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Erythropoietin and Interleukin-3 Activate Tyrosine Phosphorylation of CBL
and Association With CRK Adaptor Proteins

By Dwayne L. Barber, Jacqueline M. Mason, Toru Fukazawa, Kris A. Reedquist, Brian J. Druker, Hamid Band,
and Alan D. D’Andrea

Transformation of hematopoietic cells by the Bcr-abl onco-
protein leads to constitutive tyrosine phosphorylation of a
number of cellular polypeptides that function in normal
growth factor-dependent cell proliferation. Recent studies
have shown that the CrkL adaptor protein and the Cbl pro-
tooncoprotein are constitutively tyrosine phosphorylated
and form a preformed complex in cells expressing Bcr-abl.
In the current study, we have examined cytokine-dependent
tyrosine phosphorylation of Cbl and its association with Crk
proteins. Erythropoietin (EPO) and interleukin-3 induced a
dose and time-dependent tyrosine phosphorylation of Cbl
in both EPO-dependent Ba/F3 and DA-3 transfectants, and
the erythroid cell line HCD-57. Furthermore, once phosphor-
ylated, Cbl associated with Crk adaptor proteins. Of the

RYTHROPOIETIN (EPO), the primary regulator of
erythropoiesis,*? provides both proliferative and differ-
entiative signals to erythroid progenitors. Through binding
of its cognate ligand, the 66 kD EPO receptor (EPO-R) dlicits
several signal transduction cascades. EPO stimulation of fac-
tor-dependent cell lines leads to a rapid activation of the
cytoplasmic tyrosine kinase, JAK 2,34 which is weakly asso-
ciated with the juxtamembrane domain of the EPO-R. JAK?2
then phosphorylates itself and individual tyrosine residues
of the EPO-R cytoplasmic region. These phosphotyrosine
residues subsequently serve as docking sites for proteins
containing src-homology 2 (SH2) domains including
STAT5%® and Shp2.°*° EPO and interleukin-3 (IL-3) activate
the Ras/Raf 1/M AP kinase pathway by recruitment of Grb2,
either directly through binding to the receptor or indirectly,
via adaptor molecules such as Shc'*® or Shp2.%** The SH2
domain of Grb2 binds to a YXN motif***” and its SH3 do-
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three Crk isoforms expressed in hematopoietic cells (CrkL,
Crkil, and Crkl), tyrosine phosphorylated Cbl binds preferen-
tially to CrkL and Crkll. The amount of Cbl associated with
CrkL and Crkll exceeded the fraction of Cbl associated with
Grb2 indicating that unlike other receptor systems, the Cbl-
Crk association represents the dominant complex of Cbl in
growth factor-stimulated hematopoietic cells. In factor-de-
pendent hematopoietic cell lines, CrkL constitutively associ-
ated with the guanine nucleotide release factor, C3G, which
is known to interact via Crk src-homology 3 (SH3) domains.
Our data suggest that the inducible Cbl-Crk association is a
proximal component of a signaling pathway downstream of
multiple cytokine receptors.

© 1997 by The American Society of Hematology.

mains are constitutively bound to the guanine nucleotide
release factor (GNRF), Son of Sevenless (Sos).’¥% Thisin-
teraction then allows Sos to convert Ras to its GTP-bound
active form.

Ber-abl—mediated transformation of hematopoietic cells
results in deregulated tyrosine kinase activity and constitu-
tive assembly of tyrosine phosphorylated signaling com-
plexes normally observed only after mitogenic growth factor
stimulation. Examples of constitutively tyrosine phosphory-
lated substrates include STAT5,® She,?® Shp2,%” Paxillin,®
and Vav.® Analysis of additional tyrosine phosphorylated
substrates in Ber-abl transformed cells have recently identi-
fied p120°"'3>32 and CrkL.***® Chl was originally described
as the transforming oncogene of the Cas NS-1 retrovirus
resulting in pre-B—cell lymphomas and myelogenous leuke-
mia in mice.®” However, p120®, the product of c-Chl,*® is
nontransforming. We and others have recently identified Cbl
asatarget of tyrosine phosphorylation in response to stimula-
tion through a number of cell surface receptors including
the T-cell receptor,®*2 B-cell receptor,”*” epidermal growth
factor (EGF) receptor,*®5® colony stimulating factor-1 recep-
tor,>*° and FcyRII/RIII receptor.>%® |nterestingly, GM-CSF
and EPO also affect tyrosine phosphorylation of Chl in UT-
7 cells™

Crk proteins are the cellular homologues of v-crk, which
was originally described as an oncogene from the avian retro-
viruses CT10® and ASV-1.* Three Crk protein variants are
expressed in hematopoietic cells: Crkl (28 kD)®; an alterna-
tively spliced Crkll (40 and 42 kD)®; and CrkL (36 kD).**
Crkil and CrkL contain an amino terminal SH2 domain fol-
lowed by two SH3 domains, whereas the carboxy terminal
SH3 domain of Crkll is not found in Crkl. Crk proteins are
adaptors with no known catalytic activity. As Grb2 mediates
SH3 dependent interaction with Sos, CrkL binds C3G, a
unigue GNRF. Recent studies performed in COS cells sug-
gest that C3G can catalyze GTP exchange of a distinct Ras
family member, Rap1.%

We and others have recently shown that a prominent com-
plex is induced between tyrosine phosphorylated Chl and
the SH2 domain of Crk proteins on antigen receptor stimula-
tion of T cells®** and EGF stimulation of mammary epithe-
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lial cells® Therefore, recent results that GM-CSF and EPO
activated the tyrosine phosphorylation of Chl*” and that tyro-
sine phosphorylated Cbl formed a complex with CrkL in
Ber-abl transformed cells*** prompted us to investigate if
such a complex was induced by normal hematopoietic
growth factor stimulation. Using EPO- and |L-3—dependent
hematopoietic cell lines, we demonstrate that these cytokines
aso induce tyrosine phosphorylation of Chl which promotes
complex formation with CrkL and Crkll. CrkL was constitu-
tively associated with the GNRF, C3G. In contrast to other
receptor systems, growth factor stimulation did not induce a
detectable tyrosine phosphorylation of Grb2-associated Chl.
These results suggest a distinct role for Crk-Chl complexes
in hematopoietic growth factor signaling pathways.

MATERIALS AND METHODS

Cells and cell culture. Ba/F3 and DA-3 cells (generously pro-
vided by J. Ihle, Memphis, TN) were maintained in RPMI 1640
medium supplemented with 10% (vol/vol) fetal calf serum (FCS)
and 5% conditioned medium from WEHI-3 cells (IL-3 medium).
Ba/F3-EPO-R and DA-3-EPO-R cells were maintained in RPMI
1640 medium supplemented with 10% (vol/vol) FCS and 0.5 U/mL
of human erythropoietin (Kirin Brewery, Tokyo, Japan). HCD-57
cells were cultured in IMDM supplemented with 30% FCS and 0.1
U/mL of human recombinant EPO (Kirin Brewery, Tokyo, Japan).

Analysis of Cbl tyrosine phosphorylation and identification of
associated proteins. For cytokine depletion, cell lines were incu-
bated in RPMI 1640/1% bovine serum albumin (BSA) (no supple-
mental growth factor) for an 8-hour period and then stimulated for
various periods with either no factor, IL-3 (Kirin Brewery), or EPO
(Kirin Brewery) at 37°C. Cell lysates were prepared in 50 mmol/
L TrissHCI (pH 8.0) 150 mmol/L NaCl, 1.0% Triton X-100 plus
phosphatase and protease inhibitors as previously described.® Immu-
noprecipitations were performed with the following rabbit polyclonal
antibodies: anti-Chl,* anti-CrkL, anti-Crkl|, anti-Grb2, or anti-C3G
(all from Santa Cruz Biotechnology, Santa Cruz, CA). The anti-Crk
monoclonal antibody (Transduction Laboratories, Lexington, KY)
recognizes Crkl and Crkll.%* Immune complexes were isolated with
Protein A-Sepharose, washed three times with 50 mmol/L Tris HCI
(pH 8.0), 150 mmol/L sodium chloride, 0.1% Triton X-100, 10
mmol/L sodium pyrophosphate, 10 mmol/L sodium fluoride, 5
mmol/L EDTA, and 1 mmol/L sodium orthovanadate, and prepared
for sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described previously.®®

For immunodepletion experiments, 2 mg of DA-3-EPO-R lysate
wasincubated in the presence of 1 ug anti-Crkll antibody and Protein
A-Sepharose overnight. The supernatant was then incubated with 1
ug of anti-Crkl/Il antibody for 1 hour, followed by a 1-hour incuba-
tion with Protein A-Sepharose. The immunoprecipitations were
washed and analyzed by SDS-PAGE as described above.

Following electrophoretic transfer of proteins to nitrocellulose,
the membranes were blocked and incubated with the anti-phospho-
tyrosine monoclona antibody, 4G10, washed in 50 mmol/L Tris-
HCI (pH 8.0), 150 mmol/L sodium chloride, 0.1% Triton X-100
(TBST), followed by horseradish peroxidase (HRP) conjugated
sheep antimouse immunoglobulin G (Amersham, Arlington Heights,
IL), followed by washing in TBST. After enhanced chemilumines-
cence detection, the membrane was stripped by incubation in 62.5
mmol/L TrissHCl (pH 6.8), 2% (wt/vol) sodium dodecyl sulfate,
100 mmol/L B-mercaptoethanol for 1 hour at 55°C. Membraneswere
blocked and reprobed with the following antibodies: anti-Chl (Santa
Cruz Biotechnology), anti-CrkL, anti-Crkll, anti-Crk, anti-Grb2, or
anti-C3G. Incubations were performed with the relevant secondary
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reagent, either HRP-Protein A (Amersham) or HRP-sheep antimouse
1gG and the membrane was washed before enhanced chemilumines-
cence detection.

RESULTS

Chl is tyrosine phosphorylated in response to IL-3 and
EPO. Our initia experiments using two-dimensional elec-
trophoresis demonstrated that EPO induces the tyrosine
phosphorylation of several 120-kD proteins (data not
shown). To investigate whether Chl represented one of these
phosphoproteins, we used anti-Cbl immunoprecipitations to
assess the tyrosine phosphorylation of Chbl in cell lines ex-
pressing the endogenous EPO-R or transfected EPO-R
transfectants (Fig 1). IL-3 (lanes 2 and 5) and EPO (lanes 3
and 6) activated tyrosine phosphorylation of Chl in Ba/F3-
EPO-R or DA-3-EPO-R cells. There was an elevated level
of uninduced tyrosine phosphorylation in Ba/F3-EPO-R cells
(lane 1). EPO aso stimulated the tyrosine phosphorylation
of Chl in an erythroid cell line, HCD-57, expressing the
endogenous EPO-R polypeptide (lane 8). DA-3-EPO-R cells
were used throughout the remainder of this study due to a
lower level of endogenous phosphorylation and more robust
activation. These results confirm and extend the results of
previous studies of EPO and GM-CSF induction of Chl tyro-
sine phosphorylation in human UT-7 cells.®”

Chl tyrosine phosphorylation displays dose and time-de-
pendence in DA-3-EPO-R cells. The dose-dependence of
Chl tyrosine phosphorylation was next examined (Fig 2A).
DA-3-EPO-R cells were depleted of cytokine and then stim-
ulated with increasing concentrations of either IL-3 or EPO.
I mmunopreci pitations were performed with an anti-Cbl anti-
body, followed by detection with a monoclona anti-phos-
photyrosine antibody, 4G10. Increasing concentrations of
IL-3 or EPO resulted in tyrosine phosphorylation of Chl.
Chl tyrosine phosphorylation was observed at cytokine con-
centrations as low as 2 U/mL IL-3 or 0.5 U/mL EPO.

The time dependence of Chl activation in DA-3-EPO-R
cells was next tested (Fig 2B). Tyrosine phosphorylation of
Chl occurred as early as 1 minute after cytokine stimulation
and was shown to dissipate by 90 minutes.

Cytokines induce tyrosine phosphorylation of Chl and
binding to CrkL and Crkll. We next examined EPO- and
IL-3—dependent association of the Crk family of proteins
with tyrosine phosphorylated Chl. DA-3-EPO-R cells were
depleted of cytokine and then stimulated with IL-3 or EPO
for increasing time periods. Lysates were then immunopre-
cipitated with peptide-specific antibodies to CrkL (Fig 3)
and Crkll (Fig 4). A 120-kD phosphoprotein displayed time-
dependent association with CrkL in response to either I1L-3
or EPO stimulation. Stripping and reprobing this blot with
a peptide-specific anti-Cbl antibody identified this protein as
Chl (Cbl immunoblot). Equal amounts of CrkL were immu-
noprecipitated in this experiment as demonstrated by strip-
ping and reprobing the blot with a peptide-specific CrkL
antibody (CrkL immunoblot). The CrkL antibody was im-
mune specific since no Crkll or Crkl signal was observed
in the CrkL immunoprecipitations as detected by reprobing
the blot with the relevant antibodies (data not shown).

Similarly, Chl displayed a time-dependent association
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lation of Cbl. Ba/F3 (lanes 1-3), DA-3-EPO-R (lanes 4-
6), and HCD-57 (lanes 7-10) cells were depleted of
cytokine for 4 hours and stimulated with no factor
(lanes 1, 4, 7, and 9), 50 U of murine IL-3 (lanes 2 and
5) or 50 U/mL of human EPO (lanes 3, 6, 8, and 10)
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for 15 minutes. Following cell lysis, an immunopre-
(@] cipitation was performed with an anti-Cbl polyclonal
& antibody. Lysate controls are shown in lanes 9 and

10. Immune complexes were resolved by SDS-PAGE
and blotted to nitrocellulose. The immunoblot was

Ba/F3- DA-3-
EPO-R EPO-R

with Crkll (Fig 4). The amount of a 120-kD phosphoprotein,
Chl, associated with Crkll increased over time on IL-3 and
EPO stimulation (Cbl immunoblot). Equal amounts of Crkll
were immunoprecipitated in this experiment as shown by
reprobing with a peptide-specific anti-Crkll antibody (Crkil
immunoblot). The Crkil antibody was specific as no CrkL
or Crkl were immunoprecipitated in this experiment (data
not shown).

Variable binding of activated Cbl to Crkl and Crkil. We
next assessed the relative binding of tyrosine phosphorylated
Chl to Crkl and Crk Il (Fig 5). For these studies we used a
monoclonal antibody that recognizes both Crkl and Crkll
(anti-Crkl/I1). Again, IL-3 or EPO stimulated the tyrosine
phosphorylation of Cbl (lanes 1-3). An anti-Crkll specific
antibody (lanes 4-6) or the anti-Crkl/Il antibody (lanes 10-
12) immunoprecipitated the tyrosine phosphorylated Cbl
polypeptide. Supernatants that had been immunodepleted
with the Crkll antibody (lanes 4-6) were next reimmunopre-
cipitated with the anti-Crkl/Il antibody (lanes 7-9). The
amount of co-immunoprecipitated tyrosine phosphorylated
Chl in this second immunoprecipitation was markedly re-
duced when the lysates were precleared with the Crkll-spe-
cific antibody (compare lanes 7-9 to lanes 4-6). The pTyr
blot was purposefully overexposed to reveal the signa in
lanes 7-9. While approximately half of the Crkll was immu-
noprecipitated with the Crkll specific antibody (Crkl/Il im-
munoblot, lanes 4-6), most of the tyrosine phosphorylated
Chbl was found in this immune complex (pTyr immunoblot,
lanes 4-6). Taken together, these data demonstrate that acti-
vated Chl binds selectively to Crkll, not Crkl, following
cytokine induction.

Chl-Crk association exceeds Chl-Grb2 association in
vivo. Chl iscongtitutively associated with the SH3 domains
of Grb2 and this fraction of Cbl is a prominent target of

HCD-57

probed with an anti-phosphotyrosine (pTyr) mono-
clonal antibody 4G10. Molecular mass standards are
indicated.

tyrosine phosphorylation after stimulation of T and B lym-
phocyte antigen receptors.*>*> Chl was also shown to associ-
ate with Grb2 in vitro using GST fusions and in Cbl immuno-
precipitations in cytokine-dependent UT-7 cells but tyrosine
phosphorylation of this fraction was not assessed.*” In order
to compare the amount of Chl associated with either Grb2
or CrkL in DA-3-EPO-R cells, immunoprecipitations were
performed with a peptide-specific Grb2 antibody and a CrkL
antibody (Fig 6). Immunoprecipitation with a peptide-spe-
cific Chl antibody confirmed that IL-3 or EPO stimulation of
DA-3-EPO-R célls increased Chl tyrosine phosphorylation
(lanes 2 and 3) and enhanced association of Chl with CrkL
(lanes 5 and 6) and Crkl| (datanot shown). Grb2 immunopre-
cipitated Shc (52 kD) and Shp2 (68 kD) after 1L-3 or EPO
stimulation (lanes 8 and 9) and the EPO-R (72 kD) after
EPO stimulation (lane 9), as previously demonstrated.®***®
An additional unknown 145-kD phosphoprotein, most likely
SHIP,5% a recently identified inositol 5’-phosphatase was
observed to co-immunoprecipitatein both the CrkL and Grb2
immunoprecipitates (lanes 3-9). However, no 120 kD phos-
phoproteins were observed in anti-Grb2 immunoprecipitates
(lanes 7-9). The 72-kD EPO-R was shown to co-immunopre-
cipitate with CrkL (lane 6) and Grb2 (lane 9) EPO stimula-
tion of DA-3-EPO-R cells. Stripping and reprobing the nitro-
cellulose with an anti-Grb2 antibody demonstrated that a
low, but detectable amount of Grb2 co-immunoprecipitated
with Cbl (Grb2 immunoblot, lanes 1-3). IL-3 or EPO-depen-
dent association of Chl with CrkL or Crkll was also observed
in Ba/lF3-EPO-R cells (data not shown). Thus, while a num-
ber of Grb2-associated polypeptides were prominently tyro-
sine phosphorylated, Chl was not among these. Moreover,
the fraction of Cbl associated with Crk proteins far exceeded
the amount of Chl constitutively bound to Grb2.
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analysis using the monoclonal
anti-phosphotyrosine 4G10 anti-
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munoblot). Molecular mass
standards are indicated. (B) DA-
3-EPO-R cells were depleted of
cytokine for 8 hours and then
stimulated with no added factor
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shown. Following cell lysis, an
immunoprecipitation was con-
ducted with anti-Cbl polyclonal

antibody. Western blotting us- Cbl

ing the monoclonal anti-phos-
photyrosine 4G10 was per-
formed (pTyr immunoblot). The
membrane was then stripped
and reprobed with a Cbl poly-
clonal antibody. Molecular mass
standards are indicated.

CrkL constitutively associates with the guanine nucleotide
release factor, C3G. Previous studies have shown that the
Crk SH3 domain binds to a unique guanine nucleoctide re-
lease factor, C3G.”™ Therefore, we tested the association of
CrkL and C3G in DA-3-EPO-R cells (Fig 7). When the blot
was probed with an anti-C3G antibody, a130-140 kD protein
was observed in the CrkL immunoprecipitation which co-
migrated with C3G (C3G immunablot, lanes 7-9). However,
C3G was not detected to co-immunoprecipitate with Cbl
(C3G immunablot, lanes 1-3). Stripping and reprobing the
blot with an anti-Chl antibody confirmed that Chl associates
with CrkL (Fig 7, lanes 5 and 6) but not with C3G (lanes
7-9). CrkL failed to associate with either Cbl or C3G when
the membrane was reprobed with a peptide-specific CrkL

TIME: °R888
(min)

IL-3

antibody (data not shown). Interestingly, C3G appeared to
migrate with a slower mobility after IL-3 or EPO stimulation
(lanes 4-6). This probably corresponds to serine or threonine
phosphorylation as previously described for the related
GNRF, Sos.*"

There was an EPO-dependent association of the 72 kD phos-
phoprotein with CrkL (Fig 6; pTyr immunoblot, lane 6; Fig 7,
pTyr immunoblot, lane 6) and with C3G on long exposures of
the anti-phosphotyrosine immunoblot (data not shown). Strip-
ping and reprobing these blots with an anti-EPO-R antibody
confirmed the identity of this phosphoprotein (data not shown).
The EPO-R contains a sequence motif Y 484SHP, which repre-
sents a potential binding site for the Crk SH2 domain.”™ How-
ever, the EPO-R was only shown to associate with CrkL (Figs
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Fig 3. EPO and IL-3 activate the formation of Cbl/
CrkL complexes. DA-3-EPO-R cells were depleted of
cytokine for 8 hours and stimulated with no factor
(lanes 6 and 12), 50 U/mL of murine IL-3 (lanes 1-5
and 13) or 50 U/mL of human EPO (lanes 7-11 and
14) for various periods of time as shown. Following
cell lysis, an immunoprecipitation was performed
with a CrkL polyclonal antibody. Lysate controls
from 15 minute stimulations are shown in lanes 12-
14. Immune complexes were resolved by SDS-PAGE
and blotted to nitrocellulose. The immunoblot was
probed with 4G10 monoclonal anti-phosphotyrosine
antibody followed by HRP-Sheep antimouse IgG. The

o
BLOT Ab: ot ..
116- + ~@l -8 ¥ <«—cCbl
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pTyr - . —
. —
66- i =™
2.4
=3 a1 L2 &
Cbl - - # <«—cn
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TIME: 1 5153060 -1 5 153060 gg
(min) a

IL-3 EPO

6 and 7) and not with Crkll (Figs 4 and 5). Whether this
presents differences in antibody affinity or individual Crk SH2
domain sdlectivity remains to be investigated.

DISCUSSION

Chl has emerged as an important signal transduction pro-
tein downstream of a number of tyrosine kinase associated
cell surface receptors. Recent analyses have focused on de-

BLOT Ab:

pTyr

Fig 4. EPO and IL-3 activate the formation of Cbl/
Crkll complexes. DA-3-EPO-R cells were depleted of
cytokine for 8 hours and stimulated with no factor
(lanes 6 and 12), 50 U/mL of murine IL-3 (lanes 1-5
and 13) or 50 U/mL of human EPO (lanes 7-11 and
14) for various periods of time as shown. Following Cbl
cell lysis, an immunoprecipitation was performed
with a Crkll polyclonal antibody. Lysate controls
from 15 minute stimulations are shown in lanes 12-

14. Immune complexes were resolved by SDS-PAGE Crkll
and blotted to nitrocellulose. The immunoblot was

probed with 4G10 monoclonal anti-phosphotyrosine

antibody followed by HRP-Sheep antimouse IgG. The TIME:
blot was then stripped and reprobed with either Cbl (min)

or Crkll polyclonal antibodies. Molecular mass stan-
dards are indicated.

blot was then stripped and reprobed with either Cbl
or CrkL polyclonal antibodies. Molecular mass stan-
dards are indicated.

lineating the association of Chl with other signaling proteins,
since Chl possesses a large proline-rich region that mediates
binding to SH3 domains and a number of potential tyrosine
phosphorylation sites. One phosphorylation-dependent inter-
action of significant interest is the complex of Chl with
Crk proteins, which was observed constitutively in Bcer-abl
transformed cells **2 and on receptor stimulation of B*” and
T lymphocytes®®®™ and EGF-dependent mammary cells.>
Given that Ber-abl—induced phosphorylation commonly in-
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Fig5. Tyrosine phosphorylated Cbl preferentially associates with
Crkil. DA-3-EPO-R cells were depleted of cytokine for 8 hours and
stimulated with no factor (lanes 1, 4, 7, and 10), 50 U/mL of murine
IL-3 (lanes 1, 5, 8, and 11) or 50 U/mL of human EPO (lanes 3, 6, 9,
and 12) for 15 minutes. Following cell lysis, an immunoprecipitation
was performed with either an anti-Cbl antibody (lanes 1-3), an anti-
Crkll antibody (lanes 4-6), and anti-Crkll antibody followed by an anti-
Crk antibody (lanes 7-9), or an anti-Crk antibody (lanes 10-12). The
anti-Crk antibody recognizes both Crkl and Crkll. Immune complexes
were resolved by SDS-PAGE and blotted to nitrocellulose. The immu-
noblot was probed with 4G10 monoclonal anti-phosphotyrosine anti-
body and then stripped and reprobed with either a Cbl polyclonal
antibody or a Crk monoclonal antibody. Molecular mass standards
are indicated.

volves substrates normally involved in growth factor signal-
ing we have examined the association of Chl and Crk in IL-
3 and EPO-dependent hematopoietic cells.

In the current work, we show that IL-3 and EPO stimula-
tion of cytokine-dependent hematopoietic cells activates ty-
rosine phosphorylation of Chl. In other experiments, Cbl
was phosphorylated in response to IL-2, IL-15, and EPO but
not IL-4 stimulation of CTLL-EPO-R cells (data not shown).
Tyrosine phosphorylation of Cbl resulted in its association
with CrkL and Crkll. IL-3 and EPO dependent Cbl tyrosine
phosphorylation displays rapid induction similar to other
substrates of cytokine-dependent tyrosine phosphorylation.
These data complement those describing constitutive associ-
ation of Cbl and CrkL in cell lines transformed with Bcer-
abl®* and the T-cell receptor dependent binding of Cbl and
Crk adaptor proteins.®3%+™

Ras activation is mediated by theinteraction of the adaptor
protein Grb2 with the GNRF, Sos, resulting in the conversion
of Rasto its GTP-bound form.*®?* A parallel signaing path-
way has been suggested which couples the Crk adaptor pro-
teins to the GNRF, C3G, which acts to convert Rapl to an
activated state.®> Here we show a stable association of C3G
with CrkL. Although a ternary Cbl-CrkL-C3G complex
could not be detected in IL-3 or EPO-dependent cells (Fig 7),
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such a complex was observed in T-cell receptor stimulated
lymphocytes engineered to overexpress Chl.* Therefore, the
ability to detect a ternary Chl-CrkL-C3G complex may be
dependent on the expression level of these proteins, antibody
specificity, or stability of this complex under the lysis and/
or immunoprecipitation conditions used in this study. The
cytokine-dependent stimulation of Rapl remainsto betested.

Cbl binds to SH3 domains of Grip23941:4549535565 gng
thereby forms a constitutive complex distinct from the Grb2-
Sos complex. Notably, this pool of Chl is a target of rapid
tyrosine phosphorylation on stimulation of T-**** and B-
lymphocyte antigen receptors® and the EGF receptor®®®
Surprisingly, here we show that Grb2-associated Chl is a
substantially smaller pool compared with the amount of Cbl
that is associated with Crk proteins. More importantly, Grb2
associated Chl was not detectably tyrosine phosphorylated
on IL-3 or EPO stimulation. Thus, Cbl-Crk is the predomi-
nant in vivo association in factor-dependent hematopoietic
cells as compared with the Cbl-Grb2 complex. Earlier pub-
lished in vitro studies completed with bacterially expressed
fusion proteins must be interpreted with caution. Given that
Grb2 and Crk proteins preferentially associate with Sos and
C3G, respectively, it appears that selective Crk-C3G com-
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Fig 6. Cytokine induced Cbl/Crk complexes exceed Cbl/Grb2 com-
plexes in DA-3-EPO-R cells. DA-3-EPO-R cells were depleted of cyto-
kine for 8 hours and stimulated with no factor (lanes 1, 4, and 7), 50
U/mL of murine IL-3 (lanes 2, 5, and 8) or 50 U/mL of human EPO
(lanes 3, 6, and 9) for 15 minutes. Following cell lysis, an immunopre-
cipitation was performed with either an anti-Cbl polyclonal antibody
(lanes 1-3), an anti-CrkL polyclonal antibody (lanes 4-6), or an anti-
Grb2 polyclonal antibody (lanes 7-9). Inmune complexes were re-
solved by SDS-PAGE and blotted to nitrocellulose. The immunoblot
was probed with 4G10 monoclonal anti-phosphotyrosine antibody
and then stripped and reprobed with either Cbl or Grb2 polyclonal
antibodies. The exposure periods of the pTyr immunoblot are 3 min-
utes (lanes 1-6) and 1 minute (lanes 7-9). The migration of EPO-R,
Shp2, and Shc were determined by stripping and reprobing the mem-
brane with specific antibodies (data not shown). Molecular mass
standards are indicated.
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plex formation may regulate the balance of nucleotide ex-
change factors on cytokine stimulation. In this regard it is
noteworthy that the C3G target, Rapl, has been shown to
down-regulate Ras activity.®

It is unclear how the EPO-R signals to Chl. We have not
obtained any evidence that Cbl associates with the EPO-R.
However, tyrosine phosphorylated Chl binds CrkL and/or
Crkll. Both the EPO-R (Y484SHP) and Cbl (Y360LFP,
Y68IMTP, and Y774DVP) contain putative binding sites
for the Crk SH2 domain.”™ In vitro mixing experiments using
the isolated SH2 domain of Crk expressed as a GST fusion
protein demonstrate that in vitro Crk can bind both to Chl
and the EPO-R (data not shown). Cbl Y774 is thought to
mediate Crk binding based on phosphopeptide competition
studies completed in the analysis of T-cell receptor activa-
tion.%*®® Crk proteins bind to both EPO-R and Chl in vitro;
however, in vivo the predominant complex appears to be
Chl-Crk. Mutagenesis of the corresponding tyrosines of Chl
and the EPO-R will be necessary to better address these
questions. Alternatively, the EPO-R could signal to Chl by
novel adaptor proteins.

Taken together, our data support two parale and inter-
related signa transduction pathways downstream of the
EPO-R (Fig 8). EPO-R activation results in the dose- and
time-dependent tyrosine phosphorylation of Chl. Once phos-
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Fig 7. CrkL constitutively associates with C3G. DA-3-EPO-R cells
were depleted of cytokine for 8 hours and stimulated with no factor
(lanes 1, 4, and 7), 50 U/mL of murine IL-3 (lanes 2, 5, and 8) or 50
U/mL of human EPO (lanes 3, 6, and 9) for 15 minutes. Following cell
lysis, an immunoprecipitation was performed with either an anti-Cbl
antibody (lanes 1-3), an anti-CrkL antibody (lanes 4-6), or an anti-C3G
antibody (lanes 7-9). Inmune complexes were resolved by SDS-PAGE
and blotted to nitrocellulose. The immunoblot was probed with 4G10
monoclonal anti-phosphotyrosine antibody and then reprobed with
either a Cbl or C3G polyclonal antibodies. The assignment of EPO-R
and Shc was determined by stripping and reprobing the membrane
with peptide-specific antibodies (data not shown). Molecular mass
standards are indicated.
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EPO-R

\ Shp2

Fig 8. EPO activates the Cbl-Crk-C3G cascade. EPO activates mul-
tiple signaling cascades within hematopoietic cells. A critical adaptor
protein necessary for Ras activation, Grb2, can bind constitutively to
Cbl. However, the predominant complex following cytokine activa-
tion is the Cbl-Crk complex. The preferred complexes are indicated
by bold lines and larger arrowheads. Dashed lines indicate associa-
tions that occur in vitro, based on immunoprecipitation experiments
(ie, Grb2-Cbl and EPO-R-Crk), but may have lesser significance in
vivo. It remains unclear how EPO-R couples to Cbl and whether EPO-
R activates Rap1.

phorylated, Chl can interact with complexes of Crk adaptor
proteins, which associate with a specific GNRF, C3G. It is
unclear how Cbl couples to the EPO-R. However, immuno-
precipitation experiments demonstrate that only asmall frac-
tion of Chl associates with Grb2 in DA-3 Célls. Crk proteins
can potentially interact with the tyrosine phosphorylated
EPO-R through an SH2-dependent association. However,
immunoprecipitation experiments reveal that CrkL, Crkll,
and Crkl associate with Chl. Future experiments will address
whether EPO activates Rapl.

Chl tyrosine phosphorylation has been demonstrated in
several systems suggesting that it plays a vital role in mito-
genesis and/or other cellular responses to receptor stimula-
tion. The present findings suggest an approach to assess the
role of Cbl-Crk association in mitogenesis through overex-
pression of various mutant Cbl and Crk proteins in factor-
dependent hematopoietic cell lines.
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