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The receptors for human interleukin-3(IL-3) and human granuIocyte-macrophage colony- 
stimulating factor (GM-CSF), hlL-3t~ hGM-CSFtR respectively, consists of two subunits, a and 
[3, both of which are members of the cytokine receptor superfamily. Phosphorylation of tyrosine 
residues in the hGMR [3 subunit and several cellular proteins is observed after hGM-CSF 
stimulation. We analyzed the role of tyrosine residues in the hGMR [3 subunit and the nature of 
tyrosine kinase. JAK2. in hGMR signal transduction usmg several hGMR ~3 subunit mutants. In 
addition to the boxl region, a membrane distal region (a.a. 544-589) of the hGMR[3 was required 
for c-los activation. Only one ~rosme residue (Tyr577) existed within the region 544 to 589, and 
substitution of Tyr577 to phenylalanine in GMR~ 589 resulted in loss of c-fos activation. In 
contrast, the same substitution #z a wild (vpe receptor did not affect GM-CSF induced activities 
such as c-los messenger RNA (mRNA) induction and proliferation, but the substitution abolished 
Shc phosphorylation. These results suggest that the activation of Shc is not essential for c-los 
activation and several (yrosine residues cooperate for c-los activation. It is well documented that 
IL-3 or GM-CSF activate JAK2 in BA/F3 cells. The role of  JAK2 in IL-3/GM-CSF functions. 
however, is largely unknown. We examined the role of JAK2 in GM-CSF induced signaling 
pathways. Dominant negative JAK2 (zklAK2) lacking the C-terminus kinase domain suppressed 
IL-3, GM-CSF induced c-los activation and c-myc activation and proliferation, suggesting that 
JAK2 was involved in both signaling pathways. Protein tyrosine phosphatase SHP-2 talso called 
PTP 1D) and She were phosphorylated by IL-3/GM-CSF in BA/F3 cells; however, these 
phosphorylation events were inhibited by the expression of ZklAK2. Taken together, these results 
indicate that JAK2 is a primary kinase regulating all the known activities of GM-CSF. JAK2 
mediates GM-CSF induced c-fos activation through receptor phosphorylation and Shc/PTP ID 
activation. (JAllergy Clin Immunol 1996;98:S183-91.) 
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Granulocyte-macrophag e colony-stimulating fac- 
tor (GM-CSF) is a cyt0kine that regulates the 
differentiation and proliferation of various hemo- 
poietic cells? The: GM-CSF :receptor is composed 
of two subunits, ~ and [3, bo th  of which are 
members of the cytokine receptor family. 2; 3 In 
both mice and humans, receptors for GM-CSF, 
IL-3, and IL-5 share a common [3 subunit. We 
previously showed that distinct signaling pathways 
for the human GM-CSF receptor (hGMR) were 
involved in c-myc mRNA induction and cell pro- 
liferation and in the induction of c-fos/c-jun rues- 
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senger RNAs (mRNAs). These Processes depend 
on a membrane proximal region (a.a. 455-544) and 
a more cytoplasmic region (a.a. 544-589)of the [3 
subunit , respectively. 4 To analyze the signa!s for 
the activation of  c-myc and cell proliferation, we 
established protocols to monitor the activities of 
the c-myc:promoter  and DNA replication using a 
polyoma:replicon?, 6 

Experiments using these systems revealed that 
E2F/pt07 complexes play an important role in the 
regulation of c-myc induction. Further analyses to 
clarify signaling molecules involved in C-myc acti- 
vation and the initiation of DNA replication a re  
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necessary. Although GMR has no intrinsic tyrosine 
kinase activity, phosphorylation of tyrosine resi- 
dues in GMR [3 and several cellular proteins are 
observed with GM-CSF stimulation. 

The involvement of JAK family kinases in cytokine 
signaling has been well documented. The JAK family 
kinases comprise JAK1. JAK2, JAK3, and Tyk2 in 
mammalian species. 7 but their roles in hematopoiesis 
remain to be determined. Interestingly, a dominant 
mutation of the Drosophila homologue hop gene 
(hopscotch T . . . . . . . . .  lethal) resulted in hematopoietic 
defects, s Much attention has been directed toward 
the JAK family kinases because of their recognized 
roles in interferon (IFN) signals. 9 Studies with IFN 
receptor signals revealed that JAK family kinases are 
involved in IFN-specific gene expression in coopera- 
tion with signal transducers and activators of tran- 
scription proteins? ~ Subsequent studies of IL-6 
and mammary gland factor signaling revealed that 
the JAK-STAT system plays a role in cytokine spe- 
cific gene expression. 13,~4 It is unclear, however, 
whether the JAK family kinases are involved in 
activities shared by many cytokines, such as the 
induction of cell proliferation or activation of imme- 
diate response genes. JAK2 is pbosphorylated or 
activated by many cvtokines, including IL-3 and 
GM-CSF. 15-17 and the association of JAK2 with the 
common [3 subunit of IL-3R and GMR has been 
reported? 8 In the current work. we attempted to 
determine whether JAK2 is involved in hGMR sig- 
nals using BA/F3 and COS7 cells. We found that 
JAK2. which is activated through the boxl region of 
hGMR[3, plays essential roles in both c-rnyc prolifer- 
ation activation and c-fos c-jun activation signaling 
pathways. 

RESULTS AND DISCUSSION 
The role of tyrosine residues in the hGMR~ 
subunit and c-fos activation 

Similar to other growth factors such as epidermal 
growth factor and platelet derived growth factor. 
GM-CSF induces cell. proliferation and transcription 
of immediate early genes such as c-los, c-jun, and 
c_myc.4,19 In addition. GM-CSF induces the ID1. cln. 
and egr genes. Using a series of [~ subunit deletion 
mutants (Fig. 1A), we used transient analysis to 
examine the signaling mechanism that induces c-los 
promoter activation (Fig. 1A).4 For this purpose, we 
used a luciferase plasmid fused with a 0.4 kilobase 
(kb) fragment of the c-los promoter. As shown in Fig. 
lB. deletion up to a.a. 589 did not affect c-los 
promoter activation by hGM-CSF in BA/F3 cells, but 
further deletion to a.a. 544 significantly reduced this 
activity. Mutants 517 and 455 showed almost no 

activation by hGM-CSF stimulation. These results 
indicated the involvement of the region between AA 
544 and 589 for activation of the c-los promoter. We 
had previously shown that the membrane proximal 
region (a.a. 455-517) containing box1 of the receptor 
[3 subunit was required for the activation of c-myc 
transcription and proliferation?, 6, 20 Taken together, 
these results indicated that at least two hGMR 
signaling pathways existed: one pathway leading to 
c-myc proliferation activation, and the other pathway 
involving a more membrane distal region (a.a. 544- 
589), leading to activation of c-los and c-jun tran- 
scription. Because several tyrosine residues are lo- 
cated within the C-terminal region of the [3 subunit, 
we examined the roles of tyrosine residues in 
hGMR[3 and the involvement of tyrosine kinase in 
GM-CSF signals. To analyze the requirement of 
tyrosine residues, we constructed several hGMR[3 
mutants and analyzed signals through these mutants 
in BA/F3 cells (Fig. 1A). Six tyrosine residues are 
located in the C-terminal region of hGMR[3, but only 
one tyrosine residue, 577, is located in the region 
covering 544 to 589, which is essential for c-los 
activation. We first substituted tyrosine residue 577 
to phenylalanine in the mutant 589. As expected, this 
mutant did not activate the c-los promoter (Fig. 2A). 
Furthermore, this mutant also did not activate the 
tyrosine phosphorylation of cellular proteins or the 
GMR[3 (Fig. 2B). On the other hand, the same 
substitution in the wild type hGMR[3 did not affect 
these activities. This means that tyrosine 577 plays an 
essential role in the signaling of mutant 588, but in 
the wild type receptor, multiple tyrosine residues are 
involved in the c-los gene activation. 

It is tempting to speculate that multiple signals 
arise from each tyrosine residue. To test this hypoth- 
esis, we determined the involvement of tyrosine 577 
in Shc and SHP-2 activation. Shc 2~ and SHP-222 are 
known to be phosphorylated by IL-3/GM-CSF 23 and 
their positive roles in the MAP kinase cascade have 
been discussed. 24 We analyzed the hGM-CSF in- 
duced phosphorylation of these molecules by im- 
munoprecipitation followed by Western blotting 
using the anti-phospho tyrosine antibody 4G10. 
BA/F3 cells expressing wild type ~x and mutant [3 
Subunits were depleted of mIL-3 for 5 hours and 
stimulated with 5 ng/ml of hGM-CSF for 5 min- 
utes. The cells were harvested and lysed with lysis 
buffer. Immunoprecipitations were done with ei- 
ther anti-Shc or anti-SHP-2 proteins and Western 
blotting was performed with either anti-phospho- 
tYrosine , 4G10, anti-Shc, or anti-SHP-2 antibodies. 
As shown in Figure 2C, Shc was phosphorylated 
with hGM-CSF stimulation in BA/FGMR cells. 
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FIG. 1. Analysis of requirements of tyrosine residues of hGMR on various signals. A, Schematic 
drawing of various hGMR~ mutants. B, Activation of c-los promoter through various C-terminal 
deletion mutants of hGMR!3. 

The phosphorylation of Shc was abolished with a 
phenylalanine substitution of tyrosine 577 in 
GMR[3 mutant 588. For the same substitution in 
the wild type receptor, phosphorylation of Shc 
could not be observed even though this mutant 
could induce c-fos activation. These results sug- 
gested that tyrosine 577 of hGMR[3 was essential 
for Shc activation, and activation of Shc was not 
essential for activation of the c-fos promoter. 

SHP-2 also was phosphorylated after hGM-CSF 
stimulation, and substitution of tyrosine 577 to 
phenylalanine in the 589 mutant abolished GM- 
CSF induced SHP-2 phosphorylation. In contrast 
to Shc activation, the wild type receptor containing 
phenylalanine 577 could phosphorylate SHP-2. 
These results suggested that tyrosine 577 was not 
essential for SHP-2 activation. Because dominant 
negative ras (N17ras) suppressed hGM-CSF in- 
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FIG. 2. Effects of tyrosine residue substitution in hGMRI8 on Shc and SHP-2(PTP 1D} phosphor- 
yiation. A, c-fos-luciferase activity in the BA/F3 cells expressing hGMRr and various mutants of 
hGMRIL BA/F3 cells expressing hGMRc~ and various mutants of hGMR~ were depleted of mlL-5 
for 5 hours and restimulated with hGM-CSF for 5 minutes. Cells were lysed and total proteins(B) 
or proteins jmmunoprecipitated by either anti-Shc or anti-SHP-2(PTP 1D) antibodies (C) ,were 
analyzed using Western blotting. 
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FIG. 3. Requirements of box1, box2 region for various hGM-CSF activities. A, Effects of deletion 
of either box1 or box2 on c-fos (A] or c-myc (B) and egr-1 (C) promoter activations by hGM-CSF. 
BA/F3 cells expressing wi ld type hGMR~ and hGMRI3 mutants lacking either the box1 or box2 
were transfected by c-fos-iuciferase, c-myc -CAT, or egr-l-CAT plasmids, Activation of these 
promoters by hGM-CSF was analyzed. 

duced c-fos promoter activation, 24" we proposed 
that the signals transduced by She and PTP 1D 
were integrated at Ras and led to activation of 
c-los transcription. We analyzed the involvement 
of the tyrosine kinase responsible for these events. 

Requirement of box1, box2 regions for 
various hGM-CSF activities 

Deletion analysis from the C-terminus region of 
hGMR~ revealed the importance of the mem- 
brane proximal region including the boxl and box2 
motifs of the hGMR 13 subunit. We examined the 
role of boxl in hGM-CSF signals by using an 
internal deletion mutant of the box1 region of 
hGMRIL We first analyzed the role of boxl and 
box2 in c-fos, c-myc, and egr-1 promoter activa- 
tions. Plasmids containing either c-myc-chloram- 
phenicol acetyl transferase, c-fos-luciferase, or egr- 
1-CAT were transfected into BA/F3 cells 
expressing wild type hGMR~x subunits and mu- 
tant~ subunits lacking either the box1 or box2 
region. Deletion of the boxl region of hGMR 
abolished hGM-CSF induced c-myc promoter ac- 
tivation (Fig. 3A). c-los or egr-1 also were not 
activated in this mutant (Fig. 3B, C). In contrast, 
deletion of the box2 region did not affect activation 
of c-fos or egr-1 promoters by hGM-CSF. 

We analyzed the requirement of the boxl and 
box2 regions for hGM-CSF induced tyrosine resi- 
due phosphorylation of hGMRI3 and cellular pro- 

teins. Figure 4 shows the Western blotting patterns 
with anti-phospho tyrosine antibody 4G10 of 
hGMRb immunoprecipitant (a) and total cellular 
proteins (b). The boxl region was essential for 
phosphorylation of these proteins and box2 was 
dispensable. These results suggested that in addi- 
tion to the C terminal tyrosine residues, the boxl 
region was required for all the examined activities 
of hGM-CSF. Because hGMR does not contain a 
tyrosine kinase sequence, we speculate that ty- 
rosine kinase interaction with the boxl region 
plays a role in the phosphorylation of hGMR~ and 
further signaling events. 

Role of JAK2 in GM-CSF signals 

Several tyrosine kinases such as the src family 
tyrosine kinases or Tec kinase were reported to be 
activated by GM-CSF stimulation. 15'16"25 JAK2 
was activated by IL-3 or GM-CSF and it was 
reported that the membrane-proximal region, 
boxl of hGMRI3, was required for the phosphor- 
ylation of JAK2. 24~ We analyzed the roles of 
JAK2 in hGMR signals using a dominant nega- 
tive JAK2, AJAK2. JAK2 lacking the C-terminal 
kinase domain was constructed. This mutant 
dominantly inhibited autophosphorylation of 
JAK2 but not JAK1 or JAK3 in COS7 cells (data 
not shown). We first analyzed the effect of 
AJAK2 on hGM-CSF induced phosphorylation 
of JAK2 and STAT5 in BA/F3 cells, bGMR are 
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FIG. 4. Phosphorylation of hGMRI3 and cellular proteins through hGMRI3 mutants. Total proteins (b) 
or irnmunoprecipitants of hGMR~ (a) were electrophoresed and tyrosine phosphorylation was 
analyzed using Western blotting using anti-phospho-tyrosine antibody or anti ~-chain antibody. 

transiently expressed in BA/F3 cells with and 
without AJAK2 and phosphorylation of JAK2 
and STAT5 was examined by immunoprecipita- 
tion followed by Western blotting. As shown in 
Figure 5A, this phosphorylation was abolished 
by the coexpression of AJAK2. We then analyzed 
the involvement of JAK2 in the pathway for the 
c-myc gene and cell proliferation activation in 
BA/F3 cells. We previously established a c-myc 
promoter transient assay 6 by using the CAT gene 
as a reporter gene. As shown in Fig. 5B, c-myc 
CAT activities induced by IL-3 or GM-CSF were 
completely suppressed by coexpression of 
AJAK2. DNA replication was monitored using 
3- (4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazo- 
lium bromide analysis. Plasmids encoding 
hGMR c~ and [3 subunits were transiently ex- 
pressed in BA/F3 cells and stimulated with 5 
ng/ml of hGM-CSF. As shown in Fig. 5B, the 
hGM-CSF induced proliferation also was abol- 
ished by AJAK2. These results suggest that JAK2 
plays an essential role in signal regulation of c-myc 
promoter activation and cell proliferation. 

The signaling pathway regulating c-los activation 
by GM-CSF is resistant to the tyrosine kinase inhib- 
itor genistein. 4 Because genistein does not affect 
GM-CSF induced JAK2 phosphorylation, we tested 
the possibility that JAK2 was involved in c-los acti- 
vation using c-fos-ludferase in a transient analysis. As 
shown in Figure 5C, AJAK2 completely suppressed 
c-los promoter activation by IL-3 or GM-CSF in 
BA/F3 cells. In addition, egr-1 activation, which re- 
quired the same receptor domain as c-los activation, 

also was suppressed by coexistence of AJAK2. The 
hGM-CSF responsive sequence of the egr-1 pro- 
motet did not contain a STAT binding sequence, and 
our current results indicate that the egr-1 transcrip- 
tion mediated by hGM-CSF was driven mainly by 
serum response element and cAMP response ele- 
ment sites. 24a Taken together, these results suggest 
that JAK2 is involved in a STAT independent path- 
way for GM-CSF signals. 

To analyze the role of JAK2 in the activation of 
SRE or c-los, we next examined the effect of AJAK2 
on the signal transducing molecules, Shc and SHP-2, 
which are known to be involved in the activation of 
the c-los promoter. Phosphorytation of Shc or SHP-2 
through transiently expressed hGMR was completely 
abolished by coexpression of AJAK2 (data not 
shown). AJ K2 apparently interfered with signaling 
event(s) upstream of Shc or SHP-2 activation, 
thereby indicating that JAK2 plays an essential role 
in the activation of both signaling molecules. 

hGMRI3 is tyrosine phosphorylated by JAK2 
in COS7 cells 

The hGMR[3 is tyrosine phosphorylated in re- 
sponse to hGM-CSF stimulation, yet the nature of 
the involved tyrosine kinase is unknown. To deter- 
mine whether JAK2 can phosphorylate hGMRI3, we 
transiently reconstituted hGMR in COS7 cells with 
and without JAK2. hGMRa and hGMR[3 with the 
control vector JAK2 or AJAK2 were transfected into 
COS7 cells. The cells were cultured for 40 hours, 
after which the hGMR~3 was immunoprecipitated 
and tyrosine phosphorylation was monitored by 
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FIG. 5. Effect of dominant negative JAK2 in various activities by hGMR. A, Phosphorylation of 
JAK2 and STAT5 in the presence or absence of AJAK2. Plasmids encoding hGMRa and 13 were 
transfected to BA/F3 cells with either vector control or AJAK2. JAK2 or STAT5 proteins were 
immunoprecipi tated and analyzed with Western blott ing using anti-phospho tyrosine ant ibody 
4G10. B, Effects of AJAK2 for c-myc promoter activation and proliferation. ~JAK2 was cotrans- 
fected with c-myc CAT plasmid in BA/FGMR cells and CAT activity induced by either mlL-3 [ ]  or 
hGM-CSF �9 was analyzed using diffusion analysis. Plasmids encoding hGMRc~ and 13 subunits 
were transfected to BA/F3 cells with or wi thout  AJAK2 plasmids and proliferation activity was 
analyzed using MTT analysis. C, hGM-CSF induced c-fos and egr-1 promoter activation in the 
presence of dominant negative JAK2. c-fos-luciferase or egr-l-CAT plasmids were transfected to 
BA/FGMR ce~ls with and wi thout  IkJAK2, and luciferase or CAT activities induced by mlL-3 [ ]  or 
hGM-CSF �9 were analyzed. 
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FIG. 6. Phosphorylation of various mutants and wild type of hGMRI3 subunits in COS7 cells in 
the presence of JAK2. Plasmids encoding wild type or various mutants of hGMRI3 were 
transfected to COS7 cells with JAK2 plasmid and phosphorylation of these receptors was 
analyzed using immunoprecipitation followed by immunoblotting. 

Western blotting with anti-phospho tyrosine anti- 
body 4G10. hGM-CSF failed to induce any detect- 
able tyrosine phosphorylation of the hGMR[3 in 
COS7 cells (Fig. 6, left panel). Cotransfected JA_K2, 
but not AJAK2, induced tyrosine phosphorylation of 
hGMR[3 even without hGM-CSF stimulation. To 
characterize tyrosine residues of hGMR[3 phosphor- 
ylated by JAK2, we used various hGMR[3 mutants 
(Fig. 1A). Wild type hGMRa and hGMR[3 mutants 
were cotransfected into COS7 cells with either the 
control vector or the JAK2 plasmid. Without JAK2, 
no hGMR mutant was phosphorylated even in the 
presence of hGM-CSF stimulation (data not shown). 
JAK2 induced phosphorylation of [3589 but not of 
13544, which suggests that one target of phosphoryla- 
tion is tyr577, and two other tyrosine residues within 
the membrane proximal region (tyr 450 and 452) 
were not phosphorylated under this condition. To 
determine whether tyr577 was the only target of 
JAK2, we examined whether BW577F, in which 
tyr577 is replaced by phenylalanine, could be phos- 
phorylated by tyrosine. JAK2 induced phosphoryla- 
tion of BW577F, showing that the other tyrosine 
residue(s) located closer to the C terminal side of 
hGMR13 became phosphorylated in COS7 cells. 
These results are consistent with the pattern of 
hGMR[3 phosphorylation in BA/F3 cells. 2~ 

C O N C L U S I O N  

In summary, we conclude that JAK2 is the 
primary kinase regulating all the known GM- 

CSF signals such as the activation and prolifer- 
ation of the c-myc promoter and c-los promoter. 
Activation of JAK2 is dependent on the GMR 
box1 region and is essential for both signaling 
pathways and for JAK2 phosphorylation. JAK2 
may be responsible for hGMR13 phosphorylation 
and activates a signaling pathway including the 
phosphorylation of PTP 1D, which leads to the 
expression of the c-los promoter. These results 
indicate that JAK2 is involved in multiple 
hGMR signaling pathways in addition to the 
STAT dependent pathway. 

How is JAK2 activated by GM-CSF and its 
receptor? Because JAK2 reportedly is constitu- 
tively bound to the hGMR[3 subunit, a possible 
mechanism involves ligand-induced dimerization 
of the [3 subunit, leading to the phosphorylation 
and activation of JAK2 kinase and followed by 
phosphorylation of the [3 subunit. To test this 
possibility, we examined the organization of 
hGMR subunits using a chemical cross linker. 
BA/FGMR cells were treated with the chemical 
cross linker, BS3, and immunoprecipitation was 
done with anti-[3 subunit. We found that the [3 
subunit dimer was formed even in the absence of 
hGM-CSF stimulation, and the oL subunit was 
associated with the [3 subunit only when the 
receptor was stimulated. 26 

In summary, we propose the following model for 
activation of hGMR: JAK2 forms a homodimer with 
the [3 subunit in the absence of hGM-CSF, and its 
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activation is triggered by hGM-CSF stimulation. Be- 
cause JAK2 constitutively binds to hGMR[3 and 
GMR[3 forms a homodimer, the mechanism of JAK2 
activation seems to be more complex than simple 
dimerization induced by hGM-CSF. JAK2 is in- 
volved in all the known activities, and signals are 
extinguished by hematopoietic cell specific protein 
tyrosine phosphatase SHP-1 (also called PTP 1C). 
We obtained evidence that the C-terminal region is 
responsible for the activation of hematopoietic cell 
specific protein tyrosine phosphatase SHP-1 (also 
called PTP 1C). We currently are working on the 
mechanism of JAK2 activation and investigating the 
roles of other tyrosine kinases such as JAK], Src 
family kinases, and Tec in GM-CSF signals. 
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