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Hematopoietic cell kinase (Hck) is a member of the
Src-family of protein tyrosine kinases. We have found
that upon enzymatic activation of Hck by the heavy
metal mercuric chloride, there was a rapid increase in
the levels of tyrosine phosphorylation of several pro-
teins including the proto-oncogene p120°". Fibro-
blasts that are transformed with an activated allele of
Hck exhibit constitutive Cbl phosphorylation. Upon
Fcy receptor activation, a more physiologically rele-
vant extracellular signal, Cbl is tyrosine phosphory-
lated and the Src-family selective inhibitor, PP1, can
prevent this phosphorylation on Cbl. Hck phosphory-
lates Cbl in vitro and the interaction between Cbl and
Hck is direct, requiring Hck’s unique, SH3 and SH2
domains for optimal binding. Using a novel estrogen-
regulated chimera of Hck we have shown a hormone-
dependent association between Hck and Cbl in murine
fibroblasts. This work suggests that Cbl serves as a key
mediator of Hck induced signalling in hematopoietic

cells. ©1999 Academic Press

Hck is one member of the Src-family of protein ty-
rosine kinases (PTKs) that mediate the transduction of
a number of different extracellular signals to elicit a
wide variety of physiological responses including cellu-
lar proliferation and differentiation [1]. The Src gene
family encode proteins with a number of characteristic
structural features, including a highly conserved cata-
lytic domain occupying the carboxy-terminal half of the
proteins; SH3 and SH2 domains which permit the in-
teraction with specific proteins; and an amino-terminal
sequence of ca. 70 amino acids that is different in each
member of the family [1].
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Hck encodes two isoforms, p59™* and p61"* that are

derived from alternative initations of translation [2, 3].
Hck is principally expressed in mature myelomono-
cytic cells and B-lymphocytes [4—-7]. Recent evidence
suggests that Hck functions in mature leukocytes to
communicate signals from various cytokines and Fcy
receptors [8—14]. However, the cellular targets for Hck
remain largely unknown.

The c-Cbl proto-oncogene was originally discovered as
the transforming gene of the murine Cas NS-1 retrovirus
that induces pre-B lymphomas and myelogenous leuke-
mias in mice [15]. The transforming gene, v-Cbl, is a
truncated version of c-Cbl which encodes the first 355
amino acids of the full length murine Cbl protein [16].
c-Cbl is not transforming when overexpressed [16]. How-
ever, when a specific 17 amino acid region is deleted, as
discovered in the 70Z/3 pre-B cell lymphoma, Cbl be-
comes constitutively tyrosine phosphorylated and ac-
quires the ability to transform cells [17].

The c-Cbl gene encodes a 120 kDa protein that is
expressed in a number of hematopoietic cells. In addi-
tion to its ability to contribute to various hematopoietic
malignacies when mutated, a role for Cbl in normal
hematopoietic signalling was suggested by the recent
findings that it becomes tyrosine phosphorylated in
response to a diverse array of extracellular signals (for
review see [18]). Although Cbl appears to lack any
catalytic activity, it associates with many cytoplasmic
molecules and has thus been referred to as a potential
adaptor molecule. The proline-rich region of Cbl as well
as its phosphorylation on multiple tyrosine residues
enables Cbl to interact with a wide variety of signalling
proteins through their src-homology 3 (SH3) and src-
homology 2 (SH2) domains, respectively (reviewed in
[18]). The fact that Cbl becomes tyrosine phosphory-
lated in response to a wide array of extracellular sig-
nals and binds many signalling molecules suggests
that it plays a critical function in signal transduction.

There is recent circumstantial evidence to suggest
that the Src-family kinases may mediate the tyrosine
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phosphorylation of Cbl. In this paper we provide both
in vitro and in vivo evidence that Cbl is a downstream
target of the Src-family PTK Hck. Upon enzymatic
activation of Hck either by pharmacological agents or
genetic mutation, Cbl becomes tyrosine phosphory-
lated. We have shown, using glutathione fusion pro-
teins encompassing various domains of Hck, that the
interaction with Cbl is direct and requires the unique,
SH3 and SH2 domains of Hck for optimal binding to
Cbl. In addition, using a novel estrogen-inducible allele
of Hck we have observed a regulated physical associa-
tion between Hck and Cbl in murine fibroblasts. Thus
it appears that Cbl is one of the downstream effectors
for Hck.

EXPERIMENTAL PROCEDURES

Construction of various Hck cDNAs and virus production. A
cDNA encoding the 59 kDa isoform of Hck [3] was used as a template
to mutate the TAA stop codon to a TAC by PCR mutagenesis. An
EcoR1 site was included in the primer such that it could be ligated to
an EcoR1-Clal fragment of HE14 cDNA encoding the hormone-
binding region of the human estrogen receptor (ER) [19] as described
[20], generating p59HCcKER. To generate a constitutive allele of Hck,
the negative regulatory tyrosine residue at amino acid 501 was
mutated to Phe (p59Hck ™**F). The p59Hck ™**'F and p59HCKER alleles
were subcloned into LNCX (kind gift of Dr. A.D. Miller) [21] as
described previously using the unique Xhol and Clal enzyme sites to
excise the various cDNAs [3]. Replication-defective helper-free virus
stocks of each cDNA construct were made and used to infect C7-3T3
cells (a subclone of NIH-3T3) to establish stably expressing cell lines
as described previously [3].

Antibodies. Rabbit polyclonal antibodies to GST and the hormone
binding region of the human estrogen receptor were made using
purified GST or a glutathione fusion protein encompassing the
hormone-binding region of the human estrogen receptor (amino
acids 282-595), respectively. A Cbl monoclonal antibody (7G10) was
made using a glutathione fusion protein encompassing amino acids
878-906 of human Cbl (7G10 available through Upstate Biotechnol-
ogy). This region of the protein is identical between human and
mouse and by Western blotting and immunoprecipitation has been
shown to recognize Cbl specifically from both species. A Cbl poly-
clonal antibody was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA) and the phosphotyrosine antibody 4G10 was obtained
from Upstate Biotechnology (Lake Placid, NY).

Cell culture. U937 cells, THP-1 cells and JCaM1 cells (kindly
provided by Dr. A. Weiss, U.C.S.F.) were maintained in RPMI 1640
supplemented with 10% heat-inactivated fetal bovine serum
(GIBCO-BRL, Canadian Life Technologies, Burlington, Ont), 1 mM
sodium pyruvate, and 50 uM B-mercaptoethanol. To induce differ-
entiation of U937 cells to the more mature macrophage-like pheno-
type, cells were suspended in fresh medium containing 12-O-
tetradecanoylphorbol-13-acetate (TPA) at a concentration of 20 ng/
ml, and incubated for 48 to 72 h.

C7-3T3 fibroblast cells expressing the 59 kDa isoform of Hck
(p59Hck) [3] or the activated allele p59Hck " were maintained in
Dulbecco’s modified Eagle minimal medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (GIBCO-BRL, Cana-
dian Life Technologies, Burlington, Ont) and 600 pg/ml G418
(GIBCO-BRL, Canadian Life Technologies, Burlington, Ont). Murine
fibroblasts (C7-3T3) expressing the p59HCcKER chimera were main-
tained in phenol-red free DMEM containing 5% cosmic calf serum
(HyClone, Logan, UT) and 600 ug/ml G418.
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Cell stimulations and preparations of lysates. Differentiated
U937 cells were washed once with PBS (Phosphate-buffered saline,
pH 7.4), resuspended in RPMI 1640 supplemented with 3% bovine
serum albumin, and then incubated with 5 pg/ml human IgG on ice
for 30 min. Cross-linking of Fcy receptors was achieved using 5 png/ml
goat anti-human IgG F(ab’), (Pierce; Rockford, IL) and incubating at
37°C for the indicated times. Cells were then centrifuged and lysed
on ice in Nonidet P-40 (NP-40) lysis buffer, composed of 50 mM
HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl, 1 mM ethylene
glycol-bis(b-aminoethyl ether)-N’,N’,N’,N’-tetraacetic acid (EGTA),
100 mM NaF, 10% glycerol, 1% NP-40 (protein grade; Calbiochem,
La Jolla, CA), 1 mM PMSF (Boehringer Mannheim, Laval, PQ), 1
mM sodium orthovanadate, and 10 ug/ml each of aprotinin and
leupeptin. Insoluble material was removed by centrifugation at
12,000 X g for 15 min at 4°C.

Stimulation of THP-1 cells with HgCl, was performed as previ-
ously described (Robbins et al., manuscript in preparation). Briefly,
cells were incubated in PBS containing 0.5 mM HgCl, for 2 minutes
at room temperature, washed once in PBS and then lysed in NP-40
lysis buffer as described above.

For experiments using the tyrosine kinase inhibitor PP1 (Calbio-
chem, La Jolla, CA), cells were preincubated with 10 uM PP1 for 20
min at 37°C and then stimulated through the Fcy receptor as de-
scribed above.

For hormone stimulation of the murine fibroblasts containing ei-
ther vector alone (LNCX) or HckER, cells were grown to confluency,
then serum starved for 16 hours in DMEM containing 0.1% cosmic
calf serum before the addition of estradiol (1 M final concentration)
(Sigma, St. Louis, MO) for the indicated times. The cells were lysed
in NP-40 lysis buffer and incubated with the Cbl monoclonal anti-
body (7G10) for immunoprecipitation as described below.

Immunoprecipitations and Western blotting. Cell-free lysates
from stimulated or unstimulated cells were incubated with an excess
of either polyclonal Hck antiserum as described [3], 5 ng/ml of 4G10,
1 pg/ml of polyclonal Cbl antibody or 3 pg/ml of Cbl monoclonal
antibody (7G10) for 1 hr at 4°C. Protein A-Sepharose (or Protein
G-sepharose for 7G10) was added, and the mixtures were incubated
for an additional 30 min. After the immune complexes were washed
several times with NP-40 lysis buffer, the samples were boiled in 2 X
SDS Laemmli’'s sample buffer. Samples were analyzed on a 10%
SDS-polyacrylamide gel. Following electrophoresis, proteins were
transferred to nitrocellulose membranes (Schleicher & Schuell).
Membranes were blocked by incubation in Tris-buffered saline (5
mM Tris, 135 mM NaCl, 5 mM KCI) containing 0.5% NP-40, 0.1%
Tween 20 (TBS-TN), and either 5% nonfat dry milk (for non-
phosphotyrosine blots) or 5% bovine serum albumin (for phosphoty-
rosine blots) for 20 min. Membranes were then incubated for 1 hr in
either polyclonal Cbl antibody (1 ng/ml), polyclonal hbER antibody
(1:2,000) or monoclonal anti-phosphotyrosine antibody 4G10 (1 g/
ml), all diluted in their respective blocking buffers. The membranes
were washed extensively in TBS-TN before incubation for 20 min
with either donkey anti-rabbit-horseradish peroxidase or sheep anti-
mouse-horseradish peroxidase conjugate (Amersham, Arlington
Heights, IL), each diluted 1:10,000 in blocking buffer. The mem-
branes were washed as described above and developed using an
enhanced chemiluminescence substrate (ECL: Amersham, Arlington
Heights, IL).

In-vitro kinase reactions. Cbl immunoprecipitations from JCaM1
cells and Hck immunoprecipitations from 3T3 fibroblasts expressing
p59Hck were performed as above except that before boiling in
Laemmli's buffer the immune complexes were washed once in
kinase assay buffer consisting of 50 mM Tris pH 7.4, 10 mM MgCl,,
and 10 mM MnCl,. The washed immune complexes from both im-
munoprecipitations were either kept separate or mixed together in
fresh kinase assay buffer containing 100 uM ATP. After incubation
for 15 min at 22°C the samples were boiled in Laemmli’s buffer and
subjected to electrophoresis and Western blot analysis as described
above.

130



Vol. 257, No. 1, 1999

GST fusion proteins, pulldown assays and far Western blotting.
The following GST fusion proteins were constructed by cloning the
appropriate PCR amplified fragment from the human Hck cDNA into
the unique BamH1 and EcoR1 sites of the pGEX-2T vector (Phar-
macia): GST-Hck unique (amino acids 1 to 86), GST-Hck SH3 (amino
acids 87 to 137), GST-Hck SH2 (amino acids 138 to 249), GST-Hck
SH3/SH2 (amino acids 87 to 249) and GST-Hck unique/SH3/SH2
(amino acids 1 to 249). Purification of the GST fusion proteins was
performed essentially as described previously [22]. Briefly, bacteria
expressing the various GST constructs were harvested 3—4 hours
following IPTG induction, washed once with PBS and lysed in PBS
containing 1% Triton X-100 and 1 mM PMSF and 10 ng/ml each of
aprotinin and leupeptin. After incubation with Glutathione-agarose
on a rocker at 4°C for 2 hours, the beads were washed 3 times and
either resuspended to a 50% slurry in PBS containing protease
inhibitors for ‘pulldown assays’, or the fusion proteins were eluted in
50 mM Tris-HCI pH 8.0 containing 10 mM reduced glutathione for
‘Far-Westerns'.

GST pulldown assays were performed from 2 X 10° THP-1 cells
lysed in 0.5 ml of 1% NP-40 lysis buffer. Purified fusion proteins (25
w1g) bound to Glutathione S-transferase agarose beads were added to
the cell-free extracts and agitated at 4°C for 2 h. The beads were then
washed 3 times with NP-40 lysis buffer and the protein complexes
were removed from the beads by boiling directly in 2 X SDS sample
buffer and further analysed by Western blotting. For the GST pull-
down assays from Fcy receptor stimulated THP-1 cells, the cells were
stimulated as described above and incubated with purified GST-Hck
unique/SH3/SH2 containing agarose beads as described previously.

Immunoprecipitates and Western blotting for Far Western analy-
sis was performed as described above. The blots were blocked in
Tris-buffered saline and 0.05% Tween 20 (TBS-T) containing 3%
BSA, then incubated with 5 ug/ml of purified GST or 5 png/ml of the
purified GST-Hck-unique/SH3/SH2 fusion protein diluted in TBS-T
containing 1% BSA for 2 h. The membranes were rinsed twice with
TBS-T and the fusion protein was detected by incubating the mem-
branes with a mixture of anti-GST polyclonal antibody (1:1,000) and
anti rabbit-horseradish peroxidase conjugate (1:10,000) in TBS-T/1%
BSA for one h. The membranes were washed in TBS-T and developed
with ECL as described above.

RESULTS

Mercuric chloride treatment of cells results in the
tyrosine phosphorylation of Cbl. We and others have
previously shown that exposure of various hematopoi-
etic cell lines to the thiol-reactive heavy metal, mercu-
ric chloride (HgCl,) results in the rapid and robust
tyrosine phosphorylation of many cellular proteins
(Robbins et al., manuscript in preparation) [23-25].
Although the mechanism by which HgCI, induces in-
tracellular signalling is unknown, exposure of the cells
to HgCI, results in the activation of the Src-family
kinases Hck (Robbins et al., manuscript in prepara-
tion) and Lck [23]. These results suggested that mer-
curic chloride treatment of hematopoietic cells could
provide a biochemical tool for identifying downstream
substrates of the Src-family kinases. After HgCl, treat-
ment of the human promyelmonocytic cell lines U937
and THP-1, a major tyrosine phosphorylated protein
was detected, migrating at a molecular weight of ca.
120 kilodaltons (kDa) (data not shown). The proto-
oncogene p120°”, herein referred to as Cbl, has been
shown to become tyrosine phosphorylated upon stimu-
lation by various agonists in hematopoietic cells. Based
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FIG. 1. HgCl, treatment of human myelomonocytic cells results

in the tyrosine phosphorylation of Cbl. THP-1 cells were treated with
0.5 mM HgCl, for 2 minutes and then lysed in 1% NP-40 lysis buffer.
The cell lysates from HgCl,-stimulated (+) or unstimulated (—) cells
were either (A) immunoprecipitated with the anti-phosphotyrosine
antibody 4G10 and the resulting blot was probed with a Cbl poly-
clonal antibody or (B) immunoprecipitated with a monoclonal anti-
body to Cbl (7G10) and analyzed by Western blotting, first probing
with an anti-phosphotyrosine monoclonal antibody (4G10) (upper
panel) and then reprobing the blot with a Cbl polyclonal antibody
(lower panel).

on these observations we decided to investigate
whether the 120 kDa phosphoprotein detected from
HgCl,-treated cells was indeed Cbl. Antibodies to Cbl
were used to probe a Western blot (Figure 1A) of mer-
curic chloride treated U937 cell lysates that had been
immunobead purified with phosphotyrosine-specific
antibodies. Immunoreactive Cbl protein was only de-
tected in the phosphotyrosine purification from mercu-
ric chloride treated lysates (Figure 1A, +), but not from
untreated cells (Figure 1A, —), indicating that Cbl be-
comes tyrosine phosphorylated upon mercuric chloride
stimulation. To eliminate the possibility that Cbl was
detected by virtue of its co-immunoprecipitation with a
tyrosine phosphorylated protein and was not itself
phosphorylated, Cbl was specifically immunoprecipi-
tated from the above described lysates and the immu-
noprecipitated protein was probed with antibodies spe-
cific for phosphotyrosine. As can be seen in Figure 1B
(lower panel), Cbl was equally immunoprecipitated
from both untreated and HgCl,-treated lysates, but
only in the treated lysates was Cbl tyrosine phosphor-
ylated (Figure 1B, upper panel). Since HgCl, activates
Src-family kinases, the above described results suggest
that a Src-family kinase such as Hck, activated during
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the HgCI, treatment, would be a likely candidate to
phosphorylate Cbl in vivo.

An activated allele of Hck induces the tyrosine phos-
phorylation of Cbl in murine fibroblasts. To investi-
gate if Cbl plays a role downstream of Hck, NIH 3T3
cells were infected with viruses that expressed either
vector alone or an activated allele of Hck containing a
tyrosine to phenylalanine change at amino acid 501,
p59Hck ™. As can be seen in the photographs in Fig-
ure 2 the cells containing the control vector exhibited a
flat, non-transformed morphology, whereas cells that
expressed the activated allele, p59Hck ™™™ , were re-
fractile and exhibited many aspects of transformation
including altered morphology, an ability to form foci,
and anchorage-independent growth as assessed by the
ability to grow in soft agar (data not shown). There was
a concomitant increase in the number of intensely ty-
rosine phosphorylated proteins in the murine fibro-
blasts that expressed the activated Hck protein (Figure
2, top panel). Cbl was equally expressed in both the
wild-type and p59Hck "™**F fibroblasts (Figure 2, bottom
panel) but only in cells that expressed activated Hck
(P59HCK ™) was Cbl recovered as an intensely
tyrosine phosphorylated protein (Figure 2, middle
panel). This result clearly indicates that Cbl is consti-
tutively phosphorylated in fibroblasts containing acti-
vated Hck, and that the presence of constitutively
tyrosine phosphorylated proteins, including Cbl, corre-
lates with a transformed phenotype.

The Src-family selective inhibitor PP1 inhibits ty-
rosine phosphorylation of Cbl induced by Fcvy receptor
cross-linking. We felt that a more physiologically rel-
evant system was crucial to investigate the in vivo
interactions between Hck and Cbl. Therefore, we uti-
lized human IgG as a natural ligand to cross-link Fcy
receptors. Although few upstream activators of Hck
have been identified, Fcy antibody receptors have been
shown to bind to, and activate Hck [9, 12, 14]. Addi-
tionally, the use of Fcy receptor (FcyR) cross-linking
antibodies has been shown to result in rapid induction
of tyrosine phosphorylation on Chbl [26-28]. Experi-
ments in our laboratory with the human promy-
elomonocytic cell lines, U937 and THP-1, using cross-
linked human 1gG for FcyR stimulation have also
demonstrated that Cbl becomes rapidly tyrosine phos-
phorylated (Figure 3, lanes 1-5). In order to determine
whether the high affinity 1gG receptor (FcyRl), low
affinity 1gG receptor (FcyRI1), or both were responsible
for this induction we used specific antibodies to cross-
link and activate both FcyRl and FcyRIl indepen-
dently. The activation of both of these receptors with
specific antibodies resulted in the tyrosine phosphory-
lation of Cbl (data not shown), suggesting that the use
of cross-linked human IgG was a suitable receptor-
mediated in vivo cellular system for our studies on Cbl
phosphorylation. In order to investigate the role of Hck
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FIG. 2. A transforming allele of Hck induces the constitutive
phosphorylation of Cbl. Pools of NIH-3T3 cells containing either
empty vector (LNCX) or an activated allele of Hck, p5S9Hck ™" were
made and photographs taken as indicated. Cell free lysates from the
LNCX and p59Hck™**F containing cells as indicated were analyzed
by Western blotting using the phosphotyrosine specific antibody
4G10 (upper blot). Immunoprecipitation of the total lysates was
performed using a monoclonal antibody against Chl (7G10). The
corresponding Western blot was probed with either anti-phospho-
tyrosine (4G10) or anti-Cbl monoclonal (7G10) antibodies as indi-
cated. The molecular weight standards are shown on the right.

in the process of Fcy receptor-mediated tyrosine phos-
phorylation of Cbl, the Src-selective kinase inhibitor
PP1 was utilized. The selectivity and potency of the
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FIG. 3. PP1 inhibits tyrosine phosphorylation of Cbl induced by Fcy receptor crosslinking. Differentiated U937 cells were washed in PBS
and either incubated with (lanes 6—8) or without (lanes 1-5) 10 uM PP1 for 20 minutes. The cells (1 X 107/time point) were then incubated
with hlgG for 30 minutes (+). Cross-linking of Fcy receptors was performed for the indicated amount of time (min) using a goat anti-human
F(ab’), antibody. Cells were lysed in 1% NP-40 lysis buffer and immunoprecipitations were performed using a monoclonal antibody to Cbl.
Samples were separated by SDS—-PAGE and the resulting Western blot was probed with anti-phosphotyrosine antibody (4G10) (upper panel)
and then was reprobed with anti-Cbl polyclonal antibody (lower panel). The position of p120“" and the lane numbers are marked.

pyrazolopyrimidine for the Src-family of PTKs has
been previously demonstrated [29]. When differenti-
ated U937 cells were pre-incubated with PP1, the in-
duction of tyrosine phosphorylation on Cbl induced by
Fcy receptor cross-linking was severely inhibited (Fig-
ure 3, lanes 6—8). The lower panel in Figure 3 indicates
that approximately equivalent amounts of Cbl were
immunoprecipitated from each sample. Although we
have not been able to assess the specificity of PP1 for
various tyrosine kinases, we have obtained effects on
Cbl phosphorylation with the inhibitor well within the
range (1-10 uM) where it has been shown to be selec-
tive for the Src-family kinases in vivo.

Hck can directly phosphorylate Cbl in vitro. In or-
der to determine if Hck can phosphorylate Cbl in vitro,
immunoprecipitation experiments using antibodies to
Hck, Cbl, or both Hck and Cbl were performed for use
in kinase assays. Cbl was immunoprecipitated from
JCaM1 cells, and Hck was immunoprecipitated from
3T3 fibroblasts expressing wild-type Hck (p59Hck).
JCaM1 cells were chosen because they lack a func-
tional Lck protein and hence have a very low basal
level of Cbl tyrosine phosphorylation (Howlett and
Robbins, unpublished), which facilitated our analysis
of these assays. In the presence of ATP Chl became
tyrosine phosphorylated only when the Cbl and Hck
immunoprecipitations were mixed (Figure 4, lane 3).
When Hck was not present Cbl remained unphosphor-
ylated (Figure 4, lane 2). The Hck protein is also in-
tensely phosphorylated (Figure 4, lanes 1 and 3) indic-
ative of its autophosphorylation activity. The ability to
phosphorylate Cbl was not unique to Hck since another

Src-family Kinase, Lyn, was also able to phosphorylate
Cbl when co-immunoprecipitated in the presence of
ATP (data not shown).

The interaction between Hck and Cbl is direct and
exhibits phosphotyrosine-dependent binding character-
istics. In order to define which domains of Hck were
required for its interaction with Cbl we used Glutathi-

Ippt: Heck + - +
Ippt: Cbl = + +

. <—— p120c0

. «—— p5gHck

— - < p120®

Probe: o«-P-Tyr

Probe: o-Cbl

FIG. 4. Hck can phosphorylate Cbl in vitro. Lysate from 3T3
fibroblasts expressing p59Hck was immunoprecipitated with Hck-
specific antisera (lane 1). Lysate from JCaM1 cells was immunopre-
cipitated with anti-Cbl antibody (lane 2). Lysates from both cell types
were mixed and immunoprecipitated with both Hck and Cbl specific
antisera (lane 3). Immunoprecipitated proteins were mixed with
kinase assay buffer containing 100 uM ATP, incubated at 22°C for 15
min, followed by direct boiling in Laemmlis’ buffer. The samples
were analyzed by SDS—-PAGE and the corresponding blot was probed
with anti-phosphotyrosine (4G10) (top) and then reprobed with Cbl
specific antibody (bottom). The positions of p120"' and p59Hck are
labelled as such.

133



Vol. 257, No. 1, 1999

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

o &
A o a4 o ©
N S S S R
Probe: o-Cbl ‘-- <~— p120°®
B.
GST UN/SH3/2
I 1T 1
Ippt: Cbl
Probe: o-GST B <— pi2oc
C. GST UN/SH3/2
I 1T 1
0 01515 0 01 515 min
Probe: o-Cbl sl . < 120

Probe: o-P-Tyr

FIG. 5. Direct binding of Hck fusion proteins to Cbl is regulated
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in a phosphotyrosine-dependent fashion. For the ‘Pulldown’ experiment

(A.) cell lysates were prepared from THP-1 cells (1 X 10’ cells/assay) and incubated with either GST or various GST-Hck fusion proteins
encompassing the unique (UN), SH3, SH2, both SH3 and SH2 (SH3/2) or the unique, SH3 and SH2 domains (UN/SH3/2) together coupled
to Glutathione-agarose beads. Protein complexes were separated by SDS—-PAGE and the resulting Western blot was probed with the Cbl
monoclonal antibody (7G10). In the ‘Far Western' analysis (B.) THP-1 extracts were immunoprecipitated with the Cbl monoclonal antibody
and the resulting Western blot was probed directly with either purified GST or the GST fusion protein encompassing the unique, SH3 and
SH2 domains of Hck. The bound proteins were detected by ECL after incubating the blot with a specific polyclonal antibody to GST coupled
to a horseradish peroxidase conjugated sheep anti-rabbit secondary antibody. (C.) THP-1 cell lysates were prepared from 2 X 10° cells that
were untreated (0), or cells that had been incubated with hlgG (O™), and then cross-linked by the addition of goat anti-human F(ab’),
antibody for the indicated times (min). The respective cell lysates were then incubated with 25 ug of Glutathione-agarose beads bound to GST
or GST-Hck unique, SH3 and SH2 (UN/SH3/SH2). The protein complexes were equally divided and analyzed by Western blotting with either
Cbl or anti-phosphotyrosine (P-Tyr) antibodies as indicated.

one S-transferase (GST) fusion proteins encompassing
different domains of Hck in ‘pulldown’ assays and Far
Western blotting. In pulldown assays using the various
GST-fusion constructs of Hck, the Hck-SH2 domain
was sufficient to pull down Cbl. The efficiency of the
interaction did not change appreciably when the con-
struct encompassing both the SH3 and SH2 domains
was used, however, binding to Cbhl was augmented
when the unique domain was added to the two Src

homology domains (Figure 5A). There has been no ev-
idence so far whether the interaction between Hck and
the proto-oncogene product Cbl is direct or requires an
additional ‘bridging’ protein. Therefore, we used a Far
Western approach to address this question. Since the
fusion protein encompassing the unique, SH3 and SH2
domains of Hck repeatedly displayed the most robust
association with Cbl, we decided to use this construct
for Far Western blotting. As shown in Figure 5B, the

134



Vol. 257, No. 1, 1999

GST-Hck fusion protein associated with the immuno-
precipitated Cbl, whereas the GST protein alone failed
to bind.

As mentioned earlier, Cbl becomes tyrosine phosphor-
ylated in response to many physiological signals, one of
which being the stimulation of cells through their Fcy
receptors. We wanted to investigate the effect of FcyR
stimulation—and thus phosphorylation of p120“'—on
the binding affinity of the Hck-unique/SH3/SH2 domain
to Cbl. As shown in Figure 3, tyrosine phosphorylation of
Cbl is apparent as early as 1 minute after Fcy stimula-
tion and is dramatically reduced by 15 minutes. There-
fore, we performed binding assays with the Hck-unique/
SH3/SH2 construct on lysates from THP-1 cells that had
been Fcy-stimulated within this timeframe. As shown in
Figure 5C, association of the GST-Hck-unique/SH3/SH2
fusion protein with Cbl mirrors the tyrosine phosphory-
lation status of Cbl, and thus it appears that the associ-
ation between Hck and Cbl is affected by the phosphor-
ylation status of Cbl.

Physical association of Cbl with an estrogen-
regulated allele of Hck. From the above described re-
sults we anticipated that there would be a physical
association between Cbl and the Src-family kinases
such as Hck in vivo. In order to better assess the ability
for Hck and Cbl to associate within cells we utilized a
conditional chimera of Hck. Fusion of the hormone
binding region of the estrogen receptor (hbER) to many
transcription factors renders at least some of the bio-
logical activities of these proteins dependent on the
addition of hormone in the growth media [30-32]. This
strategy has successfully been used with protein Ki-
nases such as Raf [20] and Abl [33]. We therefore fused
the hbER to the carboxy-terminal end of a cDNA that
encodes p59Hck giving rise to p5S9HCKER. After 24 and
48 h treatments with estradiol there was a dramatic
change in cellular morphology (data not shown) with a
concomitant increase in the total cellular tyrosine
phosphorylated proteins in murine fibroblasts harbor-
ing the estrogen-regulated chimera, indicative of the
enzymatic activation of p59HckER (Figure 6A). An in-
crease in total tyrosine phosphorylation including
p120°"" was observed as early as 2 h post-estradiol
addition (data not shown). The levels of p59HckER
protein remained constant upon addition of estradiol
(Figure 6A, lower panel). However, the specific activity
of the kinase was elevated, presumably due to
estradiol-induced conformational changes. Upon treat-
ment of the cells with estradiol for 24 or 48 h, we
observed that a substantial amount of the p59HckER
chimera co-immunoprecipitated with Cbl (Figure 6B).
There was only minimal co-immunoprecipitation of the
chimera in the absence of ligand (Figure 6B) despite a
high level of p59HCKER expression (Figure 6A). The
level of Cbl remained fairly constant during the time
course of the experiment with estradiol (Figure 6B,
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lower panel). The ability of Cbl and p59HCcKER to as-
sociate was observed as early as 2 h after the addition
of estradiol. However, we have not evaluated earlier
time points.

DISCUSSION

The proto-oncogene product p120“” becomes a prom-
inent tyrosine phosphorylated substrate upon the
receptor-mediated activation of both hematopoietic
and non-hematopoietic cells. Several PTKs have been
implicated in the phosphorylation of Cbl including the
Syk and ZAP-70 family [34, 35]. However, it is clear
that Syk is not always essential. In Syk-negative
chicken B cells, Cbl is not dependent on Syk for its
tyrosine phosphorylation in response to stimulation of
the B cell antigen receptor [36]. There have been sev-
eral recent reports suggesting that Cbl is a down-
stream target of the Src-family tyrosine kinases [26,
36-43]. Genetic evidence has been provided showing a
role for Cbl downstream of c-Src in the function of
osteoclast-like cells in mice [38], or downstream of Lyn
in chicken and mouse B cells [36, 44].

In this paper we provide several important pieces of
evidence both in vitro and in vivo which substantiate
that Cbl is a downstream target of the Src-family pro-
tein tyrosine kinase Hck. We have demonstrated that
upon activation of Hck by either the heavy metal HgCl,
or by an activating point mutation, Cbl becomes ty-
rosine phosphorylated. In addition, the Src-family se-
lective kinase inhibitor, PP1, could abrogate the ability
of Cbl to become tyrosine phosphorylated in response
to extracellular signals such as Fcy-receptor stimula-
tion. We have also demonstrated that Cbl is a sub-
strate for Hck and that the binding of Hck to Cbl is
direct, requiring the unique, SH3 and SH2 domains for
optimal binding.

Various biochemical studies have been undertaken
which point to an intermolecular association between
Cbl and Src PTKs in hematopoietic cells. Using a novel
estrogen-regulated allele of Hck we have been able to
show a physical association between Hck and Cbl in a
hormone-dependent fashion in vivo. These findings are
consistent with data showing that Cbl co-immuno-
precipitates with Lyn and Fyn in B cells and with Lyn
in promyelomonocytic cells [26, 36, 39]. The physical
association of Cbl with Fyn in T cells has also been
observed [37, 41]. The interaction of Src-family kinases
with Cbl is thought to be mediated through the SH3
and/or SH2 domains of the Src PTKs binding to Cbl's
proline-rich region and phosphorylated tyrosine resi-
dues [26, 28, 37, 38, 40, 42]. In agreement with a recent
report [42] we have found that the amino-terminal half
of Hck encompassing the unique, SH3 and SH2 do-
mains is required for optimal binding to Cbl. However,
in contrast to this study we have found that the Hck-
SH2 domain alone is capable of interacting with Cbl.
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FIG. 6. Physical association of Cbl with an estrogen-regulated allele of Hck, HCKER. NIH-3T3 cells transfected with either vector alone
(lanes 1-3) or p59HCcKER (lanes 4—6) were grown to confluency and then treated with estradiol (1 mM final concentration) for the indicated
times in h. The cells were then lysed in a 1% NP-40 containing lysis buffer. A) A Western blot of total cell lysates was probed with
anti-phosphotyrosine (top panel), and reprobed with anti-hbER (bottom panel). B) Cell lysates were immunoprecipitated with a monoclonal
antibody to Cbl (7G10) and the resulting Western blot was probed with either anti-hbER (top panel) or Cbl polyclonal antiserum (bottom

panel). The positions of pS9HCKER and p120°* are marked as such.

We have not been able to detect binding of either the
unique or SH3 domains of Hck to Cbl which differs
from previous reports with the SH3 domains from Fyn
[45] and Lyn [26]. This may indicate that different
Src-family kinases bind to Cbl by distinct mechanisms,

have varying affinities for Cbl or, for technical reasons
the SH3 domain of Hck is not in a binding competent
configuration. We believe that the latter reason is un-
likely since the Hck-SH3 fusion protein is capable of
binding another interacting protein, Vav (Bisson and
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Robbins, unpublished observations). We have also been
able to establish that the molecular association be-
tween Hck and Cbl is direct and does not require a
‘bridging’ protein. This is in agreement with a recent
report showing that Cbl interacts with Lyn in a yeast
two-hybrid system [43].

Our data would suggest that the interaction between
Cbl and Hck is phosphotyrosine-mediated involving the
SH2 domain of Hck and the interaction is enhanced by
the presence of the unique and SH3 domains. It remains
to be determined whether the unique and SH3 domains
of Hck have a distinct binding site(s) on Cbl (such as the
proline-rich region of Cbl) or whether they merely mod-
ulate the affinity of the Hck-SH2 domain for its binding
site on Cbl. The ability of Hck to interact with Cbl that
contains very little, if any, detectable tyrosine phosphor-
ylation from in vitro translated mRNA (data not shown)
suggests that phosphotyrosine-independent interactions
may also exist. This is not inconceivable since the Lck-
SH2 domain has recently been shown to bind a novel
62-kDa protein in a phosphotyrosine-independent fash-
ion [46, 47].

Thus, Hck is one member of the Src-family PTKs
that is able to phosphorylate Cbl. The genetic redun-
dacy within this family of kinases would imply that
several of its members can fulfill the role of Cbl phos-
phorylation in response to various extracellular signals
[48, 49]. The specificity of the interactions would thus
lie in the cellular context and particular extracellular
signal received.
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