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Background: GM-CSF induces the proliferation and differen-
tiation of a broad range of hematopoietic cells. Stimulation
with this cytokine results in the induction of rapid tyrosine
phosphorylation of cellular proteins, including the common3
subunit of its receptor. However, the significance of subunit
phosphorylation with regard to regulation of signaling mole-
cules and the functions of GM-CSF is less well understood.
Objective: To investigate the role of cytoplasmic tyrosine
residues, we performed mutational analyses of th@ subunit.
Methods: A series off3 subunit mutants with 1, some, or all of
8 cytoplasmic tyrosines converted to phenylalanines were con-
structed. Thesef3 subunit mutants were expressed in murine
BA/F3 cells together with the wild-type humana subunit, and
their potentials to transmit signals were examined.

Results: A mutant  subunit lacking all cytoplasmic tyrosines
(Fall) activated JAK2, but not Shc, SHP-2, the Raf/ERK cas-
cade, signal transducer and activator of transcription 5
(STATS5), or the cfos promoter, nor did it effectively induce
proliferation. Adding back each tyrosine to Fall revealed that
(1) Tyr577 was necessary and sufficient for Shc phosphoryla-
tion; (2) Tyr577, Tyr612, and Tyr695 were involved in activa-
tion of SHP-2, the Raf/ERK cascade, and s transcription;
and (3) all tyrosines, but particularly Tyr612, Tyr695, Tyr750,
and Tyr806, facilitated STATS5 activation. Impaired cell growth
was also partly restored by any of the tyrosines. Interestingly,
the Fall mutant was still capable of suppressing apoptosis and
maintaining cell viability.

Conclusion: These results provide evidence th@ subunit
tyrosines possess distinct, yet overlapping, roles in the activation
of multiple signaling pathways induced by GM-CSF. In addition,
GM-CSF may activate both3 subunit tyrosine-dependent and
-independent pathways, with the latter being sufficient to trans-
mit survival signals. (J Allergy Clin Immunol 1999;103:5462-70.)
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Abbreviations used
Bc:  CommonB subunit
hGM-CSF: Human GM-CSF
miL-3:  Murine IL-3
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide
SH2: Src homology 2
SRE: Serum response element
STAT: Signal transducer and activator of transcriptipn

mature neutrophils, macrophages, and eosinophilhe
functional high affinity receptor for GM-CSF is composed
of a and subunits, both belonging to the type | cytokine
receptor superfamily$ The subunit, which is also shared
by the IL-3 and IL-5 receptors (thereby being termed the
commorng subunit[3c]), has a relatively large cytoplasmic
domain and plays a pivotal role in signal transduction.
GM-CSF induces a proliferative response and the
expression of early-response genes suchfas c-un,
and cmycin target cellg. Stimulation with GM-CSF
results in rapid and reversible tyrosine phosphorylation
of multiple proteins, including the GM-CSF receptor
proteins8.® The importance of tyrosine phosphorylation
in GM-CSF signaling has been suggested by the results of
various experiments with tyrosine kinase inhibito#s.
Neither thea nor thefc subunits of the receptor pos-
sesses an intrinsic tyrosine kinase domain. Instead, sev-
eral tyrosine kinases, including JAK2 have been
shown to be associated with the receptor complex and are
activated by GM-CSF stimulation. A series of experi-
ments with dominant negative JAK2 mutant revealed that
JAK2 activity is necessary for all the biologic functions
of GM-CSF!3 For JAK2 activation, the membrane-prox-

GM-CSF is a pleiotropic cytokine that supports the pro-imal region offic containing the box 1 motif is necessary
liferation, survival, and differentiation of hematopoietic and sufficient2.140n the other hand, for induction of the
progenitor cells and the enhancing multiple functions ofc-fos gene, not only JAK2 but also a membrane-distal

From ahe Department of Molecular and Developmental Biology, The

Institute of Medical Science, The University of Tokyo; 8REST, Japan
Science and Technology Corporation.

region ofBc containing several tyrosine residues is also
required!> Because GM-CSF stimulation results in tyro-
sine phosphorylation oBc8° and proteins with Src
homology 2 (SH2) and/or phosphotyrosine-binding
domain(s), such as SA€SHP-217 Vav,18 c-Cbl 19 and
STAT520 the Bc tyrosines may have a role in the signal-
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CSF-induced activation of thefas promoter by3589, a
truncated3c mutant, was significantly diminished by the
substitution of a single tyrosine at position 577 (Tyr577),
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thereby indicating an important role of this tyrosine incodons for phenylalanine (TTC and TTT, respectively). The PCR-
signaling_ However, the fuII-Iength with the same amplified fragments, alone or in combination, were then used to
mutation at Tyr577 transduced sufficient signals to actieplace the tyrosine-containing sequences of wild-§pen the

vate the dos promoter, suggesting that other functional pPME18S vector, with the use of intrinsic restriction enzyme sites
. ' . . ._.._within the cDNA. The accuracy of all nucleotide sequences of the
domains, probably also tyrosine residues, play a Slmllafragments derived from PCR reaction was confirmed by dideoxy

:T?L?t'i}\:)/\lleeg/lli)c;{r?ggdirtlzmil;gd$;?50$7s E)I'T:asspehgl?;lg::/%r:ig; c\s,\(-;‘quencing with an automated sequencer (Applied Biosystems,
) : SWarrington, UK).
strongly imply the involvement of othddc tyrosine gton. U9
residues in the transmission of GM-CSF signals. Establishment of stable transfectants

To better understand the pathways and regulator with electroporation, th@c expression plasmid (135) was
mechanisms of GM-CSF signaling, we examined the role¢ransfected together with the pME18S vector containing a
of cytoplasmic tyrosines of the humfe, by using vari-  neomycin resistance gene (1§) into BA/F3 cells, which stably
ous mutants with 1 or more of these residues replaced kexpressed the wild-type hGM-CSF recemtaubunit, as described
phenylalanine. The signaling potential of these mutantPreviouslys After selec_tion with G418 (1 mg/mL) for about 10
was analyzed after reconstitution of high-affinity recep-42ys: surface expression of the transfedledjene product by
tors by combination with the wild-type subunit in G418-resistant clongs was confirmed by flow cytometry_w!th an
murine BA/F3 cells. Our evidence shows that apcs FACScan (Becton Dickinson, San Jose, CA) and anfantinti

. . . . . body. At least 2 independent clones were established for each of the

tyrosines are important in transmitting GM-CSF S|gnals[3C mutants and were used in this study.
for cell proliferation, with each one possessing distinct

yet overlapping functions. Transient transfection and reporter gene

assays
METHODS Plasmid DNAs were transiently transfected into BA/F3 cells by
Cells and culture electroporation. Each transfection usepig3of variousBc mutant

A murine IL-3 (mIL-3)-dependent pro-B cell line, BA/F3, was cDNAs_ or control vector (pMI;‘lSS)_, in combination with either c-
maintained in RPMI-1640 medium supplemented with 5% FCS, scfosluciferase (3ug) or B-casein-luciferase (1fig). BA/F3 cells,
U/mL penicillin, 50 ug/mL streptomycin, and 0.25 ng/mL miIL-3. which stably express the de_—type_hGM—CSF recemeubun|t (3
Factor depletion was performed with the same medium withour 1®° cells), were washed twice with OPTI-MEM (Life Technolo-
mIL-3 in cultures maintained at 37°C for 5 to 6 hours. EndogenoudieS; Inc, Grand Island, NY), resuspended in 2000f OPTI-
murine Bc (AIC2B) in BA/F3 cells can interact functionally with MEM, and then mixed with plasmid DNAs. An electronic pulse was
the human GM-CSF (hGM-CSF) receptosubunit at high hGM- then applied with a Gene Pulser (Bio-Rad, Herculgs, C_allf) set at
CSF concentrationg{00 ng/mL) and can support proliferatiom 960pF and 200 V. Cells were recovered and mamtamgd in thg pres-
this study, we used 10 ng/mL of hGM-CSF for stimulation unlessénce of mIL-3 for gbout 12 hours_and then separate_d into 3 al_lq_uots.
otherwise indicated. Purified recombinant hGM-CSF produced inAfter factor depletion for 6 hours in miL-3—free medium containing
Escherichia coliwas provided by Schering-Plough K.K. (Osaka, 2% FCS, the cells were stimulated with hGM-CSF (10 ng/mL),

Japan). miL-3 expressed in silkworBofnbyx mojiwas purified miL-3 (1 ng/mL), or no cytokine for the specified period and then
as described elsewhee. harvested. Protein was extracted by 3 cycles of freezing and thaw-

ing, and the protein concentration was determined with the bicin-
Antibodies choninic acid protein assay reagent (Pierce, Rockford, IL) accord-
ing to the manufacturer’s instructions. Luciferase activity was mea-
sured with a luminometer (model LB9501; Berthold Lumat Co Ltd)
and the luciferase assay substrate (Promega, Madison, Wis).

Rat mAb against human commfo was prepared as described
elsewher&? and used for FACS analysis. An antiphosphotyrosine
mAb (clone 4G10, 05-321) and antiserum against Shc (06-203
Were obtained from Upstate Biotechnology, ch (Lake Placid, NY); Preparation of protein samples and Western
antiserum against SHP-2 (sc-280) was obtained from Santa Crt .

Biotechnology, Inc (Santa Cruz, Calif), and an mAb against GRBZbIOt analysis

(clone 3F2, MS-20-3) was from Medical and Biological Laborato- ~ To analyze tyrosine phosphorylation of JAK2, Shc, SHP-2, or

ry Co Ltd (Nagoya, Japan). A rabbit polyclonal antibody againstSTATS, immunoprecipitation was performed with the correspond-

STAT5 (N1; recognizing both STAT5A and STAT5B) was provided ing antibody, as described previoushProtein samples were elec-

by Dr Hiroshi Wakao (Helix Research Institute, Kisarazu, Japan). trophoresed on SDS-polyacrylamide gel, electrophoretically trans-
. ferred onto an Immobilon polyvinylidene difluoride membrane

Plasmids (Millipore, Bedford, Mass), and then subjected to Western blot

A c-fos promoter-luciferase gene fusion plasmid containing theanalysis, with appropriate antibodies and an enhanced chemilumi-
human cfos promoter fragment (—404 to +41) fused to the nescence detection reagent (Amersham, Buckinghamshire, UK), as
luciferase fragment was constructed as described elsed#7ere. described previoushp
casein promoter-luciferase construct, consisting of a luciferase gen . .
under the control of a minim@casein promote?? was provided ce"'prOI'ferat'on assays
by Dr Hiroshi Wakao (Helix Research Institute, Kisarazu, Japan).  Short-term cell proliferation was measured by the colorimetric

hGM-CSF receptopc (KH97) cDNA was originally cloned into  assay of Mosmarif with the use of 3-(4,5-dimethylthiazol-2-yl)-
the pME18S vector, as described previo@siyie Bc mutants used  2,5-diphenyltetrazolium bromide (MTT), as described previotisly.
in this study were constructed by introducing point mutations with  To analyze long-term proliferation, BA/F3 transfectants were
sequential PCR procedufésvith appropriately designed oligonu-  deprived of mIL-3 for 6 hours and then cultured in the absence or
cleotide primers. The codons for tyrosine, TAC (at 450, 452, 577 presence of either hGM-CSF (10 ng/mL) or mIL-3 (1 ng/mL).
612 and 866) and TAT (at 695, 750 and 806), were changed t\Viable cells were counted by the trypan blue dye exclusion method.
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FIG 1. Diagram of the Bc mutants used in this study. Y and F
denote tyrosines and introduced phenylalanines, respectively.
The structure of wild-type Bc (with the extracellular portion abbre-
viated) is shown at top (boxed). TM, transmembrane region; 1
and 2, the box 1 and box 2 motifs, respectively. Note that the F3
mutant was previously termed Bwild;Y577F.13.15

Statistical analysis
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We first checked the activation of tyrosine kinase
JAK2, which is a critical step in receptor activatién.
Immunoprecipitation and Western blotting showed that
all Bc mutants, including Fall, could activate JAK2, as
judged from the tyrosine phosphorylation of this mole-
cule (data not shown). TherefoBe tyrosine residues
were not required for JAK2 activation.

Tyr577,Tyr612, and Tyr695 transmit signals
leading to c-fos promoter activation

We next analyzed the role BE tyrosines in activation
of the cfospromoter using a transient transfection assay.
A reporter plasmid carrying thefos promoter fused to
the luciferase gene was cotransfected with receptor
cDNAs. After stimulation with hGM-CSF, cell lysates
were prepared and luciferase activity was determined.
Substitution of all 8 tyrosines (the Fall mutant) markedly
diminished the transduction offasactivation signals by
Bc (Fig 2,A). In contrast, all the F series mutants, which
had only 1 or 2 (F12) mutant tyrosine residues, activated
the cfos promoter (Fig 2A). Thus hGM-CSF-induced
activation of the des promoter was mediated through
multiple Bc tyrosines. We then used the Y series mutants,
each of which had only 1 or 2 (Y12) normal tyrosine
residues, to assess whether each residue alone could
transmit signals leading to activation of théospromot-
er. As shown in Fig 3B, the Y3 mutant with Tyr577 as the
sole cytoplasmic tyrosine activated théospromoter to
a level comparable to that seen with wild-tyjme a find-
ing consistent with our previous results for the truncation
mutantB58915 In addition, the Y4 and Y5 mutants (pos-
sessing Tyr612 and Tyr695, respectively) also partly acti-
vated the promoter. Therefore 3 distirfitt tyrosine
residues, namely Tyr577, Tyr612, and Tyr695, indepen-
dently transduced signals activating thisspromoter.

Because a dominant-negative Ras mutant can inhibit
GM-CSF-induced activation of thefas promoter26 it
seems likely that the signaling pathway from the receptor to

The results were expressed as mean + SD. Statistical Significancme promoter involves Ras activation. We previously ana-

was determined by Scheffés multiple-comparison test, Fvith05
considered to be statistically significant.

RESULTS
We previously demonstrated that Tyr577 of hurian

lyzed 2 signaling molecules, Shc and SHP-2, which are pos-
itive regulators of Ras activatidAWe and othe#§.27have
shown that Tyr577 is necessary for induction of Shc phos-
phorylation; as seen in Fig 3, the F3 mutant lacking
Tyr577 failed to induce Shc phosphorylation and subse-

plays an important role in GM-CSF receptor signaling. quent association with the adaptor molecule GRB2. We then
To investigate the possible involvement of otlfier  investigated whether the Y3 mutant (with Tyr577 as the only
tyrosines in GM-CSF signaling, we performed a muta-cytoplasmic tyrosine) was able to mediate this event. As
tional analysis of all c cytoplasmic tyrosines by expected, this mutant induced tyrosine phosphorylation of
phenylalanine substitution. We constructed 3 types of th&Shc and its association with GRB2 (FigA3, demonstrat-

Bc mutants (Fig 1): the “Fall” mutant with substitution of ing that Tyr577 alone was sufficient for Shc phosphoryla-
all 8 tyrosines; “F series” mutants containing only a sin-tion. Because Tyr612 and Tyr695 can also independently
gle (or 2, in the case of F12) mutant tyrosine with thetransduce signals activating thdéos-promoter, this result
remaining residues intact; and “Y series” mutants pos-further implies the involvement of Shc-independent path-
sessing only a single (or 2, in the case of Y12) intact tyroway(s) in GM-CSF-induced Ras activation.

sine residue with mutation of the remaining tyrosines. To We previously showed that tyrosine phosphorylation of
analyze the molecules involved in GM-CSF signaling, SHP-2 is mediated by Tyr577 and by other functional
we established stable transfectants of BA/F3 cellssites!> To assess the possible involvement of SHP-2 with
expressing hGM-CSF receptors composed of the wild-Tyr612 and/or Tyr695, which positively regulatéospro-
typea subunit and3c mutants. moter activation, tyrosine phosphorylation of SHP-2 in
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FIG 2. Tyr577, Tyr612, and Tyr695 transmit signals leading to activation of the c-fos promoter. Activation of c-fos promoter by mutant ¢
(A, F series mutants; B, Y series mutants) was measured by a transient transfection assay. The c-fos promoter-luciferase fusion construct
was cotransfected with mutant Bc cDNA into BA/F3 cells expressing the wild-type hGM-CSF receptor o subunit. After 6 hours of factor
depletion, cells were left unstimulated or were stimulated with 10 ng/mL hGM-CSF or 1 ng/mL mIL-3 for 6 hours at 37°C. Cell lysates were
prepared, and luciferase activity was measured with a luminometer. The c-fos promoter activity was calculated by dividing the lumines-
cence (relative light units/min/ug of total protein) without stimulation or with hGM-CSF stimulation by that with mIL-3 stimulation, and
results are presented as a percentage of the value with wild-type Bc (Bwild). Values are the average of at least 3 experiments, and SDs
are shown as error bars. Statistical significances of the differences in the promoter activities between hGM-CSF-stimulated samples were
as follows: wild-type Bc and Fall or any of the Y series mutants except for Y3, significant at P<.01; Y3 and Y4 or Y5, significant at P<.01.
(Adapted from ltoh, T., et al. Definition of the role of tyrosine residues of the common 3 subunit regulating multiple signaling pathways
of granulocyte-macrophage colony-stimulating factor receptor. Mol Cell Biol 1998;18:742-52. Copyright© 1998, The American Society for
Microbiology. All rights reserved.)

BA/F3 transfectants was analyzed (Fi@®B,AmongtheY  tors play a critical role in cytokine signalif®3®Among
series mutants, Y4 induced tyrosine phosphorylation ofthe STAT family members, GM-CSF activates STAT5 in
SHP-2 at a level similar to that induced by wild-tyjme BA/F3 cells20 In the case of other cytokines such as IL-2,
SHP-2 phosphorylation was also induced by Y3 and Y5erythropoietin, or growth hormone, activation of STAT5
although at a slightly lower level. This phosphorylation has been shown to depend on specific tyrosine residues of
was associated with coimmunoprecipitation of GRB2 andtheir receptor subunifd:36 Thus we examined the possi-
SHP-2, implying a relationship with Ras activation. Thesebility that 3c tyrosines also play a role in the activation of
observations showed that Tyr612 and Tyr695, in additiorSTATS by GM-CSF. Tyrosine phosphorylation of STAT5,
to Tyr577, could induce tyrosine phosphorylation of SHP-which is required for dimer formation, was assessed by
2 and its subsequent association with GRB2. immunoprecipitation and subsequent Western blotting. As
To confirm that SHP-2 phosphorylation resulted in acti- shown in Fig 4A, induction of STAT5 phosphorylation
vation of the Ras pathway, we examined the activation owas significantly diminished when all® tyrosines were
molecules known to function downstream of Ras. We anasubstituted (Fall mutant), thereby demonstrating the essen-
lyzed the phosphorylation of serine/threonine kinases Raftial role of tyrosine residues PBc-mediated phosphoryla-
1 and ERK2 by mobility shift SDS-PAGE and found that tion of STAT5. To further define the tyrosines involved, we
the Y3, Y4, and Y5 mutants, which induced SHP-2 phos-analyzed Y series mutants and found that Y4, Y5, Y6, and
phorylation, also induced phosphorylation of Raf-1 andY7 were capable of inducing STAT5 phosphorylation to
ERK2 (data not shown). One of the nuclear targets phosnearly the same extent as the wild-tfjoe Moreover, the
phorylated by activated ERKs is the ternary complex fac-level of phosphorylation induced by Y12, Y3, and Y8 was
tors28 which bind to the serum response element (SRE) irsignificantly higher than that induced by Fall. These data
the cfos promoter region and activate transcription of the suggested that any of the 8 tyrosines could independently
c-fos gene. Our recent study of thdos-promoter region  contribute to activation of STAT5, albeit to a varying extent.
also revealed a vital role for the SRE in hGM-CSF-inducec We further examined whether the observed tyrosine
transcriptional activation of thefos gene26 In this study, = phosphorylation of STAT5 was correlated with its trans-
we also performed transient transfection assays using tractivation, by performing transient transfection assays
SRE-CAT construct as a reporter gene and confirmed theusing a reporter gene carrying reasein promoter that
the Y3, Y4, and Y5 mutants were all capable of stimulatingis responsive to STAT5. The transactivation capacity of
SRE site-driven transcriptional activation (data not shown) STAT5 was found to depend @c tyrosines in a manner
. . . similar, though not identical, to that seen with STAT5
Be ?yro.sme residues are required for STAT5 phosphorylation (Fig 8). The Fall mutant achieved lit-
activation tle expression of the reporter gene, although all of the Y
Extensive studies about various cytokine receptor sysseries mutants (except Y12) were capable of inducing
tems have established that STAT family transcription fac-significantly higher expression. There was no marked
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FIG 3. Requirement of Bc tyrosine residues for phosphorylation and association with GRB2 of Shc and SHP-2. Tyrosine phos-
phorylation and association with GRB2 of Shc (A) and SHP-2 (B). Factor-deprived BA/F3 stable transfectants (1 x 107 cells) were
stimulated with 10 ng/mL hGM-CSF at 37°C for the indicated period. Cells were lysed, and immune complexes formed with anti-
Shc or anti-SHP-2 antibodies were precipitated. Protein samples were separated by SDS-PAGE, transferred onto polyvinylidene
difluoride membranes, and subjected to Western blotting with antibodies against phosphotyrosine (4G10; top panel and left col-
umn in A and B, respectively), Shc (center panel in A), SHP-2 (center column in B), or GRB2 (bottom panel and right column in
A and B, respectively). (B from Itoh, T., et al. Definition of the role of tyrosine residues of the common B subunit regulating mul-
tiple signaling pathways of granulocyte-macrophage colony-stimulating factor receptor. Mol Cell Biol 1998;18:742-52. Copy-
right© 1998, The American Society for Microbiology. All rights reserved.)

difference between the Fall and Y12 mutants. Thesdy impaired in the absence of all cytoplasmic tyrosines
results indicated that GM-CSF—induced activation of(Fall mutant). This indicated that tlfge tyrosines are

STATS5 was largely dependent on multi8e tyrosine  necessary for GM-CSF—stimulated proliferation, at least
residues. As expected, all F series mutants induced tranto induce the maximal response. Further analysis with
activation of the3-casein promoter to a level not signifi- BA/F3 cells expressing Y series mutants showed that
cantly different from that seen with wild-tyie (Fig 4,  deficient proliferation was at least partly restored by the
C), indicating that none of thgc tyrosine residues was presence of any 1 (or 2, in the case of Y12) off3be

indispensable for this signaling event. tyrosines (Fig 5B). Particularly, the Y3, Y4, and Y5

. . . mutants induced a stronger growth response than the
Be tyrosine residues are required for the other mutants (Fig 5, B). Therefore each of fie
maximal proliferative response to hGM-CSF, tyrosines was able to independently and differently
but not for maintaining cell viability mediate growth signals.

To determine whether or not the lack of growth pro-

To investigate the roles of these signaling pathways itmotion by the Fall mutant was due to a defect in main-
regulating the biologic functions of GM-CSF, we deter-taining cell viability, we examined the long-term prolif-

mined whethef3c tyrosines were involved in transmit- eration and survival of BA/F3 transfectants using trypan

ting growth-promoting signals. As shown in Figsthe  blue dye exclusion. In the presence of 10 ng/mL hGM-

potential of Bc to induce short-term proliferation of CSF, BA/F3 cells expressing the Fall mutant kept on pro-

BA/F3 cells (as detected by the MTT assay) was severdiferating at a lower growth rate and showed no signifi-
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FIG 4. Tyrosine residues of Bc are required for STAT5 activation. A, Tyrosine phosphorylation of STAT5. Factor-deprived BA/F3 stable trans-
fectants (5 x 106 cells) were stimulated with 10 ng/mL hGM-CSF at 37°C for the indicated period. Cells were lysed, and immune complexes
formed with anti-STAT5 antibodies were precipitated. Protein samples were separated by SDS-PAGE, transferred onto polyvinylidene difluo-
ride membranes, and subjected to Western blotting with antibodies against phosphotyrosine (4G10; left column) or STAT5 (right column).
Activation of B-casein promoter by each mutant Bc (B, Y series mutants; C, F series mutants) was measured by a transient transfection assay.
The B-casein promoter-luciferase fusion construct was cotransfected with mutant fc cDNA into BA/F3 cells that expressed the wild-type hGM-
CSF receptor a subunit. After 6 hours of factor depletion, cells were left unstimulated or were stimulated with 10 ng/mL hGM-CSF or 1 ng/mL
mlL-3 for 6 hours at 37°C. Cell lysates were prepared, and luciferase activity was measured with a luminometer. B-casein promoter activity
was calculated by dividing the luminescence (relative light units/minute/micrograms of total protein) without stimulation or with hGM-CSF
stimulation by that with mIL-3 stimulation, and results are presented as a percentage of the value with wild-type Bc (Bwild). Values are the
average of 3 experiments, and standard deviations are shown as error bars. Statistical significance of the differences in the promoter activi-
ties between hGM-CSF-stimulated samples were as follows: wild-type c and Fall or any of the Y series mutants, significant at P < .05; Fall
and Y4, Y5, Y6, or Y7, significant at P<.05; Y12 and Y8, not significant; wild-type Bc and any of the F series mutants, not significant. (A, B from
Itoh, T., et al. Definition of the role of tyrosine residues of the common B subunit regulating multiple signaling pathways of granulocyte-
macrophage colony-stimulating factor receptor. Mol Cell Biol 1998;18:742-52. Copyright© 1998, The American Society for Microbiology.
All rights reserved.)

cant loss of viability (Fig 6). The viability of the cells (Figs 2,A, and 4C; data not shown), indicating that some
was maintained at the same level for more than 1 wee(or all) of thefc tyrosines have overlapping functions.
(data not shown). Therefore tBe tyrosines are not nec- Therefore we constructed Y series mutants that added
essary for transmitting the survival signal. Consistentback each of the tyrosines lacking in the Fall mutant.
with this finding, all the Y series mutants also supported Among the 8Bc tyrosines, 3 (Tyr577, Tyr612 and
cell viability (data not shown). Tyr695) were involved in and could individually induce
SHP-2 phosphorylation, association with GRB2, and acti-
vation of the putative downstream Raf/ERK pathway
DISCUSSION resulting in transactivation of thefesgene through SRE,

In this study, we focused dBc cytoplasmic tyrosine as depicted in Fig 7. Tyr577 was also necessary and suffi-
residues and analyzed their role in GM-CSF signaling.cient for tyrosine phosphorylation of Shc, another mole-
Substituting all 8 cytoplasmic tyrosines (Fall mutant) cule implicated in the activation of Ras through the
severely impaired the ability ¢¥c to transduce various GRB2/Sos complex. Thus Tyr577 uses both Shc and SHP-
signals, thereby indicating the critical role of these 2 to stimulate this pathway, although Tyr612 or Tyr695
tyrosines in signaling. Neither of the F series mutantsonly induces phosphorylation of SHP-2. This may partly
lacking only 1 tyrosine, showed any significant decreaseaccount for the finding that the Y3 mutant activated the c-
in activation of the des promoter and STAT5-mediated fos promoter more strongly than the Y4 and Y5 mutants
transcription or any significant loss of growth promotion (Fig 2, B). Although we did not clearly observe coim-
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FIG 5. Tyrosine residues of 3c are necessary for the maximal proliferative response to hGM-CSF. Short-term proliferation of BA/F3 trans-
fectants that expressed the hGM-CSF receptor a subunit without Bc (a only; A, B), with wild-type Bc (Bwild; A, B), with the Fall mutant
(A, B), or with Y series mutants (B) are shown. The BA/F3 transfectants were subjected to factor deprivation for 6 hours and then cul-
tured for 24 hours in the presence of 0 to 100 ng/mL hGM-CSF or 0 to 10 ng/mL mIL-3. Cell growth was examined by the MTT assay. The
vertical axis indicates the relative MTT reduction value normalized to the value for cells incubated with 1 ng/mL mIL-3. In B, only the val-
ues obtained for stimulation with 10 ng/mL hGM-CSF are shown. All values are the average of 3 samples, and standard deviations are
shown as error bars. All of the transfectants exhibited a similar dose response to mlIL-3 stimulation (not shown), and similar results were
obtained in 3 separate experiments.

munoprecipitation of Shc or SHP-2 witi, or vice versa, leucine at position +3, and these 4 tyrosines are all
a possible interaction between Tyr577 and the Shc phoinvolved in STAT5S activation. However, STAT5 was also
photyrosine-binding domain has been repoffeld.has  activated by the othebc tyrosines surrounded by rela-
been predicted that the N-terminal SH2 domain of SHP-itively different motifs. It might be that these tyrosines
binds to phosphotyrosines, followed byBebranched recruit STATS in different ways, presumably through dis-
residue at position +1 and a hydrophobic residue at +iinct adaptor proteins. Alternatively, the STAT5 SH2
comprising a consensus sequence of Y-V/I/T-x-V#€in domain could bind relatively divergent motifs, including
addition, involvement of residues that are N-terminal ancthose with and without a leucine at position +3.
more C-terminal to these residues, especially a hydrophc We obtained evidence showing that fbetyrosines
bic residue (leucine, phenylalanine, or proline) at positiorplay a critical role in transmitting growth-promoting sig-
+5 and valine, leucine, or glycine at position —2, in high-nals, because the Fall mutant showed severely reduced
affinity binding has also been suggest€d® The  stimulation of cell proliferation. This defect was restored,
sequence surrounding Tyr612 (L-G-Y612-L-C-L-P-A) at least partly, by the addition of any 1 of fwetyrosines.
reasonably matches these predictions, so there may beA dominant-negative STAT5 mutant inhibits, but does not
direct interaction of this tyrosine with SHP-2. The mecha-completely suppress, IL-3—driven proliferation of BA/F3
nism by which the other 2 tyrosines, Tyr577 and Tyr695cells, thereby suggesting an important role for STAT5 in
facilitate SHP-2 phosphorylation still remains unknown. mitogenic signaling? In addition, a recent study has
Activation of STAT5 by GM-CSF was also seen to reported that bone marrow—derived macrophages of
depend orPc tyrosines, but the pattern differed. The STAT5A-null mice show defective GM-CSF-induced
level of STAT5 phosphorylation was dramatically proliferation43 Taken together, these findings suggest that
decreased by the lack of all tRe tyrosines (Fall mutant) increased activation of STAT5 by anyd tyrosine results
but was restored by adding back any 1 (or 2, in the Y1in improved growth-promoting activity of the Y mutants.
mutant) of the tyrosines, with each causing a differeniAlthough activation of STAT5 by the Y12 mutant was
extent of recovery. Interestingly, the Y12 mutant inducedambiguous as mentioned earlier, it may be that even a low
markedly stronger phosphorylation of STAT5 than thelevel of STAT5 activation is sufficient to accelerate
Fall mutant, although these 2 mutants showed little transgrowth promotion although transactivation of tfe
activation of thef-casein promoter. Because STAT5 casein promoter requires a much higher level of STAT5
activity may be subject to regulation concerning serineactivation and/or additional signaling events. Alternative-
phosphorylatior#! the Y12 mutant may not be able to ly, Tyr450/452 could stimulate proliferation by recruiting
transmit that signal. Studies concerning other cytokinea molecule other than STAT5. It should be noted that the
receptors, such as the erythropoietin receptor and the Ilmutants Y3, Y4, and Y5 induced a relatively higher
2 receptorf3 subunit, have shown that many of the growth response than the other Y series mutants. There
tyrosines involved in STAT5 activation possess a leucinewas a similar difference with respect to the induction of
at position +331-35 Consistent with this, 4 of the B¢ =~ SHP-2 phosphorylation, Raf/ERK pathway activation,
tyrosines (Tyr612, Tyr750, Tyr806 and Tyr866) possess @and cfos transcription. Thus these signaling events,
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FIG 6. The Fall mutant supports survival of the BA/F3 transfectant.
Long-term proliferation (upper panel) and the viability (lower panel)
of BA/F3 transfectants that expressed the hGM-CSF receptor a sub-
unit without Bc (a only), with wild-type Bc (Bwild), or with the Fall
mutant (Fall). Factor-deprived BA/F3 transfectants (1 x 105 cells)
were seeded in the presence of hGM-CSF (10 ng/mL). Viable cell
numbers were measured by trypan blue dye exclusion. All values
are the average of 3 samples, and standard deviations are shown
as error bars. Three independent stable clones with the Fall mutant
gave similar results. All of the transfectants exhibited a similar
growth response in the presence of miL-3 instead of hGM-CSF, and
all lost viability in the absence of any cytokine (not shown).

though not necessarily required for growth promotion,
might have a role in inducing optimal cell proliferation
under physiologic conditions.

GM-CSF supports not only the growth but also the sur-
vival of BA/F3 cells transfected with the GM-CSF recep-
tor. We observed that BA/F3 cells expressing the Fall
mutant continued proliferating at a lower growth rate and
showed no significant loss of viability. In accordance with
this, Fall was capable of suppressing factor
depletion—induced apoptosis of BA/F3 cells in the presenc
of hGM-CSF (unpublished observation). Therefore the cell
viability signal is transduced K¢ independent of its tyro-
sine residues and hence is not likely to involve SHP-2, th¢
Raf/ERK kinase cascade, or STAT5. Recent reports hav
revealed that protein kinase c-Akt (also known as proteir
kinase B), a downstream target of phosphoinositide 3"-OF
kinase, mediates the antiapoptotic function of IL-3 by
phosphorylating, and hence inactivating, the proapoptotic
protein BAD#4.45 |t should be of interest to examine
whether the3c tyrosines are involved in regulating the
phosphoinositide 3"-OH kinase/c-Akt/BAD pathway.

In conclusion, the present study demonstratedfbat
tyrosine residues play a critical role in many, if not all,
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FIG 7. Proposed model of c-fos transcriptional activation by signal-
ing from the hGM-CSF receptor. Y denotes fc tyrosine residues,
and the numbers indicate their amino acid positions. The ligand
and the receptor a subunit are omitted from this Figure.

aspects of GM-CSF signaling and functioning. These
tyrosines each possess distinct, but overlapping, func-
tions that activate multiple signaling pathways induced
by GM-CSF. Further studies are required to determine
the molecules that directly interact with fBe tyrosines

and their roles in thBc-mediated signaling. These stud-
ies should shed more light on the molecular mechanisms
by which GM-CSF regulates the proliferation, survival,
and differentiation of hematopoietic cells.
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