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The Target Sites on the EGF Receptor for Cbl, its negative regulator
Introduction:

The experiments described in the application submitted for funding were designed to test
the hypothesis that the protooncogene product Cbl functions as a negative regulator of the
activated epidermal growth factor receptor (EGFR). Genetic studies in C. elegans and Drosophila
had identified the Cbl homologues SLI-1 and D-Cbl in these organisms as being negative
regulators of EGFR-mediated developmental events. Observations in mammalian systems had
identified Cbl as a substrate for the activated EGFR and had shown that Cbl was rapidly
recruited to the activated EGFR. We showed that the evolutionarily conserved N-terminal
portion of Cbl encoded a novel phosphotyrosine-binding motif (termed a tyrosine kinase-binding
domain, TKB), that directly bound to a number of activated tyrosine kinases, including the
EGFR. Subsequently, this portion of Cbl was crystallized and shown to encode a novel SH2 like
domain (Meng et al. Nature 398:84-90, 1999). Taken together these results implicated Cbl as a
candidate for mediating negative regulation of the EGFR.

Modifications to Statement of Work:

As indicated in last year’s report, a number of observations in our laboratory and other
published studies led to a modification of the initial focus. This change in focus reflected an
opportunity to define a novel paradigm of the regulation of ErbB receptor signaling. As detailed
in the introduction to last year’s report, publications from our laboratory (Miyake et al., PNAS
95:7927-7932, 1998) showed that Cbl functions as a negative regulator by enhancing the rate of
degradation of the PDGFRa, a receptor tyrosine kinase related to EGFR. Levkowitz and
colleagues (Genes Dev., 12:3663-3674, 1998) and Dr N. Lill in our laboratory (Lill et al., J. Biol.
Chem. 275:367-377, 2000) demonstrated that Cbl also functions as negative regulator of the
EGFR by enhancing its rate of degradation. These data, indicated that Cbl did not increase the
rate at which the EGFR was internalized, but rather increased the proportion of EGFR targeted to
endosomes and lysosomes. Furthermore, oncogenic forms of Cbl inhibited down-regulation of
the EGFR by promoting the recycling of the internalized receptor back to the cell surface. These
findings suggested that Cbl may be acting once the receptor has been internalized and possibly at
the sorting endosome stage. Therefore, the hypothesis of this fellowship proposal was modified
to investigate if Cbl functions as a negative regulator of Src family of kinases, and as such can
influence the intracellular trafficking of internalized EGFR. The Src-family kinases c-Src, Fyn
and c-Yes are widely expressed and are activated by diverse cellular stimuli. Significantly, the
tyrosine kinase activity of all three family members is increased by EGF stimulation and Src has
been shown to associate with the EGFR and ErbB-2 (Neu). Even more importantly, levels of Src
family members or their activity are significantly increased in a substantial proportion of cases of
breast and colon cancer.

Last year’s report provided initial evidence in favor of the proposal that Cbl functions as
a negative regulator of Src-family kinases. Studies carried out during the current reporting period
provide further evidence in favor of this hypothesis, in particular using cells derived from Cbl
knockout animals. Together, these studies provide conclusive evidence that Cbl functions as a
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negative regulator of activated Src-family tyrosine kinases and that this regulation is mediated
via degradation of Src-family kinases. Additional experiments have implicated the RING finger
domain of Cbl, a motif recently shown to constitute a ubiquitin ligase module, as crucial for Cbl-
dependent negative regulation of Src-family kinases. These results provide a basis for further
studies to investigate the mechanisms of Cbl-mediated degradation of Src-family kinases and to
identify the novel subcellular compartments of ErbB signaling to which these receptors are
delivered as a result of their interaction with Src-family kinases.

The modified statement of work for next year is:

1. Examine the mechanism of Cbl-dependent degradation of Src-family kinases
A. Assess if Cbl-dependent degradation of Fyn is inhibited by proteasome inhibitors
B. Assess if Fyn is ubiquitinated in a Cbl-dependent manner.
C. Assess the role of ubiquitin ligase domain (RING finger) of Cbl in ubiquitination
of Fyn.

2. Characterize the role of Src-family kinases in intracellular sorting and signaling of

EGF receptor

A. Assess the rate of EGF-induced downregulation of EGF receptor and its
intracellular fate in Src/Yes/Fyn-negative fibroblasts (SYF cells).

B. Assess if lack of Src-family kinases prevents or modifies Cbl-induced
downregulation of EGF receptor.

C. Characterize the subcellular compartment where EGF receptor accumulates in
SYF cells and cells overexpressing Src-family kinases.

D. Extend the observations in 2C to breast cancer cell lines that express low or high
levels of Src-family kinases.

Body:

Studies carried out in the current reporting period helped further the training of the
applicant and resulted in one first-author publication and one co-author paper. (The following
summary describes extensive studies that were recently published as Andoniou CE, et. al.,
Molecular and Cellular Biology, 20:851-867, 2000; copy included)

The previously studied tyrosine kinase targets of Cbl, such as ZAP70, Syk, PDGFR, and
EGFR, require activation-induced phosphorylation to physically interact with Cbl. In contrast,
earlier analyses with lymphocytic and other cell types indicated that a stable complex of Cbl with
Fyn, Lck, Src, or Lyn could be found prior to cellular activation. In vitro studies suggested a
likely mechanism for this association, involving binding between the SH3 domains of Src-family
kinases and the proline-rich sequences in Cbl. Using Cbl mutants in which parts of the proline-
rich region were deleted and an inactivating point mutation of the Fyn SH3 domain, we
demonstrated that this mechanism predominates in vivo. Nonetheless, Fyn SH2 domain binding
to one or more phosphorylated tyrosine residues on Cbl also appeared to contribute to the Fyn-
Cbl interaction. Consistent with the Fyn SH2 domain mediating an association of Fyn with Cbl,
the three dominant phosphorylation sites in Cbl (amino acid residues Y700, Y731, and Y774)
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have been found to provide binding sites for Src-family kinase SH2 domains. The combined
SH2- and SH3-dependent mechanisms mediate a relatively stable association of Cbl with Fyn.

Based on the intramolecular-repression model of Src-family kinase regulation, ligand
binding to the SH3 domain is predicted to displace it from the SH2-kinase linker and to lead to
kinase activation. An obvious question was whether binding of Cbl to the SH3 domain of Fyn
would lead to activation of the kinase or whether Cbl might use binding via the SH3 domain to
promote negative regulation of Fyn. Our results demonstrate that association of Fyn with Cbl
leads to a dramatic reduction in the active pool of Fyn. This conclusion was based on multiple
criteria: Cbl dose-dependent reduction in the overall levels of autophosphorylated Fyn, decreased
in vivo phosphorylation of endogenous (p62) and exogenous (CD8-z) substrates, and reduced
transcriptional activation of a Src-family kinase-responsive promoter element. Thus, while
displacement of the SH3 domain from the SH2-kinase linker can lead to activation of Src-family
kinases, dissociation followed by SH3 domain-dependent association of Fyn with Cbl reduces
kinase activity. We envision that Cbl-mediated negative regulation complements the established
mode of intramolecular repression by eliminating activated Src-family kinases that can not revert
to a repressed state. Consistent with this idea was the another set of findings. Intramolecular
regulation of Src kinases can be disrupted by mutation of the negative regulatory C-terminal
tyrosine (Y528 in Fyn), resulting in the constitutive activation of kinase activity. We used the
FynY528F mutant to ask if Cbl-dependent negative regulation of Fyn could still be observed.
Our results clearly demonstrate that FynY528F not only retains its susceptibility to the negative
regulatory effects of Cbl but also is more susceptible to this effect than is the wild-type Fyn.
These results suggest that Cbl-mediated negative regulation would be important in situations
where Fyn intramolecular associations have been disrupted, as is predicted to occur upon
activation of cell surface receptors.

An unexpected finding was the observation that the Cbl-dependent reduction in
autophosphorylated Fyn and inhibition of distal signaling events was consistently accompanied
by a reduction in Fyn protein levels. The effect of Cbl on Fyn levels correlated with its impact on
Fyn kinase activity: both effects were more pronounced for the FynY528F mutant than for wild-
type Fyn. Significantly, coexpression of the 70ZCbl mutant with Fyn did not affect Fyn activity
or alter Fyn protein levels, implying that the effect of Cbl on Fyn protein levels was not a
transfection artifact. These results suggested that Cbl might regulate Fyn activity by targeting the
activated Fyn protein for degradation. This hypothesis was tested by pulse-chase analysis, which
directly demonstrated that the Cbl-dependent decrease in Fyn protein levels resulted from
enhanced Fyn-specific protein turnover. Cbl-mediated reduction of Fyn protein levels was also
observed in Jurkat T-lymphocytic cells, indicating that Cbl-dependent degradation of Fyn is
likely to occur widely. Complementing these analyses based on Cbl overexpression, we also
demonstrated that fibroblast and T-lymphoma cell lines derived from Cbl -/- mice express higher
level of Fyn protein than do cell lines derived from wild-type mice. Significantly, the observed
half-life of FynY528F was shorter than that of wild-type Fyn following coexpression of Cbl in
293T cells, implying that the catalytically active pool of Fyn is targeted for degradation.
Consistent with this suggestion, the E6GAP-mediated degradation of Blk, another Src-family
kinase, required it’s catalytically activity (Oda H. et al. PNAS, 96:9557-9562, 1999). Together,
these results provide strong support for a role for Cbl in regulating Fyn protein levels in vivo.
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The possibility that the reduction in Fyn protein levels was a secondary effect of Cbl-
mediated inhibition of Fyn kinase activity was also tested. While the total amount of Fyn kinase
activity associated with Cbl was smaller than that associated with 70ZCbl, normalization of the
data for Fyn protein levels revealed that there was no significant difference in Fyn specific
activity. This result is consistent with those published previously in which Cbl was found in
complex with catalytically active c-Src in osteoclasts and macrophage cell lines (Ojaniemi M, et.
al., J. Biol. Chem. 272:3780-3787, 1997; Tanaka S, et. al., Nature 383:528-531, 1996). Together,
these results lead us to conclude that Cbl does not significantly affect Fyn kinase activity and that
the most likely explanation for the observed negative regulation of Fyn activity by Cbl is that Cbl
enhances the rate of Fyn degradation. These observations implicate protein degradation as a
mechanism for downregulation of activated Src-family kinases.

Key Research Accomplishments:

- Identified Src-family kinases, which are implicated in the pathogenesis of breast
cancer, as targets of Cbl-mediated negative regulation.

- Demonstrated that Cbl-mediated negative regulation of tyrosine kinases was not due
to inhibition of kinase activity.

- Demonstrated that Cbl-mediated negative regulation of Src-family tyrosine kinases
was a result of enhanced degradation.

- Demonstrated an elevation of Src-family kinase protein levels in cells where Cbl-
mediated negative regulation has been disabled as a result of gene knockout. These
results raise the possibility that elevated levels of Src-family kinases in breast cancer
may be due, in part, to aberrant Cbl expression or function.

- Demonstrated the preferential degradation of the activated pool of Src-family kinases
by Cbl. This finding suggests the possibility that raising the level or activity of Cbl or
targeting it to activated tyrosine kinases may provide an avenue to selectively inhibit
the growth of breast cancer cells.

Reportable Outcomes:
Publications:

- Ota8, Hazeki K, Rao N, Lupher Jr. ML, Andoniou CE, Band H. The RING finger
domain of Cbl is essential for negative regulation of the Syk tyrosine kinase. J. Biol.

Chem. 2000; 275:414-22.
- Andoniou CE, Lill NL, Thien CB, Lupher ML Jr, Ota S, Bowtell DD, Scaife RM,
Langdon WY, Band H. The Cbl proto-oncogene product negatively regulates the
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Src-family tyrosine kinase Fyn by enhancing its degradation. Mol. Cell. Biol. 2000;
20:851-67.

Cell lines/Other reagents:

Cbl+/+ and Cbl-/- mouse embryonic fibroblast and immortalized T cell lines.
Expression constructs of Fyn and its mutants in pAlterMax vector system suitable for

site-directed mutagenesis
Expression constructs of Cbl and its mutants in pSRalphaneo and pAlterMax vector

systems.

Funding applied for based on this work:

The work carried out under this award was part of the preliminary studies that

formed the basis of following grant proposals submitted by the applicant’s mentor, Dr.
Band.

- DOD IDEA Award (H. Band, P.I.) Approved for funding 7/2000 — 6/2003;

Compartmentalized Signaling and Breast Cancer Cell Proliferation

- NIH RO1 grant (H. Band, P.1.) Approved for funding 7/2000 — 6/2005; Tyrosine

Kinase Regulation via Protein Degradation

- American Cancer Society Research Grant Competitive Renewal (H. Band, P.I.) 7/2000

— 6/2002; Src-family tyrosine kinase regulation by Cbl oncoprotein (this grant
overlaps with NIH RO1 grant and is will be declined when NIH RO1 is awarded).

Manuscripts included:

Ota S, Hazeki K, Rao N, Lupher Jr. ML, Andoniou CE, Band H. The RING finger
domain of Cbl is essential for negative regulation of the Syk tyrosine kinase. J. Biol.
Chem. 2000; 275:414-22.

Andoniou CE, Lill NL, Thien CB, Lupher ML Jr, Ota S, Bowtell DD, Scaife RM,
Langdon WY, Band H. The Cbl proto-oncogene product negatively regulates the
Src-family tyrosine kinase Fyn by enhancing its degradation. Mol. Cell. Biol. 2000;
20:851-67.

Conclusions:

In conclusion, our results implicate Cbl as an important component of the negative
regulation of the Src-family kinase Fyn and provide evidence that Cbl-dependent regulation is
achieved via enhanced degradation of Fyn. Given that Cbl is known to associate with many
members of the Src kinase family, and given the structural conservation among the Src-family
members, Cbl is likely to be a general negative regulator of Src-family kinases. Additionally,
these results implicate kinase degradation as a general mechanism by which Cbl functions as a
negative regulator of tyrosine kinases.
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The RING Finger Domain of Cbl Is Essential for Negative
Regulation of the Syk Tyrosine Kinase*
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The proto-oncogene product Cbl has emerged as a
negative regulator of a number of protein-tyrosine ki-
nases, including the ZAP-70/Syk tyrosine kinases that
are critical for signaling in hematopoietic cells. The evo-
lutionarily conserved N-terminal tyrosine kinase-bind-
ing domain is required for Cbl to associate with ZAP-70/
Syk and for their subsequent negative regulation.
However, the role of the remaining C-terminal regions
of Cbl remains unclear. Here, we used a COS-7 cell re-
constitution system to address this question. Analysis of
a series of C-terminally truncated Cbl mutants revealed
that the N-terminal half of the protein, including the
TKB and RING finger domains, was sufficient to medi-
ate negative regulation of Syk. Further truncations,
which delete the RING finger domain, abrogated the
negative regulatory effects of Cbl on Syk. Point muta-
tions of conserved cysteine residues or a histidine in the
RING finger domain, which are required for zinc bind-
ing, abrogated the ability of Cbl to negatively regulate
Syk in COS-7 cells and Ramos B lymphocytic cells. In
addition, Syk-dependent transactivation of a serum re-
sponse element-luciferase reporter in transfected 293T
cells was reduced by wild type Cbl; mutations of the
RING finger domain or its deletion abrogated this effect.
These results establish the RING finger domain as an
essential element in Cbl-mediated negative regulation
of a tyrosine kinase and reveal that the evolutionarily
conserved N-terminal half of the protein is sufficient for
this function.

The protein product of the proto-oncogene c-cbl has emerged
as a prominent component of protein-tyrosine kinase (PTK)'-
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Grants CA64503, CA75075, and CA76118 (to H. B.) and the American
Cancer Society Grant CIM-89513. The costs of publication of this article
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U.S.C. Section 1734 solely to indicate this fact.

% Pre-doctoral fellow of the Howard Hughes Medical Institute.

§ Present address: ICOS Corp., Bothell, WA 98021.

1 Department of Defense Breast Cancer Research Program Postdoc-
toral Fellow.

**To whom correspondence should be addressed: Smith Bldg., Rm.
538C, One Jimmy Fund Way, Boston, MA 02115. Tel.: 617-525-1101;
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1 The abbreviations used are: PTK, protein-tyrosine kinase; Cbl-N,
N-terminal transforming region of Cbl; TKB, tyrosine kinase binding;
TCR, T cell receptor; ECL, enhanced chemiluminescence; EGFR, epi-
dermal growth factor receptor; PDGFR, platelet derived growth factor
receptor; NF-AT, nuclear factor of activated T cells; PAGE, polyacryl-
amide gel electrophoresis; WT, wild type; aa, amino acid; HA, hemag-
glutinin; SRE, serum response element; CMV, cytomegalovirus; E2,
ubiquitin-conjugating enzyme.
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mediated signaling cascades downstream of the activated cell
surface receptors. These receptors include the T cell receptor
(TCR), the B cell receptor, Fc receptors, and cytokine receptors
that activate non-receptor PTKs (1-6). Cbl also functions
downstream of a number of receptor PTKSs, such as the platelet-
derived growth factor receptor (PDGFR) and the epidermal
growth factor receptor (EGFR). The N-terminal region of Cbl
(Cbl-N; aa 1-357), corresponding to sequences retained in the
v-cbl oncogene, functions as a tyrosine kinase-binding (TKB)
domain that interacts directly with autophosphorylated PTKs,
including the lymphocyte antigen receptor-associated Syk and
ZAP-70 PTKs, and receptor PTKs PDGFR o/f and EGFR (7-
14). The recently solved crystal structure has demonstrated
that the Cbl TKB domain is composed of a four-helical bundle,
a calcium-binding EF hand, and a variant SH2 domain (15)
(Fig. 1A). The SH2 domain lacks certain critical loop structures
and is unable to bind to phosphotyrosine-containing peptides
on its own. The three constituent domains cooperatively create
a novel phosphopeptide-binding platform.

The Cbl polypeptide also contains a numbers of other do-
mains or motifs as follows: a RING finger domain whose func-
tion has not been determined; an extensive proline-rich region
(amino acids 481-690) that provides binding sites for the SH3
domain of Src family PTKs and the adapter proteins Grb2 and
Nck (1-6); and a C-terminal leucine zipper that has significant
homology to ubiquitin-associated domains found in ubiquitin
machinery enzymes and certain targets (16, 17). Receptor-
induced phosphorylation of specific tyrosine residues in C-ter-
minal half of the Cbl protein creates docking sites for the SH2
domain-containing proteins, such as VAV (Tyr-700), the p85
subunit of phosphatidylinositol-3 kinase (Tyr-731), and the
adapter proteins of the Crk family (Tyr-774) (18—20).

Recently, two additional mammalian Cbl-related genes have
been cloned. Cbl-b is highly related to Cbl in its primary struc-
ture and the arrangement of its domains (1, 2, 21). In contrast,
Cbl-SL (for Cbl-SLI-1-like)/Cb1-3 is more distantly related to
Cbl and Cbl-b, and its domain structure closely resembles that
of the Caenorhabditis elegans Cbl homologue SLI-1 (6, 22).
Both Cbl-SL/Cbl-3 and SLI-1 possess the TKB and RING finger
domains and a very short proline-rich region but lack the
remaining C-terminal sequences including the leucine zipper.
The recently cloned Drosophila Cbl (D-Cbl) contains only the
TKB and RING finger domains (23, 24). A comparison of all the
known Cbl family members emphasizes the conservation of the
TKB and RING finger domain sequences, suggesting that these
domains may be important for an evolutionarily conserved role
of this family of proteins (6).

Recent genetic and biochemical studies have revealed an
evolutionarily conserved role of the Cbl family proteins as
negative regulators of tyrosine kinase signaling cascades (1-6,

This paper is available on line at http://www.jbc.org




Essential Role of RING Finger Domain of Cbl ‘T o415

25-28). SLI-1, the C. elegans Cbl homologue, was identified in
a screen for negative regulators of the LET-23 receptor, a
homologue of the mammalian EGFR. The loss of function mu-
tants of SLI-1 were identified as premature termination or a
single amino acid substitution (G315E) within the TKB domain
(29). D-Cbl, when expressed as a transgene, was shown to
negatively regulate the Drosophila EGFR-mediated R7 photo-
receptor development (23). Importantly, Cbl-deficient mice ex-
hibit marked hypercellularity in lymphoid organs, increased
positive selection of CD4-positive thymocyte, and enhanced
branching of the mammary gland ducts (26, 27). Biochemical
analyses showed an enhanced TCR-induced tyrosine phospho-
rylation in Cbl-deficient thymocytes, consistent with loss of
negative regulation.

Complementing these in vivo studies, a number of in vitro
experiments also have demonstrated the negative regulatory
role of Cbl for PTK signaling pathways and, importantly, have
pointed to a direct effect of Cbl at the level of PTKs. For
example, the overexpression of exogenous wild type Cbhl in
various cell types was shown to down-regulate the EGFR and
PDGFR o/B signaling cascades, whereas the overexpression of
oncogenic Cbl mutants had the opposite effects (1-6). Interest-
ingly, the effects of wild type Cbl on EGFR and PDGFR appear
to involve an enhancement of their ligand-induced ubiquitina-
tion, endocytosis, and degradation (28, 30-32).

Overexpression of Cbl in the RBL-2H3 mast cell line was
shown to reduce the autophosphorylation and kinase activity of
co-expressed Syk and inhibit histamine release following FceR1
ligation (33). Notably, the TKB domain of Cbl binds directly to
the negative regulatory phosphorylation site within the SH2
kinase linker region of ZAP-70 (Tyr-292) and Syk (Tyr-323)
PTKs (11-13). The Tyr — Phe mutations of these sites render
ZAP-70 and Syk hyperactive in vivo when expressed in lymph-
oid cells, whereas the in vitro kinase activity of ZAP-70-Y292F
was unchanged (34-36). Similar experiments in a COS-7 cell
system demonstrated that co-expression of Cbl induced a loss of
the kinase-active pool of Syk, and this effect was accompanied
by a decrease in the level of Syk protein (12). These studies
have clearly established a critical role for Cbl in the negative
regulation of Syk/ZAP-70 PTKs.

Importantly, a TKB domain-inactivating mutation (G306E),
corresponding to a loss of function mutation in SLI-1, blocked
the binding of Cbl to Syk and ZAP-70 PTKSs and abrogated the
Cbl-dependent negative regulatory effect on Syk (11, 12). Con-
versely, Syk Y323F mutant was resistant to Cbl-induced neg-
ative regulation (12). Recent studies have demonstrated a sim-
ilar requirement for the TKB domain in Cbl-mediated negative
regulation of receptor PTKs (28, 32). However, given the dom-
inant oncogenic activity of the TKB domain and its ability to
up-regulate PTK signaling, it is clear that additional C-termi-
nal sequences in Cbl are required for its negative regulatory
effect on PTKs.

In this study, we have used transfection studies in COS-7,
293T, and Ramos B lymphocytic cells to assess the role of these
additional sequences in Cbl-dependent negative regulation of
the Syk PTK. Our results demonstrate that the RING finger
domain of Cbl is essential for the negative regulation of Syk.
Furthermore, the N-terminal portion of Cbl, which include the
TKB and RING finger domains, is sufficient for this function.
The evolutionary conservation of the Cbl domains that are
required for negative regulation of Syk suggests that these
findings should be generalizable to Chl-dependent negative
regulation of other PTKs.

EXPERIMENTAL PROCEDURES

Cells—COS-7 and 293T cells (American Type Culture Collection)
were maintained in Dulbecco’s modified Eagle’s media supplemented

with 10% fetal calf serum (HyClone), 20 mm HEPES, pH 7.35, 1 mMm
sodium pyruvate, 1 mM non-essential amino acids, 100 units/ml peni-
cillin, and 100 pg/ml streptomycin (all from Life Technologies, Inc.).
Ramos-T cell line was established by electroporating the human surface
IgM™ B lymphocytic cell line Ramos with the pCMVneo.SVT vector
(SV40 large T DNA sequences cloned in the pCMVneo vector down-
stream of the CMV promoter, a gift from Dr. Vimla Band, New England
Medical Center, Boston). High SV40 T antigen expression was verified
by immunoprecipitation (data not shown). Ramos-T cell line was main-
tained as described for Ramos cells (37) with the addition of 500 ug/ml
G418.

Antibodies—The following antibodies were used: 4G10 (anti-Tyr(P);
IgG2a) (38), a gift of Dr. Brian Druker (Oregon Health Science Univer-
sity, Portland, OR); SPV-T3b (anti-CD3e; IgG2a) (39), a gift of Dr.
Hergen Spits (Netherlands Cancer Institute, Amsterdam, Nether-
lands); 12CA5 (anti-influenza hemagglutinin (HA) epitope tag; IgG2b)
(40); goat anti-human IgM (number 62-7500) from Zymed Laboratories
Inc. (South San Francisco, CA); anti-Syk (IgG2a, sc-1240), anti-Cbl
(rabbit polyclonal, sc-170), and anti-TCR-{ chain (IgG1, sc-1239) from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA).

Expression Plasmids and Site-directed Mutagenesis—The pSRaNeo-
CD8-{ chimera, encoding the extracellular and trans-membrane do-
mains of human CD8 fused to the cytoplasmic tail of human TCR ¢
chain, has been described (11). All Cbl expression constructs use the
pAlterMAX plasmid backbone with a CMV promoter for mammalian
cell expression (Promega Corp., Madison, WI). The wild type or mutant
Cbl proteins were designed to include an N-terminal HA tag. The
pAlterMAX-HA-Cb], encoding the wild type Cbl, and pAlterMAX-HA-
Cbl-G306E encoding its G306E mutant, have been described (11). The
pAlterMAX constructs encoding the HA-tagged truncation mutants,
Cbl-655 (aa 1~655), Cbl-480 (aa 1-480), Cbl-436 (aa 1-436), Cbl-421
(aa 1-421), and Cbl-357 (aa 1-357), were derived by subcloning the
appropriate fragments from pSRaNeo-based constructs using the
BamHI restriction site. Point mutations within the RING finger domain
were introduced by site-directed mutagenesis in the pAlterMAX-HA-
Cbl construct using the Altered Sites-II™ mutagenesis system (Pro-
mega, Madison, WI) according to the manufacturer’s protocol. The
following mutagenic oligonucleotides were used: for mutant C381A/
C384A (C1C2), 5'-CTT-ATC-ATT-TTC-AGC-AGC-TAT-TTT-AGC-TAG-
TTG-GAA-TGT-GGA-3’; for mutant C396A/H398N (C3H), 5'-GGA-
TGT-GCA-CAT-GAG-GTT-TCC-AGC-GGG-CTC-AAT-CTT-TAC-3'; for
mutant C401A/C404A (C4C5), 5'-CTG-CCA-GGA-TGT-AAG-AGC-
GGA-TGT-GGC-CAT-GAG-GTG-TCC-ACA-3'; for mutant C416A/C419A
(C6CT), b5'-TTT-AAT-TTC-ACA-TCG-GGC-GAA-AGG-AGC-GCC-CTC-
ACC-TTC-TGA-3'; and for mutant C396A/H398N/C401A/C404A
(C3HC4C5), 5'-CTG-CCA-GGA-TGT-AAG-AGC-GGA-TGT-GGC-CAT-
GAG-GTT-TCC-AGC-GGG-CTC-AAT-CTT-TAC-3'. The sequence fidelity
of all constructs was verified by automated DNA sequencing.

Transient Expression in COS-7 Cells—COS-7 cells were plated over-
night and transfected for 6 h using LipofectAMINE™ reagent (Life
Technologies, Inc.) in Opti-MEM medium (Life Technologies, Inc.), ac-
cording to the manufacturer’s protocol. The medium was then replaced
with normal COS-7 medium, and the cells were cultured for 48 h. The
cell monolayers were then washed with cold phosphate-buffered saline
and lysed on ice in a buffer containing 1.0% Triton X-100 (Fluka), 50 mM
Tris, pH 7.5, 150 mM sodium chloride, 1 mM phenylmethylsulfonyl
fluoride, 1 mM sodium orthovanadate, 10 mM sodium fluoride, and 1
ug/ml each of the protease inhibitors leupeptin, pepstain A, antipain,
and chymostatin (Sigma).

Transient Expression and Ramos-T Cell Line Activation—Ramos-T
cells were transfected by electroporation with 40 ug of pAlterMAX
vector per 18 X 10° cells in 300 w1 volume. The cells were cultured for
40 h, washed and resuspended in RPMI 1640 medium at 5 X 10%ml,
and preincubated at 37 °C for 10 min. Goat anti-human IgM was added
to a final concentration of 50 ug/ml. Cells were incubated for the
indicated time points, washed by adding 4 volumes of cold phosphate-
buffed saline, and lysed on ice in the same buffer used for COS-7 cells.

Immunoprecipitation, Gel Electrophoresis, and Immunoblotting—
Immunoprecipitation was performed as described (9) using protein
A-Sepharose 4B beads as an immunosorbent (Amersham Pharmacia
Biotech). The immunoprecipitated proteins and total cell lysates were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(PAGE), transferred to polyvinylidene difluoride membranes (Immo-
bilon-P, Millipore Corp., Bedford, MA), and immunoblotted with the
indicated antibodies as described (11). Protein A-horseradish peroxi-
dase (Cappel-Oreganon Technika, Durham, NC) was used as a second-
ary reagent for blotting. Blots were visualized using the enhanced
chemiluminescence (ECL) and exposed to film (NEN Life Science Prod-
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ucts). Blots were stripped and reprobed as described (12). Photographs
were generated by direct scanning of films using a Hewlett-Packard
Scandet 4¢c™ scanner and Corel Draw™ version 6 software. Densitom-
etry was carried out on directly scanned images using ScionImage for
Windows™ software.

In Vitro Kinase Assay—Anti-Syk antibody immunoprecipitations of
COS-7 cells lysates were prepared using 15 ul of protein A-Sepharose
beads. The beads were washed six times with the lysis buffer and twice
with the kinase assay buffer (50 mm HEPES, pH 7.35, 0.1 mMm EDTA,
and 0.015% Brij 35). The beads were then transferred to new tubes,
resuspended in 10 pl of kinase dilution buffer (50 mm HEPES, pH 7.85,
0.1 mm EDTA, 0.015% Brij 35, 0.1 mg/ml bovine serum albumin, and
0.2% 2-mercaptoethanol), and mixed with 4 pg of Raytide substrate
(Calbiochem) in 10 ul of kinase assay buffer. The reaction was started
by adding 10 ul of ATP mix, containing 0.15 mm ATP, 30 mm MgCl,, and
200 pCi/ml [y-*?PJATP in kinase assay buffer, and incubation was
carried out at 30 °C for 30 min. The supernatant was applied on a P81
Whatman paper disc that was washed six times in 0.5% phosphoric
acid. The radioactivity incorporated into Raytide remaining on the disc
was measured by Cerenkov counting. The bead-bound autophosphory-
lated Syk was resolved by SDS-PAGE, and fixed-dried gels were used
for autoradiography.

Luciferase Assay—1 X 10° 293T cells were plated per well of a 6-well
dish overnight and then transfected with a plasmid containing egr-1-
derived serum response element (SRE) fused to firefly luciferase re-
porter gene (a gift of Dr. K. Alexandropoulos, Columbia University,
New York) using the calcium phosphate method (41). In addition, cells
were transfected with the appropriate Cbl and Syk constructs. At 48 h
post-transfection, the cells were washed once with ice-cold phosphate-
buffered saline and lysed with Cell Culture Lysis Reagent (Promega
Corp., Madison, WI), and lysate protein concentrations were deter-
mined by Bradford assay. SRE luciferase activity was determined using
a Monolight 3010C luminometer (Analytical Bioluminescence Labora-
tory Inc., San Diego, CA) and Luciferin Reagent (Promega Corp.,
Madison, WI).

RESULTS

The N-terminal Region of Cbl, Including the TKB and RING
Finger Domains, Is Sufficient for Negative Regulation of
Syk—We have previously demonstrated that an intact TKB
domain in Cbl and its cognate binding site in Syk are both
required for Cbl-dependent negative regulation of Syk (12).
However, the isolated TKB domain is dominantly oncogenic
and induces an up-regulation of signaling through PTKs such
as the PDGFRa (10). These findings suggested that additional
C-terminal sequences in Cbl are required for its negative reg-
ulatory effect on PTK. To identify the additional domains or
regions of Cbl that are necessary for negative regulation of
PTKs, we generated a series of C-terminal truncation mutants
of Cbl (Fig. 14) and assessed their effect on Syk.

First, we determined if all of the truncation mutants were
expressed as stable proteins and whether these proteins asso-
ciated with Syk, the latter signifying an intact TKB domain.
For this purpose, COS-7 cells were co-transfected with expres-
sion plasmids encoding Syk, CD8-{ (as a scaffold) and various
truncation mutants of Cbl. The lysates of transfected cells were
immunoblotted directly with anti-HA (for HA-tagged Cbl pro-
teins) and anti-Syk antibodies. Each of the truncation mutants
of Cbl was expressed as a polypeptide of expected relative
mobility in SDS-PAGE (Fig. 1B, top panel), and all of the
Syk-transfected cells expressed the Syk protein (Fig. 1B, mid-
dle panel). When cell lysates were immunoprecipitated with
anti-HA antibody and subjected to anti-Syk immunoblotting,
Syk was found to co-immunoprecipitate with the wild type
HA-Cbl, and this association was drastically reduced by the
TKB domain-inactivating mutation G306E (Fig. 1B, bottom
panel, lanes 3 and 4), as expected from previous studies (12).
Importantly, the co-immunoprecipitation analysis revealed
that each of the Cbl truncation mutants associated with Syk
(Fig. 1B, bottom panel, lanes 5-9).

To assess the functional effects of the truncation mutants of
Cbl on Syk, COS-7 cells were transfected with Syk and CD8-{,
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Fic. 1. Expression of truncation mutants of Cbl and their as-
sociation with Syk in transfected COS-7 cells. A, schematic repre-
sentation of truncation mutants of Cbl in comparison to the wild type
protein (Cbl-WT). TKB, tyrosine kinase-binding domain; RF, RING
finger domain; PRO, proline-rich region; LZ, leucine zipper. The num-
ber designation for each mutant indicates the Cbl residue that consti-
tutes the C terminus in the mutant protein. B, the expression of Cbl
truncation mutants and their association with Syk in transfected
COS-7 cells. 4 X 10° COS-7 cells per 60-mm dish were plated overnight
and then transfected using the Lipofect AMINE method. Each plate
received 0.5 ug of pSRaNeo-CD8-¢, 0.05 ug of pAlterMAX-Syk, and 1 ug
of the indicated pAlterMAX constructs encoding the HA-tagged wild
type Cbl (WT), the Cbl-G306E mutant (G306E), or the various trunca-
tion mutants of Cbl. Total input DNA was kept constant using the
pAlterMAX vector. Cell lysates were prepared after 48 h, and anti-HA
immunoprecipitations were carried out from 800 pug of lysate. Whole cell
lysates (50 ug in top panel and 10 pg in middle panel) or immunopre-
cipitated proteins (bottom panel) were resolved by SDS-PAGE and
transferred to polyvinylidene difluoride membranes. The membranes
were immunoblotted with anti-HA epitope tag 12CA5 (top panel) and
anti-Syk (middle and bottom panels) antibodies. Blots were visualized
using the ECL method. Arrows on right indicate the positions of Cbl or
its mutants and the Syk polypeptide.

together with graded amounts of Cbl expression plasmids, and
whole cell lysates were analyzed by anti-Tyr(P) and anti-Syk
immunoblotting. As expected (12), co-expression of increasing
amounts of wild type Cbl resulted in a dose-dependent decrease
in the tyrosine phosphorylation signal on Syk (Fig. 2, top panel,
lanes 2-5), as well as a decrease in the level of Syk protein (Fig.
2, 2nd panel, lanes 2-5). In addition, the phosphorylation of the
in vivo substrate CD8-{ was reduced in