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Abstract

Title of Thesis: Regulation of Epidermal Growth Factor Receptor
Signaling by cbl-b.

Name: Seth Ettenberg, Ph.D. 2001
Thesis directed by: Stan Lipkowitz, M.D., Ph.D. Investigator, National Cancer Institute,
Associate Professor of Medicine and Molecular and Cell Biology
Program, Uniformed University of the Health Sciences
Negative regulation of the Epidermal Growth Factor Receptor (EGFR) signaling
is essential to proper regulation of cellular function. Genetic evidence from C. elegans
and Drosophila melanogaster has demonstrated that cbl proteins are negative regulators
of the EGFR in these organisms. To determine the role of mammalian cbl proteins in
EGFR signaling, stable clones overexpressing cbl-b were created in two cell lines which
have distinct biological responses to EGFR activation. In the 32D/EGFR murine
hematopoetic cell line, overexpression of cbl-b inhibits Epidermal Growth Factor-
induced (EGF) proliferation. In the MDA-MB-468 human breast cancer cell line, EGFR
activation induces apoptosis. Overexpression of cbl-b in these cells inhibits EGF-induced
apoptosis. These data demonstrate that the mammalian cbl-b protein. like the C. elegans
and Drosophila homologs, inhibits EGFR function. The molecular basis of this
inhibition was studied in these two model systems. cbl-b is phosphorylated and recruited
to the EGFR upon activation. In both cell lines, activation of the EGFR and activation of
multiple downstream pathways have a shortened duration of signaling when cbl-b is
overexpressed. Further biochemical analysis demonstrated that cbl-b increased
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activation-induced downregulation of the EGFR by enhancing EGFR ubiquitination and
EGFR degradation. Specific inhibitors of either lysosomal or proteasomal proteases
blocked cbl-b mediated EGFR degradation. Further analysis of cbl-b expression after
cells are stimulated with EGF demonstrated that cbl-b is coordinately degraded along
with the EGFR. Both EGFR and cbl-b downregulation requires an intact Tyrosine
Kinase Binding and RING finger domain of the cbl-b protein. Additionally, binding of
cbl-b to the EGFR is required for either protein to undergo EGF-induced degradation.
Other proteins which are recruited to the activated EGFR complex are also coordinately
degraded with the EGFR and cbl-b. These data allow us to construct a model of the
regulation of the EGFR by cbl-b. Upon activation of the EGFR. cbl-b is phosphorylated
and recruited to the EGFR. Next cbi-b enhances ubiquitination and subsequent
degradation of the EGFR and other proteins bound to it. Finally, these data demonstrate
that the mammalian protein cbl-b, like the C. elegans and Drosophila homologs. inhibits

EGFR function.

v



Regulation of Epidermal Growth Factor Receptor

Signaling by cbl-b.

by

Seth Ettenberg

Thesis submitted to the Faculty of the
Molecular and Cell Biology Graduate Program of the
Uniformed Services University of the Health
Sciences in partial fulfillment of the
Requirements for the degree of
Doctor of Philosophy 2001



Dedication

It is with great joy that [ dedicate this thesis and its completion to my brother
Andy. Your ever-present spirit has guided me not only in this endeavor, but also given

me hope to make a difference in the outcome of the battle you so valiantly fought.

vi



Acknowledgements

[ am truly grateful for the environment in which [ was educated over the past few
years. [ am most thankful to my colleagues in the laboratory for their patience,
understanding and ability in teaching me everything which has enabled me to do this
work. [ would like to acknowledge my mentor Dr. Lipkowitz for his precise guidance
and selfless sharing of knowledge during the course of my studies. Especially I thank Dr.
Keane for his mentoring in all aspects of science, including those aspects not written in
the literature. Additionally, a special thanks goes to Marion Nau for her patient reading
and editing of this manuscript.

To my family from whom I find constant support, thank you. To my parents, for
without their support, both financial and emotional. this would not have been possible.
Of course to my wife, whose loving embrace and spirit has given me drive, resilience.

and purpose, I cannot find the words for my appreciation.

vii



Table of Contents:

Approval Sheet i
Copyright Statement i
Abstract ii
Title Page v
Dedication vi
Acknowledgements vii
Introduction 1-11
Paper #1

Paper #2

Paper #3

Discussion 12-21
Bibliography 22-28
Abbreviations Appendix |

Paper #4 Appendix 2



Introduction

For multi-cellular organisms the precise regulation of proliferation,
differentiation, and apoptosis is essential for successful development and homeostasis.
Growth factors and their receptors play a critical role in regulating these processes [1].
The crucial role of growth factor receptor pathways is highlighted by the frequent
transforming mutations found in these pathways [2]. Inappropriate activation by mutation
or amplification of any component in the signaling pathway (e.g. the growth factor, the
growth factor receptor, or downstream components) can result in malignant
transformation. For example, the v-sis oncogene is the transforming protein of the
Simian Sarcoma Virus and is derived from the Platelet-Derived Growth Factor (PDGF)'
(its cellular homolog) by a recombination event (3, 4]. v-sis transforms cells by autocrine
stimulation of cell growth through the cell surface PDGF receptor. Constitutive
activation of growth factor receptors can also result in malignant transformation [5].
Transfection of NIH 3T3 fibroblasts with constitutively active mutants of the Ret tyrosine
kinase receptor causes oncogenic transformation [2, 6, 7). Constitutive activation of
many growth factor receptors has been found associated with human malignancies
including macrophage colony-stimulating factor receptor, c-kit receptor, fibroblast
growth factor receptor, and EGFR (See below.) [2]. Finally, activating mutations in the
downstream molecules associated with the growth factor receptors can transform cells
[2]. For example, activating mutations of the Ras proteins, a family of small GTPases
which relay signals from the growth factor receptors to the nucleus [8], result in

malignant transformation (9, 10].

' See appendix | for abbreviations.



The EGFR is implicated in numerous human cancers (11]. Since the discovery
that the oncogenic gene contained in the Avian Erythroblastosis Virus, v-ErbB, is a
truncated EGFR, the EGFR has been found amplified. mutated, or rearranged in many
human tumors [12, 13]. For example, overexpression caused by gene amplification of the
EGFR is a common event found in glioblastoma (around 50%) and patients with such
EGFR amplification have a very poor prognosis [14]. Overexpression of the EGFR has
been demonstrated in many other tumor types including breast, bladder, and ovary (11,
15-17]. Furthermore, commonly found mutations of the EGFR cause truncations of the
protein similar to v-ErbB. These truncated receptors are constitutively active. The most
common example of this type of truncation, EGFRVIII, is caused by an inframe deletion
of exons 2 through 7 containing the extra-cellular portion of the EGFR [18]. EGFRVIII is
found in gliomas, breast cancer, ovarian cancer, lung cancer, and prostate cancer but not
in normal cells [19-22].

The ErbB Family of tyrosine kinase receptors is made up of four family members:
EGFR (ErbB-1)[23], ErbB-2 (Her-2/Neu) [24], ErbB-3 (Her-3) (25, 26], and ErbB-4
(Her-4) [27]. Other members of this family of receptors are also frequently found
amplified in human tumors, especially ErbB-2 [24a]. These transmembrane receptors
have the ability to signal diverse biological responses including cell growth,
differentiation, and apoptosis [13]. This diversity is achieved by several layers of
signaling complexity. First, each member of the family has the ability to respond to
multiple ligands. For example, the EGFR receptor can be activated by EGF, TGF-a,
Neuregulin, and B-cellulin with each ligand giving rise to a distinct biological outcome.

Second, each ErbB receptor can homodimerize or heterodimerize with other members of



the family [28]. Homodimerization or heterodimerization is dictated by the ligand and
the other ErbB family member present [29). For example, neuregulin binds to ErbB-3
and induces preferential dimerization with ErbB-2 which results in a very potent
mitogenic signal. Neuregulin can also induce ErbB-3-EGFR dimers, but this results in a
less potent mitogenic signal [30]. EGF, on the other hand, preferentially induces dimers
of the EGFR with ErbB-2. Further diversity may be achieved by altering the complex of
downstream molecules which bind to the activated receptors [13]. The duration that a
particular downstream pathway stays active also may specify the desired outcome. For
example, in PC12 cells a long active MAPK signal can cause neuronal differentiation,
while a shorter active MAPK signal can cause proliferation [31]. Finally, the cellular
response to a given ligand can change in response to the concentration of ligand present
or to the total level of expression of the receptor at the cell surface. In epithelial cells and
many tumors, EGF generally causes proliferation. However, in some epithelial tumor
cell lines, which express very high levels of the EGFR (e.g. MDA-MB-468 and MDA-
MB-431), EGF induces apoptosis {32, 33].

The EGFR is the prototypic member of the ErbB family (Figure 1). It is a type |
transmembrane glycoprotein with a predicted molecular weight of approximately 140
kDa. However, the mature protein migrates on a SDS-PAGE gel at about 170 kDa due to
glycosylation [34]. The N-terminal 622 amino acids make up the extracellular portion of
the receptor and contain the site of ligand binding. This domain contains 12 sites where
N-linked glycosylation can occur and two cystine rich regions between which ligands
have been demonstrated to bind. The extracellular domain is followed by a short a-helix

(residues 623-644), which spans the plasma membrane once. The remaining 542 amino



acids of the protein are internal to the cell and consist of the domains responsible for
initiating the cascade of signals and trafficking of the receptor. The tyrosine kinase
domain, which spans residues 690-954. is highly conserved across all tyrosine kinase
receptors and is essential for a signal to be transmitted by the receptor [35]. The C-
terminal tail of the receptor has several sites for tyrosine phosphorylation, which play
crucial roles in signaling and regulation of the receptor [36]. Several signal ransduction
proteins, containing the SH2 and the PhosphoTyrosine Binding domains utilize these
phosphorylation sites as docking sites [36]. Additionally, the area between amino acids
984-996 interacts with actin filaments, structural components of the cytoskeleton [37].
Lastly, there is an internalization sequence from amino acids 954 to 991. This sequence

enhances receptor endocytosis [38].
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Figure 1: Schematic of the Epidermal Growth Factor Receptor. Cysteine rich
regions are shown as open boxes. the tyrosine kinase domain is shown as a black box. the
internalization sequence is shown as a blue box. The sites of tyrosine phosphorylation (P-
Tyr sites) are indicated in the C-terminus of the receptor by lines. Numbers indicate
amino acid residues.



Growth factor activation of the EGFR progresses through several distinct steps
including: ligand binding, receptor dimerization, receptor activation, signal transduction
to second messengers, and finally receptor signal attenuation. Ligand binding is the
initial step in activation of the EGFR. Activation of the EGFR requires dimerization, as
is the case for all known tyrosine kinase receptors. Upon ligand binding the EGFR
receptor rapidly dimerizes with another EGFR (or another ErbB receptor) and these two
receptor chains undergo transphosphorlyation [36]. Most growth factor ligands of the
tyrosine kinase receptors are themselves bivalent and can therefore bind two receptor
chains and dimerize them. However, EGF molecules exist in a monomeric state and are
thought to bind to one receptor chain. The exact mechanism of EGFR dimerization is
still not completely understood. It has been suggested that ligand binding may cause a
conformational shift in the receptor that changes the affinity of the receptor for
neighboring ligand bound receptors [39]. However, recent data suggest that EGF
molecules may be bivalent, with both a high and low affinity binding site. Thus, as for
other growth factors, one EGF molecule may bind to two ErbB receptors and cause them
to dimerize {40]. This dimerization is responsible for and essential to the tyrosine kinase
activity of the receptor. Dimerization leads to activation of the receptor and
phosphorylation of tyrosine residues [41-44]. The kinase activity is absolutely required
to initiate the biological effects associated with the receptor (e.g. mitogensis,
differentiation, survival, cytoskeletal changes, and apoptosis [45]. Experiments using
receptors with mutations in the kinase domain have demonstrated a complete lack of

phosphorylation and of subsequent downstream signaling [36, 46].



The next step is signal transduction and the recruitment of kinase substrates and
signaling proteins to the activated receptor [36]. Multiple signaling pathways are
affected by EGFR activation. One major pathway activated by the EGFR is the MAPK
pathway [34. 47]. In this pathway, activation of the EGFR results in recruitment of
GRB2, which binds the EGFR via its SH2 domain at phosphotyrosine residue 1068.
GRB2 has been shown to bring SOS and GAP, (the GTP-GDP exchange protein for Ras),
to the EGFR and this in turn results in Ras activation [48]. This is followed by MAPK
activation and activation of transcription factors which leads to cell growth [49]. In
addition to affecting cell growth, EGFR activation of other pathways such as PLCy,
AKT, and STAT can lead to morphologic changes, changes in cell motility, and
differentiation in cells stimulated by EGF [50-55].

The final step in EGFR signaling is termination of the signaling pathway. In
general, there are two established mechanisms to attenuate GFR signaling. Receptors can
directly activate phosphotyrosine phosphatases. Phosphatases reverse signaling through
the receptor by removing the phosphate from the specific activation related tyrosines on
the receptors (or on the downstream molecules) [56]). For example, the phosphatase
SHP-1 dephosphorylates the EGFR at tyrosine residue 1173 and may negatively regulate
signaling through the receptor [57]. Alternatively, receptors can be removed from the
cell membrane via endocytosis. During endocytosis receptors disassociate from their
bound ligand and are cither recycled to the cell membrane or degraded in late endosomal
compartments by lysosomal or proteasomal proteases [S8]. This second process of
receptor signal attenuation is termed downregulation and has been observed for many

different growth factor receptors [58]. Endocytosis and degradation of the ligand bound



EGFRs has long been documented by many groups [$9, 60]. Upon ligand binding,
EGFRs cluster in clathrin-coated pits and are internalized. Internalization can cause as
much as 80% of the original surface ligand binding sites to be lost after a short period of
EGF stimulation [61]. Both proper EGFR conformation and kinase activity are required
for this process since truncated receptors and receptors with inactive kinases are not
downregulated [58, 62, 63]. Malignant transformation of cells by mutant EGFRs which
do not undergo downregulation highlights the importance of downregulation as an
attenuation mechanism. For example, truncation of the EGFR at amino acid 973 (which
removes the internalization sequence) results in a receptor which does not undergo
downregulation and transforms NIH 3T3 cells [64].

cbl proteins are negative regulators of the EGFR [65]. v-cbl was first identified as
the transforming gene of the Cas NS-1 munine retrovirus. This retrovirus induces pro-B-
cell lymphomas and myeloid leukaemias in mice and also transforms fibroblast cell lines
[66]. v-cbl (Casitas B-lineage Lymphoma) had no homology to other known oncogenes.
v-cbl is a fusion between the viral gag protein of the retrovirus and the 355 N-terminal
amino acid residues of the cellular protooncogene c-cbl [67, 68]. The N-terminal region
of c-cbl is capable of transforming cells while full length c-cbl can not [69]. Since the
discovery and cloning of c-cbl, other cbl family members have been found. These
include two additional mammalian cbl genes: cbl-b, and cbl-3; one Drosophila gene with
two alternatively spliced isoforms: d-cbl, and d-cblg ; and one C. elegans gene: sli-1
(Figure 2). This unique family of proteins is highly conserved from nematodes to
mammals [70]. All cbl proteins have a highly conserved N-terminal region. This region

includes a novel N-terminal TKB domain, which recognizes a D(N/D)xpY motif [71].



This domain is made up of a four helix bundle, an EF-hand Ca* binding domain, and an
SH2 domain [72]. Although the amino acid sequence is divergent from other classic SH2
domains, crystallographic studies reveal that the cbl TKB domain contains all the
necessary structural requirements of an SH2 domain [73]. Also the N-terminal region of
all cbl proteins contains a highly conserved C,HC, RING finger. RING finger domains
have been identified in many E3 ubiquitin ligase proteins [74, 75]. Structural studies
have revealed that the conserved cystine and histidine residues present in the RING
domain form a cross-braced structure which holds two zinc molecules in a coordination
complex [75]. The C-terminal domains of the cbl proteins are more variable. All cbl
proteins, except d-cblg, have a proline rich domain which follows the RING finger
domain. In addition, the C-terminal portion of c-cbi and cbl-b contains the major tyrosine
phosphorylation sites. Many SH2 and SH3 containing signal transduction proteins have
been demonstrated to bind within the C-terminal domain. The Ubiquitin Associated
domain is the most C-terminal domain and is present only in the long forms of the cbl
family (c-cbl, cbl-b, and d-cbl, ). This domain occurs in a number of ubiquitin pathway
proteins and has been suggested to help confer substrate specificity within the ubiquitin
pathway [76]. Furthermore, this domain has been shown to mediate c-cbl
homodimerization [77]. The RING finger domain, the proline rich domain, and the

ubiquitin associated domain are deleted in the transforming v-cbl protein.
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Figure 2: The cbl Family of Proteins. v-cbl: the GAG-cbl fusion protein of the Cas NS-1
murine retrovirus; c-cbl: the human protooncogene of v-cbl; cbl-b: the second human cbl
protein; cbl-3: the third human cbi protein: d-cbl;: the long form of the Drosophila
melanogastor cbl protein; d-cblg: the short form of the Drosophila melanogastor cbl
protein; sli-1: the C. elegans cbl protein. The red bars indicate the areus of homology
conserved in all cbl proteins. The blue bars indicate the area conserved between v-cbl and
c-cbl. The green bars indicate the areas conserved between d-cbl, and d-cblg. The gray
bars indicate the areas conserved between c-cbl. cbl-b and d-cbl,. The white bars indicate
unique areas among the family. The tyrosine kinase binding domain (TKB), RING finger,
the proline rich region, and the ubiquitin associated domain (UBA) are indicated above the
diagram. Major Tyrosine phosphorylation (p-Tyr) sites are indicated with vertical lines.
The total number of amino acid residues within each molecule are indicated to the right.

Initial biochemical evidence of the role of cbl proteins in tyrosine kinase signaling
came from that c-cbl is rapidly tyrosine phosphorylated after T-cell receptor activation
[78]. At the same time c-cbl was identified by a cDNA expression library screen using a
GST fusion protein containing the SH3 domains of NCK (79]. NCK is an adaptor
molecule involved in signaling by tyrosine kinase receptors [80]. Since the initial
studies in T-cells, cbl proteins have been shown to become phosphorylated and. in some
cases, to bind to numerous receptors upon ligand activation. These include the B-Cell,
GM-CSF. IL-3, PRL. Fcy. c-Kit. PDGF. and EGF receptors [80]. Additionally, cbl

proteins have been shown to bind to numerous proteins involved in signaling by these
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receptors including: Grb-2, She, PI-3K, PLCy, Crk, Src, ZAP-70, Lck, Lyn, Fyn, Talin,
and VAV [80]. The immense diversity of proteins and receptor pathways associated with
cbl proteins suggest that cbl proteins play an important role in many signaling pathways.

Functional studies of the cbl protcins have demonstrated both positive and
negative roles in signaling pathways. For example, Vitamin D treatment of osteoclasts
induces bone resorption by activating the Src kinase, which in turn phosphorylates c-cbl.
Downregulation of either the Src kinase or c-cbl function (by anti-sense oligonucleotides)
inhibits vitamin D stimulated bone resorption [81]. This suggests that c-cbl plays a
positive signaling role in this system. In contrast, a study from the laboratory of
Lawrence Samelson demonstrated that overexpression of c-cbl in mast cells inhibits the
activity of Syk kinase stimulated by the FceRI receptor and prevents serotonin release
[82]). These results show an inhibitory role for c-cbl in this pathway. The same
functionally diverse outcomes seem to be true for cbl-b as well. Overexpression of cbl-b
in T-cells causes the constitutive activation of cytosolic kinase ZAP 70 and NFAT,
indicating a positive role in signaling [83]. However, a study by Barbacid and colleagues
demonstrated that overexpression of cbl-b inhibits the EGF- or PDGF-induced activation
of JNK [84]. Thus, in several distinct signaling pathways cbl proteins have been shown
to have both positive and negative effects.

Developmental studies in C. elegans and Drosophila melanogaster have
demonstrated that cbl proteins can act as inhibitors of EGFR mediated development [80].
Work from the laboratory of Paul Sternberg identified the gene suppressor of lineage
defect -1 (sli-1 the C. elegans cbl homolog) in a screen for mutants which could restore

normal development to worms with mutations in the let-23 protein (the C. elegans EGFR
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homolog) [85]. Mutations in let-23 result in worms with a hypo-vulva phenotype. Null
mutations in sli-1 restore normal vulval development in these worms. These genetic data
demonstrated that sli-1 acts as a negative regulator of let-23. Further genetic experiments
indicated that sli-1 functions at or near the receptor [86]. Additional evidence of
inhibition of the EGFR function by cbl proteins came from two studies in Drosophila
[87, 88]. In this system signaling through the Drosophila EGFR is critical for
development of the R7 photoreceptor cells [89]). The first study demonstrated that
overexpression of d-cbl (the Drosophila cbl homolog) can inhibit EGFR dependent
photoreceptor cell development in the eye. The second demonstrated that d-cbl could
bind to the Drosophila EGFR homolog. This further suggested a direct regulatory effect
of cbl proteins on the EGFR.

Due to the genetic and biochemical evidence described above in C. elegans and
Drosophila we hypothesized that mammalian cbl proteins regulate EGFR function. Our
laboratory had recently cloned the cbl-b gene and began to address the question of

whether cbl-b and its mammalian homolog c-cbl, might regulate EGFR signaling.

Hypothesis: cbl-b regulates EGFR signaling.

oSpecific Aim #1: To develop model systems to study the role of cbi-b function in EGFR
signaling.

oSpecific Aim #2: To define the mechanism of cbl-b function on EGFR signaling.
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cbl-b inhibits epidermal growth factor receptor signaling
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The role of ch-b in signsling by the epidermal growth
factor receptor (EGFR) was studied and compared with
cchl. We demonstrate in vivo, that cbl-b, like c-chl, is

ted and recruited to the EGFR wpon EGF
stimulation and both cbl proteins can bind to the Grb2
adaptor protein. To imvestigate the functional role of cbl
proteins in EGFR signaling, we transfected cbl-b or c-cbl
into 32D cells overexpressing the EGFR (32D/EGFR).
This cell line is absolutely dependent on ex IL-3
or EGF for sustained growth. 32D/EGFR cells over-
expressing chi-b showed markedly iphibited growth in
EGF compsred to c-cM transfectants and vector
controls. This growth inhibition by chl-b was the result
of a dramatic increase in the namber of cells wndergoing
apoptosis. Consistent with this finding, cAl-b overexpres-
sion markedly decreased the amplitude and duration of
AKT activation spon EGF stimulation compared to
either vector controls or c-chl overexpressing cells. In
addition, the duration of EGF mediated MAP kinase and
Jum kinase activation in cells overexpressing cbl-b is
shortened. These data demonstrate that cbi-b inhibits
EGF-induced cell growth and that cbi-b and c-cbi have
distinct roles in EGF mediated signaling.

Keywords: cbl proteins; EGF receptor: signal transduc-
tion

Introduction

The c-chl proto-oncogene is the cellular homolog of the
v-cbl oncogene. the transforming gene of the Cas NS-]
murine retrovirus. which causes pre B cell lymphomas
and myelogenous leukemia in mice and transforms
NIH3T3 cells (Blake er al.. 1993; Langdon et al.. 1989).
The transforming v-cbl protein is a gag-v-chl fusion
protein containing only the N-terminal 40% of c-cbl
(Blake et al.. 1993). 1t is believed that the transforming
chl protein acts as a dominant inhibitor of the normal
chi protein function (Miyake et al., 1997). The c-cbl
protein is phosphorylated upon activation of a variety
of receptors which signal via protein tyrosine kinases
(PTK) including the EGF. B-Cell. CSF-1, Fc;. c-Kit.
PDGF and T-Cell receptors (reviewed in Miyake e? al.,
1997. Smit and Borst. 1997). c-chl also interacts with
the activated receptors and this interaction is mediated
both by association with the adaptor protein Grb2 and

*Correspondence: S Lipkowitz
Received 8 June 1998; revised 9 October 199%: accepted 16 October
1998

by direct binding of a unique phosphotyrosine binding
(PTB) domain in the N-terminus of c¢-cbl (reviewed in
Miyake ef al., 1997; Smit and Borst. 1997). The c-cbl
protein has also been shown to associate with a vaniety
of SH2 and SH3 proteins involved in signal transduc-
tion including CRK. Fyn, Lck, NCK, PI-3-Kinase and
Shc (Miyake er al.. 1997: Smit and Borst, 1997). Thus.
c-chl appears 10 be an important molecule involved in
many signal transduction pathways.

Developmental studies in C. Elegans and Drosophila
melanogaster have demonstrated that the cb/ family
proteins are able to act as inhibitors of epidermal
growth factor receptor (EGFR) mediated development
{(Hime er al.. 1997; Meisner er al.. 1997; Yoon et al.,
1995). Genetic experiments in C. elegans have indicated
that the function of the cb/ protein is at the level of the
receptor and the SemS protein, placing the chbl proteins
at an early point in the signal transduction cascade
(Jongeward et al.. 1995). In addition, one oncogenic
form of c-cbl, 70Z-c-cbl, has been shown to stimulate
the kinase activity of both resting and stimulated
EGFR (Thien and Langdon. 1997). There are
conflicting data in the literature that mammalian c-cbl
protein may directly inhibit EGFR autophosphoryla-
tion (Thien and Langdon. 1997; Ueno et ai.. 1997). The
biological role of the normal c¢-chl protein in EGF
signaling remains to be elucidated.

We recently cloned human cbl-b. a homolog of the
c-chl proto-oncogene (Keane et al., 1995). cbl-b shares
several structural similarities with ¢c-cbl. most notably
in the N-terminal PTB domain, the C3HC4 zinc finger
and the proline rich domain (Keane et al.. 1995). We
have previously shown that chl-b, like c-cbl. binds to a
variety of signaling proteins in vitro via SH3
interactions (Keane er al.. 1995). Here we compare
the role of these two mammalian cb/ family members in
signaling by the EGFR.

Results

Interaction of cbl-b and c-cbl with the EGFR

Other investigators have previously shown that c-chl is
phosphorylated and recruited to the EGFR upon EGF
stimulation (Bowtell and Langdon, 1995: Fukazawa er
al.., 1996; Galistco et al., 1995; Khwaja et al.. 1996;
Levkowitz et al.. 1996; Meisner and Czech, 1995 Odai
et al., 1995a; Soltoff and Cantley. 1996: Tanaka et al..
1995; Ueno et al.. 1997). To compare the interaction of
chi-b and c-chl with the EGFR. HA-cpitope tagged chi-
b or HA-cpitope tagged c-chl was transfected along with
the EGFR into human embryonic kidney cells
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expressing the SV40 large T-antigen (293T). The EGFR
was also transfected alone for comparison. The cells
were then starved and stimulated with EGF and the
resultant lysates used to compare the interactions
between the EGFR and cach ¢/ protein. These lysates
were immunobilotted and probed with anti-phosphotyr-
osine (anti-pty). anti-chi-b, anti-c-chl, anti-EGFR and
anti-HA (Figure 14). Lysates from cells transfected with
either cbl-b and the EGFR or c-¢bf and the EGFR each
showed prominent EGF-induced tyrosine phosphopro-
teins at ~ 180 kDa and ~ 120 kDa corresponding to the
positions of the EGFR and the cbl proteins, respectively
(Figure la, top panel). The unique phosphoproteins
seen in the c-cbl and cbl-b transfected cells represent
degradation products of the respective cb/ proteins. This
was determined by sequentially reprobing the blot with
antibodies for c-chl or chi-b which recognize epitopes at
the N and C termini of the respective proteins (data not
shown). In contrast, the cells expressing the EGFR
alone showed prominent phosphorylation of the EGFR
but did not have the prominent 120 kDa corresponding
to the cbl proteins (longer exposure did show a
phosphorylated 120 kDa band corresponding to the
endogenous cbl proteins). Cells overexpressing cither
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chlb or c-cbi did not have consistent significant
differences in  the phosphorylation levels of the
stimulated EGFR compared to each other or com-
pared to cells overexpressing the EGFR alone (Figure
1a). Interestingly, 93T cells transfected with the EGFR
alone consistently had significantly higher levels of
phosphorylation of the unstimulated receptor compared
to iy exprossing the EGFR and either c-cbl or chi-b
(Figure la).

Several other obscrvations may be made from the data
in this figure. First. the anti-HA antibody shows that the
transfected proteins are cxpressed at easily detectable
levels. Second. cAi-b migrates at a slightly higher position
than c-chl. Finally. the lower band seen with the anti-
cbl-b antibody is likely to be degraded protein since it is
not seen with the anti-HA antibody (the HA epitope is
on the C-terminus of the protein) nor when the protein is
immunoprecipitated (see Figure 1b).

The lower panels in Figure 1a also suggest that the
anti-chi-b and anti-c-chl antibodies specifically identify
their respective proteins on immunoblots. However,
longer exposure of the blots probed for c-cbl or cbi-b
revealed expression of the endogenous c-cbl and chi-b
respectively in 293 cells at levels ~ 20 - 30-fold less than

b 1P

ars c<bl cbld

B~ 3

(8) 293T cells were transiently transfected with cither the EGFR alone. HA tagged cbl-b and the EGFR. or with HA

tagged c-chl and the EGFR. The cells were starved for 4 h. incubated with or without EGF (100 ng.mi) for 10 mun. and cell lysates
were prepared. The proteins were separated by SDS PAGE on parallel geis. transferred and immunoblotied with either the anti-
phosphotyrosine antibody (z-pty). the anti-EGFR antibody (z-EGFR). the antic-ch/ anubody (x-c-chi). the anti-chl-b anttbody (2-
chi-b), or the anti-HA antibody (2-HA) as shown to the left of the blots. The positions of the EGFR. chi-h and c-ch/ are shown to
the night of the 1-pty biot. Molecular weight standards (in kDa) are shown to the left of the 2-pty blot. The mddle three panels
show expression of the transfected EGFR. c-ch/ and chi-b genes (2-EGFR, x<-chl and z-chi-b respectively). The bottom panel shows
the expression of c-chf and chi-b using the 1-HA antibody. () Speafiaty of chl-b (H121) and c-chl (c-15) anusera. 293T cells were
cotransfected with chl-b and c-chi. Lysates from these cells were immunoprecipritated with non-immune rabhit serum (nirs). anti-c-ch/
anuibody. or anti-chl-b {antibody shown along the top of the figure). The immunopreciptates were divided and run on two gels. One
gel was immunoblotted with x-chl-b and the other was blotied with x-c-chl. Molecular weight standards (in kDa) are shown to the

nght of the blots



the transfected proteins (data not shown). This raised
the possibility that the antibodics did have some cross
reactivity. To confirm the specificity of the two
antibodies for both immunoprecipitation and immuno-
blotting. ¢cbl-b and c-chl were cotransfected into 293T
cells and lvsates were immunoprecipitated with each
anubody and with non-immune rabbit serum (nrs)
{Figure 1b). Equal amounts of the precipitates were
run on two parallel gels and then immunoblotted with
anti-chl-b and anti-c-chl antibodies. The data shown
indicate that both antisera are specific for both
immunoprecipitation and immunoblotting. These data
also indicate that there is no significant interaction

Iransfect: cbi-b + EGFR

EGF
Stimulation {min) 0
b, L

EGF
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between cbi-b and c-chl since there is no evidence of
co-immunoprecipitation of one with the other.

To further compare the interactions of cbi-b and c-
chl with the EGFR. we immunoprecipitated the EGFR
from EGF stimulated 293T lysates containing cither
chl-b or c-chl (Figure 2, top panels). Both chi-b and c-
cbl (heavy arrows) were co-precipitated with the EGFR
(light arrows) in the stimulated cells but not in the
unstimulated cells. There was no difference in the
kinetics of the recruitment to the EGFR at the time
points analysed. When these immunoprecipitates were
probed with an anti-phosphotyrosine (anti-pty) anti-
body, phosphorylated proteins were seen that migrated

ccbl + EGFR

Figere 2

chil-b and c-chl are recruiied 1o the EGFR and phosphorylated upon EGF simulation. (a) 293T cells were tranwently

transfected with either HA tagged chl-b and the EGFR or with HA tagged c-ch and the EGFR. The cells were starved for 4 h.
incubated with or without EGF (100 ng,ml) for the times indicated along the top of the figure and then the cells were lysed. The
EGFR (top panels) or chi-b and c-chl (bottom panels) were immunopreapitated using the x-EGFR antibody or the 2-HA antibody
respectively. The precipitated proteins were run on paraliel gels. transferred and immunoblotted with the anubodies shown 10 the
nght of the blots. The positions of the cAf proteins are indicated by the heavy arrows and the positions of the EGFR are indicated
by the light arrows. Each protein (EGFR. chl-b or c-chl) was equally expressed in lysates from each tme point (data not shown).
Molecular weight standards (in kDa) are shown to the left of the blots
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at the sizes of EGFR and cbl proteins. To confirm that
cbi-b and c-cbl were phosphorylated upon EGF
stimulation. the transfected cb/ proteins were immuno-
precipitated with the anti-HA antibody and probed
with the anti-pty antibody (Figure 2. bottom panels).
Both ¢hl proteins are phosphorylated upon EGF
stmulation. A phosphoprotein that migrates at the
size of the EGFR is also seen when the chl proteins are
immunoprecipitated. Together these data demonstrate
that both chl-b and c-cbl are similarly phosphorylated
and recruited to the EGFR upon EGF stimulation.
c-chl is recruited to the activated EGFR predomi-
nantly through its interaction with the adaptor protein
Grb2 (reviewed in Miyake er al.. 1997; Smit and Borst,
1997). To test whether cbi-b also interacts with Grb2,
293T cells were transfected with the EGFR, chl-b and
the EGFR, or c-cbl/ and the EGFR and then the cells
were starved or stimulated with EGF. The respective
cbl proteins were immunoprecipitated with the anti-HA
antibody and the precipitates were probed for Grb2.
Grb2 co-precipitated with cbl-b and c-cb/ from both
starved and EGF stimulated lysates (Figure 3. top
panel). Only slight enhanced binding of Grb2 was seen
in the chl-b precipitate from EGF stimulated cells and
no EGF enhanced binding was scen between Grb2 and
cchbl. The anti-pty blot demonstrated that the
precipitated cbl proteins became heavily phosphory-
lated upon EGF stimulation and that they associated
with the EGFR as demonstrated below (Figure 3,
middle panel). The cb/ proteins were equally precipi-
tated by the anti-HA antibody (Figure 3. bottom
panel) and the lack of Grb2 in the precipitates from the
cells transfected with the EGFR alone indicates that

IP: a-HA

e P

Figure 3 cbi-b and c-chl associate with Grb2, 293T cells were
transiently transfected with cither the EGFR alone. HA tagged
chi-b and the EGFR. or HA 1agged c-ch/ and the EGFR. The
cells were starved for 4 h, incubated with or without EGF
(100 ng.ml) for 10 min and then the cells were lysed. chi-b and
c-chl were immunopreapitated using the x-HA anuibody. The
precipitated proteins were run on parallel gels, transferred. and
immunobiotted with the antibodies shown to the left of the blots.
The position of each proten s indicated to the nght. Each
protein (EGFR. chl-b or c-chl and Grbl) was equally expressed in
lysates (data not shown). Molecular weight standards (in kDa)
are shown to the left of the blots

the precipitation of Grb2 was the result of an
interaction between the cbl protein and Grb2. Using
a Gst-Grb2 fusion protcin to precipitate in vitro
transfated deletion mutants of chl-b we have localized
the binding of Grb2 to the proline rich C-terminus half
of the cbil-b protein (data not shown). The N-terminus
of c-chl contains a unique PTB which has been shown
to dircctly bind to tyrosine phosphorylated proteins
(Lupher er al., 1996, 1997). A construct of cbi-b
containing only the first 349 amino acids (including the
conserved PTB) was able to bind to the activated
EGFR but was unable to interact with the Gst-Grb2
fusion protein (data not shown). Thus, like c-cbl, chl-b
is able to bind to the EGFR through both an adaptor
mediated and PTB domain mediated mechanism.
Since both cbl-2 and c-chl are phosphorylated and
recruited to the EGFR upon stimulation and interact
with the receptor through similar mechanisms, we
investigated whether the two proteins compete for their
interaction with the EGFR. 293T cells were transfected
with c-cbl and the EGFR in the presence or absence of
an excess of cbi-b (Figure 4a) or with cbl-b and the
EGFR in the presence or absence of an excess of c-chl
(Figure 4b) and then the cells were starved and then
stimulated with EGF. Lysates from each transfection
were immunoprecipitated with the anti-EGFR anti-
body. Less c-cbl co-precipitates with the EGFR in the
presence of excess chl-b than in the absence of chl-b
(Figure 4a) and similarly. less cbi-b co-precipitates with
the EGFR in the presence of excess c-ch/ than in the
absence of c-chl (Figure 4b). The excess of competing
cbl protein was demonstrated by probing the lysates
with the anti-HA antibody which detects both proteins
(Figure 4. lysate panels). These data suggest that chl-b
and c-cbl compete for binding to the EGFR.
Interestingly, when lysates containing both ¢b/
proteins were probed with anti-pty the level of EGF
induced phosphorylation of the 120 kDa protein was
not significantly increased compared to cells expressing
only one or the other of the cbl proteins (Figure 4a and
b. lysate panels). Immunoprecipitation of c-ch! from
the lysates in Figure 4a or cbi-b from the lysates in
Figure 4b revealed that in the presence of excess of the
other chi protein, phosphorylation of the precipitated
protein was decreased (data not shown). This suggests
that the c¢hl proteins are phosphorylated by the same
kinases and compete with one another as substrates.

Effects of cbl-b and c-cbl on EGF induced cell growth of
32D/EGFR cells

In order to investigate the functional role of the
interaction of the ch/ proteins with the EGFR. we
transfected chi-b or c¢-cbl inmo 32D cells which
overexpress the EGFR. The 32D cell line is a murine
hematopoietic cell line which is absolutely dependent
on exogenous 1L-3 for sustained growth and it rapidly
undergoes apoptosis in the absence of IL-3 (Green-
berger et al., 1983; Thic ef al.. 1981, 1982; Prystowsky
et al., 1982). 32D cells do not normally express any
endogenous EGFR (or other members of the EGFR
family) and do not grow in EGF (Alimandi e af.
1997). In contrast, 32D cells overexpressing the EGFR
(32D/EGFR) can be grown in the presence of either
IL-3 or EGF (Picrce et al, 1988). These 32D.EGFR
cells, used in our experiments. were maintained in
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growth media supplemented with 5% conditioned  cbl-b, c-cbl, or a vector control and stable clones were
medium containing IL-3 (which will be referred to as  selected which were able to grow in medium containing
IL-3). 32D/EGFR cells were transfected with either  IL-3 and G418. These clones were then analysed for

* IP:_=£GFR Lysates
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EGF Stimulation « ¢ -

Figwre 4 chi-b competes with c-chl for binding to the EGFR. (8) 2937 cells were transiently transfected with c-ch/ (0.5 ug) and the
EGFR (1 ug) in the presence or absence of an excess of chl-b (5 ug). (b) 293T cells were transiently transfected with chi-b (0.5 ug)
and the EGFR (1 ug) in the presence or absence of an excess of c-chl {5 ug). The ceils were starved for 4 h. incubated with or
without EGF (100 ng mi) for 10 min and then cell lysates were prepared. In the left panels of each figure. the EGFR was
immunoprecipitated and then the preapitated proteins were run on paraliel gels. transferred. and immunoblotted with the
anuibodies shown to the nght of the blots. The 1op three right panels i each figure show the expression of c-chl. chl-b and the
EGFR in the cell lysates used for the immunoprecipitation. The total level of c-chf < chl-b in the lysates s shown in the anu-HA
probed panel on the nght of each figure. The bottom nght panel in cach figure shows the phosphorylation induced by EGF in the
lysates. The plasmuds transfected are indicated along the top of the figure



chi-b inhbin EGFR signaling
SA Ettenberg ot &

1860

their ability to grow in EGF or IL-3. 32D/EGFR cells
overexpressing chi-b showed markedly inhibited growth
in EGF compared to c-ch/ transfectants and vector
controls (Figure Sa and b). while only slight inhibition
of growth of chl-b clones was observed in IL-3. In
contrast. both c¢c-chl and vector clones grew well in
cither EGF or [L-3. Even at lower concentrations of
IL-3. which only stimulated growth to the same degree
as EGF. there was no significant difference between the
clones expressing chi-b and those overexpressing c-cbl
or the vector controls. Thus the inhibition is specific
for the EGFR pathway. The expression of cbl-b, c-chl
and the EGFR in representative clones is shown in
Figure Sc. Both chl-b and c-cbl were expressed at levels
five- to tenfold above that of the endogenous protein.
Reprobing the blots with the anti-HA antibody

Cell Number (x104)

o 1 2 3 4 5 &

Time (days)

demonstrated that cbl-b and c-chl were expressed at
similar levels (data not shown). There was no
significant difference between the clones in the total
expression (Figure Sc) or in the cell surface expression
of the EGFR protein determined by flow cytometry
{(data not shown).

Cells overexpressing cbl-b cultured in EGF were
shrunken. refractile cells with pyknotic nuclei and were
similar to those seen when cultured in the absence of
growth factor (Figure 6a). TUNEL assays. which
detect DNA breaks characteristic of apoptosis i situ
(Ben-Sasson et al.. 1995). revealed that the cbl-b
overexpressing cells cultured in the absence of growth
factor and those cultured in EGF were undergoing
apoptosis (Figure 6a. top panels). In contrast, the chi-b
clones grew well in IL-3 with little or no evidence of

Cell Number (x104)
EEEEEEEEE D

Figwe 8 chl-b. but not c-chl. inhibits EGF stimulated growth of
I2D/EGFR celis. (s) Stable clones of 32D/EGFR cells expressing
cither chl-b, c-chl. or a control vector were plated in triplicate
wells at 10* cells and grown in the absence of growth factor
(closed squares). in EGF (open arcles), or in 1L-3 (-x-). The
number of live cells was counted after 2. 4 and 6 days in culture
using trypan biue to assess viability. The numbers represent the
average +s.d. The live cell number is shown on the Y axis and
the time in culture is shown along the X ans. (B) Composite
growth data for stable clones. Independent stabie clones of 32D
EGFR ceils expressing either chi-b (black bars; n=8). c-chl
(striped bars; n=7). or a control vector (open bars; n =6} were
plated in triplicate wells at 10* cells and grown in EGF orn IL-3.
The number of live cells was counted afier 6 days n culture using
Trypan blue (0 assess viabiity. The numbers represent the
average + the s.e.m. for multiple independent clones. The live
cell number is shown on the Y axis and the growth factor added
s shown along the X aus. Cells from all clones died within [ day
when plated in the absence of growth factors. (¢) Expression of
chl-b, c-chl and the EGFR in representative stable clones of 32D
EGFR. Cell lysates were separated by SDS PAGE on parallel
gels. transferred and immunoblotied with the antibodies shown to
the nght of the blots



apoptosis. Cells overexpressing c-chf underwent apop-
tosis when grown in the absence of growth factor but
grew well in cither EGF or IL-3 with little or no
evidence of apoptosis when grown in cither growth
factor (Figure 6b. bottom pancls). The vector control
cells hehaved like the cells overexpressing c-chl (data
not shown). In -1 10 quantitate the fraction of cells
undergoing apopiosis, cells were stained with propi-
dium iodide and the fraction of cells in the sub-Gl
peak was determined. A high proportion of cells in the
chi-b clones cultured in EGF were undergoing

cbl-b
phase

naone

tunel

c-cbl

tunel

-4
-
-

Apoptosis (%)
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apoptosis when compared to those grown in IL-3
(Figure 6b). In contrast, only a small fraction of the
cells in the c-cbl clones and vector controls undergoes
apoptosis when grown in the presence of cither growth
factor (Figure 6b). The proportion of apoptotic cells in
the chl-b clones grown in EGF increased with time in
cuiture but this increasc was not as rapid as scen in
cells grown in the absence of growth factor (Table 1).

Cell cycle analysis revealed that the large increase in
apoptotic cells in chl-b clones grown in EGF was the
only clear difference between cbl-b clones and the c-cbl

GF iL-3

Figwre 6 32D EGFR cells expressing cbi-b undergo apoptoss in
EGF. (a) Stable clones of 32D EGFR cells expressing either chl-b
or c-chl were plated at 10 celis plate and grown in the absence of
growth factor (none). in EGF. or in IL-3. The cells were grown
for 3 days and then TUNEL assavs to demonsirate apoptosis
were performed. Cell cytospins showing phase (phase) and
fluorescence (tunel) photomicrographs of the same field for each
sample are shown at 1000 x magnification (b) Stable clones of
32D EGFR expressing cb/-b (gray bars). ¢-chl (stnped bars). or a
control vector {open bars) were cultured as above for § days. The
percentage of apoptoix cells were determined from the number of
cells i the sub-Gl population when analysed by proptdium
wodide starming and flow cytometry. Results are shown for two
independent stable 32D EGFR clones expressing chl-b, two clones
expresang ¢-chl and one vector control
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Teble |  Apoptosis of 32D/EGFR cells overexpressing chi-b
Apoptosis (%}
Growth factor day | day 3 day §
none 58 46 53
EGF 6 20 33
iL-3 04 06 5

clones and vector controls. There was no evidence of
cell cycle arrest in the cbi-b clones cultured in EGF at
carly (within the first 16 h in culture) or late (after
several days in culture) time points. In contrast. cells
cultured in the absence of growth factor showed clear
evidence of Gl arrest within the first 16 h in culture.
Consistent with the lack of cell cycle arrest in the cbl-b
clones cultured in EGF, thymidine incorporation by
the cbi-b clones cultured in EGF for 1-2 days was
similar to that of c-cb/ clones and vector controls (data
not shown).

Both c¢bl-b and c-chl were phosphorylated and
recruited to the EGFR in the 32D/EGFR clones
overexpressing these proteins (data not shown). In
order to investigate the effects of cbl-b and c-chl on
EGFR signaling, we measured the EGF induced
activation of MAP kinase (MAPK) and Jun kinase
(JNK) in clones overexpressing chl-b, c-cbl, or the
vector control (Figure 7a and b). EGF stimulation of
the 32D/EGFR cells overexpressing cbl-b induced
rapid stimulation (within 5 min) of both MAPK and
JNK activities and this stimulation was similar to that
seen in c-cbl overexpressing cells or the vector controls.
However, the MAPK and JNK activities in the cbl-b
clones returned towards the bascline ecarlier (e.g.
30 min) than the activities in the c-cb/ and vector
controls.

The activation of the serine threonine kinase AKT
by growth factor receptors has been shown to inhibit
apoptosis (Franke ez al.. 1997). This activation results
from the specific phosphorylation of AKT on serine
473 and threonine 308 in response to growth factor
stimulation (Alessi ef al., 1996). Because of the marked
increase in apoptosis we observed in chl-b clones
cultured in EGF. we assayed the activation of AKT
in clones overexpressing cbl-b, c-chl, or the vector
controls (Figure 8). The EGF induced activation of
AKT was markedly decreased in the clones over-
expressing cbl-b compared to cells overexpressing c-chb/
or the vector controls. In addition, as seen with MAPK
and JNK above. the duration of the activation of AKT
was shortened in cells overexpressing chi-b compared
to cells overexpressing c-chl or the vector controls.

AKT is activated downstream of phosphatidylinosi-
tol 3-kinase (PI 3-kinase) (Franke ef al.. 1997) and c-
chl has been shown to associate with the 85 kDa
regulatory subunit (p8S) of P1 3-kinase upon activation
of the EGFR (Miyake er al.. 1997 Smit and Borst.
1997). To test whether chi-b interacts with the 85 kDa
subunit of P1 3-kinase. 293T cells were transfected with
the EGFR or cbl-b and the EGFR. The chi-b protein
was immunoprecipitated with the anti-HA antibody
and the precipitates were probed for the p85 subunit of
Pl 3-kinase (Figure 9). The p8S subunit of Pl 3-kinase
co-precipilated with the heavily phosphorylated chi-b
from the EGF stimulated lysates. The lack of the p8S
subunit of PI 3-kinase in the precipitates from the cells

EGF Stimulation (min)
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EGF Stimulation (min)

o 5 15 30

Glone;
vector

c-cbl

cbi-b

cbi-b

7 Activation of MAPK and JNK is not sustained in 12D
EGFR cells overexpressing chl-b. EGF stimulation of MAPK (=)
and INK () was assayed in 32D EGFR cells expressing chi-b
{two independent clones), c-chl. or a vector control (as descnbed
in the Matenals and methods). The cells were starved and then
stimulated for the indicated times with EGF (100 ng,ml). Cells
were lysed. MAPK or INK was immunoprecipitated, and activity
was assayed by phosphorylation of myelin basic protein for
MAPK or phosphorylation of GST-Jun for INK. The phosphor-
ylaton of the substrate was assessed by SDS PAGE and
autoradiography. Immunoblot analyus of one fifth of the
precipitated protemns (either MAPK or INK) demonstrated that
equal amounts of protein were used in the kinase assays {data not
shown)
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Figere 8 AKT activation is inhibited in 32D/EGFR cells
overexpressing chi-b. EGF stimulation of AKT activation was
assayed in J2D/EGFR cells expressing chl-b (two independent
clones). ¢-cbl, or a vector control. The ceils were harvested and
then stimulated for the indicated times with EGF (100 ng/ml).
Cells were lysed and AKT activation was assayed by immuno-
blotting with an antibody specific for activated phosphorylated
AKT (2-phospho-AKT). Total AKT was assessed by probing a
paraliel gel with antibody that recognizes both active and inactive
AKT (2-AKT)

transfected with the EGFR alone indicates that the
precipitation of p85 was the result of an interaction
between the chi-b protein and p85 (Figure 9. bottom
panel). We were unable. however, to demonstrate any
EGF induced association between either cbl-b or c-cbl
and the p85 subunit of Pl 3-kinase in the 32D/EGFR
clones overexpressing cbi-b or c-cbl respectively (data
not shown).

Discawmsion

The chi family of proteins is found in metazoans from
nematodes to vertebrates and the proteins have several
highly conserved domains including a novel N-terminal
PTB motf and a zinc finger (Blake er al., 1991; Hime
et al., 1997; Keane et al.. 1995; Lupher er al.. 1996,
1997; Meisner et al.. 1997; Yoon et al., 1995). A role
for the cbl proteins in EGFR signaling was first
demonstrated in C. elegans by genetic studies that
show that sli-1 (the c¢bhl/ homolog) is a negative
regulator of the Let-23 receptor tyrosine kinase (the
EGFR homolog) in vulva development (Jongeward er
al.. 1995. Yoon et al. 1995). These developmental
effects have been extended to Drosophila where the chl
homolog has been shown to associate with the
Drosophila EGFR and overexpression of Drosaphila
chl in the eyec of Drosophila embryos inhibits EGFR
dependent photoreceptor cell development (Hime ef al..
1997; Meisner et al., 1997). In mammalian cells, several
studies have shown that c-ch! becomes phosphorylated
and recruited to the EGFR upon stimulation (Bowtell

- EGFR
- chi-b

«— ¢bi-b

Figere 9 chl-b associates with the p8S subunit of PI-3K. 293T
cells were transiently transfected with either the EGFR alone or
HA tagged chi-b and the EGFR. The cells were starved for 4 h.
incubated with or without EGF (100 ng/ml) for 10 min, and then
the cells were lysed. chi-b was immunoprecipitated using the x-HA
antibody. The precipitated proteins were run on parailel gels,
transferred and immunoblotied with the antibodies shown to the
left of the blots. The position of each protein is indicated to the
right. Each protein (EGFR. cbl-b and p85) was equally expressed
in lysates (data not shown). Molecular weight standards (in kDa)
are shown to the left of the blots

and Langdon, 1995: Fukazawa er al., 1996 Galisteo et
al., 1995;: Khwaja er al. 1996: Levkowitz et al.. 1996;
Meisner and Czech, 1995; Odai er ai.. 1995a; Soltoff
and Cantley, 1996. Tanaka et al.. 1995; Ueno et al..
1997). However, biological consequences of this
interaction have not been demonstrated.

The data presented here show that cbl-b, but not c-
cbl, inhibits EGFR induced growth in 32D/EGFR cells
(Figure 5). These cells are absolutely dependent on
growth factor (either EGF or [L-3) and rapidly
undergo apoptosis in the absence of exogenous growth
factor (Greenberger ef al.. 1983; lhle er al., 1981, 1982;
Pierce et al., 1988; Prystowsky er al, 1982). The
inhibition of growth in the cbl-b clones is not
associated with any cell cycle arrest but it is associated
with a dramatic increase in the fraction of cells
undergoing apoptosis (Figure 6). Recent findings have
established that cell growth in response to growth
factor stimulation requires active inhibition of apopto-
sis via the activation of AKT in addition to stimulation
of cell cycle progression (Ahmed et al.. 1997: Dudek er
al., 1997; Franke er al.. 1995, 1997. Hemmings. 1997:
Kulik er al.. 1997). EGF stimulated cells overexpressing
chi-b had a markedly decreased activation of AKT and
the duration of AKT activation was foreshortened
compared to cells overexpressing c-chl or the vector
controls (Figure 8). This result is consistent with the
increased proportion of cells undergoing apoptosis.

The inhibition of EGFR stimulated growth in the
32D/EGFR cells by chi-b and not by c-chl clearly
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demonstrates distinct biological roles for cbl-b and c-
chi. The precise molecular mechanism by which cbl-b
exerts its inhibitory effect is not yet known. In both
transiently transfected cells (293T cells) and in stabie
clones (32D/EGFR cells)., c¢bl-b and c-cbl are
phosphorylated and recruited to the EGFR upon
activation of the receptor. Both cbl proteins interacted
with the Grb2 adaptor protein in the unstimulated cells
and we saw a slight increase in the association between
chl-b and Grb2 upon stimulation but not between c-ch/
and Grb2 (Figure 3). While some investigators have
shown modest increases in the interaction of c-cb/ with
Grb2 upon EGF stimulation (Fukazawa er al., 1996;
Khwaja er al.. 1996; Meisner and Czech, 1995), others
have found a constitutive interaction between c-cb/ and
Grb2 (Levkowitz et al.. 1996; Odai et al., 1995b). The
binding of the proline rich C-terminus of in vitro
translated chbl-b to a Gst-Grb2 fusion protein is
consistent with an SH3 mediated interaction. We also
have found that the N-terminus of cbl-b, like the N-
terminus of ¢-chl (Miyake et al.. 1997; Smit and Borst,
1997). is able to associated with the EGFR (not
shown). The similarities of cb/-b and c-chl in binding to
the EGFR and Grb2 (Figures 2 and 3), and the ability
of each cbl protein to decrease the binding of the other
to the EGFR (Figure 4) suggest that both interact with
the receptor through a common site and/or mechan-
ism. The binding site of the cb/ proteins on the EGFR
has not yet been identified. There was no inhibition of
EGF induced phosphorylation of the EGFR (Figure 1)
suggesting that binding of cbl-b (or c-cbl) to the EGFR
does not directly affect its activation by EGF. This is
consistent with prior observations that c-cb/ does not
directly alter the phosphorylation or kinase activity of
the EGFR (Thien and Langdon. 1997). However. there
are some published data which suggest that c-cbf/ can
inhibit phosphorylation of the EGFR (Ueno et al..
1997) and the reason for these differing results is
unknown. Cotransfection of the cbl proteins did
decrease the phosphorylation of the unstimulated
EGFR when the EGFR was overexpressed in 293T
cells indicating that the ch/ proteins may indeed inhibit
activation of the EGFR. No such high levels of
phosphorylated unstimulated EGFR were seen in the
vector controls or parental cell line of the 32D/EGFR
cells. This suggests that the high level of phosphory-
lated unstimulated EGFR may be unique to 293T cells
or a consequence of the high levels of expression of the
EGFR obtained upon transient transfection. The
significance of the decrease in phosphorylation of the
unstimulated EGFR by chl-b and c-cbl in the 293T
cells remains to be determined.

Overexpression of c¢bi-b inhibited activation of
downstream MAPK. JNK and AKT pathways
(Figures 7 and 8). chl-b has been shown to inhibit
JNK activation by Vav (Bustelo et al.. 1997) but there
are no published data addressing the effects of cbi-b on
MAPK or AKT. Previous reports do not show
inhibition of MAPK activation by c-chl in NIH3T3
cells (Bowtell and Langdon, 1995: Thien and Langdon,
1997: Ueno er al.. 1997). AKT activation was more
profoundly affected than MAPK activation and this is
consistent with the increase in apoptosis and absence of
cell cycle arrest. AKT activation is downstream of
growth factor induced activation of Pl 3-kinase
(Franke et af. 1997). c-chi has been shown to

associate with the 85 kDa regulatory subunit of PI 3-
kinase upon activation of a vaniety of receptors.
including the EGFR (Miyake er al. 1997, Smit and
Borst. 1997) and c-cbl has been demonstrated to
enhance IL4 induced PI 3-kinase activity and
mitogenic and survival signals in Ba/F3 cells (Ueno
et ul.. 1998). We have demonstrated an EGF induced
association between cbli-b and the p85 regulatory
subunit of Pl 3-kinase in tramsiently transfected 293T
cells that overexpress cbi-b (Figure 9). chi-b has one
consensus binding site for the SH2 domain of PI 3-
kinase (Y «,CEM) which is conserved between all of the
cbl family of proteins. However, chi-b lacks the second
binding site found in c-cbl (Y., EAM) which is
believed to be the site at which Pl 3-kinase binds to
c-cbl (Liu et al.. 1997). We were unable to demonstrate
any interaction of either cbl-b or c-chi with the p8S
subunit of PI 3-kinase in 32D/EGFR cells. We were
also unable to demonstrate any direct effect of cbl-b on
the binding of c-cbl to p8S in the transiently transfected
293T cells (unpublished observation). Thus, the
mechanism by which cbl-b inhibits AKT activation in
the transfected 32D/EGFR ceils remains to be
determined. The recruitment of cbl-b to the EGFR
upon activation and the inhibition of activation of
multiple downstream kinases suggests that cbl-b
functions at a step in the pathway close to the
receptor. The foreshortening of MAPK. JNK and
AKT activation by cbl-b suggests that chl-b may
enhance feedback inhibition of the EGFR.

Overall. our data demonstrate that 2 mammalian ch/
protein, cbl-b is able to inhibit EGFR-induced growth
and this inhibition is due to a failure to activate anti-
apoptotic pathways. These data further demonstrate
that while these proteins share some structural and
biochemical similarities, there are major functional
differences between the cbi-b and c-ch! proteins.

Materials and methods

Antibodies

Rabbit polyclonal anti-chl-b (H121: Santa Cruz Biotech-
nology) and anti-c-ch/ (C-15: Santa Cruz Biotechnology)
were used for both immunoblotting and immunoprecipita-
tion. Mouse monoclonal anti-HA (12CAS; Bochringer
Mannheim) and anti-EGFR (Ab3: Oncogene Science)
were used for immunoprecipitation and rabbit polyclonal
anti-HA antibody (Y-11. Santa Cruz Biotechnology). anti-
EGFR (1005, Santa Cruz Biotechnology). anti-p8S subunit
of PI 3-kinase (06-195; Upstate Biotechnology). and anti-
Grb2 (C-23; Santa Cruz Biotechnology) were used for
immunoblotting. Horseradish peroxidase linked anti-
phosphotyrosine (4G10: Upstate Biotcchnology Inc.) was
used for immunoblotting. Horseradish peroxidase linked
donkcy anti-rabbit Ig (Amersham) was used along with
ECL detection reagent (Super Signal: Picrce) to wisualize
immunoblots. Anti-ERK antibody (SC-154, Santa Cruz
Biotcchnology) was used to immunoprecipitate  active
ERK! and ERK2 for the immunocomplex MAPK assay.

Plasmids

A ninc amino acid epitope tag from the influcnza virus
hemagglutin protein (HA) (Wilson er al.. 1984) was added
to the C-terminal of the full length human ¢bl-b open
reading frame (Kcanc er al.. 1995) by PCR and the cDNA



was cloned into pCEFL. a mammalian expression vector
with the clongation factor promoter and a ncomycin
selectable marker (provided by Dr Silvio Gutkind). The
construct was sequenced 10 verify that there were no
mutations introduced. HA-tagged c-cbl was provided by
Dr Wallace Langdon (Andoniou er al.. 1996). This
construct was also cloned into the pCEFL vector. The
GST-cjun79 fusion construct used as a substrate in the
JNK assay was provided by Dr Silvio Gutkind. The fusion
protein was purificd from bactenal lysates as previously
described (Coso er al.. 1995).

Immunoblotting and immunoprecipitation

Immunoblotting was performed as previously described
(Ausubel e al., 1994) and detection by chemiluminescence
was performed using ECL (Amersham) according to the
instructions provided. Bricfly, for immunoprecipitation
protein from total cell lysate was incubated for 30 min
on ice with antibody. Immune complexes were recovered
by incubation with protcin A/G + agarosc beads (Santa
Cruz Biotechnology) at 4°C for | h with tumbling. Immune
complexes were washed five times in cold lysis buffer,
resuspended in 2 x loading buffer (Promega). boiled for
$ min, and then resolved by 10% SDS -PAGE. The gels
were transferred to nitrocellulose membranes (Schleicher
and Schucll) or to PVDF membranes (Immobilon P,
Millipore}.

Cell culture

293 cells transfected with the SV40 large T antigen (293T)
(provided by Mike Erdos) were maintained in culture in
DMEM supplemented with 10% fetal calf secrum and 1%
Penicillin-Streptomycin (Pen-Strep) and were transfected
with various constructs using calcium phosphate (5
Primc-+3 Prime, Inc.) according to the protocol included
with the reagents. To measure the effects of EGF
stimulation, 293T cclls were grown to 70% confluence
and serum starved in DMEM supplemented with 0.1%
bovine serum albumin (BSA) and 1% Pen-Strep for 4 h.
One hundred ng/ml of recombinant human EGF (Colla-
borative Biomedical Products) was added for the times
indicated. the cells were washed two times in ice-cold PBS
containing 0.2 mM sodium orthovanadate and the cells
were lysed in ice~cold lysis buffer (10 mm Tris HCL pH 7.5,
150 mmM NaCl, 5mMm EDTA, 1% Triton X 100, 10%
Gilycerol. | mM 4-(2 aminocthyl) benzencsulfonyl fluoride
(AEBSF). 20 ug/mi Leupeptin, 20 ug/ml Aprotinin. 10 ug/
ml Pepstatin, 2 mM sodium orthovanadate). The lysates
were cleared of debris by centrifugation at 16 000 g for
15 min at 4°C.

32D/EGFR cclls were maintained in culture in RPMI 1640
supplemented with 5% fetal calf serum. 5% WEHI 3B
conditioned medium and [% Pen-Surep. The WEHI 3B cell
line was maintained in RPMI 1640 supplemented with 15%
fetal calf serum and 1% Pen-Strep. WEHI 3B conditioned
media containing 1L-3 was produced by culturing the WEHI
3B cells to a high density and then harvesting the
supcrnatants. 32D/EGFR cells were transfected by clectro-
poration as previously described (Pierce er al.. 1988) and
stable clones were sclected and maintained in growth media
supplemented with 750 ug/ml G418 (GIBCO -BRL). To
assess the growth in different conditions, cells were pelleted.
resuspended in RPMI 1640 containing 15% FCS, 1% Pen-
Strep. but no growth factor. Cells were sceded in 24 well
plates at | x 10* cells, well. Either EGF (10 ng/ml). IL-3 (5%
conditioned media) or no growth factor was added. The cells
were incubated for the indicated time and then cells were
harvested and counted using trypan blue to asscss viability.
Each data point was done in triplicate.
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TUNEL assays to detect fragmented DNA in situ (Ben-
Sasson et al., 1995) were peformed on cell cytospins using the
In Situ Death Detection Kit (Bochringer Mannheim).

Kinase assays

MAPK was assayed as previously described (Crespo er al.,
1994). Briefly. cclls were stimulated with EGF (100 ng,ml)
for the indicated time. washed in ice-cold PBS containing
0.2 m™M sodium orthovanadate, and the cells were lysed in
ice-cold lysis buffer (20 mm HEPES, pH 7.5, 2.5 mm
MgCl.. 106 mM EGTA, 40 mm f-glyccrophosphate, 1.0%
Nonidet P40, Imm DTT, 1 mm AEBSF. 20 ug/ml
Leupeptin, 20 ug/ml Aprotinin. 2 mM sodium orthovana-
date). Cleared lysates were incubated at 4°C with tumbling
with anti-Erk antibody and protwcin A/G + agarosc beads
for 1 h. The beads were washed three times with PBS
containing % Nonidet P-40 and 2 mM sodium orthova-
nadate, once with 100 mMm Tris (pH 7.5) containing 0.5 ™
LiCl, and once with kinase reaction buffer (12.5 mm
MOPS. pH 7.5, 7.5 mm MgCl,, 3.3 um DTT, 12.5 mm §-
glycerophosphate. 0.5 mmM EGTA, 0.5 mm NaF, 0.5 mm
sodium orthovanadate). The beads were resuspended in
30 ul of kinase reaction buffer containing 10 uCi
[-*PJATP (3000 Ci/mmol; Amersham), 20 uM cold ATP
and 1.5 mg/ml Myelin Basic Procin (MBP) as a substrate.
The reactions were incubated at 30°C for 20 min and
terminated by the addition of 15 ul of 4 x Lacmmli buffer.
The samples were heated to 95°C for 5§ min and analysed
by SDS - PAGE on 12% gels. The gels were dried and the
phosphorylated MBP was assessed by autoradiography
using AR film and an intensifying screen (Kodak).

INK was assayed as previously described (Coso er al..
1995: Crespo er al.. 1994). Bricfly. cells were stimulated with
EGF (100 ng/ml) for the indicated time, washed in ice-cold
PBS containing 0.2 mM sodium orthovanadate and the cells
were lysed in ice-cold lysis buffer (25 mm HEPES. pH 7.5,
200 mwm NaCl, 1.5 mm MgCl,. 0.2 mm EDTA. 0.5 mm DTT.
20 mm f-glycerophosphate, 0.1% Triton X 100, | mM
AEBSF. 20 ug/ml Leupeptin, 0.1 mM sodium orthovana-
date). Cleared lysates were incubated at 4°C with tumbling
with 1 ug of GST-cjun? protein bound to glutathione-
agarosc beads for 3-4 h. The beads were washed three times
with PBS containing 1% Nonidet P-40 and | mM sodium
orthovanadate, once with 100 mm Tris (pH 7.5) containing
0.5 M LiClL, and once with kinasc reaction buffer (25 mm
HEPES pH 75 20mm MgCl, 2mm DTT. 20mm 8-
glycerophosphate, 0.1 mM  sodium orthovanadate). The
beads were resuspended in 30 ul of kinasc rcaction buffer
containing | xCi [7-"PJATP (3000 Ci/mmol: Amersham) and
50 um cold ATP, incubated at 30°C for 20 min. and the
reactions were terminated by the addition of 15ul of
4 x Lacmmii buffer. The samples were heated to 95 C for
5 min and analysed by SDS - PAGE on 12% gels. The gels
were dried and the phosphorylated GSTcjun79 was assessed
by autoradiography using Biomax MR film (Kodak).

AKT activation was assessed by the specific phosphoryla-
tion of AKT on serinc 473 using thc Phosphoplus AKT
{Serd473) antibody kit (New England Biolabs) according to
the method provided with the kit.
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Studies in C. elegans and Drosophila melanogastor
suggest that cbl proteins are inhibitors of epidermal
growth factor receptor (EGFR) function. Here we de-
scribe that overexpression of cbl-b, a homologue of the
e-cbl protooncogene, inhibits EGFR-induced apopto-
sis in MDA-MB-488 breast cancer cells. Overexpression
of cbl-b results in a shortened duration of EGFR acti-
vation upon EGF stimulation. This is demonstrated by
decreased amounts of phosphorylated EGFR as well as
by inhibition of multiple downstream signaling path-
ways. The inhibition of signaling by cbl-b results from
increased ubiquitination and degradation of the acti-
vated EGFR. The inhibitory effects of cbl-b overex-
pression on apoptosis and on EGFR signaling are re-
versed by blocking protecsomal degradation of the
EGFR. These data demonstrate that the mechanism by
which cbl-b inhibits EGFR-induced apoptosis is by
activation-dependent degradation of the EGFR. They
imply that this mechanism may be a general one
whereby cbl proteins regulate intracellular signaling.
© 1999 Academic Prom

The cbl proteins are a highly conserved family of
proteins found in metazoans from nematodes to verte-
brates and these proteins have several highly con-
served domains including a novel N-terminal SH2 do-
main and a RING finger (1-8). There are three
mammalian cbl proteins: c-cbl, cbl-b, and the recently
described cbl-3 (1, 3, 4). cbl-b is structurally most sim-
ilar to c-cbl while cbl-3 appears to be more closely
related to the shorter C. elegans and Drosophila cbl
proteins (3, 4). The cbl proteins are tyrosine phosphor-
ylated upon activation of a variety of growth factor
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receptors and they associate with many proteins con-
taining Src Homology 2 and 3 domains (reviewed in (9,
10)). These diverse interactions modulate signaling
through many pathways (9, 10). For example, in mast
cells overexpression of c-cbl inhibited FceRI induced
activation of Syk kinase and downstream serotonin
release (11) and overexpression of cbl-b in Cos cells
inhibited Vav-induced Jun Kinase activation (12). Re-
cent work has shown that c-cbl-deficient mice have
hyperplastic hematopoietic and breast tissue consis-
tent with a negative regulatory role in cellular prolif-
eration for c-cbl (13). Together these evolutionary and
biochemical data indicate that the cbl proteins are
important regulators of intracellular signaling and
consequently of cell function and development.
Genetic studies in C. elegans first demonstrated that
cbl proteins are regulators of epidermal growth factor
receptor (EGFR) function. sli-1 (the C. elegans cbl ho-
mologue) is a negative regulator of the Let-23 receptor
tyrosine kinase (the EGFR homologue) in vulva devel-
opment (6, 14). Developmental effects have also been
demonstrated in Drosophila where D-cbl has been
shown to associate with the Drosophila EGFR and
overexpression of D-cbl in the eye of Drosophila em-
bryos inhibits EGFR dependent photoreceptor cell de-
velopment (2, 5). In mammalian cells, several studies
have shown that c-cbl becomes phosphorylated and
recruited to the EGFR upon stimulation and alters
signaling (reviewed in (10, 15)). We previously reported
that cbl-b inhibits EGF induced growth and EGFR
signaling but the mechanism of this inhibition was not
clear. Recent findings with c-cbl have implicated ubiq-
uitination and degradation of growth factor receptors
as a possible mechanism of this inhibition (16-19).
To study the function of cbl-b in regulating EGFR
function further, we investigated the biological and
biochemical effects of cbl-b on EGFR function in MDA-
MB-468 breast cancer cells. These cells express high
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levels of EGFR and undergo apoptosis upon EGF treat-
ment (20-22) and thus provide a useful reagent in
which to evaluate regulation of EGFR function. Using
this well characterized EGF response, we demonstrate
that cbl-b inhibits EGFR function by enhancing ubiq-
uitination and degradation of activated receptors.

MATERIALS AND METHODS

Expression constructs. The expression plasmid for
cbl-b and the control vector have been previously de-
scribed (23). The HA-epitope tagged ubiquitin expres-
sion plasmid was provided by Dr. Dirk Bohmann (24).
The GAS element of the IRF-1 gene fused upstream of
the luciferase gene (the pZtkLuc plasmid) used as a
STAT reporter construct was provided by Dr. Richard
Pine (25).

Immunoblotting and immunoprecipitation. Immu-
noblotting and immunoprecipitation were performed
as previously described (23). Rabbit polyclonal anti-
cbl-b (H121; Santa Cruz Biotechnology), anti-EGFR
(1005; Santa Cruz Biotechnology), anti-HA (Y-11;
Santa Cruz Biotechnology), HRP-conjugated anti-phos-
photyrosine (4G10; Upstate Biotechnology), phospho-
specific anti-MAP kinase antibody (9101; New England
Biolabs), and anti-MAP kinase antibody (SC154, Santa
Cruz) were used for immunoblotting. Mouse monaoclo-
nal anti-EGFR antibody (Ab-3; Oncogene Science) was
used for immunoprecipitation of the EGFR.

Cell culture. MDA-MB-468 breast cancer cells were
obtained from the ATCC and maintained in culture in
RPMI 1640 supplemented with 10% fetal calf serum
(FCS) and 1% Penicillin-Streptomycin. To assess EGF
induced apoptosis, cells were plated at 10* cells/well in
96 well microtiter plates in RPMI 1640 supplemented
with 1% FCS and allowed to adhere to the plate over-
night. Human recombinant EGF (Collaborative Bio-
medical Products) was added, the cells were incubated
for three days, and viability was assessed by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenylitetrazolium (MTT)
dye reduction assay as described previously (26). Each
EGF concentration was performed in eight wells and
data represent the viability of EGF treated cells com-
pared to the viability of untreated cells as a percentage.
In experiments to assess the effects of proteosomal
inhibition on apoptosis, lactacystin (Calbiochem) was
added to the plates at the same time as the EGF. The
data represent the viability of EGF plus lactacystin
treated cells compared to the viability of cells in lacta-
cystin alone as a percentage.

To measure the biochemical effects of EGF stimula-
tion, MDA-MB-468 cells were grown to 50-70% conflu-
ence, starved overnight in RPMI 1640 supplemented
with 1% FCS, EGF (100 ng/ml) was added and then cell
lysates were prepared as previously described (23).
Ubiquitination was measured by transiently transfect-
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FIG. 1. cbl-b inhibits EGF induced growth inhibition in MDA-
MB-468 cells. (A) Stable clones of MDA-MB-468 cells expressing
either cbl-b (open circles) or empty vector (closed squares) were
cultured with the indicated concentration of EGF for three days and
viability was assessed by MTT assay. Data represent the average
viability of EGF treated cells as a percentage of untreated cells =
SEM for three clones each of cbl-b and vector controls. (B) Expression
of cbl-b and the EGFR in cell lysates from the stable clones was
measured by immunoblotting. The positions of the cbl-b and EGFR
proteins are indicated by the arrows on the right.

ing the stable clones with the HA-epitope tagged ubigq-
uitin expression vector and 48 h post transfection starv-
ing and stimulating the cells as above. To assess the
biochemical effects in the presence of lactacystin, cells
were starved as above, lactacystin (5 uM) was added
two hours prior to EGF, and lysates were prepared.

To measure STAT activation, 3 X 10° cells/well were
plated in six well plates, allowed to adhere overnight,
and then transiently transfected with the pZtkLuc
plasmid using Lipofectamine (Life Technologies). After
transfection, the cells were incubated with or without
EGF (100 ng/ml) for 16 h in RPMI 1640 supplemented
with 1% FCS. Cells were lysed in Cell Lysis Reagent
(Pharmingen) and the luciferase activity in each sam-
ple was determined using Luciferase Assay Reagent
(Pharmingen) and a Monolight 2010 luminometer
(Analytical Luminescence Laboratory).

RESULTS

cbl-b inhibits EGF induced apoptosis in MDA-MB-
468 cells. To investigate the biological effects of cbl-b
on EGFR function, stable clones of MDA-MB-468
breast cancer cells overexpressing cbl-b were isolated.
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FIG. 2. cbl-b inhibits EGF induced apoptosis in MDA-MB-468 cells. (A) TUNEL assays were performed on cytospins of cbl-b and vector
clones which had been incubated = EGF (100 ng/ml) for 48 h. Phase and fluorescence (TUNEL) photomicrographs (1000 x) of the same field
for each sample are shown. (B) TUNEL assays were quantitated by calculating the percentage of apoptotic cells in multiple high power fields
for a cbl-b and vector clone incubated in the absence (white bars) or presence (black bars) of EGF. A minimum of 500 cells were counted for
each condition. Representative data of one experiment are shown. p values compare EGF treated and untreated cells for each clone using a

Student'’s two-tailed ¢ test.

Overexpression of cbl-b in MDA-MB-468 cells inhibited
EGF induced apoptosis (Fig. 1). EGF treatment of sta-
ble clones of MDA-MB-468 cells transfected with
empty vector results in a dose dependent growth inhi-
bition as measured by MTT with a maximal inhibition
of 50-60%. In contrast, cells stably overexpressing
cbl-b were not growth inhibited by EGF (Fig. 1A).
There was no difference in the growth of MDA-MB-468
clones overexpressing cbl-b compared to vector controls
when the cells were cultured in complete growth media
in the absence of EGF. Figure 1B demonstrates the
expression of cbl-b and the EGFR in the stable clones
used for these experiments. A longer exposure of the
immunoblot than the one shown revealed that there
was endogenous cbl-b in the MDA-MB-468 cells and
the cbl-b clones had >20- to 30-fold overexpression.
There was no difference in the total level of EGFR in
the cbl-b clones compared to the vector controls when
the cells were grown in complete growth medium with-
out EGF (Fig. 1B). Analysis of cell surface receptors by
cell surface labeling also showed no differences be-
tween the cbl-b clones and vector controls (data not
shown). Thus, the inhibition of EGFR function by cbl-b
was not due to lower steady state expression levels of
EGFR by the cbl-b clones.

Previous work has shown that the inhibition of
growth by EGF in MDA-MB-468 cells is due to a dose
dependent induction of apoptosis by EGF (21). Micro-
scopic analysis revealed that many of the vector control
MDA-MB-468 cells treated with EGF became non-
adherent, shrunken, refractile cells with pyknotic nu-
clei compared to untreated cells (data not shown).
TUNEL assay to detect apoptotic cells (27) demon-
strated that the morphologic changes seen in the EGF
treated control cells were due to apoptosis and that
EGF treatment was accompanied by an ~6-fold in-
crease in the percentage of cells undergoing apoptosis
(Fig. 2). In contrast, cells overexpressing cbi-b did not
undergo any morphological changes in the presence of
EGF and TUNEL assay demonstrated that there was
no change in the percentage of cbl-b cells undergoing
apoptosis in the presence of EGF (Fig. 2).

cbl-b inhibits signaling by the EGFR. To investi-
gate the biochemical effects of cbl-b on the activation of
the EGFR, cell lysates were prepared from MDA-MB-
468 cells overexpressing cbl-b and a vector control over
a time course of EGF treatment (Fig. 3). The activation
of the EGFR, measured by tyrosine phosphorylation of
the receptor, was similar at early time points (e.g.,
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FIG.3. cbl-binhibits EGFR signaling. (A) A cbl-b and vector cione were stimulated with EGF (100 ng/ml) for the times indicated and cell
lysates were prepared. Proteins were separated by SDS-PAGE, transferred, and immunoblotted with an anti-phosphotyrosine (anti-pTyr)
antibody. The positions of the EGFR and cbl-b are indicated by the arrows to the right. The molecular weights in kDa are shown to the left
of the figure. Identical results were obtained with other clones. (B) Lysates from the cbl-b and vector clones described above were
immunoblotted with an anti-phospho-MAPK antibody (anti-p-MAPK). The filters were stripped and reblotted with an anti-MAPK antibody
(anti-MAPK). Identical results were obtained with other clones. (C) Vector and cbl-b clones were transiently transfected with a luciferase
reporter plasmid for STAT activation. The cells were incubated = EGF (100 ng/ml) for 16 h and the luciferase activity was measured. Each
experiment was performed in triplicate and the fold induction was calculated as the ratio of luciferase activity in the presence of EGF divided
by luciferase activity in the absence of EGF. The results represent the average = SD for a representative experiment. Identical results were

obtained with other clones.

5-30 min) in the cells overexpressing cbl-b and vector
control cells (Fig. 3A). However, the activated receptor
began to decrease in the cbl-b clone after 1 h and had
returned to baseline by 48 h. In contrast, the activation
of the EGFR in the vector control cells persisted at a
high level throughout the time course.

cbl-b becomes rapidly phosphorylated and recruited
to the EGFR in response to EGFR activation (23) and
the appearance of a phosphoprotein at the size of cbl-b
can be seen in the cbl-b clone as early as 5 min after
EGF stimulation (Fig. 3A). The phosphorylation of
cbl-b decreases at the later time points, consistent with
a loss of EGFR activity. Upon longer exposure, a
weaker signal representing a phosphoprotein that mi-
grates at the size of cbl-b (representing endogenous
c-cbl or cbl-b protein) can be seen in the vector controls
and the phosphorylation persisted at constant levels
until 24 h without decrease.

To further investigate the effects cbl-b on down-
stream signaling by the EGFR, the activation of

MAP kinase (MAPK) in cells overexpressing cbl-b
and in vector controls was measured (Fig. 3B). EGF
treatment induced rapid activation (within 5 min)
of MAPK in cells expressing cbl-b and in the vector
control cells. However, the magnitude of MAPK
activation was less and the duration of activation
was shorter in cells expressing cbl-b compared to
the vector control cells. Previous work has estab-
lished that STAT activation is critical to the induc-
tion of apoptosis by the EGFR (22, 28). STAT activation
was measured by transiently transfecting the cells
with a reporter construct consisting of the GAS ele-
ment of the IRF-1 promoter cloned upstream of the
luciferase gene (25). Cells overexpressing cbl-b had
significantly lower induction of STAT activity upon
EGF treatment (Fig. 3C).

Together, these data demonstrate that overexpres-
sion of cbl-b decreases the duration of activation of
the EGFR and of multiple downstream signaling
pathways.
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FIG. 4. cbl-b enhances EGF induced degradation of the EGFR.
(A) Lysates prepared as described in Fig. 3 were immunoblotted with
anti-EGFR antibody. The position of the EGFR is indicated by the
arrow to the right. (B) The level of the EGFR receptor, expressed as
a percentage of the level in untreated cells (control), was determined
by densitometry for the cbl-b clone (black squares) or the vector clone
(open circles) from the blot shown in B. (C) Loading was assessed for
the blots in B by stripping the blots and reprobing them with an
anti-MAPK antibody.

cbl-b enhances EGF induced ubiquitination and deg-
radation of the activated EGFR. The inhibition of
multiple signaling pathways by cbl-b and its recruit-
ment to the activated EGFR (23) suggested that the
inhibitory function of cbl-b was likely to target the
EGFR directly. Previous work has shown that the
EGFR is internalized and degraded upon activation
and that this activation dependent degradation is en-
hanced by c-cbl overexpression (18). We therefore in-
vestigated the effects of cbl-b overexpression on EGFR
degradation. The level of EGFR upon EGF treatment
was assessed by immunoblotting (Fig. 4). There was a
significant decrease in the level of the EGFR over the
first 24 h of EGF treatment in the cbl-b clone and then
the levels returned to the baseline (Fig. 4A). Quantita-
tion of the levels by densitometry revealed that the
level of the EGFR decreased to approximately 40% of
the initial level (Fig. 4B). In contrast, the level of the

MOLECULAR CELL BIOLOGY RESEARCH COMMUNICATIONS

EGFR did not decrease below 70% of the initial value
in the vector control cells. Interestingly, the increase in
EGFR levels in the cbl-b clone at 48 h (Fig. 4A) was
unphosphorylated EGFR (Fig. 3A) and thus inactive
receptor. Analysis of cell surface receptors by cell sur-
face labeling confirmed these results (data not shown).
Equal loading of the blots was demonstrated by rep-
robing the blots with an anti-MAPK antibody (Fig. 4C).

A prominent high molecular weight smear above the
EGFR, characteristic of the addition of polyubiquitin
chains to the activated EGFR (18), is seen upon EGF
treatment in the cells overexpressing cbl-b (Figs. 3A
and 4A). To demonstrate that cbl-b enhances ubiquiti-
nation of the activated EGFR in these cells, HA-epitope
tagged ubiquitin (24) was transiently transfected into
either cbl-b overexpressing cells or vector control cells.
The cells were incubated with or without EGF and the
EGFR was immunoprecipitated from lysates prepared
from these cells (Fig. 5). In both the immunocblot of
the lysates and the immunoprecipitated EGFR, the
anti-HA antibody detected a diffuse ubiquitinated
band in the EGFR from EGF-treated cells overexpress-
ing cbl-b (Fig. 5, top panels). This band migrated at the
same size as the high molecular weight smear seen
above the EGFR when the blot was reprobed with the
anti-EGFR antibody (Fig. 5, bottom panels). Longer
exposures of the EGFR from vector control cells dem-
onstrate a less prominent smear that reacted with the
anti-HA antibody, thus showing that there was less
ubiquitination of the EGFR in these cells. Stripping
and reprobing the same immunoblots with an anti-
ubiquitin antibody showed identical results (data not
shown). Together, the data in Figs. 4 and 5 demon-
strate that cbl-b enhances ubiquitination and degrada-
tion of the EGFR.

Inhibition of the proteosome reverses the effects of
cbl-b overexpression. Ubiquitination of proteins tar-
gets them for degradation by the 26S proteosome (29)
and previous work has established that the EGFR is
degraded at least partially by this mechanism (18). To
confirm that enhanced ubiquitination and degradation
of the activated EGFR was the mechanism by which
cbl-b inhibits the effects of the EGFR, we repeated the
experiments described above in the presence of lacta-
cystin, a specific inhibitor of proteosomal degradation
(30) (Fig. 6). As above, in the absence of lactacystin,
EGF did not induce apoptosis in MDA-MB-468 cells
overexpressing cbl-b (Fig. 6A, 0 point). However, in the
presence of lactacystin, EGF induced apoptosis in the
cbl-b overexpressing cells to a level similar to the con-
trol cells shown in Fig. 1A. Biochemical analysis re-
vealed that preincubation with lactacystin inhibited
the degradation of the EGFR seen in the cbl-b clone
(Fig. 6B). In the absence of lactacystin, EGF induced a
decrease in the EGFR levels to ~30% of the initial level
by 2 h but in the presence of lactacystin the EGFR was
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FIG. 5. cbl-b enhances ubiquitination of the EGFR. A cbl-b and vector clone were transiently transfected with HA-epitope tagged
ubiquitin. Cells were incubated = EGF (100 ng/ml) for 10 min and cell lysates were prepared. The EGFR was immunoprecipitated from each
lysate. Both the lysate and the precipitated proteins were separated by SDS-PAGE and immunoblotted with an anti-HA antibody (top). The
same filter was stripped and reprobed with the anti-EGFR antibody (bottom). The arrows on the right indicate the position of the EGFR and

the arrowheads indicate the position of the ubiquitinated EGFR.

maintained at ~60% of the initial levels. Activation of
the EGFR in the cbl-b clone, measured by tyrosine
phosphorylation of the receptor, was sustained in cells
treated with lactacystin compared to the untreated
cells (Fig. 6C). Downstream signaling was also main-
tained in the presence of the proteosomal inhibitor.
The phosphorylation of cbl-b (the ~120 kDa band in
Fig. 6C) and the phosphorylation of MAPK (Fig. 6D)
was sustained longer in the cells treated with lactacys-
tin than in the untreated cells.

DISCUSSION

The data presented here demonstrate that cbl-b in-
hibits EGF induced apoptosis in MDA-MB-468 cells.
cbl-b does not prevent the initial activation of the
EGFR and subsequent downstream signaling (Fig. 3)
but it does shorten the duration of EGFR signaling. In
our previous work, we have shown that cbl-b inhibits
EGFR dependent growth and there too the duration of
EGFR signaling was shortened (23). Thus, the inhibi-
tion of EGFR function is independent of the biological
result of EGFR activation. The shortened duration of
activation of the EGFR and multiple downstream path-
ways seen in both systems further suggested that the
negative regulatory effects of cbl-b on EGFR function
occurred at the level of the EGFR itself.

cbl-b inhibits EGFR function by enhancing ubiquiti-
nation and degradation of the activated EGFR (Figs. 4
and 5). There was no change in the steady state level of
EGFR in the MDA-MB-468 cells which overexpress
cbl-b when the cells were cultured in the absence of
EGF. In contrast, upon activation of the EGFR, there
was a decrease in the level of EGFR and concomitantly
there was almost total loss of activated EGFR. At later

time points, the level of EGFR returned to the baseline
level but the receptor was unphosphorylated and thus
inactive. These observations indicate that overexpres-
sion of cbl-b enhances the degradation of the activated
EGFR but does not cause degradation of unstimulated
receptors. This directly leads to an abrogation of EGFR
activation and inhibition of downstream signaling
pathways and thus results in inhibition of the biologic
effects of EGF.

Levkowitz et al. (18) have recently demonstrated
that c-cbl enhances ubiquitination and degradation of
the activated EGFR. We have recently demonstrated
that a third member of the mammalian cbl family,
cbl-3, also inhibits EGFR signaling (4) and it too en-
hances degradation of the activated EGFR (unpub-
lished observation). Thus, regulation of EGFR signal-
ing by degradation is a conserved function of all known
mammalian cbl proteins. The biochemical mechanism
by which cbl proteins causes ubiquitination of the
EGFR is not yet known. Ubiquitination of proteins
occurs via the activation and conjugation of ubiquitin
to target proteins by a series of enzymes known as E1,
E2, and E3 proteins (29). The E3 component is often
comprised of a complex of several proteins and confers
specificity to the ubiquitination process. Recently, a
number of proteins containing a RING finger have
been demonstrated to function as E3 proteins or as
part of E3 complexes (31-37). The cbl proteins all con-
tain a RING finger and are recruited to the EGFR upon
activation (4, 10, 23). The RING finger of c-cbl has been
shown to be essential for the ubiquitination and deg-
radation of the EGFR (38). Thus cbl proteins are likely
to be part of an E3 complex.

The cbl proteins are substrates in many signaling
pathways mediated by tyrosine kinases (9, 10) and
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FIG.8. Lactacystin reverses the EGFR inhibition of cbl-b. (A) A cbl-b clone was incubated with lactacystin at the concentrations indicated
in the presence or absence of EGF (100 ng/ml) for 3 days and then viability was assessed by MTT. Viability of cells in lactacystin + EGF as
a percent of the viability of the cells in the same concentration of lactacystin without EGF (control) is plotted. Data represent the average =
SD for a representative experiment. (B) A cbl-b clone was preincubated * lactacystin (5 uM) for 2 h, the cells were stimulated with EGF for
the times indicated, and cell lysates were prepared. The protein was separated on SDS-PAGE and immunoblotted with an anti-EGFR
antibody. The position of the EGFR is indicated by the arrows on the right. (C) Protein lysates prepared from EGF stimulated cells =
lactacystin as described above were immunoblotted with anti-pTyr. The positions of the EGFR and cbl-b are indicated by the arrows on the
right. The molecular weight in kDa is shown on the left of the figure. (D) Protein lysates prepared from EGF stimulated cells = lactacystin
as described above were immunoblotted with anti-p-MAPK. The filters were stripped and reprobed with anti-MAPK.

c-cbl has been demonstrated to enhance ubiquitination
and degradation of other growth factor receptors (16,
17, 19). Our data, together with the observations
above, imply that cbl proteins regulate the biological
responses to stimulation by a variety of growth fac-
tors through degradation of activated growth factor
receptors.
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SUMMARY
cbl proteins function as ubiquitin protein ligases for the activated Epidermal Growth Factor
Receptor and thus negatively regulate its activity. Here we show that cbl-b is ubiquitinated and
degraded upon activation of the receptor. Epidermal Growth Factor induced cbl-b degradation
requires intact RING finger and tyrosine kinase binding domains and requires binding of the cbl-
b protein to the activated Epidermal Growth Factor Receptor. Degradation of both the Epidermal
Growth Factor Receptor and the cbl-b protein is blocked by lysosomal and proteasomal
inhibitors. Other components of the Epidermal Growth Factor Receptor signaling complex (i.e.
Grb2 and Shc) are also degraded in an Epidermal Growth Factor induced cbl-b dependent
fashion. Our results suggest that the ubiquitin protein ligase function of ¢bl-b is regulated by
coordinated degradation of the cbl-b protein along with its substrate. Furthermore. the data
demonstrate that cbl-b mediates degradation of multiple proteins in the Epidermal Growth

Factor Receptor signaling complex.



INTRODUCTION
The cbl proteins are a family of proteins found in metazoans from nematodes to vertebrates.
These proteins have several highly conserved domains including a N-terminal tyrosine kinase
binding (TKB) domain and a RING finger (1-9). The three mammalian cbl proteins. c-cbl. cbl-
b. and cbl-3 (1.2.6-8). are tyrosine phosphorylated upon activation of a wide variety of growth
factor receptors and they associate with many signaling proteins via SH2 and SH3 interactions
(reviewed in (10.11)). These diverse interactions modulate signaling through many pathways
(10.11). Recent work has shown that c-cbl and cbl-b deficient mice have hyperplastic tissues
consistent with a negative regulatory role in cellular proliferation for cbl proteins (12-15).
Together. these data indicate that the cbl proteins are important regulators of intracellular

signaling and consequently of cell function and development.

cbl proteins are negative regulators of Epidermal Growth Factor Receptor (EGFR)!
signaling. This was first shown by genetic studies in C. elegans which demonstrated that sli-1
(the C. elegans cbl homologue) is a negative regulator of the Let-23 receptor tyrosine kinase (the
EGFR homologue) in vulva development (3.16). The Drosophila cbl protein (D-cbl) has been
shown to associate with the EGFR and overexpression of D-cbl in the eye of Drosophila
embryos inhibits EGFR dependent photoreceptor cell development (4.5). Several studies have
shown that mammalian cbl proteins become phosphorylated and recruited to the EGFR upon
stimulation (11.17) and that they inhibit EGFR function (7.18-20).

The mechanism underlying the negative regulation of activated tyrosine kinases by cbl
proteins has recently been described. cbl proteins function as ubiquitin protein ligases which

mediate the ubiquitination of activated tyrosine kinases. including the EGFR. and target them for



degradation (20-31). Ubiquitination of proteins occurs via the sequential activation and
conjugation of ubiquitin to target proteins by the ubiquitin activating enzyme (E1). a ubiquitin-
conjugating enzyme (E2). and a ubiquitin protein ligase (E3) (32). The E3 confers specificity to
the ubiquitination process. An increasing number of RING finger proteins have been
demonstrated to function as E3 proteins or as part of E3 complexes and in each of them the
RING finger is essential to this activity (33-43). The highly conserved TKB and RING finger
domains of cbl proteins are essential and sufficient for their E3 activity and together these
domains target the ubiquitination of activated tyrosine kinases such as the EGFR (20-31).
Here. we show that EGF activation induces a coordinated degradation of the EGFR. cbl
proteins. and other proteins of the EGFR signaling complex. These results suggest that cbl

proteins regulate degradation of multiple proteins in the active EGFR signaling complex.



EXPERIMENTAL PROCEDURES
Expression Constructs---The expression plasmid for HA epitope tagged cbl-b. c-cbl. and the
control vector (pPCEFL) have been previously described (18). HA epitope tagged cbl-b N1/3 (aa
1-349). and C2/3 (327-938) were created by PCR amplification and cloning into the pCEFL
vector. cbl-b N1/2 (aa 1-483) was created by deleting the C-terminal of the full length wild
type cbl-b in pCEFL and in the process the HA epitope was lost. The GST fusion protein for
cbl-b N1/2 (aa 29-483) was created by in-frame cloning of a PCR generated N-terminal
fragment of cbl-b into pGEX 2TK (Pharmacia). The C373A was created in both the full length
wild type cbl-b in pCEFL and in the GST-cbl-b NI1/2 fusion protein by site directed
mutagenesis (Quick Change Kit; Stratagene). All of the mutant cbl-b constructs were confirmed
by sequencing. The EGFR Y1045F mutant expression construct in pcDNA3 has been previously

described (26). The GFP expression plasmid (pcDNA3.1/zeo) was obtained from Invitrogen.

Immunoblotting and Immunoprecipitation---lmmunoblotting and immunoprecipitation were
performed as previously described (18). Anti-AKT (New England Biolabs). anti-cbl-b (H454:
Santa Cruz Biotechnology). anti-EGFR {1005; Santa Cruz Biotechnology). anti-ERK-2
antibody (SC154: Santa Cruz). anti-Grb-2 (C-23: Santa Cruz Biotechnology). anti-HA (Y-11:
Santa Cruz Biotechnology). HRP-conjugated anti-phosphotyrosine (4G10: Upstate
Biotechnology). anti-p85 subunit of PI 3-kinase (06-195: Upstate Biotechnology). and anti-
Shc ( Transduction Laboratories. Inc.) were used for immunoblotting. Ubiquitination was
assayed as previously described using a rabbit polyclonal anti-ubiquitin antibody (44). Mouse

monoclonal anti-EGFR antibody (Ab-3: Oncogene Science) and anti-phosphotyrosine (4G 10:



Upstate Biotechnology) were used for immunoprecipitation.

Cell Culture---MDA-MB-468 breast cancer cells were obtained from the ATCC and

maintained in culture in RPMI 1640 supplemented with 10% fetal calf serum (FCS) and 1%
Penicillin-Streptomycin. Stable clones overexpressing wild type and mutant forms of cbi-b
were generated as previously described (20). To measure the biochemical effects of EGF
stimulation. MDA-MB-468 cells were grown to 50-70% confluence. starved overnight in
RPMI 1640 supplemented with 0.5% FCS. and then stimulated with EGF (100 ng/ml:
Collaborative Biomedical Products) for the times indicated. To harvest proteins. the cells were
washed two times in ice-cold PBS containing 0.2 mM sodium orthovanadate and the cells were
lysed in ice-cold lysis buffer (10 mM Tris HCL. pH 7.5. 150 mM NaCl. 5 mM EDTA. 1% Triton
X100. 10% Glycerol. 100 mM iodoacetamide. 2 mM sodium orthovanadate. and protease
inhibitors (Complete tabs®. Boehringer Mannheim)). The lysates were cleared of debris by
centrifugation at 16.000 x g for 15 min at 4°C. In experiments to rule out sequestration of cbl-b
upon EGF stimulation. the cells were lysed in SDS buffer (2% SDS. 20 mM Tris HCI pH 7.5. 50
mM NaCl. 5 uM DTT). boiled for 5 min. sonicated. and then run on SDS-polyacrylamide gels

(SDS-PAGE) without clarification of the lysates. To assess the biochemical effects in the
presence of protease inhibitors (e.g. lactacystin or NH4Cl). cells were starved as above. the
protease inhibitor was added two hours prior to EGF. and lysates were prepared as above.

293T cells were maintained in culture in DMEM supplemented with 10% FCS and 1%
Penicillin-Streptomycin and were transfected with various constructs using calcium phosphate

(5 Prime—3 Prime. Inc.) according to the protocol included with the reagents. To measure the



effects of EGF stimulation. 293T cells were grown to 70% confluence. starved overnight in
DMEM supplemented with 0.5% FCS. and then stimulated with EGF (100 ng/ml) for the times

indicated. Proteins were harvested as describe above for MDA-MB-468 cells.

In Vitro Ubiquitination Assay---Autoubiquitination of cbl proteins was performed as previouly

described (40). Briefly. GST or GST fusion proteins were incubated in the presence or absence
of recombinant wheat E2 (20 ng: UbcH5B) along with recombinant wheat E1 (20 ng). 32P-

labeled ubiquitin (2x104 cpm). i ubiquitination buffer (50 mM Tris-HCL. pH 7.4. 2 mM

adenosine 5°-triphosphate. 5 mM MgCls. and 2 mM dithiothreitol) at 309C for 90 min. The

reaction mixture was separated by 7.5% SDS-PAGE and visualized with a Storm
Phospholmager and Image Quant software (Molecular Dynamics). After exposure. the gels were
stained with Coomassie blue to ensure that similar amounts of GST fusion proteins had been

used.



RESULTS
cbl-b is Downregulated Upon EGF Stimulation---In prior work. we demonstrated that
overexpressing cbl-b in the MDA-MB-468 breast cancer cell line enhances EGF induced
ubiquitination and degradation of the EGFR (20). This results in inhibition of EGFR function.
While further investigating activation-induced downregulation of the EGFR by cbl-b in these
MDA-MB-468 cells. we observed that there was an activation induced loss of cbl-b that
parallels the decrease in the EGFR (Fig. 1A. lanes 1-7). In the absence of cbl-b. the EGFR
showed only minimal degradation (Fig. 1 A. lanes 8-14). cbl-b degradation did not reflect a
general decrease of cellular proteins as Akt and ERK-2 protein levels did not change. These
results were confirmed in multiple independent cbl-b and vector clones. This change in protein
level was not due to changes in mRNA as the level of exogenous cbl-b mRNA. measured by
Northern analysis. was stable throughout the time course of the experiment (Fig. 1B). To
demonstrate that the observed decrease in cbl-b protein represented a loss of protein and not
sequestration in an insoluble compartment. cell lysates were prepared from EGF starved and
stimulated cells by resuspending the cells in a 2% SDS lysing buffer. boiling. and then sonicating
the lysates. The protein was run on SDS-PAGE gels without clarification of the lysates. In
these lysates, cbl-b protein levels still were observed to decrease upon EGF stimulation (Fig.
1C).
Clones of the MDA-MBA-468 cell line which expressed higher levels of cbl-b

demonstrated progressively less EGF induced downregulation of cbl-b (Fig. 2A). This
suggested that the mechanism of EGF induced downregulation of cbl-b is saturable. When high

levels of cbl-b are expressed (as in clone B.29). EGF induces downregulation of only a small



fraction of the total cbl-b. Thus. changes in the cbl-b protein level are not appreciated in the
highest expressors. In contrast all of the cbl-b clones downregulated the EGFR to an equal
degree as the clone shown in Fig. | (data not shown). This indicates that even the lowest
expressing clone has sufficient cbl-b to effectively target the EGFR for degradation. These
observations further suggest that there might be a stoichiometric relationship between the levels
of cbl-b, the EGFR. and the downregulation of both proteins.
To test whether levels of each protein (EGFR and cbl-b) affected the degradation of the
other. a constant amount of the EGFR was co-expressed in 293T cells with varying amounts of
cbl-b (Fig. 2B). When 3.0 pg of cbl-b plasmid was transfected along with 1.0 pg of the EGFR
plasmid. no EGF induced decrease in cbl-b was observed despite downregulation of the EGFR
(Fig. 2B. lanes | & 2). In contrast. when 0.3 ug of cbl-b plasmid was transfected along with 1.0
ug of the EGFR plasmid. EGF induced a decrease in the cbl-b protein but no decrease in the
EGFR (Fig. 2B. lanes 3 & 4). When the expression of both proteins is titrated optimally. EGF
induced downregulation of both proteins is observed (Fig. 2C: lane 4). In addition. to determine
whether EGF induced a similar downregulation of c-cbl. c-cbl and EGFR were transiently co-
expressed in 293T cells. Activation induced downregulation of c-cbl and the EGFR was
observed (Fig. 2C: lane 8). Varying the amounts of c-cbl and the EGFR plasmids transfected
yielded results similar to the titration of cbl-b presented in Fig. 2B (data not shown). When the
EGFR or the cbl proteins were expressed alone in 293T cells. EGF did not induce
downregulation of the respective transfected proteins (Fig. 2C: lanes 2. 6. 10).
To test if EGF induced degradation of endogenous cbl proteins. MDA-MB-468 cells were

stimulated with EGF. lysates were prepared. and protein levels assessed by immunoblotting (Fig.

10



2D). EGF induced degradation of the endogenous c-cbl and cbl-b (Fig. 2D. lane 2). In these
cells there was only slight degradation of the EGFR. This result is concordant with the titration
data described above (Fig. 2A-2C) since these cells have high levels of the EGFR and relatively
low levels of endogenous cbl proteins. These results confirmed that EGF induces degradation of

endogenous cbl proteins and further confirmed the stoichiometric relationship described above.

cbl-b is ubiquitinated and Degraded in a Proteasome Dependent Fashion---Degradation of
activated EGFRs is sensitive to both proteasome and lysosome inhibitors (22.45.46). Thus.
EGFR degradation is dependent on both the proteasomal and lysosomal pathways. To test if
cbl-b degradation occurred by a mechanism similar to that of EGFR degradation. MDA-MB-
468 cells overexpressing cbl-b were stimulated with EGF in the presence or absence of
lactacystin (an inhibitor of proteasomes (47)). Lactacystin inhibited EGF-induced degradation
of both cbl-b and the EGFR proteins but had little or no effect on the level of the proteins in the
absence of EGF simulation (Fig. 3: top panels). Similar inhibition of EGF-induced degradation
was seen when cells were incubated with inhibitors of lysosome function (e.g.. ammonium
chloride (46)) (data not shown). In contrast. the caspase inhibitor YVAD-CMK. which has
been shown to inhibit the degradation of cbi proteins that occurs during apoptosis (48). did not
block the EGF induced degradation of cbl-b (Fig. 3: bottom panels). These inhibitor
experiments suggested a common degradation pathway for both cbl-b and the EGFR.
The EGFR is targeted for degradation by activation induced ubiquitination mediated by

the cbl proteins (20.22.23.25-27). To test if cbl-b is also ubiquitinated. cbl-b was

immunoprecipitated from cell lysates starved or stimulated with EGF in the presence of

H



lactacystin and then immunoblotted with a polyclonal anti-ubiquitin antibody (Fig. 4). In cells
overexpressing cbl-b. EGF activation results in the appearance of a smear of anti-ubiquitin
immunoreactive species in the cbl-b immunoprecipitates indicative of the addition of multiple
ubiquitin molecules to cbi-b (Fig. 4: lane 4). Similarly. EGF induced ubiquitination of the
EGFR (Fig. 4. lane 8). Notably. the ubiquitinated forms of cbl-b begin at a smaller size (~125
kDa) than the un-ubiquitinated EGFR (~180 kDa). indicating that the higher molecular weight
ubiquitinated proteins are not co-precipitating ubiquitinated EGFRs. Similarly. the
ubiquitinated species detected in the EGFR immunoprecipitates migrate above the position of the
un-ubiquitinated EGFR (Fig. 4. lane 8). Thus. cbil-b becomes ubiquitinated upon EGF

activation.

Structural Requirements for cbl-b Degradation---The ability of cbl proteins to induce

ubiquitination and degradation of activated EGFRs requires an intact TKB and RING finger
domain (23.25-27). To assess the structural requirements for cbl-b ubiquitination and
degradation. stable clones of the MDA-MB-468 cell line expressing mutant forms of cbl-b
were generated. EGF activation of cells expressing full length cbl-b or the N-terminal half of
cbl-b (which contains both the TKB and RING finger domains) resulted in downregulation of
both the cbl-b and EGFR proteins (Fig. SA). Both of these forms of cbl-b are recruited to the
EGFR upon activation. These results also demonstrate that proline rich SH3 docking sites and
the UBA domain in the C-terminal half of cbl-b are not required for cbl-b or EGFR
downregulation. In contrast. EGF activation of cells expressing mutaats of cbl-b which have

deletions of either the RING finger or the TKB domain (N1/3 and C2/3 respectively) does not



result in downregulation of either the cbl or EGFR proteins. The N1/3 protein (containing the
TKB domain) coimmunoprecipitated with the activated EGFR while the C2/3 protein (lacking
the TKB domain) did not. Thus the TKB and RING finger domains are required for
downregulation of both cbl-b and the EGFR.

To directly assess the role of the RING finger in activation induced cbi-b downregulation. a
point mutation was introduced in the first cysteine of the cbl-b RING finger (C373A). This
point mutation resulted in the complete abrogation of EGF induced downregulation of both the
EGFR and the mutant cbl-b and an accompanying loss of ubiquitinated forms of both proteins
(Fig. SA and data not shown). To confirm that this mutation destroyed the ability of cbl-b to
function as an E3. bacterially produced GST fusion proteins for cbl-b (N1/2) with or without the
C373A mutation were tested in an in vitro ubiquitination reaction in which the fusion protein
serves as the primary substrate (40). As is evident. cbl-b mediates its own ubiquitination while
the C373A mutant does not (Fig. 5B). These data establish that the EGF induced ubiquitination
and downregulation of cbl-b has the same structural requirements as those needed for EGFR
ubiquitination and downregulation. Downregulation of both proteins requires intact cbi-b TKB

and RING finger domains.

cbl-b Downregulation Requires Binding to the EGFR---Previous work has shown that EGFR
downregulation by cbl proteins requires binding of the cbl protein to the activated receptor
(22.23.26.27). The apparent stoichiometric relationship between cbl-b degradation and EGFR

degradation (described in Fig. 2) and the structural requirements for both an intact TKB domain

and RING finger (described in Fig. 5) suggested that EGF induced downregulation of the cbl-b



protein requires binding of cbl-b to the EGFR. To directly test this. we transiently co-expressed
cbl-b with either wild-type EGFR or a mutant EGFR (Y 1045F-EGFR) to which cbl proteins
cannot bind (Fig. 6A). Previous work has shown that the Y1045F-EGFR has a catalytically
active kinase but that cbl proteins do not induce its ubiquitination or downregulation (26).
Downregulation of cbl-b and EGFR was observed only when cbl-b was co-expressed with the
wild-type EGFR. No downregulation of either protein was observed when cbl-b was co-
expressed with the Y1045F-EGFR. cbl proteins become phosphorylated upon activation of the
EGFR and this is believed to be mediated by Src family kinases which are activated upon
stimulation of the receptor (17). Immunoprecipitation of cbl-b demonstrated that cbl-b became
phosphorylated in response to activation of either form of the receptor (demonstrating kinase
activity for both forms) but that only the wild-type form of the EGFR co-immunoprecipitated
with cbl-b (Fig. 6B). These experiments confirmed that EGF induced downregulation of both

cbl-b and the EGFR occurred only when the two proteins can bind to one another.

Downregulation of the EGFR Signaling Complex by cbl-b---Since cbl-b and the EGFR were

degraded upon activation of the EGFR. EGF induced downregulation of other components of the
active signaling complex also were investigated in the MDA-MB-468 clones (Fig. 7). Grb-2
and Shc were also down regulated upon EGF stimulation in clones that expressed either wild

type or N1/2 cbl-b (Fig. 7). In addition. their downregulation was blocked by lysosome
inhibitors (e.g. NH4Cl: Fig. 7) or proteasome inhibitors (data not shown). In contrast. clones

expressing the C373A RING finger mutant of cbl-b did not downregulate any components of the

signaling complex. Thus, the downregulation of Grb-2 and Shc by cbi-b were dependent upon



the overexpression of cbl-b containing both an intact TKB domain and RING finger. When
Grb-2 and Shc were immunoprecipitated from EGF stimulated lysates in the presence of
lactacystin. no evidence of ubiquitination or larger forms of the proteins could be demonstrated
(data not shown). Interestingly. degradation of the p85 kDa subunit of PI3 kinase was not
observed upon EGF stimulation. We and others have shown that the p85 kDa subunit is
recruited to the activated EGFR upon stimulation through an interaction with the cbl proteins
(18.49.50). Whether this lack of degradation indicates that not all proteins that become recruited
to the active signaling complex are degraded or simply that the amount of p8S bound to the
EGFR is only a small fraction of the total protein is unknown. ERK-2 was not down regulated
upon EGF stimulation demonstrating that these results were not due to a general degradation of

signaling molecules.

DISCUSSION

cbl proteins have been shown to function as E3s for activated tyrosine kinases (20-31). Here
we show that the cbl-b protein is ubiquitinated and degraded upon EGF stimulation along with
the EGFR (Fig. 1. 2 and 4). We also found that c-cbl is similarly degraded upon EGF
stimulation (Fig. 2C). c-cbl protein ubiquitination has been described upon activation of the
CSF-1 receptor (28.29.51). However. c-cbl is not degraded along with the CSF-1 receptor.
EGF induced c-cbl degradation has been noted recently but no characterization of the structural
requirements or its significance were reported (52). Our results further demonstrate that EGF
induced degradation of cbl-b requires an intact cbl-b TKB domain. an intact cbl-b RING finger.

and binding of cbl-b to the EGFR (Fig. 5 and 6). Previous work has demonstrated these same



requirements for cbl mediated degradation of the EGFR (23.25-27). The binding of the cbl
protein to the EGFR is required for activation of the E3 activity (26). Whether the subsequent
degradation of both the cbl protein and the EGFR occurs while they are bound to one another or
if they are degraded separately is unknown (see the discussion below). Other E3 proteins have
been shown to ubiquitinate themselves and thus to target themselves for degradation. However
there is no evidence as yet that they are degraded along with their target proteins (37.40-42).
Our data. showing degradation of an E3 in a coordinated fashion along with its target protein.
suggests an additional mechanism for the regulation of E3 activity.

The expression of both EGFR and a cbl protein are required for downregulation of either
(Fig. 1 and 2). However. the relative amounts of the cbl protein and the EGFR affect the ability
to observe the downregulation of the two proteins (Fig. 2). When cbl proteins are in excess. EGF
induces EGFR downregulation with no apparent cbl downregulation. Conversely. when EGFR
is in excess. EGF induces cbl protein downregulation with no apparent EGFR degradation.
Finally. when the concentrations of both proteins are optimally titrated. activation-induced
downregulation of both proteins can be observed (e.g.. Fig. 2C). Previous experiments were
titrated to maximal EGFR degradation and thus used excess cbl protein (18.22.23.25.27). The
dosage effect described above could explain why we and others have not observed a decrease in
cbl proteins upon EGF stimulation. Together. these results suggest that the EGFR level
determines the amount of degradation of cbl-b (or c-cbl) and that. in the presence of excess cbl-
b (or c-cbl). the levels of EGFR are limiting (and vice versa). Thus, the coordinated degradation
of cbl-b and the EGFR appears to require a stoichiometric relationship between the two proteins.

We also show that EGF induces degradation of other components of the active signaling
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complex (e.g. Grb-2 and Shc) by a cbl-b dependent mechanism (Fig. 7). The cbl-b protein
plays a key role in the EGF induced degradation of these other proteins since no degradation is
seen in the absence of cbl-b overexpression or when the inactive C373A RING finger mutant of
cbl-b is overexpressed. This suggests that the cbl-b protein is regulating the degradation of a
signaling complex (including itself) and not simply the degradation of a single target protein. To
our knowledge. this is the first description of E3 mediated degradation of multiple components of
a receptor signaling complex. Grb-2 can interact directly with the C-terminal half of cbl
proteins and the cytoplasmic tail of the EGFR (10.11.53). Shc can interact with both Grb-2 and
the EGFR (53). This raises the possibility that these proteins are degraded because of their
association with either the EGFR or cbl-b. However. both Grb-2 and Shc are degraded upon
EGF stimulation in the cells overexpressing the cbl-b N1/2 protein. which lacks the C-terminal
half. suggesting that a direct interaction with the cbl protein may not be necessary.
The mechanism of degradation of the EGFR signaling complex remains to be elucidated.

The relationship between ubiquitination of plasma membrane proteins and their internalization.
trafficking. and degradation is complex. In yeast. there are membrane proteins which are
targeted for degradation in the vacuole by ubiquitination but whose degradation is independent of
proteasome function (reviewed in (54)). While many of these proteins are targeted for
degradation by poly-ubiquitination. there are clear examples of proteins that are targeted for
degradation by mono-. di-. and tri-ubiquitination (54). In mammalian cells. ligand induced
internalization and degradation of the growth hormone receptor requires an intact ubiquitinating
system. intact proteasome function. and intact lysosome function (55-57). However.

ubiquitination of the growth hormone receptor itself is not required for degradation. but



inhibition of proteasome function prevents internalization and degradation of the receptor (57).
Similar to the growth hormone receptor. the degradation of the EGFR is blocked by both
proteasome and lysosome inhibitors (22.45.46). Previous work suggests that the enhanced
ubiquitination of the EGFR by cbl proteins increases sorting of the internalized EGFR to the late
endosome where it is degraded by both proteasomal and lysosomal proteases (26). Similarly. we
have found that the EGF induced. cbl-b dependent degradation of multiple components of the
signaling complex is inhibited by both types of inhibitors (Fig. 3. 7. and data not shown). Again.
this supports a common degradation pathway for the entire complex. It has been postulated that
the cytoplasmic domains of the EGFR are degraded by the proteasomal proteases and the
extracellular domains are degraded by the lysosomal proteases (26). While it is clear that the
degradation is dependent on both the proteasome and the lysosome. the mechanism by which the
two are coupled remains unknown. It is possible that the entire EGFR signaling complex traffics
to the late endosome where it is coordinately degraded by both lysosomal and proteasomal
mechanisms. Alternatively. the components of the complex may be separately targeted to either
the proteasome and/or lysosome. While our experiments show that the cbl-b protein coordinates
the degradation of multiple components of the active EGFR signaling complex. we can not
exclude the possibility that other proteins or E3s are also required for this degradation to occur.
EGF induces ubiquitination of both the EGFR and cbl-b (Fig. 4). However. we have been

unable to demonstrate EGF induced ubiquitination of the Grb-2 or Shc proteins. It is possible
that they do become ubiquitinated but that this is difficult to detect due to low steady state levels
of the ubiquitinated species of these proteins. Alternatively. these non-ubiquitinated proteins

may be targeted to lysosomal or proteasomal degradation as part of the EGFR signaling complex

18



because they are associated with other ubiquitinated proteins.

In conclusion, the results above demonstrate that the cbl-b protein is degraded along with its
substrate (the EGFR) in a ligand dependent fashion and that cbl-b regulates degradation of
multiple proteins in the EGFR signaling complex. Whether the observations we have made are
specific to the interaction between cbl proteins and the EGFR or are a general mechanism of cbl

protein action remains to be elucidated.
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FIGURE LEGENDS
FIG. 1. EGF induces downregulation of chl-b. A, MDA-MB-468 cells expressing cbl-b or a
vector control were stimulated with EGF (100 ng/ml) for the times indicated and cell lysates
were prepared. Lysates were immunoblotted for cbl-b (HA). EGFR. Akt. or ERK-2 as
indicated. Molecular weight standards (in kDa) are shown to the left of the panels. Identical
results were obtained with other clones. B. Total RNA was prepared from the cbl-b clone
stimulated as above and probed for expression of exogenous cbl-b mRNA (top panel). Bottom
panel shows ethidium bromide stain of the 28S ribosomal band for loading. C. cbl-b cells were
starved (-) or stimulated (+) for 8 h with EGF. lysates were prepared as described in the text. and

the lysates were immunoblotted for cbl-b (HA) and ERK-2 as indicated.

FIG. 2. EGF induced degradationof cbl-b and EGFR requires the presence of both proteins. A,

Clones of the MDA-MB-468 cell line expressing different amounts of cbl-b were starved (-)
or stimulated (+) with EGF (100 ng/ml) for 6 h and lysates were immunoblotted for cbl-b.
Loading levels were confirmed to be equal by reprobing the blots with ERK-2 (not shown). B,

293T cells were transfected with a fixed amount of EGFR plasmid and varying amounts of cbl-b
plasmid as indicated above the panels. Cells were starved or stimulated with EGF for 6 h and
lysates were immunoblotted for cbl-b (HA), EGFR. and Green Fluorescent Protein (GFP) as
indicated to the right of the panels. C, 293T cells were transfected with EGFR plasmid (0.5 pg)
and either cbl-b. c-cbl. or empty vector plasmids (0.3 pg) as indicated above the panels. Cells
were starved (-) or stimulated (+) with EGF for 6 h and lysates were immunoblotted for cbl-b or

c-cbl (HA). EGFR. and GFP as indicated to the right of the panels. GFP was included in the



293T transfections as a control for protein loading and transfection efficiency. D. A vector
clone of the MDA-MB-468 cell line was starved (-) or stimulated (+) with EGF (100 ng/ml) for

6 h and lysates were immunoblotted for endogenous cbl-b. c-cbl. EGFR. or ERK-2.

FIG. 3. EGF induced cbl-band EGFRdownregulationisinhibited by lactacystin. MDA-MB-
468 cells expressing cbl-b were pre-incubated for 2 h with (+) or without (-) lactacystin (top
panels) or YVAD-CMK (bottom panels) prior to EGF stimulation (100 ng/ml) for 6 h. Lysates
were immunoblotted for cbl-b (HA). EGFR. and ERK-2 (for loading) as indicated. Molecular

weight standards (in kDa) are shown to the left of the panels.

FIG. 4. cbl-b is ubiquitinated upon EGF stimulation. Lysates prepared from a MDA-MB-468
vector or c¢bl-b clone EGF starved (-) or stimulated (+) in the presence of lactacystin (as
described above) were immunoprecipitated for either cbl-b or EGFR as indicated above the
panels. The immunoprecipitated protein was immunoblotted with an anti-polyubiquitin
antibody (Ub: top panels) and then the filters were stripped and reprobed for cbl-b (HA) or the
EGFR (bottom panels). The arrows indicate the position of the un-ubiquitinated cbl-b and
EGFR proteins respectively. and the brackets indicate the position of the ubiquitinated forms of

the proteins. Molecular weight standards (in kDa) are shown to the left of the panels.

FIG. 5. Structural requirements for EGF induced cbl-band EGFR downregulation. A, Clones
of MDA-MB-468 expressing wild type cbi-b (Wt). the first one third of cbl-b (N1/3). the first

haif of cbl-b (N1/2). full length cbl-b with a point mutation in the RING Finger (C373A). or the



last two thirds of cbl-b (C2/3) were starved (-) or stimulated (+) with EGF as described in the
legend to Fig. | for 6 h. Lysates were immunoblotted for expression of cbl-b or the EGFR as
indicated along the top of the figure. The first column shows a schematic representation of the
cbl-b proteins expressed in each line. TKB: Tyrosine kinase binding domain: RF: RING
finger: PR: proline rich domain: UBA: ubiquitin associated domain. The last column (Bind
EGFR) shows the EGF induced binding of each cbl-b protein to the EGFR as determined by co-
immunoprecipitation. Equal loading of the immunoblots was confirmed by reprobing the
membranes for ERK-2 levels (data not shown). B, Bacterially produced GST fusion proteins for
the N-terminal half of cbl-b (N1/2). the RING finger mutant of the N-terminal half of cbi-b

(C373A). or GST alone were incubated in the presence (+) or absence (-) of recombinant wheat

E2 (UbcH5B). recombinant wheat E1. 32P-labeled ubiquitin. and ATP at 309C for 90 min. The
reaction mixture was separated by 7.5% SDS-PAGE and visualized with a Storm
Phospholmager using Image Quant software (Molecular Dynamics). The position of the GST

fusion proteins for the N-terminal region of the cbl proteins is indicated by the arrow.

FIG. 6. cbl-b downregulation requires binding to the EGFR. A, 293T cells were transiently
transfected with cbl-b and either wild type EGFR (EGFR) or mutant EGFR (Y 1045F). Cells
were starved (-) or stimulated (+) with EGF as described in Fig. 2 and lysates were
immunoblotted for cbl-b (HA). EGFR. or GFP as indicated to the right of the figure. GFP was
included in the 293T transfections as a control for protein loading and transfection efficiency. B,

cbl-b was immunoprecipitated from the lysates with anti-HA antibody and the

immunoprecipitates were immunoblotted for phosphotyrosine (p-Tyr) or cbl-b (HA). The



positions of the EGFR and cbl-b are indicated by arrows to the left of the figure.

FIG. 7. cbl-b regulates degradation of the EGFR signaling complex. MDA-MB-468 cells
expressing empty vector. wild type cbl-b. the N-terminal half of cbl-b (N1/2). or the RING
finger mutant of cbl-b (C373A) were EGF starved (-) or stimulated (+). Lysates were
immunoblotted for Grb2. Shc. the 85 kDa subunit of PI3K and ERK-2 as indicated to the right
of the panels. Results for incubation with the lysosomal inhibitor ammonium chloride (NH4Cl)
at 10 mM are shown for wild-type and N1/2 cbl-b. Inhibitor experiments are not shown for
vector controls or for the C373A mutant since no degradation was seen in the absence of

inhibitor.
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Discussion
Attenuation of signaling by the EGFR is critical for normal cell growth and
development [90]. The work presented in the papers which comprise this thesis describe
one role for the cbl-b protein as a negative regulator of EGFR function.

To begin to characterize the newly identified cbl-b protein [91], biochemical
studies of EGFR activation were carried out in transiently transfected 293T cells
(described in Paper 1). cbl-b is rapidly phosphorylated upon stimulation of cells with
EGF and is recruited to the activated EGFR (Paper 1, Figure 2). c-cbl is similarly
phosphorylated and recruited upon EGFR activation and both cbl proteins compete with
one another for binding to the activated EGFR (Paper |, Figure 4). Like c-cbl, cbl-b
associates with other signaling molecules. cbi-b is constitutively associated with GRB2
while the p85 subunit of PI-3K is recruited to cbl-b upon EGFR activation (Paper 1,
Figure 9). To assess the ability of cbl-b to regulate EGFR function, cbl-b was over-
expressed in the 32D/EGFR murine hematopoietic stem cell line. The 32D cell line is
absolutely dependent on [L-3 for sustained growth and rapidly undergoes apoptosis in the
absence of IL-3 [92]. 32D cells do not normally express EGFR or any other member of
the erbB family and do not grow in EGF. When the EGFR is stably transfected into these
cells, they can grow in ecither IL-3 or EGF [93]. Overexpression of cbl-b, but not c-cbl,
inhibits EGFR dependent cell growth (Paper I, Figure 5). 32D/EGFR cells over-
expressing cbl-b grew as well as control cells in response to IL-3 indicating that the
inhibition of EGFR function by cbl-b was specific to the EGFR signaling pathway.
These data demonstrate a negative regulatory role for cbl-b in EGFR induced

proliferation.
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cbl-b was phosphorylated and recruited to the EGFR in the 32D/EGFR cell line.
Further biochemical studies revealed that overexpression of cbl-b resulted in a shortened
duration of activation of the MAPK, AKT and JNK downstream pathways (Paper |1,
Figures 7 and 8). The binding of cbl-b to the activated EGFR and the inhibition of
multiple downstream pathways initiated by EGFR signaling suggested that cbl-b
functions at a step in the pathway near the receptor.

In the 32D/EGFR cell line, overexpression of cbl-b inhibited cell growth and
resulted in an increase in the fraction of cells undergoing apoptosis. In the 32D/EGFR
cell line removal of the mitogen (i.e. [L-3 or EGF) from the media also inhibits growth
and causes an increase in apoptosis. Thus, these results are consistent with cbi-b
inhibiting EGFR function. However, in some cells (e.g. MDA-MB-468 and MDA-MB-
431) EGFR activation induces apoptosis. Therefore, it was possible that the inhibitory
effects of cbl-b observed in the 32D/EGFR cell line were due to a change in signaling by
the EGFR from growth stimulation to induction of apoptosis. These two possibilities
could not be distinguished in the 32D/EGFR cell line since either mechanism (blockade
of EGFR signaling or a change to apoptosis) would result in the same outcome of growth
inhibition and increased apoptosis. To address this, stable clones overexpressing cbl-b
were derived from the MDA-MB-468 human breast cancer cell line, which expresses
high levels of the EGFR (described in the second paper). Stimulation of these cells with
EGF induces apoptosis {32]. In this cell line if cbl-b functions by blocking EGFR
signaling, then cells overexpressing cbl-b would not undergo EGF induced apoptosis
(Figure 3). This would result in an increased viability of the cells in the presence of high

concentrations of EGF. In contrast, if cbl-b enhanced EGFR induced apoptosis, then
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clones overexpressing cbl-b would have an increase in EGF induced apoptosis resulting

in a decreased viability at high concentrations of EGF.

L J
blocked signaling
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Figure 3: Hypothetical Growth Curve of cbl-b Stable Clones in the Presence of EGF.
Solid black line represents actual growth curve of the parent MDA-MB-468 cell line in
increasing concentrations of EGF after three days in culture. The decreased viability is
due to EGF induced apoptosis. Dotted lines represent two possible outcomes of stable cbl-
b overexpression in this cell line in increasing EGF concentrations after three days of
growth. (See text.)

MDA-MB-468 cells overexpressing cbl-b showed no EGF induced apoptosis
(Paper 2, FigurelA). These data confirmed that cbl-b inhibits EGFR signaling.
Furthermore, cbl-b inhibits EGFR signaling in these two distinct systems regardless of
the biological consequences of signaling.

It was difficult to study the biochemistry of EGFR signaling in the 32D/EGFR
cells overexpressing cbl-b because the cells were undergoing apoptosis. During

apoptosis many proteins, including the cbl proteins [94], are degraded in a caspase
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dependent fashion. The MDA-MB-468 cclls overexpressing cbi-b are not undergoing
apoptosis. Therefore they are a better reagent for biochemical studies. Biochemical
analysis of the EGFR over a 48 hour time course of EGF stimulation showed that the
duration of activation of the EGFR. as mecasured by tyrosine phosphorylation, was
shortened in the cbl-b overexpressing clones (Paper 2, Figure 3A). As seen in the
32D/EGFR cells, the duration of activation of multiple downstream signaling pathways
(e.g. MAPK and STAT) in the cbi-b clones was shortened (Paper 2, Figure 3B and C).
The laboratory of Yosef Yarden reported that c-cbl overexpression enhanced the
internalization and degradation of the activated EGFR through the covalent attachment of
ubiquitin to the EGFR [95]. Ligand induced ubiquitin modification of several membrane
receptors including PDGFR [96], growth hormone receptor [97], and the EGFR [98] has
been documented. Ubiquitin conjugation of cellular proteins occurs through a series of
enzymatic steps. First, free ubiquitin moieties become activated in an ATP dependent
process and form a high-energy thioester bond between the C-terminal glycine of
ubiquitin and a cysteine residue of the ubiquitin-activating enzyme, El. The ubiquitin
moiety is then transferred to a cysteine residue of a ubiquitin-conjugating, or E2, enzyme.
Last, a ubiquitin-protein ligase, or E3, catalyzes the transfer of the ubiquitin from the E2
to the €-NH, of an internal lysine residue of the target substrate generating an isopeptide
bond. The E3 determines the specificity of the target substrate. In succeeding rounds of
the reaction a poly-ubiquitin chain is assembled on the substrate by adding ubiquitin to
lysine residue 48 of the previous ubiquitin moiety. This poly-ubiquitin chain allows

recognition and binding of the substrate to the ATP-dependent 26S proteasome, which
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contains proteases that degrade the target substrate into small peptide fragments releasing
free ubiquitin moieties for reuse [99].

cbl-b overexpression in the MDA-MB-468 clones enhanced ubiquitination and
degradation of the EGFR (Paper 2, Figure 4). Furthermore, a specific proteasomal
inhibitor, Lactacystin, could block both the biochemical and the functional effects of cbl-
b overexpression in these cells (Paper 2, Figure 6). The observation that cbl-b was found
to function in the same manner as previously reported for c-cbl suggested that
ubiquitination of tyrosine kinases was a conserved function of this family of proteins. In
collaboration with the laboratory of Yosef Yarden, we demonstrated that all three
mammalian members of the cbl family could enhance ubiquitination to the activated
EGFR in an in vivo assay. Furthermore, in vitro reconstitution experiments demonstrated
directly that cbl proteins catalyze the transfer of ubiquitin to the EGFR (See Appendix 2)
{100]. Thus, the above results show that cbl proteins are ubiquitin E3 ligases. The E3
ligase activity of cbl proteins requires an intact TKB domain (to allow binding of cbl
protein to the EGFR) and an intact RING finger domain (for catalytic activity) of the cbl
protein. Additionally, activation of the EGFR and phosphorylation of EGFR tyrosine
residue 1045 are required for cbl binding and receptor ubiquitination.

Upon further study of EGFR downregulation in the MDA-MB-468 stable clones
overexpressing cbl-b, we observed that cbl-b is degraded upon EGFR activation
(described in Paper 3, Figure 1). cbl-b was degraded with the EGFR in a stochiometric
fashion. Further analysis revealed that both cbl-b and c-cbl are degraded upon EGFR
activation. [Inhibition of proteasomal and lysosomal degradation blocks degradation of

both the EGFR and cbl-b (Paper 3, Figure 3). Furthermore, EGFR activation results in



17

ubiquitination of both the EGFR and cbl-b (Paper 3, Figure 4). In addition, stable clones
were selected using mutants of the cbl-b protein. In these clones we assayed the
structural requirements of cbl-b degradation. Like downregulation of the EGFR, cbl-b
requires an intact TKB domain and an intact RING finger domain. Using a mutant
EGFR, we demonstrated that degradation of cbl-b requires binding to the activated EGFR
(Paper 3, Figure 6). Furthermore, other proteins bound to the activated EGFR complex
are also degraded in MDA-MB-468 cells overexpressing cbl-b (i.e. GRB2 and Shc)
(Paper 3, Figure 7). Together, these data suggest that cbl-b regulates a coordinated
degradation of the active EGFR signaling complex.

A detailed mechanism of the role of cbl proteins in the process of EGFR
downregulation can be made based on the results described above. (See Figure 4.)
Ligand binding, receptor dimerization and receptor activation cause tyrosine
phosphorylation of the receptor and activation of downstream Src kinases. These Src
kinases are responsible for the rapid phosphorylation of cbl [101]. Furthermore,
phosphorylation of the EGFR on tyrosine residue 1045 allows binding of a cbl protein to
this site. Then the EGFR phosphorylates the cbl protein. cbl is believed to bind while
the EGFR is still at the membrane or shortly after the receptor is internalized at the early
endosome [95]. cbl catalyses the conjugation of ubiquitin to the EGFR, and itself. This
process happens while the EGFR undergoes trafficking from the plasma membrane into
endosomal vesicles. Finally, the EGFR, cbl, and other proteins bound to the activated
EGFR complex undergo degradation which requires both proteasomal and lysosomal

proteases.



18

Proteasomal/lysosomal
Degradation

Figure 4: EGFR Downregulation by cbl Proteins. 1. Inactive EGFR monomer.
2. Ligand Binding. 3. Receptor dimerization. 4. Receptor activation, tyrosine
phosphorylation, and complex formation. 5. Receptors entering clathrin coated pits.
6. Trafficking of receptors to early endosome and ubiquitination. 7. Ubiquitinated
complex degradation.

One important aspect of this model which remains to be elucidated is the role of
the proteasome and the lysosome in EGFR degradation. Experiments using protease
inhibitors have demonstrated clearly that both proteasomal and lysosomal proteases are
required for degradation of the EGFR, cbl-b, and other proteins of the EGFR signaling
complex (Paper 3, Figures 3 and 7). However, it is unclear how the protecasome and
lysosome cooperate to degrade the EGFR complex. The interaction between these two
pathways is complex. For example, upon ligand binding the human Growth Hormone
Receptor is internalized. ubiquitinated, and degraded in a fashion that depends on both
the proteasome and lysosome just as for the EGFR [102]. Inhibition of either the
proteasome or lysosome blocks growth hormone receptor degradation [103]. While the

growth hormone receptor is thought to be degraded in the lysosome, inhibition of the
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protcasome prevents internalization of the receptor suggesting that ubiquitnation and
proteasomal degradation play a role in the trafficking. However, mutation of all of the C-
terminal lysines of the growth hormone receptor (which prevents ubiquitination) does not
interfere with its internalization or its degradation [104]. From these complex results. it is
likely that other proteins are involved in the downregulation of activated growth factor
receptors. For example, one interpretation of these results is that a protein other than the
growth hormone receptor must be ubiquitinated and degraded for the receptor to be
internalized and degraded. Whether the complex interactions between the protcasome
and lysosome described for growth hormone receptor downregulation are also true for
EGFR degradation remain to be seen.

cbl proteins are phosphorylated in response to activation of many different
receptors and interact with a variety of receptors and signaling molecules [101]. In
addition to the EGFR, cbl proteins have been shown to downregulate other receptor (e.g.
CSFR, PDGFR) (105, 106] and non-receptor tyrosine kinases (e.g. Fyn) [107]. It is
likely, therefore, that cbl proteins are involved in the negative regulation of a wide variety
of signaling pathways.

An important question that requires further study is the specific function of each of
the three mammalian cbl proteins. The conservation of the TKB and RING finger
domains suggests that they all are likely to serve as E3 ligases for tyrosine kinases. Our
studies suggest that there are significant differences between cbl-b and c-cbl. In the
32D/EGFR cell line, c-cbl, in contrast to cbl-b, did not inhibit EGF induced growth
(Paper 1, Figure 5). In addition, c-cbl did not shorten the duration of activation of

downstream signaling pathways as was seen with cbl-b (Paper |, Figures 7 and 8). These
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results are surprising since EGF induces c-cbl phosphorylation and recruitment to the
EGFR in a variety of transient transfection experiments [108, 109]. Furthermore, c-cbl
can enhance ubiquitination and degradation of the activated EGFR in transiently
transfected cells [95, 110]. The functional and biochemical differences observed in the
32D/EGFR cells between cbl-b and cbl could resuit if cbl-b has a higher affinity for
binding to and ubiquitinating the EGFR. The levels of the transfected proteins in the
stable 32D/EGFR clones is significantly lower than those attained in the transiently
transfected cells. Thus the high levels of protein generated in transiently transfected cells
could overcome relative differences in affinities. Alternatively, other unidentified
proteins may be required for the E3 activity of cbl proteins and these may be specific to
the individual cbl proteins. In this case, the 32D/EGFR cells may express only the cbl-b
specific cofactors and not the c-cbl cofactor.

In the MDA-MB-468 cells, we were unable to generate clones stably
overexpressing c-cbl. This suggests that overexpression of c-cbl is toxic to these cells
while overexpression of cbl-b is not. While the exact reason that c-cbl clones do not
grow is difficult to demonstrate, this highlights another difference between these two
related proteins. There are other biochemical examples of differences between c-cbl and
cbl-b. For example, cbl-b activates the ZAP 70 kinase and NFAT in T-lymphocytes {83]
while c-cbl inhibits their activation [111]. In addition, c-cbl associates with the 14-3-3
protein upon T-cell receptor activation while cbl-b does not [112]. Studies in mice with
homozygous deletions of either c-cbl or cbl-b have revealed physiologic differences
between these two cbl proteins [113-116]. Mice lacking c-cbl have altered thymic

selection of T-cells, enhanced activation of T-cell receptor signaling pathways in mitogen
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activated thymocytes, and increased mitogen induced thymocyte proliferation [113]. In
contrast, mice lacking cbl-b have normal thymocyte development. Also these mice have
increased activation of the CD28 costimulatory pathway in mitogen activated mature T-
cells, increased proliferation in mitogen activated T-cells, and develop autoimmunity
[115]. Overall, there is clear biochemical and physiological evidence that c-cbl and cbl-b
have distinct functional roles, in spite of their structural similarity. More work is needed
to define the precise role of each of the three mammalian cbl proteins and to clarify the
molecular basis for these differences.

In summary, the work presented in this thesis has identified a role for cbl-b as a
negative regulator of EGFR signaling and has allowed for the development of a
molecular model of cbl-b function. It is known that cbl proteins are phosphorylated in
response to activation of many different receptors. Furthermore, cbl proteins interact with
a variety of receptors and signaling molecules [80]. Whether cbl proteins act as E3
ligases for these other signaling pathways remains to be elucidated. The physiologic
relevance of the cbl proteins also remains to be completely determined. Data from the
cbl-b knockout mouse suggest that the loss of cbl-b function could result in autoimmune
disease [115). Indeed, recent work has suggested that lymphocytes from patients with
Systemic Lupus Erythematosus fail to activate cbl proteins in response to mitogen
stimulation [117]. Additionally, a role for cbl proteins in malignant transformation is
suggested by the oncogenic form of cbl found in the 70Z murine lymphoma cells [118].
Clearly, future studies are likely to yield interesting and important information about the

cbl proteins.



10.

1.

12.

13.

14.

15.

16.

7.

18.

22

Bibliography

Deuel. T.F., Polypeptide growth factors: roles in normal and abnormal cell growth.
Annu Rev Cell Biol, 1987. 3: p. 443-492.

Druker, B.J., H.J. Mamon, and T.M. Roberts, Oncogenes, growth factors, and signal
transduction. N Engl J Med, 1989. 321(20): p. 1383-1391.

Robbins, K.C.. et al., In vivo identification of the transforming gene product of
simian sarcoma virus. Science, 1982. 218(4577): p. 1131-1133.

Doolittle, R.F., et al., Simian sarcoma virus onc gene, v-sis, is derived from the gene
(or genes) encoding a platelet-derived growth factor. Science, 1983. 221(4607): p.
275-271.

Favoni, R.E. and A. de Cupis, The role of polypeptide growth factors in human
carcinomas: new targets for a novel pharmacological approach. Pharmacol Rev,
2000. 52(2): p. 179-206.

Borrello, M.G., et al., The full oncogenic activity of Ret/ptc2 depends on tyrosine
539, a docking site for phospholipase Cgamma. Mol Cell Biol, 1996. 16(5): p. 2151-
63.

Liu, X, et al., Oncogenic RET receptors display different autophosphorylation sites
and substrate binding specificities. J Biol Chem, 1996. 271(10): p. 5309-12.

Bollag, G. and F. McCormick, Regulators and effectors of ras proteins. Annu Rev
Cell Biol, 1991. 7: p. 601-632.

Minamoto, T., M. Mai, and Z. Ronai, K-ras mutation: early detection in molecular
diagnosis and risk assessment of colorectal, pancreas, and lung cancers--a review.
Cancer Detect Prev, 2000. 24(1): p. 1-12.

Scharovsky, O.G., et al., Inhibition of ras oncogene: a novel approach to
antineoplastic therapy. J Biomed Sci, 2000. 7(4): p. 292-298.

Hekis, J.V., et al., Expression of a truncated epidermal growth factor receptor-like
protein (TEGFR) in ovarian cancer. Gynecol Oncol, 1997. 65(1): p. 36-41.
Yamamoto, T., et al., A new avian erythroblastosis virus, AEV-H, carries erbB gene
responsible for the induction of both erythroblastosis and sarcomas. Cell, 1983.
34(1): p. 225-32.

Alroy, 1. and Y. Yarden, The ErbB signaling network in embryogenesis and
oncogenesis: signal diversification through combinatorial ligand-receptor
interactions. FEBS Lett, 1997. 410(1): p. 83-86.

Salomon, D.S., et al., Epidermal growth factor-related peptides and their receptors
in human malignancies. Crit Rev Oncol Hematol, 1995. 19(3): p. 183-232.
Sainsbury, J.R., et al., Epidermal-growth-factor receptors and oestrogen receptors
in human breast cancer. Lancet, 1985. 1(8425): p. 364-6.

Mellon, K., et al., Long-term outcome related to epidermal growth factor receptor
status in bladder cancer. ] Urol, 1995. 153(3 Pt 2): p. 919-25.

Libermann, T.A., et al., Amplification, enhanced expression and possible
rearrangement of EGF receptor gene in primary human brain tumours of glial
origin. Nature, 1985. 313(5998): p. 144-7.

Nishikawa, R., et al., A mutant epidermal growth factor receptor common in human
glioma confers enhanced tumorigeniciry. Proc Natl Acad Sci U S A, 1994. 91(16): p.
7727-31.



19.

20.

22.

23.

24.

24a.

26.

27.

28.

29.

30.

3L

32

33.

23

Yamazaki, H., et al., Amplification of the structurally and functionally altered
epidermal growth factor receptor gene (c-erbB) in human brain tumors. Mol Cell
Biol, 1988. 8(4): p. 1816-20.

Humphrey, P.A., et al., Amplification and expression of the epidermal growth factor
receptor gene in human glioma xenografts. Cancer Res, 1988. 48(8): p. 2231-8.

. Garcia de Palazzo, LE., et al., Expression of mutated epidermal growth factor

receptor by non-small cell lung carcinomas. Cancer Res, 1993. 53(14): p. 3217-20.
Fenstermaker, R.A. and M.J. Ciesielski, Deletion and tandem duplication of exons 2
- 7 in the epidermal growth factor receptor gene of a human malignant glioma [In
Process Citation]. Oncogene, 2000. 19(39): p. 4542-8.

Ulrich, A., et al., Human epidermal growth factor receptor cDNA sequence and
aberrant expression of the amplified gene in A431 epidermoid carcinoma cells.
Nature, 1984. 309(5967): p. 418-425.

Schechter, A.L., er al., The neu oncogene: an erb-B-related gene encoding a
185,000-Mr tumour antigen. Nature, 1984. 312(5994): p. 513-516.

Hynes, NE, Amplification and overexpression of the erbB-2 gene in human
tumors:its involvement in tumor development, significance as a prognostic, and
potential as a target for cancer therapy. Seminars in Cancer Biology, 1993 4(1): p
19-26

Plowman, G.D., et al., Molecular cloning and expression of an additional epidermal
growth factor receptor-related gene. Proc Natl Acad Sci U S A, 1990. 87(13): p.
4905-4909.

Kraus, M.H., et al., Isolation and characterization of ERBB3, a third member of the
ERBB/epidermal growth factor receptor family: evidence for overexpression in a
subset of human mammary tumors. Proc Natl Acad Sci U S A, 1989. 86(23): p.
9193-9197.

Plowman, G.D., et al., Ligand-specific activation of HER4/p180erbB4, a fourth
member of the epidermal growth factor receptor family. Proc Natl Acad Sci U S A,
1993. 90(5): p- 1746-1750.

Wada, T., X.L. Qian, and M.I. Greene, Intermolecular association of the pl85neu
protein and EGF receptor modulates EGF receptor function. Cell, 1990. 61(7): p.
1339-1347.

Riese, D.J., 2nd and D.F. Stem, Specificity within the EGF family/ErbB receptor
family signaling network. Bioessays, 1998. 20(1): p. 41-48.

Pinkas-Kramarski, R., et al., Diversification of Neu differentiation factor and
epidermal growth factor signaling by combinatorial receptor interactions. Embo J,
1996. 15(10): p. 2452-2467.

Marshall, C.J., Specificity of receptor tyrosine kinase signaling: transient versus
sustained extracellular signal-regulated kinase activation. Cell, 1995. 80(2): p. 179-
8S.

Filmus, J., et al., MDA-468, a human breast cancer cell line with a high number of
epidermal growth factor (EGF) receptors, has an amplified EGF receptor gene and
is growth inhibited by EGF. Biochem Biophys Res Commun, 1985. 128(2): p. 898-
90S.

Chin, Y.E., et al., Activation of the STAT signaling pathway can cause expression of
caspase | and apoptosis. Mol Cell Biol, 1997. 17(9): p. 5328-5337.



35.
36.
37.

38.

39.

41.

42.

43.

45.

47.

49.

50.

51.

52.

24

Boonstra, 1., et al., The epidermal growth factor. Cell Biol Int, 1995. 19(5): p. 413-
30.

Ullrich, A. and J. Schlessinger, Signal transduction by receptors with tyrosine kinase
activity. Cell, 1990. 61(2): p. 203-12.

Schlessinger. J. and A. Ullrich, Growth factor signaling by receptor tvrosine kinases.
Neuron, 1992. 9(3): p. 383-91.

Wiegant, F.A_, et al., Epidermal growth factor receptors associated to cytoskeletal
elements of epidermoid carcinoma (A431) cells. J Cell Biol, 1986. 103(1): p. 87-94.
Opresko, LK., et al., Endocytosis and lysosomal targeting of epidermal growth
factor receptors are mediated by distinct sequences independent of the tyrosine
kinase domain. J Biol Chem, 1995. 270(9): p. 4325-33.

Bishayee, S., Role of conformational alteration in the epidermal growth factor
receptor (EGFR) function [In Process Citation]. Biochem Pharmacol, 2000. 60(8):
p. 1217-23.

Tzahar, E., et al., Bivalence of EGF-like ligands drives the ErbB signaling network.
Embo J, 1997. 16(16): p. 4938-50.

Schlessinger, J., Signal transduction by allosteric receptor oligomerization. Trends
Biochem Sci, 1988. 13(11): p. 443-7.

Hunter, T. and J.A. Cooper, Epidermal growth factor induces rapid tyrosine
phosphorylation of proteins in A431 human tumor cells. Cell, 1981. 24(3): p. 741-
52

Davis, R.J. and M.P. Czech, Tumor-promoting phorbol diesters mediate
phosphorylation of the epidermal growth factor receptor. J Biol Chem, 1984.
259(13): p. 8545-9.

Downward, J., P. Parker, and M.D. Waterfield, Autophosphorylation sites on the
epidermal growth factor receptor. Nature, 1984. 311(5985): p. 483-5.

Sibley, D.R., er al, Regulation of transmembrane signaling by receptor
phosphorylation. Cell, 1987. 48(6): p. 913-22.

Gill, G.N., et al., Role of intrinsic protein tyrosine kinase in function and metabolism
of the epidermal growth factor receptor. Cold Spring Harb Symp Quant Biol, 1988.
53(Pt 1): p. 467-76.

Moran, M.F., et al., Src homology region 2 domains direct protein-protein
interactions in signal transduction. Proc Natl Acad Sci U S A, 1990. 87(21): p.
8622-6.

Lowenstein, E.J., et al., The SH2 and SH3 domain-containing protein GRB2 links
receptor tyrosine kinases to ras signaling. Cell, 1992. 70(3): p. 431-42.

Karir, M. and T. Hunter, Transcriptional control by protein phosphorylation: signal
transmission from the cell surface to the nucleus. Curr Biol, 1995. 5(7): p. 747-57.
Chao, M. V., Growth factor signaling: where is the specificity? Cell, 1992. 68(6): p.
995-7.

Samanta, A., X. Qian, and M.I. Greene, Unexpected transcriptional signals in
normal and mitotically defective cells mediated through cytokine and growth factor
receptors. DNA Cell Biol, 1995. 14(11): p. 921-30.

Wahl, M.L, et al., Epidermal growth factor stimulates tyrosine phosphorylation of
phospholipase C-Il independently of receptor internalization and extracellular
calcium. Proc Natl Acad Sci U S A, 1989. 86(5): p. 1568-72.



53.

54.

55.

56.

57.

58.

59.

6l.

62.

63.

65.

67.

68.

69.

70.

25

Okano, J., et al., Akt/Protein kinase B isoforms are differentially regulated by
epidermal growth factor stimulation [In Process Citation]. J Biol Chem, 2000.
275(40): p. 30934-42.

Kim, H.G., et al., EGF receptor signaling in prostate morphogenesis and
tumorigenesis. Histol Histopathol, 1999. 14(4): p. 1175-82.

Chinkers, M., J.A. McKanna, and S. Cohen. Rapid induction of morphological
changes in human carcinoma cells A-431 by epidermal growth factors. J Cell Biol,
1979. 83(1): p. 260-5.

Tonks, N.K. and B.G. Neel, From form to function: signaling by protein tyrosine
phosphatases [see comments]. Cell, 1996. 87(3): p. 365-8.

Keilhack, H., et al., Phosphotyrosine 1173 mediates binding of the protein-tyrosine
phosphatase SHP-1 to the epidermal growth factor receptor and attenuation of
receptor signaling. J Biol Chem, 1998. 273(38): p. 24839-46.

Sorkin, A. and C.M. Waters, Endocytosis of growth factor receptors. Bioessays,
1993. 15(6): p. 375-82.

Beguinot, L., et al., Down-regulation of the epidermal growth factor receptor in KB
cells is due to receptor internalization and subsequent degradation in lysosomes.
Proc Natl Acad Sci U S A, 1984. 81(8): p. 2384-8.

Carpenter, G. and S. Cohen, 125/-labeled human epidermal growth factor. Binding,
internalization, and degradation in human fibroblasts. J Cell Biol, 1976. 71(1): p.
159-71.

Carpenter, G., Receptors for epidermal growth factor and other polypeptide
mitogens. Annu Rev Biochem, 1987. 56: p. 881-914.

Chen, W.S,, et al., Functional independence of the epidermal growth factor receptor
from a domain required for ligand-induced intemalization and calcium regulation.
Cell, 1989. 59(1): p. 33-43.

Honegger, A M., et al., Point mutation at the ATP binding site of EGF receptor
abolishes protein-tyrosine kinase activity and alters cellular routing. Cell, 1987.
51(2): p. 199-209.

Wells, A., et al., Ligand-induced transformation by a noninternalizing epidermal
growth factor receptor. Science, 1990. 247(4945): p. 962-4.

Joazeiro, C.A. and T. Hunter, Biochemistry. Ubiquitination--more than two 1o tango.
Science, 2000. 289(5487): p. 2061-2.

Liu, Y.C. and A. Altman, Cbl: complex formation and functional implications. Cell
Signal, 1998. 10(6): p. 377-85.

Blake, T.J., et al., The sequences of the human and mouse c-cbl proto-oncogenes
show v-cbl was generated by a large truncation encompassing a proline-rich domain
and a leucine zipper-like motif. Oncogene, 1991. 6(4): p. 653-7.

Langdon, W.Y., et al., v-cbl, an oncogene from a dual-recombinant murine
retrovirus that induces early B-lineage lymphomas. Proc Natl Acad Sci U S A, 1989.
86(4): p. 1168-72.

Blake, T.J., K.G. Heath, and W.Y. Langdon, The truncation that generated the v-cbl
oncogene reveals an ability for nuclear transport, DNA binding and acute
transformation. Embo J, 1993. 12(5): p. 2017-26.

Keane, M.M., et al., cbl-3: a new mammalian cbl family protein. Oncogene, 1999.
18(22): p. 3365-75.



71.

72.
73.
74.
75.
76.

77.

78.

79.

81.
82.
83.
84.
85.

86.

87.

88.

89.

26

Lupher, M.L., Jr., et al., The Cbl phosphotyrosine-binding domain selects a
D(N/D)XpY motif and binds to the Tyr292 negative regulatory phosphorylation site
of ZAP-70. J Biol Chem, 1997. 272(52): p. 33140-4.

Lupher, M.L., Jr., et al., The Cbl protooncoprotein: a negative regulator of immune
receptor signal transduction. Inmunol Today, 1999. 20(8): p. 375-82.

Meng, W, et al., Structure of the amino-terminal domain of Cbl complexed to its
binding site on ZAP-70 kinase [see comments]. Nature, 1999. 398(6722): p. 84-90.
Joazeiro, C.A. and A.M. Weissman, RING finger proteins: mediators of ubiquitin
ligase activity. Cell, 2000. 102(5): p. 549-52.

Freemont, P.S., RING for destruction? Curr Biol, 2000. 10(2): p. R84-7.

Hofmann, K. and P. Bucher, The UBA domain: a sequence motif present in multiple
enzyme classes of the ubiquitination pathway. Trends Biochecm Sci, 1996. 21(5): p.
172-3.

Bartkiewicz, M., A. Houghton, and R. Baron, Leucine zipper-mediated
homodimerization of the adaptor protein c-Cbl. A role in c-Cbl’s tyrosine
phosphorylation and its association with epidermal growth factor receptor. J Biol
Chem, 1999. 274(43): p. 30887-95.

Reedquist, K.A., et al., Rapid T-cell receptor-mediated tyrosine phosphorylation of
p120, an Fyn/Lck Src homology 3 domain-binding protein. Proc Natl Acad Sci U S
A, 1994. 91(10): p. 4135-9.

Rivero-Lezcano, O.M., et al., Physical association between Src homology 3 elements
and the protein product of the c-cbl proto-oncogene. J Biol Chem, 1994. 269(26): p.
17363-6.

Miyake, S., et al., The Cbl protooncogene product: from an enigmatic oncogene to
center stage of signal transduction. Crit Rev Oncog, 1997. 8(2-3): p. 189-218.
Tanaka, S., et al., c-Cbl is downstream of c-Src in a signalling pathway necessary
for bone resorption. Nature, 1996. 383(6600): p. 528-31.

Ota, Y. and L.E. Samelson, The product of the proto-oncogene c-cbl: a negative
regulator of the Syk tyrosine kinase. Science, 1997. 276(5311): p. 418-20.

Zhang, Z., et al., A direct interaction between the adaptor protein Cbl-b and the
kinase zap-70 induces a positive signal in T cells. Curr Biol, 1999. 9(4): p. 203-6.
Bustelo, X.R., et al., Cbl-b, a member of the Sli-1/c-Cbl protein family, inhibits Vav-
mediated c-Jun N-terminal kinase activation. Oncogene, 1997. 15(21): p. 2511-20.
Jongeward, G.D., T.R. Clandinin, and P.W. Stemberg, sli-1, a negative regulator of
let-23-mediated signaling in C. elegans. Genetics, 1995. 139(4): p. 1553-66.

Yoon, C.H., et al., Similarity of sli-1, a regulator of vulval development in C.
elegans, to the mammalian proto-oncogene c-cbl. Science, 1995. 269(5227): p.
1102-5.

Meisner, H., et al., Interactions of Drosophila Cbl with epidermal growth factor
receptors and role of Cbl in R7 photoreceptor cell development. Mol Cell Biol,
1997. 17(4): p. 2217-25.

Hime, G.R., et al., D-Cbl, the Drosophila homologue of the c-Cbl proto-oncogene,
interacts with the Drosophila EGF receptor in vivo, despite lacking C-terminal
adaptor binding sites. Oncogene, 1997. 14(22): p. 2709-19.

Zipursky, S.L. and G.M. Rubin, Determination of neuronal cell fate: lessons from
the R7 neuron of Drosophila. Annu Rev Neurosci, 1994. 17: p. 373-97.



27

90. Schlessinger, J., Cell Signaling by Receptor Tyrosine Kinases. Cell, 2000. 103: p.
211-225.

91. Keane, M.M., et al., Cloning and characterization of cbl-b: a SH3 binding protein
with homology to the c-cbl proto-oncogene. Oncogene, 1995. 10(12): p. 2367-77.

92. Greenberger, J.S., et al., Demonstration of permanent factor-dependent
multipotential (erythroid/neutrophil/basophil) hematopoietic progenitor cell lines.
Proc Natl Acad Sci U S A, 1983. 80(10): p. 2931-5.

93. Pierce, J.H., et al., Signal transduction through the EGF receptor transfected in IL-
3- dependent hematopoietic cells. Science, 1988. 239(4840): p. 628-31.

94. Widmann, C., S. Gibson, and G.L. Johnson, Caspase-dependent cleavage of
signaling proteins during apoptosis. A turn-off mechanism for anti-apoptotic signals.
J Biol Chem, 1998. 273(12): p. 7141-7.

95. Levkowitz, G., et al., c-Cbl/Sli-1 regulates endocytic sorting and ubiquitination of
the epidermal growth factor receptor. Genes Dev, 1998. 12(23): p. 3663-74.

96. Yarden, Y., et al., Structure of the receptor for platelet-derived growth factor helps
define a family of closely related growth factor receptors. Nature, 1986. 323(6085):
p- 226-32.

97. Leung, D.W., et al., Growth hormone receptor and serum binding protein:
purification, cloning and expression. Nature, 1987. 330(6148): p. 537-43.

98. Galcheva-Gargova, Z., S.J. Theroux, and R.J. Davis, The epidermal growth factor
receptor is covalently linked to ubiquitin. Oncogene, 1995. 11(12): p. 2649-55.

99. Hershko, A. and A. Ciechanover, The ubiquitin system. Annu Rev Biochem, 1998.
67: p. 425-79.

100. Levkowitz, G., et al., Ubiquitin ligase activity and tyrosine phosphorylation underlie
suppression of growth factor signaling by c-Cbl/Sli-1. Mol Cell, 1999. 4(6): p. 1029-
40.

101.Smit, L. and J. Borst, The Cbl family of signal transduction molecules. Crit Rev
Oncog, 1997. 8(4): p. 359-79.

102. Postel-Vinay, M.C. and J. Finidori, Growth hormone receptor: structure and signal
transduction. Eur J Endocrinol, 1995. 133(6): p. 654-9.

103. van Kerkhof, P., et al., Endocytosis and degradation of the growth hormone receptor
are proteasome-dependent. J Biol Chem, 2000. 275(3): p. 1575-80.

104.Govers, R., et al., Identification of a novel ubiquitin conjugation motif, required for
ligand-induced internalization of the growth hormone receptor. Embo J, 1999.
18(1): p. 28-36.

105. Miyake, S., er al., Cbl-mediated negative regulation of platelet-derived growth
factor receptor-dependent cell proliferation. A critical role for Cbl tyrosine kinase-
binding domain. J Biol Chem, 1999, 274(23): p. 16619-28.

106.Lee, P.S., et al., The Cbl protooncoprotein stimulates CSF-1 receptor
multiubiquitination and endocytosis, and attenuates macrophage proliferation.
Embo J, 1999. 18(13): p. 3616-28.

107. Andoniou, C.E., et al., The Cbl proto-oncogene product negatively regulates the
Src-family tyrosine kinase Fyn by enhancing its degradation. Mol Cell Biol, 2000.
20(3): p. 851-67.

108. Ettenberg, S.A., et al.. cbl-b inhibits epidermal growth factor receptor signaling.
Oncogene, 1999. 18(10): p. 1855-66.



28

109. Bowtell, D.D. and W.Y. Langdon, The protein product of the c-cbl oncogene rapidly
complexes with the EGF receptor and is tyrosine phosphorylated following EGF
stimulation. Oncogene, 1995. 11(8): p. 1561-7.

110. Yokouchi, M., et al., Ligand-induced ubiquitination of the epidermal growth factor
receptor involves the interaction of the c-Cbl RING finger and UbcH?7. J Biol Chem,
1999. 274(44): p. 31707-12.

111.van Leeuwen, J.E., P.K. Paik, and L.E. Samelson, The oncogenic 70Z Cbl mutation
blocks the phosphotyrosine binding domain-dependent negative regulation of ZAP-
70 by c-Cbl in Jurkat T cells. Mol Cell Biol, 1999. 19(10): p. 6652-64.

112.Liu, Y.C., et al., Serine phosphorylation of Cbl induced by phorbol ester enhances
its association with 14-3-3 proteins in T cells via a novel serine-rich 14- 3-3-binding
motif. ] Biol Chem, 1997. 272(15): p. 9979-85.

113. Murphy, M.A,, et al., Tissue hyperplasia and enhanced T-cell signalling via ZAP-70
in c-Cbl- deficient mice. Mol Cell Biol, 1998. 18(8): p. 4872-82.

114. Naramura, M., et al., Altered thymic positive selection and intracellular signals in
Cbl- deficient mice. Proc Natl Acad Sci U S A, 1998. 95(26): p. 15547-52.

115.Bachmaier, K., et al., Negative regulation of lymphocyte activation and
autoimmunity by the molecular adaptor Cbl-b. Nature, 2000. 403(6766): p. 211-6.

116.Chiang, Y.J., et al., Cbl-b regulates the CD28 dependence of T-cell activation.
Nature, 2000. 403(6766): p. 216-20.

117. Yi, Y., et al.. Regulatory Defects in Cbl and Mitogen-Activated Protein Kinase
(Extracellular Signal-Related Kinase) Pathways Cause Persistent Hyperexpression
of CD40 Ligand in Human Lupus T Cells J. Imunology, 2000. 162(11): p. 6627-
6634.

118. Andoniou, C. E., et al., The two major sites of cbl tyrosine phosphorylation in abl-
transformed cells select the crkL SH2 domain Oncogene 1996. 12(9): p. 1981-9.



Appendix 1

Abbreviations:

EGF
EGFR
EGFRvIII
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GRB2
IL-3

JNK
MAPK
PDGF
PLCy
PRL
SDS-PAGE
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STAT
TGF-a
TKB

Epidermal Growth Factor

Epidermal Growth Factor Receptor

Epidermal Growth Factor Variant Three

GTPase Activating Protein
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Growth factor Receptor Binding protein 2
Interleukin-3

¢-Jun N-Terminal Kinase

Mitogen Activated Protein Kinase
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Src Homology 2 domain
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Summary

Receptor desensitization is accomplished by acceler-
ated endocytosis and degradation of ligand-receptor
complexes. An in vitro reconstituted system indicates
that Cbl adaptor proteins directly control dowrwegu-
lation of the receptor for the epidermal growth factor
(EGFR) by recruiting ubiquitin-activating and -conjugat-
ing enzymes. We infer a sequential process initiated by
autophosphorylation of EGFR at a previously identified
lysosome-targeting motif that subsequently recruits
Cbl. This is followed by tyrosine phosphorylation of
c-Cbl at a site flanking its RING finger, which enables
receptor ubiquitination and degradation. Whereas all
three members of the Cbi family can enhance ubiqui-
tination, two oncogenic Cbl variants, whose RING fin-
gers are defective and tion sites are miss-
ing, are unable to desensitize EGFR. Our study identifies
Cbl proteins as components of the ubiqguitin ligation ma-
chinery and implies that they similarly suppress many
other signaling pathways.

' To whom correspondenca should be addressed {(e-mail: liyarden®
wicc.weizmann.ac.il).

introduction

Cellular activation by a large variety of extracellular stim-
uli is generally followed by transient refractoriness to
the same stimulus. One of the better characterized
mechanisms of homologous desensitization involves a
rapid decrease in the number of the respective cell
surface receptors through accelerated endocytosis
(Schmid, 1997). This process is termed "downreguta-
tion,” and it is shared by receptors for growth factors,
lymphokines, antigens, and immunoglobulins. The bio-
chemical mechanism underlying receptor downreguia-
tion are relatively well understood in the case of tyrosine
kinase receptors (RTKs) for growth factors, such as the
epidermal growth factor (EGF) and the platelet-derived
growth factor (PDGF) (Sorkin and Waters, 1993). Ligand
binding to surface receptors activates their efficient in-
ternalization via clathrin-coated pits that invaginate to
form coated vesicles. Unlike receptors for nutrients (e.g.,
the transferrin receptor), a significant pool of activated
RTKs escapes recycling to the cell surface and is sorted
to the lysosome degradation pathway. Sorting of inter-
nalized receptors to this pathway is regulated, at least
in part, by the intrinsic tyrosine kinase activity of the
receptor (French et al., 1994), but it remained poorly
understood until very recently. An initial clue has been
provided by the invertebrate form of the EGF receptor
(EGFR): vulval development in C. elegans and develop-
ment of the R7 photoreceptor in Drosophila, two pro-
cesses that are critically controlled by the EGFR system,
are negatively regulated by an adaptor protein called
Sli-1/Cbl (Yoon et al., 1995; Meisner et al., 1997).

Sli-1 is an ortholog of the v-cbl transforming gene of
the CAS NS-1 retrovirus known to induce pre-B lym-
phoma and myeloid leukemia (Langdon et al., 1989).
Early and prominent tyrosine phosphorylation of the
ubiquitously expressed 120 kDa c-Cbl protein was dem-
onstrated in T and B cells stimulated with antigens and
in other cell types upon activation by growth factors
(e.g.. EGF, PDGF, fibroblasts growth factor, colony-
stimulating factor, nerve growth factor, prolactin, insulin,
and the stem cell factor), cytokines (e.g., interleukin
(iL]-2, IL-3, iL-4, interferon-a, erythropoietin, and throm-
bospondin), fibronectin, and immunoglobulins (for re-
view, see Thien and Langdon, 1998). Overexpression of
c-Cbl and transfection of dominant oncogenic mutants
uncovered a negative regulatory role of the p120 c¢-Cbi
protein in mammalian cells: not only the EGFR (Levko-
witz et al., 1998) and the receptor for PDGF (Miyake et
al., 1998) are downregulated upon c-Cbi overexpres-
sion, but the function of several immune receptor-cou-
pled tyrosine kinases (e.g., Syk [Ota and Samelson,
1997]) is also suppressed by c-Cbl. Understanding the
mechanism by which Cbl proteins downregulate signal-
ing is hampered by the fact that these proteins possess
no known catalytic activity. Nevertheless, the functions
of several c-Cbl's structural domains have been eluci-
dated. The N-terminal half of Cbl contains a unique Src
homology 2 (SH2) domain, which mediates binding to
tyrasine-phosphorylated receptors (Meng et al., 1999).
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The C-terminal half carries a long proline-rich domain
and several tyrosine phosphorylation sites that mediate
constitutive and inducible interactions with kinases
(e.g.. Src) and guanine nucleotide exchange factors
(e.g.. Vav, C3G, and SOS). A centrally located C,HC,-
type RING finger (RF) domain separates the two adaptor
domains of c-Cbl. A clue to its role may be provided by
the fact that the two other family members, Cbi-b and
Cbi-3 (Keane et al., 1995, 1999), carry an intact RF.
However, this domain is interrupted in the two onco-
genic forms of c-Cbl, namely v-Cbt and 702-Chi, an
oncoprotein found in a pre-B lymphoma cell line (Andon-
iou et al., 1994). Consistent with the importance of the
RF, mutagenesis of its first cysteine abrogated the sup-
pressive activity (Waterman et al., 1999).

Several recent studies implicate RF domains of other
proteins in recruitment of the ubiquitin-proteasome
degradation pathways (Tyers and Willems, 1999). The
possibility that Cbl proteins may regulate protein ubiqui-
tination through their RF is supported by several studies
demonstrating that Cbl overexpression elevates ubiqui-
tination of the receptors for EGF (Levkowitz et al., 1998),
PDGF (Miyake et al., 1998), and CSF-1 (Lee et al., 1999).
The present study addressed the molecular mechanism
underlying Cbi-induced ubiquitination and degradation
of RTKs. Assuming a direct role of c-Cbl, we first recon-
stituted a cell-free system that processes ubiquitination
and degradation of isolated EGFRs. Using this reconsti-
tuted system, we learned that Cbl is a component of the
ubiquitin ligation machinery specific for ligand-activated
RTKs. Mutagenesis of the major partners, Cbiand EGFR,
unexpectedly revealed the necessity of two tyrosine
phosphorylation events for productive ubiquitination
and subsequent receptor sorting to degradation: both
EGFR and c-Cbl must undergo phosphorylation on spe-
cific sites. This requirement represents the first example
of the ability of tyrosine phosphorylation to tag proteins
for proteasomal degradation.

Results

Ubiquitination of an [solated EGFR and ts Degradation
In Vitro Are Directly Regulated by Cbi

¢-Cbl can accelerate degradation of EGFR in living cells
by increasing receptor ubiquitination (Levkowitz et al.,
1998; Waterman et al., 1999). This function is not limited
to ¢-Cbi; the two recently described homologs of c-Cbl,
namely Cbi-b (Keane et al., 1995) and Cbi-3 (Keane et
al., 1999), are also active. Overexpression of Cbi-b or
Cbi-3 in Chinese hamster ovary (CHO) cells led to an
accelerated removal from the cell surface of a cooverex-
pressed EGFR (Figure 1A and data not shown). Concom-
itant with accelerated endocytosis, the receptor under-
went enhanced ubiquitination and degradation (Figure
1B). Interestingly, an alternatively spliced short variant
of Cbi-3 (Cbi-3S), whose SH2 domain is defective, did
not affect ubiquitination of EGFR. On the other hand,
the two known oncogenic variants of Cbl, v-Cbl and
70Z-Cbl (Langdon et al., 1989), inhibit rather than stimu-
late the rate of receptor downregulation (Figure 1 and
data not shown). Taken together, the results presented
in Figure 1indicate that all three mammalian Cbli proteins
are involved in desensitization of EGFR.
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Figure 1. Downregulation and Ubiquitination of EGFRin Living Cells
(A) CHO cells were cotransfected with an EGFR expression vector,
along with plasmids encoding the indicated Cbi proteins or an empty
vector (Cont.). Thereafter, cultures were incubated at 37°C with EGF
(100 ng/mi) for the indicated periods of time. Thereafter, cell-bound
ligand was remaved, and the level of surface receptors was deter-
mined in triplicates by binding of a radiolabeled EGF at 4°C.

(B) CHO cells were cotransfected with an EGFR expression vector
and a plasmid encoding a hemaggliutinin (HA}-lagged ubiquitin,
along with the indicated c-Cbi, Cbi-b, and Cbl-3 plastuds. Both a
short form of Cbi-3 (Cbi-35) and a long form (Cbi-3L) were tested.
Monolayers were incubated for 15 min at 37°C with or without EGF
(at 100 ng/mi}, and cell lysates subjected to immunoprecipitation
(IP} and immunoblotting (IB) with the indicated antibodies. Closed
and open arrowheads, respectively, mark the locations of the un-
modified and the ubiquitinated forms of EGFR.

To better understand the function of Cbl proteins in
receptor ubiquitination and degradation, we aimed at
constructing an in vitro ubiquitination and degradation
system by using recombinant components. A previous
attempt to reconstitute EGFR ubiquitination has identi-
fied rabbit reticulocyte lysate as a useful source of modi-
fying enzymes (Mori et al., 1997), and our initial utilization
of a similar system has attributed an essential role to
¢-Cbl (Waterman et al., 1999). Two versions of the in
vitro ubiquitination system are presented in Figure 2A.
Both systems use an immunopurified EGFR, a rabbit
reticulocyte lysate, ATP, and ubiquitin. Ligation of ubi-
quitin to EGFR was followed by either labeling of the
receptor (with a radioactive phosphate) or by using a
radioactive ubiquitin. As we previously reported, bacte-
rially expressed c-Cbl fused to glutathione S-transferase
(GST-Cbl) enabled receptor ubiquitination (Figure 2A).
Anocther SH2 protein, namely the Shc protein, was inac-
tive. Control reactions performed in the presence of a
large excess of an unlabeled ubiquitin or three other
EGFR-interacting proteins, the p85 regulatory subunit of



?&-A‘Meduud Degradation of EGF Receptor

A -]

Time (min): 0 s % o
APl W e g T Ty o e e m‘te’cpf&&
GST-Col Cbl She Cbi  Cbi Cbi She Cil i r -
ExUb: « @« o = $ - - o=

Figure 2. In Vitro Reconstitution of EGFR Ubiquitination and Degradation

(A) (Left) EGFR immunocomplexes were prelabeled with “P and subjected to an n vitro ubiquitination reaction, in the presence of rabbit
reticulocyte lysate and the indicated GST fusion proteins, as detailed in the Experimental Procedures. (Right) An i vitro ubiquitination reaction
was similarly performed except that an uniabeled EGFR was used and the reaction was performed in the presence of a radiolabeled ubiquitin
("®1-Ub). Reactions were carried out in the absence or presence of a 100-foid excess of an unlabeled ubiquitin (Ex. Ub).

(B) In witro ubiquitination was performed with a radiolabeled ubiquitin in the presence of one of the following GST fuston protemns: the SH2
domains of P13K, PLCv-1, and Shc or fuil-length Grb-2 and ¢-Cbi proteins. For control, we used a GST protein alone or amitted ATP. as
indicated. The bottom panel shows a stained gel with the respective fusion protein preparations.

(C) In vitro ubiquitination was performed as in {B), except that a purified €1 enzyme and the indicated chromatographic fractions of reticulocyte
lysates replaced the crude whole lysate. Gel-resolved proteins were transferred to filters. which were first autoradiographed (upper panel,
{-Ub) and then immunoblotted with anti-EGFR antibodies.

(D) Reactions were performed as in {C) except that recombinart E1 {from insect cells) and the indicated E2 proteins (from bacteria) were
used.

(E) Punfied EGFR was labeled with '*l-ubiquitin, washed, and incubated at 37°C for the indicated time intervals in the absence or presence
of a purified 26S proteasome preparation, ATP, or MG132. as indicated.

phosphoinositide 3-kinase (PI3K), phospholipase Cy-1
(PLCy), and Grb-2, confirmed saturability and specificity
to Cbi (Figures 2A and 2B).

Although these resuits indicate that c-Cbl is involved
in covalent attachment of ubiquitin to EGFR, they leave
open the exact role it plays in the underlying three-
step enzymatic reaction. Adenylation of ubiquitin by the
ubiquitous E1 enzyme is foliowed by transfer of the
activated molecule to one of several types of £2 en-
zymes. These relay ubiquitin either directly or indirectly
through an E3 ubiquitin ligase, to the target protein (for
review, see Hershko and Ciechanaver, 1998). Chromato-
graphic fractionation of whole reticulocyte lysates can
separate the major E2 activity (fraction I} from several
E3-like activities (fraction lla) (Abu Hatoum et al., 1998).
When tested for ubiquitination of EGFR in the presence
of a purified E1, the combination of the two fractions
was inactive, but ¢-Cbl could reconstitute the activity
in the presence of E1 and fraction | (Figure 2C). Evidently,

none of the fraction lia-enriched E3s could replace
c-Cbl. Out of five recombinant E2s that we tested, only
two enzymes, UBC-HEB and UBC-H5C, were active;
UBC-H5A, UBC-H7, and UBC-3/CDC-34 were inactive,
as was fraction lla, which may contain some E2 activity
(Figure 2D and data not shown). These resuits imply that
c-Cbi mediates transfer of ubiquitin from a specific £2
to EGFR. Once tagged by ubiquitin, EGFR is destined
tointracellufar degradation that can be partially inhibited
by the proteasomat inhibitor MG132 (Levkowitz et al.,
1998). We reconstituted this activity by incubating an in
vitro ubiquitinated EGF R with a purified 26S proteasome
preparation (Figure 2E). As expected, receptor proteoly-
sis was rapid, ATP dependent, and sensitive to MG132.
In conclusion, because c-Cbl can support ubiquitination
of EGFR in vitro in the presence of isolated recombinant
E1 and E2, and the modified receptor is processed by
the proteasome, c-Cbl probably acts as a ubiquitin li-
gase or a ligase-ancillary protein.
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Figure 3. Structural Requirements of the Cbi-
induced Ubiquitin Conjugation Activity

(A} in vitro ubiquitination reactions were per-
formed with recombinant E1 and E2 (UBC-
H58). To test the effect of alkylation, c-Cb!
was treated for 10 min at 22°C with NEM and
then with DTT {each at 10 mM) or this se-
quence was reversed.

{B) The domain structures and in vitro activi-
ties of Cbl proteins are shown, and residue
numbers are indicated. Boxes correspond to
the SH2 domain, a RING finger domain (RF),
and a proline-rich domain. Three previously
dentified tyrosine phosphorylation sites are
indicated by Y letters, and a mutant in which
all theee sites were mutated to phenylalanine
{Cbi-3YF) is depicted. An internal deietion of
17 amino acids (317 aa) in 70Z-Cbi is also
marked. The abilities of Cbi proteins to bind
EGFR in vitro and mduce its ubiquitination
are summarized in a table.

EGFR EGFR
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The SH2 and RING Finger Domains of c-Cbi

Are Necessary and Sufficient for Ubiquitin

Ligation to EGFR

The structural determinants of c-Cbl necessary for its
ubiquitin-conjugating activity were addressed by testing
in vitro a series of GST-Cbl proteins. As expected, the
oncogenic 70Z-Cbl protein was inactive in vitro (Figure
3A), although it differed from c-Cbl by only a short
stretch of amino acids overlapping part of the RF (see
scheme in Figure 3B8). On the other hand, an amino-
terminal portion of Cbi-b [Cbi-b(N)] retained EGFR bind-
ing, and it reconstituted ubiquitination in vitro, indicating
that the proline-rich domain and the carboxyi terminus
are dispensable for ubiquitin ligation. Lack of direct
involvement of the three C-terminal tyrosine phosphory-
lation sites (Y700, Y731, and Y774 [Feshchenko et al.,
1998]) was implied by the ability of a protein mutated
at these specific sites, Cbl-Y(3)F, to reconstitute ubiqui-
tination in vitro (Figure 3A). A partially overlapping part
of Cbl-b [denoted Cbi-b(C)], as well as an N-terminal

truncated form of c-Chli (Cbl-C), were inactive, probably
because their SH2 domains were defective. These ob-
servations implied that a combination of an intact SH2
domain and an uninterrupted RF is sufficient for EGFR
modification. We have previously reported that a c-Cbl
mutant, whose most N-terminal cysteine of the RF (resi-
due 381) was replaced by an alanine, displays defective
functions in living cells (Waterman et al., 1999). We veri-
fied lack of activity of the cysteine-to-alanine mutant
{C381A-Cbl) in a ubiquitination reaction that uses re-
combinant E1 and E2 proteins {Figure 3A). This observa-
tion is consistent with the notion that the redox potential
of many other RING fingers is essential for their activity
(Saurin et al., 1996). indeed, alkylation of c¢-Cbl with
N-ethylmaleimide (NEM) completely abolished its activ-
ity. but pretreatment with dithiothreitol (DTT) protected
the protein (Figure 3A). A summary of receptor ubiquiti-
nation by various Cbl mutants and their ability to bind
EGFR in vitro is presented in Figure 3B. As expected,
an intact SH2 domain is essential for receptor binding,
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Figure 4. Phosphorylation at Tyrosine 1045
of EGFR Is Necessary for c-Cbi Binding and
for Receptor Ubiquitination In Vitro

{A) EGFR immunoprecipitates were washed
and pretreated for 20 min at 22°C with the
ndicated concentrations of AG1478. There-
after, an in vitro ubiquitination assay was per-
formed in the presence or absence of a re-
combinant  GST-CbI fusion protein. The
bottom panel presents the results of an n
vitro kinase assay performed with the cor-
responding samples wn the presence of
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(CYHEK-293T cells were transfected with vec-
tors directing expression of wild-type EGFR
together with ptasmids encoding HA-tagged
c-Cbt or v-Cbl. Cells were treated for 10 min
at 37°C without or with EGF (at 100 ng/ml) 48
hr later. Thereafter, whole-cell lysates were
prepared and subjected to immunoprecipita-
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100 tion (IP) with an anti-HA antibody. Where indi-

cated. immunoprecipitation was performed in
the presence of a synthetic phosphopepude

(100 uM) corresponding to amino acids 1037-1056 of EGFR. immunoprecipitates were analyzed by immunoblotung (B} with anti-EGFR

antibodies.

(D) Whoie lysates derived from HEK-293T cells transiently expressing EGF R and v-Cbl were mixed with increasing concentrations of the indicated
phosphopeptide prior to immunoprecipitation of v-Cbi by using anti-HA antibodies. Immunocomplexes were resotved by gel electrophoresis,
transferred to nitrocellulose filters, and the filters blotted with anti-EGFR antibodies. The lower panel shows the densitometry results of the
competition assay. Open symbols refer to signais obtained with the control phosphopeptide, and closed circles represent the results abtained
with the phosphopeptide flanking tyrosine 1045. Signals were normalized to Cbl binding to EGFR in the absence of peptide.

and it serves as a prerequisite for EGFR ubiquitination.
On the other hand, an intact RF is essential for receptor
ubiquitination, but the whole C-terminal half of c-Cbl is
not necessary for either activity.

Phosphorylation at Tyrosine 1045 of EGFR Creates

a Major Docking Site for c-Cbl

Although tyrosine phosphorylation of EGFR is essential
for stable association of the receptor with c-Cbl, indirect
interactions that involve adaptor proteins such as Grb-2
may also link the two proteins (Levkowitz et al., 1996).
The availability of a functional in vitro assay of c-Cbl
allowed us to test the role of the two types of interactions
and also identify the Cbl's docking site. To test the
possibility that receptor phosphorylation is necessary
for its modification by ubiquitin, we made use of a highly
specific inhibitor of the kinase, AG1478 (Gazit et al.,
1996). Relatively low concentrations of the antagonist
inhibited autophosphorylation of EGFR in a dose-depen-
dent manner (Figure 4A, lower panel), and a parallel
decrease in receptor ubiquitination was observed (Fig-
ure 4A, upper panel). We then tested the prediction that
a kinase-defective EGFR will undergo no ubiquitination
in vitro. Indeed, when a wild-type receptor and a kinase-
defective mutant were each transiently expressed in
HEK-293 human cells and their ubiquitination tested in
vitro, we found that only the wild-type form underwent
ubiquitination (Figure 48).

The association between receptor autophosphoryla-
tion and ubiquitination in vitro implied that a specific
tyrosine autophosphorylation site of EGFR serves as a
docking site for c-Cbl. To identify a Cbl-specific docking
site, we made use of a series of receptor proteins mu-
tated at individual tyrosines of the carboxyl terminus.
Because none of six C-terminal tyrosine residues is nec-
essary for ubiquitination of EGFR in living cells (Levko-
witz et al., 1998), we concentrated on the remaining
two tyrosine residues (tyrosines 1045 and 1101). The
respective mutants were expressed in HEK-293 celis,
and the receptors were tested in a ubiquitination assay.
This assay revealed that one of the mutants, a receptor
whose tyrosine 1045 was changed into a phenylalanine,
lost the ability to undergo ubiquitination (Figure 4B).
Control experiments verified expression of the mutant
receptors and their ability to undergo autophosphoryla-
tion (Figure 48, lower panel, and data not shown). Con-
sistent with the identification of tyrosine 1045, the
C-terminally flanking amino acid sequence conforms to
the consensus Cbl docking site as characterized with
the ZAP-70 tyrosine kinase (Tyrosine-X-X-X-Proline
[Meng et al., 1999]). To directly test the docking ability
of tyrosine 1045 and the surrounding amino acid se-
quence, we synthesized the corresponding tyrosine-
phosphorylated peptide. The effect of the peptide on
the association between EGFR and two Cbl proteins, a
wild-type c-Cbl and v-Cbl, was tested in vitro. Because
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v-Cbl contains only the SH2 domain, indirect interac-
tions with EGFR, which are mediated by the proline-rich
and the C-terminal tyrosines of ¢-Cbl, are excluded.
Figure 4C depicts the resuits of the association experi-
ment. Evidently, the peptide only slightly affected bind-
ing of c-Cbl to EGFR, but it aimost compiletely abolished
the interaction with the shorter viral form of Cbl. The
specificity of the inhibitory effect was then tested by
comparing increasing concentrations of the EGFR phos-
phopeptide with an unrelated phosphotyrosine peptide
of similar length (Figure 4D). Whereas the specific phos-
phopeptide displaced EGFR from v-Cbi, the control pep-
tide was ineffective. In conclusion, c-Cbl interacts with
EGFR in an inducible manner primarily through an auto-
phosphorylated tyrosine 1045 of the receptor.

The c-Cbl's Docking Site of EGFR Mediates
Ligand-induced Ubiquitination and
Downrequiation of the Receptor
Because tyrosine 1045 has not been previously identi-
fied as one of the five major sites of EGFR autophosphor-
ylation, we predict it serves as a minor site. Indeed,
Western blotting with antibodies to phosphotyrosine de-
tected no significant difference between the content of
phosphotyrosine in wild-type and in mutant (Y1045F)
forms of EGFR (Figure 5A). However, in line with the
results of in vitro assays, no basal interaction and only
residual ligand-induced association between c-Cbl and
the mutant form of EGFR was observed in living cells.
Likewise, no up-smearing of EGFR, a characteristic of
ubiquitination, was noted with the mutant receptor (Fig-
ure 5A). Despite its relatively weak interaction with¢-Cbl,
the mutant Y1045F receptor retained the ability to in-
crease tyrosine phosphorylation of c-Cbl (Figure SB).
This observation is reminiscent of the ability of a mutant
EGFR lacking the whole C-terminal tail to enhance Cbi
phosphoryiation (Levkowitz et al., 1998). Unlike the inter-
rupted physical association with c-Cbl, mutagenesis of
tyrosine 1045 did not interfere with the interaction with
another substrate of the EGFR, namely Shc (Figure 5A).
Identification of the Cbl's docking site enabled us to
study the role of Cbl-EGFR interactions in living cells.
In line with the observation that an overexpressed c-Cbl
enhances ubiquitination and degradation of the recep-
tors for EGF (Levkowitz et al., 1998), the Cbi-defective
mutant of EGFR (Y1045F) displayed an attenuated
downregulation (Figure 5C). Nevertheless, residual li-
gand-induced downregulation of Y1045F was observed
upon Cbl overexpression, indicating the existence of
secondary mechanisms of Cbl recruitmentto EGFR. The
differences between the wild-type and mutant receptor
forms were much more prominent when receptor degra-
dation and ubiquitination were analyzed: EGF-induced
degradation, as well as ubiquitination, of the mutant
receptor in cells overexpressing c-Cbl was almost com-
pletely abolished {Figure 5D). Taken together, the results
presented in Figure 5 indicate that tyrosine 1045 of EGFR
acts as a major c-Cbl docking site, which mediates re-
ceptor degradation by enhancing ubiquitination.

Tyrosine Phosphorylation of c-Cbl at a Site Flanking
the RING Finger Is Essential for an E3-like

Ubiquitin Ligase Activi

Although prominent phosphorylation of c-Cbl has been
reported in cells stimulated by a variety of ligands (Thien

and Langdon, 1998), the possibility that Cbi phosphory-
lation regulates its activity has not been addressed be-
fore. Our in vitro assay of c-Cbi aliowed us to examine
this scenario. EGFR was isolated, and its autophosphor -
ylation was allowed in vitro prior to inhibition of further
phosphorylation by using a tyrphostin. Thereafter, c-Cbl
was added and receptor ubiquitination tested. Consis-
tent with a requirement for trans-phosphorylation of
c-Cbi, we observed no receptor ubiquitination under
these conditions (Figure 6A). Preincubation of EGFR
with c-Cbl prior to adding the inhibitor was sufficient for
ubiquitination, probably because trans-phosphorylation
enabled Cbl activation. The use of two mutants of Cbi
provided an initial mapping of the putative Cbl's phos-
phorylation site: a mutant whose three major C-terminal
autophosphorylation sites were defected [Cbi-3(Y)F]
and a truncated form of Cbi-b, denoted Cbi-b(N), also
displayed dependence on prephosphorylation (Figure
6A). Thus, the putative Cbl's site of phosphorylation
probably resides in the N-terminal half. To support this
conclusion, we prephosphorylated both EGFR and the
short form of Cbi-b and then mixed them under condi-
tions that completely block further phosphoryiation. As
predicted, EGFR ubiquitination could be recovered even
when tyrosine phosphorylation was completely inhib-
ited, but prephosphorylation of both EGFR and c-Cbl
was absolutely essential (Figure 6B). Incomplete recov-
ery is likely due to the low efficiency of Cbl phosphoryla-
tion in vitro (Figure 6B, right panel).

To map the site of Cbl, whose phosphorylation is es-
sential for its ubiquitin ligase activity, we concentrated
on N-terminal tyrosine residues that are relatively con-
served in the Cbl family. Mutagenesis of tyrosines 92,
291, 274, 307, 337, and 368 did not impair the ability of
c-Cbl to increase EGFR ubiquitination and degradation
in living cells (Figures 6C and 6D). However, a mutant at
site 371 compiletely lost the ability to enhance receptor
ubiquitination and degradation in living cells (Figure 6D).
Tyrosine 371 flanks the RF of all Cbl proteins, butit is not
present in 702-Cbl, which explains why this oncogenic
variant lacks ubiquitin ligase activity in vitro (Figure 3A)
and in living cells (Figure 1). In line with the importance
of Cbl phosphorylation at this site, a bacterial form of
c-Cbl, whose respective tyrosine was mutated, was in-
active in an in vitro ubiquitination assay (Figure 6E).
Control experiments confirmed retention of EGFR bind-
ing by the mutant form of c.Cbi. In conciusion, two
tyrosine phosphorylation events safeguard productive
ubiquitination and subsequent degradation of a ligand-
activated EGFR. First, the receptor undergoes tyrosine
phosphorylation at a consensus Cbl docking site, and
then the ubiquitin ligase actlivity of the recruited adaptor
is activated by phosphorylation at a site flanking the RF.

Discussion

Two features are common to all Cbi-associated signal-
ing pathways. First, the function of Cbl is primarily sup-
pressive, and second, all pathways involve tyrosine ki-
nases that physically recruit Cbl and elevate its tyrosine
phosphorylation. By developing an in vitro ubiquitination
assay of EGFR, the present study suggests that Cbl
negatively regulates signaling because it recruits active
tyrosine kinases to the ubiquitin-proteasome degrada-
tive machinery (Figure 2). In addition, our resuits provide
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Figure 5. An EGFR Mutated at Tyrosine 1045 iIs impaired in Receptor Downregulation. Ubiquitination, and Degradation

(A) Monolayers of CHO cells were transiently transfected with vectors encoding an HA-tagged c-Cbl or a control empty vector. Cotransfection
with plasmids encoding EGFR, either a wild-type receptor or a tyrosine 1045 mutant (Y1045F), was performed as indicated. Following 48 hr
of incubation, monolayers were incubated for 10 min at 37°C with or without EGF (100 ng/mi). Whole-cell lysates were subjected to immunopre-
cipitation with a mAb to EGFR. Subsequent to gel electrophoresis and electrotransfer, fifters were immunoblotted (IB) with the indicated
antibodies to either phosphotyrasine (P-TYR). Shc, or Cbl. Alternatively, aliquots of the corresponding whole-cell lysates were directly resolved
by electrophoresis and then analyzed by using an antibody to She.

{B) Cell monolayers were treated as in (A} and the HA-tagged c-Cbi molecules immunoprecipitated by using anti-HA anubodies. Immunocom-
plexes were resolved by gei electrophoresis and immunobiotting (IB) with the indicated antibodies to phosphotyrosine (P-TYR) or to HA.
{C) Monolayers of CHO cells were transfected with vectors encoding the wild-type form of EGFR or the Y1045F mutant. Along with EGFR
plasmids, monolayers were transfected with a c-Cbi-expression vector or a control empty plasmid. Duplicate monolayers were assayed for
downregulation of EGFR 48 hr posttransfection.

{D) CHO celis were transiently transfected as in (A} except that a plasmid driving the expression of HA-tagged ubiquitin was included. Following
48 hr, cell monolayers were treated for 10 min at 37°C without or with EGF {100 ng/mli). Receplor degradation and ubiquitination assays were
performed as described in the legend to Figure 1B. The lower panel presents immunobiotting of whole-cell extracts with an antibody to ¢-Cbi.
An open arrowhead indicates the location of the ubiquitinated form of EGFR. and a closed arrowhead marks the major unmodified form.

an explanation to the second common feature of Cbl we refer 10 analogous phosphoryliation-dependent ubi-
signaling: tyrosine phosphorylation of Cbl is absolutely quitin ligation systems and deal with the mechanism
necessary for its ubiquitin ligase activity toward a sub- enabiling c-Cbl to mediate substrate ubiquitination. Sec-
strate tyrosine kinase (Figure 6). Conceivably, the inter- ond, we address the possibility that the various steps

actions between EGFR and c-Cbl may be summarized of EGFR-Cbl interactions take place along the journey
in a sequential model (Figure 7). Steps 1 and 2 involve of EGFR to the lysosome.

two distinct tyrosine phosphorylation events. Initially,

an autophosphorylation reaction creates docking sites Ubiquitin Ligase Activity of Cbl Proteins

for several signaling proteins, including a Cbl binding To achieve target specificity, the ubiquitin-proteasome
site at tyrosine 1045 of EGFR. Second, EGFR trans- system seiects its substrates in a highly regulated man-
phosphorylates Cbi at a linker domain, which activates ner (Hershko and Ciechanover, 1998). Of the three-step

an associated ubiquitin ligase activity. Interestingly, only ubiquitin transfer cascade, the E3-mediated ligation
the N-terminal half of c-Cbl (see Figure 3B) is necessary step is the most variable and specific. To safeguard
for recruitment of an active E2 and for the ensuing sub- selectivity, multiprotein £E3 complexes, whose associa-
strate ubiquitination (step 3). This conclusion is con- tion often involves phosphorylation events, are assem-
sistent with the shorter structures of the two known bled at the substrate. The potential role of Cbi proteins
invertebrate forms of Cbi, as well as with the structure in such E3 complexes that target activated tyrosine ki-
of Cbi-3 (Keane et al, 1999). Below, we discuss two nases to degradation may be illuminated by the analogy

major urwesolved aspects of the proposed model. First, to one of the best characterized modular E3 complexes
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Figure 6. Tyrosine Phosphorylation of Cbi Proteins is Essential for EGFR Ubiguitination In Vitro and in Living Cells

{A) An in vitro ubiquitination reaction of EGFR was performed with the indicated GST-Cbl proteins. An immunopurified EGFR was first
preincubated for 20 min at 4°C with ATP under conditions that allow receptor autophosphorylation, and then we added either AG1478 (50
M. or solvent dimethyisulfoxide [DMSO] for control) or a GST-Cbl protein. The order of adding the kinase mhibitor and the Cbi proteins is
indicated at the bottom.

{B) GST-Cbi-b(N) was immobilized on giuthatione-agarose and subjected to phosphoryfation (marked by P letters) by preincubation with a
membrane preparation from A-431 cells. Likewise, EGFR was used either in its phosphorylated (P) or nonphosphorylated (NP) form and mixed
with aliquots of Cbi.biN). AG1478 (50 M) was added as indicated pnior to an in vitro ubiquitination reaction. in the lane labeled by (P}, EGFR
was not subjected to prephosphorylation, but kinase activity was not inhibited (1ane 5). To venfy in vitro phosphorylation, Cbl-b(N) was similarty
treated in the presence of radioactive ATP {right panel). Dye staining of the corresponding lanes is also shown.

(C) CHO cells were cotransfected with an EGFR expression vector and a plasmid encoding a hemaggtutinin (HA)}-tagged ubiquitin, along with
plasmiis encoding the indicated Cbli proteins. As control, we used an empty expression vector {Cont.). Each monolayer was split into two
separate plates 24 tr after transfection, and 24 hr later identical sister plates were incubated for 15 mm at 37°C without or with EGF (100 ng/
mi}. Cell lysates were subjected to immunoprecipitation (IP) with an anti-EGFR antibody., followed by immunoblotting (IB) with an antibody
directed to HA,

(D} A ubiquitination assay of EGFR in living cells was performed as described in (C), except for the use of plasmids encoding ¢-Cbl proteins
mutated at tyrosines 368 or 371. The lower panel shows the results of immunobiotting with an anti-EGFR antibody

(E} An in vitro ubiquitination assay of EGFR was performed in the presence of the ndicated mutant Cbi proteins.

of the SCF (Skp1-Cdc53/Cul1-F box) type (Maniatis,
1999). Both IxB, an inhibitory subunit of the NF-«B tran-
scription factor, and the transcriptional coactivator
f-catenin are recognized by a receptor called 3-TRCP
(Yaron et al., 1998). This receptor binds the substrates
through its WD40 domain, which recognizes vicinal
phosphoserine residues. Another domain, the F box,
binds a second component of the SCF, Skp1, which
recruits a third subunit, Cdc53/CUL1 (reviewed in Ma-
niatis, 1899). Similar modular complexes mediate degra-
dation of a variety of other proteins, including mitotic
cyclins and hypoxia-induced proteins (reviewed in Tyers
and Willems, 1999), all sharing a recently identified
fourth subunit, Rbx1/Apc11/Hrt1, which encompasses
an RF (Seol et al., 1999, and references therein). Like
B-TRCP and other receptor subunits of E3 complexes,

Cbl proteins physically associate with their ubiquitination
substrates in a phosphorylation-dependent manner.
Therefore, we raise the passibility that Cbl is functionally
equivalent to a combination of 3-TRCP and Rbxt. Our
finding that the segment linking the SH2 and RF domains
of Cbl must be modified suggests a conformational
change that activates the E3 complex, in analogy to the
Rbx1 component of the VHL-type E3 complex (Kamura
et al., 1999).

While it is presently unknown whether or not Cbl re-
cruits E3 ancillary proteins in a phosphorylation-depen-
dent manner, it seems likely that the RF mediates recruit-
ment of the E2 enzyme. This assumption is based upon
the occurrence of RF domains in many complexes that
mediate substrate ubiquitination (Tyers and Willems,
1999), and the recently observed direct binding of an
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Figire 7. Proposed Sequential Process Lead-
ing o EGFR Degradation
Binding of EGF (E) to the extracellular part
of EGFR stimulates the tyrosine kinase (TK)
domain and results in elevated phosphoryla-
tion of several C-terminally located tyrosines,
inciuding tyrosine-1045 (step 1). The latter
serves as a docking site for the SH2 domamn
of ¢-Cbi. Once a stable EGFR Cbl complex 1s
formed (step 2). the adaptor protein under-
goes phosphorylation at a region linking the
SH2 and the RING finger (RF) domains. This
phasphorylation event allows, through an un-
known mechanism, recruitment of a ubiqui-
tin-lcaded E2 molecule (step 3). Then, £2 re-
lays its thiolester-bound ubiquitin to EGFR,
thereby enabling recruitment of the 26S pro-
teasome, and proteolysis of the cytoplasmic
portion of EGFR (step 4). Apparently, the four
steps occur while the receptor transiocates
from the plasma membrane. via an endoso-
mal compartment. to a prelysosomal struc-
@ ture, where the luminal ectodomain 15 ex-
posed to lysosomal hydrolases.

2. Chi association & phosphorylation

udb
=

4. Receplor degradation

E2, called UBCM4, to a set of RF proteins (Martinez-
Noel et al., 1999). Despite the unknown functions of
Cbl phosphorylation, it is clear that the Cbl-associated
ubiquitin ligase activity is essential for desensitization
of signaling processes. One exemplification is provided
by oncogenic strategies that apparently corrupt the nor-
mal process of EGFR degradation: the essential phos-
phorylation site of Cbi at tyrosine 371 is deleted in the
oncogenic 70Z-Cbl form, and the viral cblgene encodes
only an SH2 domain without an RF. On the other hand,
the site of EGFR that mediates Cbl binding is frequently
deleted in erbB oncogenes of avian erythroblatosis virus
strains (Lee et al., 1993). Deletion of this site may inhibit
inactivation of the virally encoded form of EGFR and
thereby prolong cellular activation. Consistent with the
transforming effect of blocking EGFR-Cbl interaction,
the respective artificial mutants of either Cbi (Andoniou
et al., 1994) or EGFR {(Lee et al,, 1993; Traverse et al.,
1994) are characterized by enhanced signaling.

Relationships between Endocytosis and Cbi-induced
Ubiquitination of Activated Receptors

Ubiquitin conjugation to substrate proteins almost in-
variably targets them to degradation by the proteasome
{Hershko and Ciechanover, 1998). Accordingly, protea-
some inhibitors block intraceliular degradation of sev-
eral growth factor receptors, whose ligands induce ele-
vated ubiquitination. Included in this list are EGFR
(Levkowitz et al., 1998) and the receptor for PDGF (Mori

et al., 1995). An alternative role for receptor ubiquitina-
tion originally emerged from studies of the yeast o factor
receptor (Hicke and Riezman, 1996). Ubiquitination of
this receptor plays a causative role in its endocytosis.
The situationinmammalian cells is less clear: preventing
internalization of the growth hormone receptor abol-
ished its ubiquitination (Govers et al., 1997), and Cbl *~
macrophages, which are defective in ubiquitination of
the colony stimulating factor-1 receptor, retain endocy-
tosis of the ligand {Lee et al.,, 1999). Identification of
tyrosine 1045 of EGFR as the c-Cbl docking site (Figure
4) enabled us to approach the relationships between
ubiquitination and receptor endocytosis.

An EGFR mutant whose interaction with c-Cbl was
defected exhibited no ubiquitination and degradation,
and it apparently remained at the ceil surface following
stimulation with EGF (Figure 5). However, closer analy-
ses of receptor’s fate and ligand degradation revealed
that the mutated receptor underwent internalization,
that was followed by release of the ligand and recycling
back to the cell surface (H. W. et al., unpublished data).
Preliminary morphological analyses suggest that recy-
cling occurs already from the early endosome. Because
degradation of EGFR is mediated primarily by lysosomal
hydrolases (reviewed in Sorkin and Waters, 1993), it
seems likely that ubiquitination of EGFR plays a critical
role in sorting of intemalized receptor molecules to the
lysasome. By using other EGFR mutants (Levkowitz et
al., 1998) and an RF-defective form of c-Cbi (Waterman
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et al., 1999), we have previously localized the sorting
effect of c-Cbl to the transition from early 10 late endo-
somes. This conclusion is in agreement with several
other observations. First, progressive deletions from the
carboxyl terminus of EGFR identified residues 1022~
1123, a segment that includes tyrasine 1045, as a lyso-
somal targeting motif (Kornilova et al., 1996). When
deleted, the truncation mutant exhibited enhanced recy-
cling and a minimal extent of sorting to the late endo-
some. Second, a kinase-defective mutant of EGFR,
which is devoid of ubiquitination (Figure 4B), slowly in-
ternalizes but recycles back to the cell surface upon
reaching the early endosome (Felder et al., 1990). It is
interesting to note that the Cbl-docking site we identified
is found in two ErbB proteins (ErbB-1 and ErbB-2) that
undergo ubiquitination and lysosomal degradation (Gal-
cheva Gargovaetal., 1995; Mimnaugh et al., 1996). How-
ever, itis absentinErbB-3, a receptor that undergoes no
ubiquitination and is constitutively recycled from early
endosomes to the plasma membrane (Waterman et al.,
1998). Taken together, these lines of evidence support
the possibility that ubiquitination of EGFR targets in-
coming receptors to the late endosome, a compartment
where both proteasomal and lysosomal hydrolases may
respectively degrade the cytoplasmic and exoplasmic
domains.

In summary, the present report identifies a novel activ-
ity of Cbl proteins that enables them to assemble the
ubiquitination machinery at an activated tyrosine kinase,
while sparing the nonstimulated form of growth factor
receptors. Previous works have demonstrated that ser-
ine phosphorylation of the substrate (e.g. IxB and
B-catenin [Aberle et al., 1997]) or the E3 complex itself
(e.g.. the cyclosome [Lahav-Baratz et al., 1995]) can
strictly regulate ubiquitin ligation and subsequent deg-
radation. Cbi-mediated degradation of EGFR presents
a unique example in which tyrosine phosphoryiation of
both the substrate (EGFR) and the E3 complex (Cbl}
regulates ubiquitin ligation. Future studies will address
the existence of putative additional components of the
Cbi-containing £3 complex and the role it plays in tar-
geting endocytosed EGFRs to specific vesicular com-
partments.

Experimental Pracedures

Materials and Antibodies

Radioactive materials were purchased from Amersham (Bucking-
hamshire, United Kingdom). lodogen was from Pierce. MG123 was
from Calbiochem. AG1478 was a gift from A. Levitzki (Hebrew Uni-
versity. Jerusalem, Israel). An antibody to the Shc protein was pur-
chased from Transduction Laboratories. Anti-hemagghstinin (HA)
monocional antibody 12CAS and yeast hexokinase were purchased
from Boehringer-Mannheim (Mannheim, Germany). Murine mono-
clonal antibody (mAb) SG565 to EGF receptor was generated n
mice that were immunized with a recombinant extraceflular portion
of human EGFR. For immunoblot anatysis of EGFR, we used a poly-
clonal antiserum from Santa Cruz Biotechnology (Santa Cruz, CA).
Synthetic phosphotyrosine peptides with the following sequences
were prepared by using standard procedures: KEDSFLQRpYSSDP
TGALTED (EGFR} and IDIFSDpYANFKAKKK {protein tyrosine phos-
phatase epsilon, a gift from A. Eison).

cONA C

and Cxpr
Fusion Proteins
Mammalian expression plasmids for EGFR, ¢-Cbl, 70Z.Cbl, Cbi-b,
and Cbi-3 (long and short forms) were previously described (Lev-
kowitz et al. 1998; Ettenberg et al., 1999; Keane et al, 1999). The

of Recombinant

Y1045F mutant of EGFR was prepared by mutagenizing a single
strand tempiate. Bacterial GST-Cbi and a GST-70Z-Cbl expression
vector wefe generated by replacement of Cbi's first ATG codon
with a BstpEll site and insertion of a BstpEli-Sall fragment into the
compatible Xmal and Xho! sites of pGEX-4T2 (Pharmacia). Other
GST-Chl proteins were made in bacteria by constructing similar
pGEX vectors. The RF mutant of Cbl (C381A} was described (Water-
man et al., 1989). GST-Cbi fusion proteins were affinity purified
as we previously described (Levkowitz et al., 1996). Cioning and
expression of UBC-HSB and UBC-H5C were described eisewhere
{Jensen et ai., 1995). Recombinant E1 was produced in Baculovirus-
nfected SI-9 cells, purified on an ubiquatin-agarose column, and
eluted with adenosine monaphosphate.

Receptor Downwegulation and Ubiquitination Assays

Receptor dowrvegulation assays were performed as described {(Lev-
kowitz et al., 1998). The ubiquitinated form of EGFR was detected
n immunoprecipitates prepared from celis that were cotransfected
with a plasmid encoding an HA-tagged ubiquitin (a gift from Dirk
Bohmann, EMBL, Heidelberg, Germany) and an EGFR expression
vector. The receptor was immunoprecipitated from whole-cell ly-
sates, and its ubiquitination levels were determined by immunoblot-
ting with anti-HA antibodies.

In Vitro Assays of Cbi Binding, Receptor Ubiquitination,

and Phosphorylation

EGFR was immunoprecipitated from cleared lysates of A-431 cells
by using an agarose-immobilized mAb SG565 as descrnibed (Water-
man et al.. 1999). Following purification, agarose beads were exten-
sively washed and resuspended in buffer containing 40 mM Tns-
HCI (pH 7.5), 5 mM MgCl,, 2 mM DTT. 2 mM ATP-y-S, and 3 pg/mi
'B-labeled ubiquitin (or 0.4 mg/mi unlabeled ubiquitin}. To deplete
endogenous ATP, hexokinase {1 mg/mi} and 2-deoxyglucose (20
mM] were also inciuded. Crude rabbit reticulocyte lysate {5 ul, from
Promega) or the previously described (Abu Hatoum et al.. 1998)
fraction | {250 ug), fraction NA (50 ug), punfied E1 (2 ug). of recombi-
nant E1 (1 ug) and E2 (7 p! of crude bacterial extract) were added
as indicated. Reaction mixtures were supplemented with a GST-Cbl
protein (S ug) and incubated for 1 hr at 30°C. The beads were then
extensively washed and EGFR eluted with gel sample buffer. in vitro
phosphorylation of an immunoprecipitated EGFR was performed by
using a 20 min long incubation on ice with buffer containing 20 mM
HEPES-HCI (pH 7.5), 150 mM NaCl, 0.1% Triton X-100, 10% glycerol,
10 mM MnCli,, and 5 pCi v-?P-ATP. Immunoprecipitates were then
washed and resolved by gei electrophoresis. To test binding of Cbi
proteins to EGFR, we prepared whole lysates from EGF-stmulated
A-431 cells and incubated them for 1 hr at 4°C with immobilized
GST-Cbi proteins. Thereafter, the associated EGFR was detected
by gel electrophoresis and immunobloting.

in Vitro Degradation Assay of EGFR

Cell-free degradation was performed following EGFR conyugation
with a radiolabeled ubiquitin in a reaction mixture containing a pun-
fied 26S proteasome preparation {1 .g) (Ben-Shahar et al., 1999) in
butfer containing 40 mM Tris-HC! (pH 7.5), 5 mM MgCl,, 2 mM DTT.
4 mM ATP, 2 mg/mi ovalbumin, 20 ug/mi ubiquitin-aldehyde and
a broad-specificity protease inhibitor cocktail (Calbiochem). ATP
depletion and inhibition of proteasomal activity were respectively
attained by preincubation of the proteasome preparation for 10 min
at 37°C with either hexokinase (1 mg/mi) and 2-deoxyglucose (20
mM) or with MG132 (12.5 uM).
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