chain fusion protein followed by
affinity purification using the fusion protein cross-linked to
glutathione-agarose beads. The monoclonal antiphosphoty-
rosine antibody 1G2 (Oncogene Science) was used for immu-
noprecipitations. The monoclonal antiphosphotyrosine anti-
bodies PY20 (ICN) and 4G10 (a gift from Brian Druker,
University of Oregon) were used for Western blotting (immu-
noblotting).

Immunoprecipitation, SDS-PAGE, and Western blotting.
Prior to stimulation, cells were starved for 14 to 16 h in RPMI
1640 supplemented with 1% FCS. Cells were treated with
growth factor and were subsequently lysed in lysis buffer (1%
Triton X-100, 50 mM NaCl, 30 mM Na4P207, 50 mM NaF, 0.1
mM Na3VO4, 5 mM EDTA, 0.1% BSA, 0.05 mg of phenyl-
methylsulfonyl fluoride per ml, 10 mM Tris [pH 7.6]). Lysates
were cleared of debris at 12,000 X g for 10 min, and the
supernatants were incubated in the presence of the designated
sera or monoclonal antibody for 2 h. Immune complexes were
precipitated with protein A-Sepharose (Sigma) and extensively
washed in lysis buffer without BSA, and proteins then were
eluted with sample buffer for sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Eluted proteins were
separated on 7% gels and transferred to nitrocellulose. Filters
were probed with designated sera or antibodies and visualized
with the ECL (enhanced chemiluminescence) detection system
(Amersham) as directed by the manufacturer.
Kinase assays. Immunoprecipitated proteins on protein

A-Sepharose were washed with kinase buffer (50 mM NaCl, 5
mM MgCl2, 5mM MnCl2, 0.1 mM Na3VO4, 10 mMN-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid [HEPES] [pH 7.4])
and subsequently were incubated for 30 min at room temper-
ature with an equal volume of kinase buffer containing 0.25
mCi of [,y-32P]ATP (New England Nuclear) per ml. After
extensive washing, proteins were eluted with sample buffer for
SDS-PAGE and separated on 7% gels. 32P-containing proteins
were visualized by autoradiography.

Baculovirus expression. Baculovirus containing a human
EpoR (6), human GM-CSF receptor a chain (10), human .
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FIG. 1. GM-CSF, Epo, and IL-3-induced tyrosine phosphorylation

in TF-1 cells. TF-1 cells were stimulated with no factor, Epo (20 U/ml),
IL-3 (200 ng/ml), or GM-CSF (600 ng/ml) for 10 min. Cell lysates were
prepared and immunoprecipitated (IP) with an antiphosphotyrosine
monoclonal antibody (aP-Tyr) or a JAK2 antiserum (cxJak 2). Precip-
itated proteins were separated by SDS-PAGE, transferred to nitrocel-
lulose, and probed with antibodies to phosphotyrosine or JAK2. Each
lane represents precipitated proteins from 107 TF-1 cells.

chain (14), or murine Jak2 (29) cDNA were prepared by
cloning the appropriate cDNAs into the transfer vector
pVL1392. Plasmid constructs then were cotransfected with
linearized Baculogold baculovirus DNA (Pharmingen) into
Spodopterafrugiperda SF9 or SF21 cells as previously described
(33) and as recommended by the manufacturer. Expression of
proteins in SF9 or SF21 cells was achieved by incubating cells
in the presence of one or more high-titer recombinant viruses
(multiplicity of infection of 5 to 10). At 48 to 72 h after
infection, cells were lysed and analyzed by immunoprecipita-
tion and Western blotting.

RESULTS

GM-CSF-induced phosphorylation and activation of JAK2.
We have previously demonstrated the tyrosine phosphoryla-
tion and activation of JAK2 in the responses to Epo (36) and
IL-3 (29). The utilization of a common subunit in the GM-CSF
and IL-3 receptors and the general similarity of induced
tyrosine phosphorylation suggested the possibility that GM-
CSF would also phosphorylate and activate JAK2. To explore
the potential roles of JAK2 in the response to GM-CSF, TF-1
cells were stimulated with GM-CSF, and the effect on the
tyrosine phosphorylation of JAK2 was examined (Fig. 1). For
comparison, the responses to IL-3 and Epo are also shown.
Immunoprecipitation of phosphotyrosine-containing proteins
followed by Western blotting with an antiphosphotyrosine
monoclonal antibody demonstrated that all three growth fac-
tors induced protein tyrosine phosphorylation of similar sub-
strates. Probing of antiphosphotyrosine immunoprecipitates
with an antiserum against JAK2 demonstrated that JAK2 was
present in immunoprecipitates from cells stimulated with Epo,
IL-3, or GM-CSF but not from unstimulated cells. The growth
factor-induced tyrosine phosphorylation of JAK2 was also
examined by immunoprecipitation of the kinases and probing
the blots with a monoclonal antibody against phosphotyrosine.
As illustrated in Fig. 1, Epo, IL-3, and GM-CSF induced the
tyrosine phosphorylation of JAK2. Therefore, GM-CSF, like
1L-3 or Epo, results in the tyrosine phosphorylation of JAK2.
Epo- and IL-3-induced JAK2 tyrosine phosphorylation oc-

MOL. CELL. BIOL.

1. .". -1~;.:~;l



JAK2 ACTIVATION IN GM-CSF SIGNALLING 4337

GM-CS
(ng/ml)

kDa
215 -

B
ob°0Q) IV cI oZ

-f -a Jak2
105

70

Probed with rP-Tyr

in vitro Kinase Activilmy

Probed with aJak2

GM-CS-: C <0'
(min)

kDa
215 -

..

105 - # ,s

Probed with aP-Tyr

in vitro Kinase Ac'tvi y

Probed with aJa.r2

FIG. 2. Dose- and time-dependent phosphorylation and activation
of JAK2. TF-1 cells were stimulated with increasing concentrations of
GM-CSF for 10 min (A) or with 10 ng of GM-CSF per ml for
increasing intervals of time (B). Following stimulation, JAK2 was

isolated by immunoprecipitation and analyzed by Western blotting
with an antiphosphotyrosine monoclonal antibody (oaP-Tyr) or an

anti-JAK2 antiserum (aJak2). A portion of the immunoprecipitated
JAK2 was also subjected to an in vitro kinase assay.

curs in a dose- and time-dependent fashion and is correlated
with the activation of JAK2 in vitro tyrosine kinase activity (29,
36). The kinetics and dose-response properties of the response
of TF-1 cells to GM-CSF are shown in Fig. 2. Tyrosine
phosphorylation of JAK2 occurred rapidly following GM-CSF
stimulation and occurred at concentrations of GM-CSF that
are sufficient to induce mitogenesis. The in vitro kinase activity
of JAK2 immunoprecipitates was also examined (Fig. 2).
Similar to the induction of tyrosine phosphorylation, GM-CSF
induced the activation of kinase activity in a dose-dependent
manner and with comparable kinetics.

The membrane-proximal cytoplasmic region is required for
JAK2 activation. Previous studies (26) have defined two cyto-
plasmic domains of the GM-CSF receptor 13c chain. Carboxyl
truncation at amino acid 763 does not affect the ability of the
receptor to induce either proliferation or a series of cellular
responses associated with activation of the Ras pathway (Fig.
3). However, a carboxyl truncation at amino acid 626 results in
the loss of the ability to activate the Ras pathway, including
SHC phosphorylation, increased GTP-bound Ras, and activa-
tion of Raf-1, MAP kinase, and S6 kinase, while not affecting
mitogenesis. Importantly, the truncated receptors that retained
mitogenic activity were still sensitive to herbimycin A, impli-
cating a protein tyrosine kinase in their activity. Further
truncation of the Pc chain to amino acid 455 results in the loss
of mitogenesis. It was therefore important to determine which
domain might be required for JAK2 tyrosine phosphorylation
and/or activation of JAK2 in vitro kinase activity. The results
obtained with the various mutants expressed in BaF3 cells are
shown in Fig. 4. BaF3 cells expressing the wild-type GM-CSF
receptor at and 13, 763, 1626, or 1517 each were able to
phosphorylate and activate JAK2 in response to GM-CSF.
However, the extent of JAK2 phosphorylation seen in cells
expressing the 1517 mutant was consistently reduced, consis-
tent with the weak mitogenicity seen with cells expressing this
mutant (25, 26). In contrast, no phosphorylation or activation
of JAK2 was detected in cells expressing the most truncated
receptor, 455. Thus, the membrane-proximal region between
amino acids 455 and 517 of the 13c chain is required both for
JAK2 phosphorylation and activation and for mitogenesis.

Truncations of the GM-CSF receptor at-chain cytoplasmic
domain have also been shown to inactivate the receptor for
mitogenesis (24, 25). As summarized in Fig. 3, BaF3 cells
expressing a truncated a chain, (X328, and a wild-type Pc are
incapable of proliferating in response to GM-CSF, nor is JAK2
phosphorylated or activated following GM-CSF treatment
(Fig. 4). Thus, the cytoplasmic domains of both the a and 1c
chains are required for JAK2 activation, and among the
mutants examined, there is a complete correlation between the
ability to activate JAK2 and to support mitogenesis.

Association between JAK2 and EpoR or the ,1 chain of the
GM-CSF receptor in insect cells. We have previously demon-
strated that JAK2 associates in vitro with glutathione S-
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FIG. 3. GM-CSF receptor mutants. Wild-type and carboxyl truncation mutants of human and GM-CSF receptor cx are diagrammed.
Locations of transmembrane domains (TM; filled box) and the box 1/box 2 homology regions (open boxes) are shown for the ",. chain. A region
of homology shared by the oa subunits of receptors for GM-CSF, IL-3, and IL-5 is also shown (H; hatched box). The ability of GM-CSF to regulate
proliferation or Ras activation in BaF3 cells expressing the GM-CSF receptor oa chain (GMRoa) and Pc or mutants is indicated at the right.
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FIG. 4. Activation of JAK2 by GM-CSF receptor mutants. BaF3

cells expressing wild-type or mutated receptors (see Fig. 3) were
stimulated with or without GM-CSF (1 pug/ml) for 10 min. Following
stimulation, JAK2 was isolated by immunoprecipitation and analyzed
by Western blotting with an antiphosphotyrosine monoclonal antibody
(otP-Tyr) or an antiserum against JAK2. A portion of the immunopre-
cipitated JAK2 also was subjected to an in vitro kinase assay.

transferase fusion proteins containing the membrane-proximal
domain of EpoR (36). To explore the potential association of
JAK2 with the GM-CSF receptor a and a chains, we used
baculovirus expression vectors to look for association in insect
cells. For comparison, we also used expression vectors contain-
ing EpoR. Baculovirus expression of JAK2 in SF9 insect cells
alone resulted in the constitutive tyrosine phosphorylation of
JAK2 in vivo as well as constitutive activation of JAK2 in vitro
kinase activity (data not shown). The results obtained with
expression vectors for EpoR and JAK2 are shown in Fig. 5. In
these experiments, EpoR was expressed in SF9 cells either
alone or in combination with JAK2. Following 2 days of
infection, cells were lysed, EpoR was immunoprecipitated, and
the immunoprecipitates were resolved by SDS-PAGE and
transferred to nitrocellulose. The blots were then probed with
antibodies against phosphotyrosine, EpoR, or JAK2. As illus-
trated, infection of cells with the EpoR expression vector
resulted in the production of EpoR, but this protein was not
detectably tyrosine phosphorylated. Coinfection of cells with
viruses expressing EpoR and JAK2 similarly resulted in the
production of comparable levels of EpoR; however, this pro-
tein was readily detectable with antibodies against phosphoty-
rosine. Moreover, JAK2 was readily detectable in the EpoR
immunoprecipitates either with antibodies against phosphoty-
rosine or with an antiserum against JAK2. These results
demonstrate that EpoR associates with JAK2 and is tyrosine
phosphorylated in insect cells. The levels of association and
tyrosine phosphorylation were comparable in the presence or
absence of ligand.
We next examined whether JAK2 associated with the GM-

CSF receptor at and/or P chains. Insect cells were infected with
various combinations of viruses, the cells were lysed, the Pc
chain was immunoprecipitated, the immunoprecipitates were
resolved by SDS-PAGE and blotted to nitrocellulose, and the
blots were probed with an antiserum against JAK2. As shown
in Fig. 6A, JAK2 coimmunoprecipitated with the Pc chain in
cells infected with expression vectors for JAK2 and , The

Probed with Anti-PTyrt t f ] ~EpoR
Probed with Anti-EpoR

<- Jak2

Probed with Anti-Jak2
FIG. 5. EpoR associates with JAK2 in insect cells. SF9 cells were

infected with a baculovirus expression vector for EpoR or JAK2 or
were coinfected with both viruses. At 40 h after infection, SF9 cells
were treated with no factor (-) or with 10 U of Epo per ml (+) for 10
min. Cells then were lysed and immunoprecipitated with anti-EpoR
sera. Precipitated proteins were analyzed by Western blotting using an
antiphosphotyrosine monoclonal antibody (anti-PTyr), anti-EpoR
sera, or anti-JAK2 sera.

additional expression of the at chain had little effect on the
amount of JAK2 detected in c immunoprecipitates, nor did
the presence of GM-CSF affect the coimmunoprecipitation in
insect cells infected with viruses expressing the a and c chains
(data not shown). In contrast, JAK2 was not detected in c
immunoprecipitates from controls, including uninfected cells,
cells infected with only JAK2, or cells infected with JAK2 and
the at chain. Similarly, JAK2 was not detected by preimmune
serum in cells expressing JAK2, the a chain, and the c chain.
Lastly, JAK2 did not coimmunoprecipitate with the ao chain in
any of the conditions specified above (data not shown).
The ability of JAK2 to associate with the Pc chain was also

examined by immunoprecipitating JAK2, resolving the precip-
itates by SDS-PAGE, transferring the proteins to nitrocellu-
lose, and probing the blots with an antiserum against the Pc
chain. As shown in Fig. 6B, the c chain coimmunoprecipitated
with JAK2 in cells infected with viruses expressing JAK2 and
the c chain. As above, the inclusion of viruses expressing the
a chain had no apparent effect on the results, nor was ftc
detected in JAK2 immunoprecipitates from cells infected with
only JAK2 and/or the ax-chain virus (data not shown). These
data demonstrate that JAK2 specifically associates with the c
subunit of the receptor for GM-CSF.

DISCUSSION
Our results demonstrate that JAK2 is involved in the

response to GM-CSF, extending the list of cytokines that
utilize JAK2 in signalling. The response was specific to JAK2,
and in particular, we have not detected any phosphorylation or
activation of either JAKi or TYK2 (data not shown). Among
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FIG. 6. GM-CSF receptor association with JAK2 in insect cells. SF21 cells were infected with various combinations of baculovirus expression
vectors for JAK2 and GM-CSF receptor a or Ic chain (GMRa or GMRI3). Following infection, cells were lysed, immunoprecipitated with anti-PC
sera (GMRPi IP) or preimmune sera (PI), and subsequently Western blotted with anti-JAK2 sera (A). Alternatively, cell lysates were
immunoprecipitated with anti-JAK2 sera (JAK2 IP) and Western blotted with anti-P, sera (B). Sizes are indicated in kilodaltons.

other cytoplasmic protein tyrosine kinases, we have not de-
tected any effects of GM-CSF on the phosphorylation of either
Lyn or Tec. We have also been unable to see any effect of
GM-CSF on p93cfes in TF-1 cells. This is in contrast to recent
studies which demonstrated the activation of p93cfes in the
responses of this cell line to IL-3 and GM-CSF (11) as well as

Epo (12). The basis of the differences is not known, since we
have used the same cells as well as the same monoclonal
antibody against p93c-fes.
Our studies took advantage of a series of well-characterized

mutations of the ,Bc chain of the GM-CSF receptor (26).
Importantly, previous studies have shown that carboxyl trun-
cation of the Pc chain at residue 626 inactivated the receptor
for initiation of a series of cellular responses associated with
activation of the Ras pathway and induction of c-fos and c-jun,
without affecting mitogenesis or c-myc and pim-1 expression.
Our results demonstrate that this mutant is still able to activate
JAK2. Thus, JAK2 activation per se is not sufficient for SHC
phosphorylation, activation of Ras, activation of Raf-1, or
activation of MAP kinase. Activation of this Ras pathway may
require another cytoplasmic protein tyrosine kinase which
associates with the membrane-distal region of the cytoplasmic
domain of the Pc chain. Alternatively, the membrane-distal
region may be required for binding of initiators of the pathway
which are activated by phosphorylation by JAK2.

Previous deletional analysis (25, 26) showed that the distal
region of the 13c subunit is responsible for activation of the Ras
pathway and is dispensable for GM-CSF-dependent prolifera-
tion of BaF3 transfectants under normal culture conditions
with serum. Although GM-CSF induces short-term cell cycle
progression of BaF3 transfectants with i626 without serum,

GM-CSF does not support the long-term proliferation of the

cells in the absence of serum. In addition, serum induces
activation of the Ras pathway in BaF3 cells. Thus, serum

appears to alleviate the requirement for the Ras pathway for
GM-CSF-dependent proliferation by the PB deletion mutant
lacking the distal region (24a). Irrespective, under serum-free
conditions, both the membrane-proximal and membrane-distal
regions of PB are required for proliferation.
The activation of JAK2 requires the membrane-proximal

region which contains the box 1/box 2 homology domains.
Comparable regions of EpoR (36) and gpl30 (22, 32) have
been shown to be required for activation of JAK family
members. On the basis of these studies and in vitro binding
experiments, we would propose that the box 1/box 2 site is the
primary site of association of JAK family members with
cytokine receptors.
The results demonstrate that JAK2 can physically associate

with and phosphorylate EpoR as well as the GM-CSF receptor
Pc chain in insect cells. This association is specific for JAK2
relative to JAK1 or TYK2 (data not shown). The association of
JAK2 with the 1c chain was not dependent upon, or influenced
by, the presence of GM-CSF or the GM-CSF receptor a chain,
suggesting that JAK2 and the ftr chain may be constitutively
associated in cells. However, the high concentrations that are

achieved in insect cells often preclude the detection of subtle
changes in affinities that would affect associations in mamma-
lian cells. In particular, glutathione S-transferase fusion pro-

teins containing the EpoR cytoplasmic domain associate with
JAK2 independently of ligand (36), and as demonstrated here,
baculovirus-expressed proteins associate independently of li-
gand. However, recent studies have found that under appro-

priate conditions of cell lysis, a ligand-dependent association of
JAK2 with EpoR can be demonstrated (17a). Therefore, it is
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possible that association of JAK2 and the P chain requires
ligand binding in vivo. We are currently exploring conditions
that might allow the detection of such an association.
The cytoplasmic portion of the GM-CSF receptor (x chain is

also required for activation of JAK2 and for mitogenesis.
Previous studies have shown that the cytoplasmic domain of
the a chain is not required for the formation of a high-affinity
receptor, and therefore it has been implicated in signal trans-
duction. Our studies show that the a chain does not bind JAK2
in insect cells, nor was there an apparent effect of the a chain
on the binding of JAK2 by the Pc chain. It should be noted that
the GM-CSF receptor at chain contains a region that has some
similarity to the box 1 region of other receptors, thus indicating
that this region may sometimes not associate with a JAK
kinase. However, as discussed above, it is quite possible that in
mammalian cells, the cytoplasmic domain of the ax chain associ-
ates with the P chain to form an optimal binding site for JAK2.

In summary, these studies further support a role for JAK2 in
signalling through receptors of the cytokine receptor super-
family. In each case examined, the membrane-proximal region
that is required for mitogenesis is also required for JAK2
activation, suggesting that JAK2 is essential for the initiation of
cellular proliferation. It now becomes necessary to identify the
cellular substrates of JAK2 that are necessary for mitogenesis.
In the case of the GM-CSF receptor, SHC phosphorylation
and activation of the Ras pathway do not appear to be
necessary. Recent studies supporting the hypothesis that the
91- and 113-kDa components of the ISGF3 transcription
complex are substrates of JAK family members (21, 28, 35) and
the identification of 91-kDa related proteins among the pro-
teins that are tyrosine phosphorylated in the response to IL-3
suggest an alternative pathway for regulation of the gene
transcription involved in the mitogenic response.
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