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Abstract

Interleukin (IL)-3, IL-5 and granulocyte-macrophage colony-stimulating factor (GM-
CSF) regulate proliferation, differentiation and apoptosis of  target cells. Receptors for
these cytokines consist of  a cytokine-specific α subunit and a common shared βc subunit.
Tyrosine phosphorylation of  the βc is thought to play a critical role in mediating signal
transduction events. We have examined the effect of mutation of  βc tyrosines on the acti-
vation of multiple signal transduction pathways. Activation of  Protein Kinase B (PKB)
required JAK2-binding and was inhibited by dominant-negative phosphatidylinositol 3-
kinase (PI3K). Overexpression of  JAK2 was sufficient to activate both Protein Kinase B
(PKB) and Extracellular Regulated Kinase-1 (ERK1). Tyrosine 577 and 612 were found
to be critical for the activation of  PKB and ERK1, but not activation of  STAT tran-
scription factors. Activation of  both PKB and ERK has been implicated in the regulation
of  proliferation and apoptosis. We generated GM-CSFR stable cell lines expressing recep-
tor mutants to evaluate their effect on these processes. Activation of  both PKB and ERK
was perturbed, while STAT activation remained unaffected. Tyrosines 577 and 612 were
necessary for optimal proliferation; however, mutation of  these tyrosine residues did not
affect GM-CSF mediated rescue from apoptosis. These data demonstrate that while
phosphorylation of  βc tyrosine residues 577 and 612 are important for optimal cell pro-
liferation, rescue from apoptosis can be mediated by alternative signaling routes.

Introduction

The cytokine receptor family that consists of  the receptors for interleukin (IL)- 3, IL-5
and granulocyte-macrophage colony-stimulating factor (GM-CSF) have a cytokine-spe-
cific alpha chain (IL-3Rα, IL-5Rα and GM-CSFRα) and a common beta chain, βc, which
are both required for high affinity ligand binding. The biological effects of  these
cytokines on hematopoeietic cell lineages and their precursors include induction of  pro-
liferation, differentiation, inflammation, cell adhesion, regulation of  effector functions
and rescue from apoptosis; reviewed in 1-3. Furthermore, recent data has implicated this
family of  cytokines in the pathogenesis of  various leukemias. A naturally occurring trun-
cated isoform of  βc has been identified in a significant proportion of  patients with acute
leukemia4, while it has also been demonstrated that inhibition of GM-CSF prevents dis-
semination and induces remission of myelomonocytic leukemia5. Surprisingly, expression
of  the GM-CSF receptor has also been found in human prostate cancer implying that
prostatic tissues may also be responsive to GM-CSF6.

Signal transduction events elicited by each of  these cytokines are thought to be simi-
lar, since they all utilize the common βc2. Although no specific signaling events have been
attributed to the α-chains, intracellular truncation results in aberrant signal transduc-
tion7,8. The βc does not possess intrinsic tyrosine kinase activity, but associates with a
cytoplasmic tyrosine kinase, JAK2 (Janus Kinase 2), via the membrane proximal region9.
Following cytokine stimulation, the receptor multimerizes, allowing transphosphorylation
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of  the βc, resulting in the recruitment of  signaling molecules to the βc and activation of  down-
stream signaling events3,9,10. The precise mechanisms and specific tyrosine residues involved
remain to be fully elucidated. The βc contains docking sites for SH2-domain containing proteins
such as the cytoplasmic transcription factors STATs (signal transducers and activators of  tran-
scription; reviewed in 11). However, there is a high redundancy for STAT binding sites on the
cytoplasmic βc; mutation of  a single tyrosine residue does not affect STAT activation12,13. 

Another critical signaling pathway activated by IL-3/IL-5/GM-CSF is initiated by the lipid
kinase PI3K, which phosphorylates phosphoinositides on the 3' position14-18. Generated phos-
phatidylinositol-3,4,5-trisphosphate is known to be critical for the activation of  several protein
kinases including Protein Kinase B/c-Akt (PKB), and the recently identified PtdIns(3,4,5)P3-

Dependent protein Kinase (PDK1)19,20. Pathways associated with PI3K have been linked to
both proliferation through p70S6K21, as well as the rescue from apoptosis through PKB22-24,
although the precise mechanism by which PI3K is activated through the βc still needs to be elu-
cidated. Since various candidates regulating βc activation of  PI3K have been reported, it is like-
ly that there are multiple pathways from the βc that can trigger activation of  PI3K14,25-27.

In this study, we have investigated which tyrosine residues in the common βc are important
for activation of  PI3K-mediated signaling events in comparison with activation of  the ERK
MAP kinases and the STAT transcription factors. We have also assessed the role of  βc tyrosine
residues in proliferation, as well as in rescue from apoptosis induced by hGM-CSF. We have
demonstrated for the first time that activation of  PKB by IL-3/IL-5/GM-CSF requires the
phosphorylation of  specific βc tyrosine residues. Furthermore, PKB appears to play a role in
cytokine-mediated proliferation. These data provide novel insights into mechanisms of  activa-
tion and function of  βc-mediated signal transduction.  

Materials and Methods

Cells, reagents, antibodies
Rat-1 fibroblasts were cultured in Dulbecco's Modified Eagle's medium (Gibco) supplemented
with 8% heat-inactivated FCS; Ba/F3 cells were cultured in RPMI 1640 supplemented with 8%
Hyclone serum (Gibco) and recombinant mouse IL-3 (mIL-3) produced in COS cells61. Human
IL-5 (hIL-5) was a kind gift of Dr. D. Fattah (Glaxo Wellcome group research, Stevenage, UK).
Recombinant human GM-CSF was obtained from Genzyme (Boston, MA, U.S.A.). The con-
structs for p21ras N17, ∆p85, HA-PKB, HA-ERK1 and JAK2 have been described previous-
ly28,62. Human IL-5Rα and human βc, as well as βc ∆boxI, βc ∆boxI/II, βc Y577G, βc Y612F
and βc Y577G/Y612F mutants were cloned into expression vector pSG513 either with or with-
out the hygromycin gene as described previously13. pCDNA3 GM-CSFRα63 and kinase-dead
JAK264 were kind gifts from Dr A. Kraft. 

Rabbit polyclonal antiserum against the human βc has been described previously13. βc mAb
and polyclonal ERK1 (C16) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). Phospho-Ser-473 PKB and phospho-ERK antibodies were from New England Biolabs
(Beverly, MA, U.S.A). 
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Generation of stable transfectants
For the generation of  polyclonal transfectants pcDNA3-GMCSFRα containing the
neomycin resistance gene was electroporated into Ba/F3 cells (0.28 V; capacitance 960
µFD) together with either empty vector, βc wt, βc Y577G, βc Y612F or βc Y577G/612F
cloned into pSG513 containing the hygromycin resistance gene. Cells were cultured in the
presence of mIL-3 and selected in 500 µg/ml hygromycin and/or 500 µg/ml G418
(Boehringer Mannheim, Germany). 

Western Blotting and Immunoprecipitation
For determining the presence of  human βc in the Ba/F3 GM-CSFR stable cell lines
1.5x107 cells were lysed in 20 mM Tris.HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1
mM EDTA, 1mM PMSF, 0.1 mM aprotinin and 1 mM sodium orthovanadate. Lysates
were cleared by centrifugation at 4°C and incubated with the appropriate antibody on a
rotating wheel at 4°C for 1 hr. After that, Protein A beads were added and incubated for
another hour. Protein A beads were washed 3x with lysis buffer and boiled in Laemli sam-
ple buffer for 5 min at 95°C. Subsequently, samples were run on SDS-polyacrylamide gels
and proteins transferred to PolyVinyl DiFluoride (PVDF) membranes. Blots were incu-
bated with appropriate antibodies and developed utilizing Enhanced Chemiluminescence
(ECL, Amersham). 

In vitro kinase assays
Cells were transfected transiently using calcium phosphate precipitation and the medium
refreshed 8 hours later. 36 hours after transfection, the cells were transferred to 0.5% FCS
overnight. After a further 12 hours, the cells were stimulated with the appropriate stimu-
lus, washed twice with cold PBS and lysed in a buffer containing 1% Triton X-100, 50mM
Tris-HCl pH 7.5, 5 mM EDTA for ERK assays or 1% Triton X-100, 50 mM Tris-HCl
pH 7.4, 150 mM NaCl, 5 mM EDTA for PKB assays, both supplemented with 10 µg/ml
aprotinin, 1 mM leupeptin, 1 mM PMSF, 1 mM Na3VO4, 40 mM β-glycerophosphate and

50 mM NaF. Kinase assays were performed as described previously28. 

CAT assays
Rat-1 cells (6-well plates) were transiently transfected with 3 µg IL-5Rα and 3 µg βc
(either wildtype or the tyrosine mutant 577, 612 or 577/612), together with 4 µg
4xIREtkCAT reporter construct65. 36 hours after transfection, cells were incubated
overnight with IL-5 (10-10 M). Cells were washed with PBS and harvested in PBS/EDTA
(25 mM) and lysed in 100 µl CAT buffer (250 mM Tris-HCl pH 7.4, 25 mM EDTA).
Membranes were spun down and 50 µl of  the supernatant was incubated with 150 µl
incubation buffer (50 µl CAT buffer, 7.5 µl 50% glycerol, 81.5 µl 250 mM Tris-HCl pH
7.4, 10 µl 6.7 µg/µl butyrylCoA, 1 µl 14C Chloramphenicol 0.025 µCi) for 2 hours at 37°C.
Unincorporated 14C Chloramphenicol was separated from butyrylCoA using Xylene-
Pristane (1:2) and 14C-ButyrylCoA was counted. 
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The fold induction was calculated as the amount of  counts in the stimulated versus unstimulat-
ed cells65. Data represent the mean of  three independent experiments ± SEM.

Gel retardation assays
Nuclear extracts were prepared from 107 stimulated and unstimulated cells as described previ-
ously66. Synthetic oligonucleotides of  the FcγRI GAS36 were labeled by filling in the cohesive
ends with [α-32P]dCTP using the Klenow fragment of DNA polymerase I. Gel retardation
assays were carried out according to published procedures with slight modifications67. Briefly, 5
µg nuclear extract were incubated in a final volume of  20 µl, containing 10 mM HEPES pH 7.8,
50 mM KCl, 1 mM EDTA, 5 mM MgCL2, 10% glycerol, 5 mM dithiothreitol, 2 µg poly (dI-dC)

and 20 µg bovine serum albumin with 0.1-1.0 ng of  32P-labeled oligonucleotides for 20 min at
room temperature. Subsequently, samples were run for 2 hours on a 5% non-denaturing poly-
acrylamide gel at room temperature, vacuum-dried and exposed to Fuji RX film at -70°C for 1-
2 days.

Apoptosis and proliferation assays
For apoptosis assays Ba/F3 cells were counted, washed twice with PBS and seeded in 24 well
dishes (0.4x 106 cells per well). After two hours cytokines were added and after a further 48 hours
cells were harvested, washed twice in PBS and fixed for 2 hours in 300 µl PBS and 700 µl
ethanol. Cells were spun down gently and permeabilized in 200 µl 0.1 % Triton X-100, 0.045 M
Na2HPO4 and 0.0025 M sodium citrate at 37°C for 20 minutes. Next, 750 µl apoptosis buffer
(0.1 % Tx100, 10 mM PIPES, 2 mM MgCl2 40 µg/ml Rnase, 20 µg/ml propidium iodide) was
added and incubated for 30 minutes in the dark. The percentage of  apoptotic cells was analyzed
by FACS as the percentage of  cells with a DNA content of <2N. For cell proliferation assays
Ba/F3 cells were seeded in 24 well dishes (0.1x 106 cells per well) together with hGM-CSF and
the number of  viable cells was counted every 24 hours by Trypan Blue exclusion.
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Results

Activation of PKB and ERK1 requires the ββc tyrosine residues 577 and
612.
The mechanisms of  PI3K activation by βc are ill-defined3. We and others have previous-
ly identified PKB as a downstream effector of  PI3K activity stimulated by growth fac-
tors28,29 and that PKB is activated by IL-5 and IL-3 in both cell lines and human granu-
locytes, although the mechanisms have not been defined18,30. To analyze the mechanism
by which βc can activate PKB we transiently transfected Rat1 cells with IL-5Rα and βc
together with epitope-tagged PKB (HA-PKB) and analyzed PKB kinase activity in vitro.
These cells have no endogenous βc and demonstrate a relatively strong activation of
PI3K pathways by growth factors, thus being a suitable model system28. As shown in Fig.
1A, PKB is activated following IL-5 stimulation. This activation is mediated through
PI3K, as cotransfection of  dominant negative PI3K (∆p85)31 blocks IL-5 dependent
PKB activation. To determine whether IL-5 dependent PKB activation required tyrosine
phosphorylation of  the βc we cotransfected βc that had a deletion of  box I and box II,
which prevents the binding of  JAK2 and thus prevents receptor phosphorylation9,32. We
found that box I/II of  βc are critical for the activation of  PKB, since deletion almost
completely abrogated PKB activation (Fig. 1A, left panel). To rule out the possibility that
this abrogation is due to a generally non-functional receptor we also transfected kinase-
dead JAK2, which has been described to function as a dominant-negative kinase for
endogenous JAK2 in interferon-γ signaling33. Overexpression of  this mutant of  JAK2
indeed decreased activation of  PKB (Fig. 1A, right panel), indicating the importance of
βc phosphorylation for PKB activation. To determine if  tyrosine residues 577 or 612
were responsible for mediating activation of  PKB, we transfected cells with βc contain-
ing either single or double point mutations of  these residues. While activation of  PKB
was mediated predominantly by βc tyrosine residue-577, tyrosine-612 also appears to play
a role, since activation is only completely blocked by mutation of  both tyrosines (Fig. 1B).
Reprobing the same blot revealed equal expression of  PKB in all lanes. We also verified
whether expression of  the various βc constructs was equal (Fig. 1B, left panel). Similar
results were obtained by transfecting 293 cells (data not shown). 

Previous work has demonstrated a potential role for Shc binding to tyrosine-577 as a
mechanism of  initiating MAP kinase activation12,34,35. To determine if  the same tyrosine
residues were indeed necessary for activation of  the MAP kinase, ERK1, we performed
similar cotransfection experiments. ERK1 activation also required an intact box I/II
region and was dependent on p21ras (data not shown). Mutation of  tyrosine-577 abro-
gated ERK1 activation (Fig. 1C), suggesting this tyrosine is also critical for activation of
ERK1. 

To demonstrate that the βc with mutations in these tyrosine residues is still function-
al in the activation of  other signaling pathways we analyzed activation of  STAT tran-
scription factors. For this purpose we transiently transfected cells with IL-5Rα and the βc
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mutants together with a tkCAT reporter plasmid containing 4XIRE binding sites and analyzed
the induction of  CAT activity by IL-5. We have previously demonstrated that this is a specific
STAT-binding reporter construct36. While neither βc tyrosine mutant affected STAT activation,
the βc ∆boxI/boxII mutant completely abrogated IL-5 mediated STAT activation (Fig. 1D).
Thus, while STAT activation appears to allow redundancy in βc phosphotyrosine residues,
p21ras-ERK and PI3K-PKB signaling require tyrosine phosphorylation of  specific βc residues.
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Figure 1. Activation of Multiple Signaling Pathways in response to IL-5.
(A) Rat1 cells were transiently transfected with IL5α (2 µg) and βc (2 µg, lanes 1, 2, 5-10) together with HA-PKB
(2 µg) dominant-negative p85 (4 µg;  ∆p85, lanes 5 and 6), or dn JAK2 (2 µg; lanes 9 and 10) . 48 hours after
transfection serum-starved cells were left unstimulated or stimulated with hIL-5 (10−10 M) for 7 minutes, HA-
PKB was immunoprecipitated and an in vitro kinase assay was performed using Histone 2B (H2B) as a substrate.
H2B and autophosphorylated PKB are indicated. (B) Rat1 cells were transfected with βc wildtype or βc tyrosine
mutants (10 µg) and the βc was immunoprecipitated, blotted and reprobed with a βc antibody (left panel). For
in vitro kinase assays cells were transfected as indicated and stimulated as described above. Equal expression of
HA-PKB was determined by 12CA5 Western blotting (lower right panel). (C) Rat1 cells were transfected with
HA-ERK1 (2 µg) and βc tyrosine mutants as indicated and stimulated as described above. HA-ERK was
immunoprecipitated and an in vitro kinase assay was performed using myelin basic protein (MBP) as a substrate.
(D) Rat1 cells were transiently transfected with IL-5Rα and either of  the βc mutants together with a tkCAT
reporter plasmid (4 µg) containing 4XIRE STAT binding sites (lane 1, wt βc; lane 2, βc ∆boxI/II; lane 3, ∆Y577;
lane 4, ∆Y612; lane 5, ∆Y577/612). 36 hours after transfection cells were left unstimulated or hIL-5 was added
to the cells overnight and CAT activity was determined the next day as described in Materials and Methods. The
fold induction is indicated as the amount of  CAT activity of  the hIL-5 stimulated cells compared to the unstim-
ulated cells.
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Overexpression of JAK2 activates both PKB and ERK1.
As we found that JAK2 binding and phosphorylation of  the βc is required for both PKB
and ERK activation (Fig. 1), we next addressed whether JAK2 overexpression itself  was
sufficient to activate these signaling pathways, as has previously been demonstrated for
STATs37. JAK2 was overexpressed in Rat1 cells and ERK1 or PKB assays were per-
formed. Interestingly, increased JAK2 expression was sufficient to activate both ERK1
(Fig. 2A, compare lane 1 and lane 3) or PKB (Fig. 2B, compare lane 1 and 3), indicating
that overexpression of  JAK2 is sufficient to activate downstream signaling pathways.
Overexpression of  JAK2, however, did not result in a 'superinduction' of ERK1 and
PKB activity in the presence of  IL-5 (Fig. 2A and 2B, compare lanes 2 and 4). This sug-
gests that either the level of  βc phosphorylation is playing a limiting role or perhaps more
likely, that this activation is independent of  βc.

Expression of ββc in BaF3 cell lines and activation of signaling pathways.
Activation of  both PI3K and MAP Kinase have been proposed to be critical for both
proliferative and anti-apoptotic effects of  IL-3/IL-5/GM-CSF30,38-40. To analyze the
potential function of  βc tyrosine residues 577 and 612 we utilized Ba/F3 cells, a mouse
pre-B cell line that is dependent on murine IL-3 for its growth. As the IL-5Rα subunit
was found to interact with the endogenous mouse βc (data not shown) we generated poly-
clonal stable cell lines with the GM-CSFRα subunit which did not interact with endoge-
nous mouse βc (see Fig. 3A). We transfected either GM-CSFRα alone or together with
wildtype human βc (hβc), or hβc in which either tyrosine-577 (∆577), 612 (∆612) or both
(∆577/612) had been mutated. Expression of  the hβc in the Ba/F3 cell lines was verified
by immunoprecipitation with an antibody that specifically recognizes the hβc. Fig. 3A
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Figure 2. Overexpression of  JAK2 activates both ERK1 and PKB.
(A) Rat1 cells were transiently transfected with IL-5Rα (2 µg), βc (2 µg) together with JAK2 (4 µg) and
HA-ERK1 (2 µg) and kinase assays were performed as described above. (B) Same as (A), but transfect-
ed with HA-PKB (2 µg).
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demonstrates that the expression in βc wt, ∆577, ∆612 and ∆577/612 is comparable. To analyze
whether GM-CSF Receptor signaling in these cell lines can be reconstituted, we first analyzed
STAT activation following hGM-CSF stimulation, using an electromobility shift assay. 
Comparable STAT DNA-binding activity was seen following hGM-CSF stimulation in all stable
cell lines except for the Ba/F3 cells expressing only GM-CSFRα, indicating that signaling of
these hGM-CSF-R stable cell lines specifically utilizes the human βc (Fig. 3B). Moreover, STAT
activity was not diminished in the BaF3 cells containing the hβc with tyrosine mutations.
However, when PKB activation was analyzed using activation-specific antibodies against phos-
pho Ser473, which is phosphorylated together with Thr308 following elevation of
PtdIns(3,4,5,)P3, a product of  PI3K41,42. We found, in agreement with the data for the Rat1 cells,
that activation is mediated predominantly through tyrosines 577 and 612, as the double tyrosine
mutant was unable to phosphorylate PKB Ser-473 (Fig. 3C). Addition of  the PI3K inhibitor
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Figure 3. Signaling of  hGM-CSFR in Ba/F3 cells.
(A) Ba/F3 cells were stably transfected with hGM-CSFRα together with either empty vector or βc wt, ∆577,
∆612 or ∆577/612. Expression of  the human βc was verified by precipitating the human βc from 15x106 cells
as described in Materials and Methods. (B) Nuclear extracts were prepared from serum-starved untreated or
mIL-3 or hGM-CSF (10−10 M) stimulated cells and gel retardation assays using a FcγRI GAS probe were carried
out as described in the Materials and Methods. The identity of  STAT1 and STAT3 complexes was confirmed by
supershift analysis (data not shown). (C) Ba/F3 cells (0.25x106) were serum-starved for 4 hours and then left
untreated stimulated with hGM-CSF (10−10 M) or stimulated with mIL-3 with or without pretreatment with 10
µM LY294002 for 20 minutes as indicated. PKB activation was analyzed by phospho-PKB immunoblotting. (D)
ERK activation was measured by phospho-ERK immunoblotting as described above.
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LY294002 completely abrogated PKB activation following mIL-3 in all GM-CSFR stable
cell lines, indicating that phosphorylation of  PKB on Ser473 is indeed downstream of
PI3K. Activation of  ERK1 and ERK2 was also almost completely eliminated by muta-
tion of  these residues (Fig. 3D). Additional tyrosine residues may be involved in the acti-
vation of ERK1/2, since the ∆577/612 mutant still demonstrated slight ERK activation,
although activity was much reduced compared to the wild-type βc. Measuring activity of
endogenous ERK2 using a substrate-based assay yielded the same results (data not
shown).

Optimal proliferative response to hGM-CSF requires ββc tyrosines
577/612.
GM-CSF induces cell proliferation and rescue from apoptosis in a dose-dependent man-
ner. To determine whether mutation of  tyrosine-577 and 612 affected proliferation of
cells when grown on hGM-CSF, cells were grown for three days with two different con-
centrations of  hGM-CSF and the cell numbers determined every 24 hours. Cells express-
ing only the GM-CSFRα chain failed to proliferate when challenged with GM-CSF,
demonstrating the necessity for interaction with the human βc (Fig. 4). No significant
effect was observed by mutating either tyrosine 577 or 612 independently. However, a 2-
3-fold decrease in proliferation was seen in Ba/F3 cells containing the βc ∆577/612. A
slight, but reproducible, effect was also seen on the proliferation of  the βc ∆577 cell line

when the cells were grown on a lower concentration (10-12 M) hGM-CSF (Fig. 4B). To
demonstrate that the effect on proliferation in the Ba/F3 βc ∆577/612 stable cell line is
not a clonal artefact we also compared proliferation of  this cell line with Ba/F3 βc wt
when grown on mIL-3. No difference in proliferation with mIL-3 was found between
those cell lines (Fig. 4C), ruling out a clonal difference between those cell lines. Thus it
appears that while the ability to proliferate is not completely abrogated by mutation of
tyrosine 577 and 612, it is substantially reduced. This suggests that activation of  PKB
and/or MAP kinase may play a critical role in regulating βc-mediated proliferative
responses. Furthermore, since STATs are still activated in this βc mutant (Fig. 3B), it sug-
gests that they are not themselves sufficient to mediate cytokine induced proliferative
responses without the cooperation of  other signaling pathways.
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GM-CSF mediated cell survival does not require ββc tyrosines 577/612.
In addition to inducing proliferation, agonists such as GM-CSF also prevent apoptosis in
responsive cells. To investigate whether the decrease in proliferation that was seen in the
∆577/612 stable cell line was due to increased apoptosis, we determined the percentage of  apop-
totic cells after 48 hours incubation with or without cytokine. Cells expressing only the GM-
CSFRα chain exhibited no GM-CSF mediated rescue from apoptosis, although they could clear-
ly be rescued by incubation with mIL-3 (Fig. 5). We did not observe a significant decrease in the
rescue from apoptosis in the single or double ∆577/612 cell lines following incubation with
hGM-CSF (10-10 M), suggesting that these tyrosine residues are not necessary for mediating
apoptotic rescue (Fig. 5). The same results were obtained at lower cytokine concentrations (10-

12 M hGM-CSF; data not shown). Thus it appears that activation of  PKB and, to some extent,
ERK are not critical for GM-CSF mediated cell survival. It is possible that the residual ERK
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Figure 4. Proliferation of  the Ba/F3 hGM-CSFR cell lines. 
Ba/F3 cells containing the GM-CSFRα, GM-CSFRα and βc wt, ∆577, ∆612 or ∆577/612 were cultured with
hGM-CSF 10−10 (A) or 10−12 M (B) and the number of  cells was counted every 24 hours. (C) Ba/F3 cells con-
taining the GM-CSFRα and βc wt or ∆577/612 were cultured with mIL-3 and the number of  cells was count-
ed every 24 hours.
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activity may still contribute to the rescue from apoptosis, however, we did not find a dif-
ference in the rescue from apoptosis upon addition of  the MEK inhibitor PD98059 (see
chapter 3). 

Discussion

Cytokines of  the IL-3/IL-5/GM-CSF family are important regulators of  hematopoiesis
through modulation of  proliferation, differentiation and survival of  various hematopoi-
etic cell lineages and their precursors2,3. Although the receptors for these cytokines do not
possess any intrinsic kinase activity, tyrosine phosphorylation of  cellular substrates by βc-
associated JAK kinases is rapidly observed in stimulated cells. One of  these substrates is
the βc itself, generating phosphotyrosine docking sites for SH2-containing downstream
signaling molecules. In recent reports, as well as in this study, it has been shown that sin-
gle mutation of  any βc tyrosine residue has no effect on STAT activation by IL-3/IL-
5/GM-CSF, suggesting a high degree of  redundancy12,13; Fig. 1D and 3B. 
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Figure 5. Analysis of  apoptosis in the Ba/F3 GM-CSFR stable cell lines. 
Ba/F3 cells containing the GM-CSFRα, GM-CSFRα and βc wt, ∆577, ∆612 or ∆577/612 were

cultured with hGM-CSF 10-12 M for 48 hours and the percentage of  apoptotic cells was deter-
mined as described in Materials and Methods.
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In this paper we report that in various cell lines tyrosine 577 and 612 are important for the
activation of  both PKB and ERK. One pathway that induces activation of  ERK is most likely
mediated through the adapter protein Shc, which binds to phosphorylated Y-577 on the βc and
is itself  tyrosine phosphorylated after IL-3/IL-5/GM-CSF stimulation allowing Grb2-Sos bind-
ing and activation of  p21ras34,35,43. However, an alternative means of ERK activation may be ini-
tiated through SHP2, which has been reported to interact through its SH2 domain with Y577
and to be phosphorylated by either Y-577, Y-612, or Y-69544-47. Activation of ERK by SHP2 can
occur through interaction of  phosphorylated SHP2 with Grb2-SOS and subsequent p21ras acti-
vation, observations that suggest redundancy in ERK activation45. An alternate means of  ERK
activation may also be provided by Shc binding directly to JAK2, which has been demonstrated
for the EPO receptor48. This may explain the small residual ERK activity seen in the Ba/F3 βc
∆577/612 stable cell line (Fig. 3D).

Activation of  PI3K through βc is complex and likely to be mediated through multiple sig-
naling pathways. While the mechanisms of  activation of  its downstream effector PKB have not
been previously investigated, PI3K activity has been found to be associated with anti-phospho-
tyrosine immunoprecipitates, but not with anti-βc immunoprecipitates15. Studies have reported
binding of  the regulatory subunit of  PI3K to a novel, yet to be identified protein (p80), that may
link PI3K to the receptor26, as well as by associating with Lyn, a Src-like kinase that binds to the
βc14. Furthermore, SHP2 was also found to coimmunoprecipitate with the p85 subunit of  PI3K,
potentially linking activation of  both PI3K and p21ras pathways25. The potential involvement of
Lyn in the activation of  PI3K is of  particular interest, since this kinase has been linked to inhi-
bition of  apoptosis in human granulocytes and decreased Lyn activity has been associated with
a abrogation of  PI3K activity49-51. Together, this strongly suggests that there are multiple redun-
dant pathways that promote activation of  PI3K. This is in agreement with our finding that both
tyrosine-577 and 612 (Fig. 1C) activate its downstream target, PKB. We and others have previ-
ously demonstrated that PKB can be activated by cytokines of  the IL-3/IL-5/GM-CSF fami-
ly18,30. However, this is the first study to demonstrate the relevance of  βc tyrosine residues in
PI3K mediated signal transduction and activation of  downstream targets such as PKB. Although
we have shown that βc-mediated PKB activation requires the p85α subunit of  PI3K (Fig. 1A),
further studies are needed to determine precisely how PI3K is itself  activated after cytokine
stimulation.

Interestingly, we found that simply overexpression of  JAK2 was sufficient to induce activa-
tion of  both PKB and ERK1 (Fig. 2). Overexpression of  JAK2 in Ba/F3 cells has previously
been found to delay apoptosis52. In addition, abnormal activation of  JAK2 has been implicated
in acute lymphoblastic leukemia53. Thus overexpression or constitutive activation of  JAK2 may
lead to an inappropriate activation of  p21ras-ERK and PI3K-PKB, resulting in enhanced pro-
liferation or cytokine-independent survival. A direct role for βc itself  in leukemogenesis has
recently been implied by the recent observation that a truncated βc was found in patients with
acute leukemia4. This further suggests that inappropriate regulation of  βc phosphorylation and
subsequent downstream signaling events causes defective proliferative responses in some cells. 
We have studied the effect of mutation of  βc tyrosines 577 and 612 on proliferation and rescue
from apoptosis. Whereas we did not find an effect on cell survival with either of  the mutants
(Fig. 5), we did observe a decrease in proliferation in the GM-CSFR ∆577/612 cell line (Fig. 4).
Interestingly, recent reports have shown that inhibition of  STAT activation in Ba/F3 cells, for

Regulation and function of Protein Kinase B and MAP Kinase activation by the IL-3/IL-5/GM-CSF Receptor

49

Chapter 2.qxd  2-5-01  18:08  Page 49



example by overexpression of  dominant-negative STAT5, significantly repressed IL-3
dependent growth54. In contrast, we have demonstrated that repression of  proliferation
does not have to be linked with STAT activation, since the ∆577/612 cell line effectively
activates STATs but has reduced proliferative capacity (Fig. 4). Our approach to deter-
mine the effects of  the double tyrosine mutant βc has allowed the analysis of  effects that
may be overlooked with the single mutants. This may explain findings of  others suggest-
ing that tyrosine 577 was not necessary for cell viability12,47. Since we demonstrated that
tyrosines 577 and 612 on the βc were important for activation of  both PKB and ERK,
we were unable to distinguish their specific role using these tyrosine mutants. Recently, it
has been shown that introduction of  a dominant-negative MAP kinase kinase (MAPKK)
in Ba/F3 cells results in an increase in the level of  IL-3 required to stimulate cell prolif-
eration, suggesting a role for MAP kinase activation39. A role for MAPK in proliferation
may be negligible, since overexpression of  dominant negative ras N17 was not found to
affect proliferation in Ba/F3 cells55. Furthermore, addition of MEK inhibitor PD98059
was not found to affect proliferation in Ba/F3 GM-CSFR stable cells (data not shown).
A role for PI3K in proliferation can be further supported by the observation of  a pro-
found decrease in proliferation when Ba/F3 GM-CSFR cells were incubated with the
immunosuppressant rapamycin, an inhibitor of  p70S6K, which is a downstream target of
PI3K (data not shown). It has been described previously that blocking mIL-3 induced
p70S6K in BaF3 cells with rapamycin partially inhibited mIL-3 dependent 3H-thymidine
incorporation, suggesting a role for PI3K signaling in cellular proliferation21.  However,
further work utilizing specific pharmacological inhibitors and interfering mutants of  var-
ious signaling pathways will be necessary to identify the precise nature of  this prolifera-
tive mechanism.

The fact that we did not observe a decrease in the rescue from apoptosis by hGM-
CSF in the ∆577/612 stable Ba/F3 cell line, which fails to activate PKB may seem in
apparent contrast with recently published data30,56. Although our data indeed imply the
potential for apoptotic rescue independently of  PKB, we have recently found that over-
expression of  an novel effective dominant-negative PKB construct57 in BaF3 cells abro-
gated IL-3-mediated rescue from apoptosis (data not shown). Previous studies have relied
on the overexpression of  constitutively active PKB mutants, demonstrating a cytokine-
independent rescue from apoptosis30. It is difficult to determine the specificity of  these
overexpression studies since constitutively active PKB is oncogenic and may induce
autocrine or anti-apoptotic effects in these cells and these data should thus be interpret-
ed with caution. 

There are several explanations for the apparent discrepancy between survival by
hGM-CSF in the ∆577/612 stable Ba/F3 cell line and the observation that overexpres-
sion of  dominant-negative PKB abrogated IL-3-mediated rescue from apoptosis. First, it
might be that there is some residual PKB activity in the ∆577/612 stable Ba/F3 cell line
that is not detected by phospho-specific antibodies. Interestingly, after completing these
studies, an alternate mechanism of  activating PI3K-PKB through βc was provided
through phosphorylation of  serine-585 on βc58. Mutation of  this residue impaired IL-3-
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mediated survival. An alternate explanation might be that the apoptosis experiments were car-
ried out in the presence of  serum, which could contribute to survival mediated by GM-CSF
independently of  PKB. Indeed, the recent identification of  serum and glucocorticoid inducible
kinases (SGKs) in the anti-apoptotic response by IL-359,60 after completion of  this studies sup-
ports this. A role for PKB in mediating the anti-apoptotic response is further examined in
Chapter 3 and 5.  

The studies presented here provide insight not only into the mechanisms of  βc-mediated sig-
nal transduction but also the potential role of  these signaling pathways in maintaining prolifera-
tive capacity and viability of  cytokine-dependent cells. Activation of  PI3K and PKB by IL-3/IL-
5/GM-CSF has been previously demonstrated in cell lines and leukocytes18,30,56. This is the first
study to demonstrate a role for c tyrosine residues in the activation of  PKB and suggests speci-
ficity between activation of  PI3K-PKB, p21ras-ERK and JAK-STAT signaling pathways. 
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