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Negative regulation of the Epidennal Growth Factor Receptor (EGFR) signaling

is essential to proper regulation of cellular function. Genetic evidence from C. elegalls

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 3.2DIEGFR 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. elegalls

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 cbl-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. elegalls and Drosophila homologs. inhibits

EGFR function.
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Igtroduetioa

For multi-cellular organisms the precise regulation of proliferation,

differentiation. and apoptosis is essential for successful development and homeostasis.

Growth factors and their receptors playa critical role in regulating these processes [I].

The crucial role of growth factor receptor pathways is highlighted by the frequent

ttansforming 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)I

(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 transfonn 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 transfonnation [9. 10).

I See appendix I for abbreviations.
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The EGFR is implicated in numerous human cancers [II). 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. overex.pression 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 [II.

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

ofexons 2 through 7 containing the extra-eellularportion of the EGFR [18]. EGFRvllI is

found in gliomas, breast cancer, ovarian cancer. lung cancer, and prostate cancer but not

in nonnal cells [19-22].

The ErbB Family of tyrosine kinase receptors is made up of four family members:

EGFR (ErbB-I)[23]. ErbB-2 (Her-21Neu) [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 ex.ample, the EGFR receptor can be activated by EGF, TGF-a,

Neuregulin. and J}-cellulin with each ligand giving rise to a distinct biological outcome.

Second, each ErbB receptor can homodimerize or heterodimerize with other members of
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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 [3O}. 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 PC 12 cells a long active MAPK signal can cause neuronal differentiation"

while a shoner 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 ofexpression 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-43 I). EGF induces apoptosis [32. 331.-

The EGFR is the prototypic member of the ErbB family (Figure 1). It is a type I

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 pla'ima membrane once. The remaining 542 amino
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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 transduction

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 filamenL4i. structural componenLIi of the cytoskeleton (37).

Lastly. there is an internalization sequence from amino acids 954 to 991. This sequence

enhances receptor endocytosis (38).

Extra CeUulat

NH:
1

'/ CysIeme ·'lOb le~

QS4> MalOi P.Tyt SIres

eaOH
Figure I: 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.
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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 EOFR 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 EOF 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 [45J. Experiments using

receptors with mutations in the kinase domain have demonstrated a complete lack of

phosphorylation and of subsequent downstream signaling [36. 46}.
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The next step is signal transduction and the IUnaitment 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..<JDP exchange protein for Ras).

to the EaFR and this in tum 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-l 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 either recycled to the cell membrane or degraded in late endosomal

companrnents by lysosomal or proteasomal proteases [58). This second process of

receptor signal attenuation is tenned downregulation and has been observed for many

different growth factor receptors [58). Endocytosis and degradation of the ligand bound
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EGFRs has long been documented by many groups [59. 60). Upon ligand binding.

EGFRs cluster in clathrin-eoated 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 ttansformation 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 transfonns NIH 3T3 cells [64].

cbl proteins are negative regulators of the EGFR [65]. v-ebl was first identified as

the transforming gene of the Cas NS-l murine retrovirus. This retrovirus induces pro-B

cell lymphomas and myeloid leukaemias in mice and also transfonns fibroblast cell lines

(66). v-ebl <.Casitas B.-lineage Lymphoma) had no homology to other known oncogenes.

v-ebl is a fusion between the viral gag protein of the retrovirus and the 355 N-terminal

amino acid residues of the cellular protooncogene c-ebl [67. 68]. The N-tenninal region

of c-ebl is capable of transforming cells while full length c-ebl can not [69]. Since the

discovery and cloning of c-ebl. 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-cblL and d-cbls ; and one C. e/egans gene: sli-I

(Figure 2). This unique family of proteins is highly conserved from nematodes to

mammals [70). All cbl proteins have a highly conserved N-lenninal region. This region

includes a novel N-terminal TKO domain. which recognizes a D(N/D)xpY motif (71).
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This domain is made up of a four helix bundle, an EF-hand Ca2
+ 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 TKO domain contains all the

necessary structural requirements of an SH2 domain [73]. Also the N-tenninal region of

all cbl proteins contains a highly conserved C3HC4 RING finger. RING finger domains

have been identified in many E3 ubiquitin ligase proteins [74, 751. Structural studies

have revealed that the conserved cystine and histidine residues present in the RING

domain fonn 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-cbls, have a proline rich domain which follows the RING finger

domain. In addition, the C-tenninal portion of c-ebl and cbl-b contains the major tyrosine

phosphorylation sites. Many 8H2 and 8H3 containing signal transduction proteins have

been demonstrated to bind within the C-tenninal domain. The Ubiquitin Associated

domain is the most C-tenninal domain and is present only in the long fonns of the cbl

family (c-cbl. cbl-b, and d-ebIJ. 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-ebl

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 1: The cbl Family of Proteins. v-cbl: the GAG-cbl fusion protein of the Cas NS-I
murine retrovirus; c-cbl: the human protooncogene of v-cbl; cbl-b: the second human chi
protein; cbl-3: the third human cbl protein; d-cbl l : the long form of the Drosophila
melanogaslor cbl protein; d-cbls: the short form of the Drosophila melanogaslor cbl
protein; sli-l: the C. elegans cbl protein. The red bars indicate the areaS of homology
conserved in all cbl proteins. The blue bars indicate the area conserved between v-cbl and
c-ebl. The green bars indicate the areas conserved between d-cbl l and d-ebls' The gray
bars indicate the areas conserved between c-cbl. cbl-b and d-cbl l . 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 [801. 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. fL-3. PRL. Fcy. c-Kit. PDGF. and EGF receptors [801. Additionally. cbl

proteins have been shown to bind to numerous proteins involved in signaling by these
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receptors including: Grb-2., Shc. PI-3K. PLCy. Crt. Sn:., ZAP-70. Lck., Lyn. Fyn. Talin.

and VAV [SO]. The immense diversity of proteins and n:ceptor pathways associated with

cbl proteins suggest that cbl proteins play an imponanl role in many signaling pathways.

Functional studies of the cbl proteins 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 tum phosphorylates c-ebl.

Downregulation of either the Src kinase or c-cbl function (by anti-sense oligonucleotides)

inhibits vitamin D stimulated bone n:sorption [81]. This suggests that c-ebl 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 POOF-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 -I (sli-l the C. elegans cbl homolog) in a screen for mutants which could restore

normal development to wonns with mutations in the let-23 protein (the C. e/egans EGFR
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homolog) [85]. Mutations in let-23 result in worms with a hypo-vulva phenotype. Null

mutations in sli-I restore nonnal vulval development in these wonns. These genetic data

demonstrated that sli-I acts as a negative regulator of let-23. Funher genetic experiments

indicated that sli-I functions at or near the receptor [86]. Additional evidence of

inhibition of the EGFR function by cbl proteins came from two studies in Drosophila

[81" 88]. In this system signaling through the Drosophila EGFR is critical for

development of the R1 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-ebl could

bind to the Drosophila EGFR homolog. This funher 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-ebl. might regulate EGFR signaling.

Hlpotbesjs; cbl-b regulates EGFR signaling.

-Specific Aim 'I: To develop model systems to study the role of cbl-b function in EGFR
signaling.

-Specific Aim '2: To define the mechanism of cbl-b function on EGFR signaling.
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c6/-b inhibits epidermal growth factor receptor signaling
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The c-cbl proto-oncogene is the cellular homolog of the
v-cbl oncogene. the transforming gene of the Cas NS-I
murine retrovirus. which causes pre B cell lymphomas
and myelogenous leukemia in mice and transforms
NIH3T3 cells (Blake et aI.• 1993: Langdon et al.• 1989).
The transforming v-cbl protein is a gag-v-cbl fusion
protein containing only the N-terminal 40% of c-chl
(Blake et al.• 1993). It is believed that the transforming
chi protein acts as a dominant inhibitor of the normal
chi protein function (Miyake el al.• 1997). The c-chl
protein is phosphorylated upon activation of a variety
of receptors which signal via protein tyrosine kinases
(PTK) including the EGF. B-Ccll. CSF-I. FCj'. c-Kit,
PDGF and T·Cell receptors (reviewed in Miyake et al.•
1997; Smit and Borst. 1997). cooehl also intCTaclS with
the activated receptors and this interaction is mediated
both by association with the adaptor protein Grb2 and

·Com:spondcn«: S lipkOWlU
RcceI\'e'd II June 199M; reVl''iCd q October lINK; accepted 16 October
1998

by direct binding of a unique phosphotyrosine binding
(PTI) domain in the N-tenninus of c-chl (reviewed in
Miyake et al.~ 1997; Smit and Borst. 1(97). The c-cbl
protein has also been shown 10 associate with a variety
of SH2 and SH3 proteins involved in signal transduc
tion including CRK. Fyn. Lck. NCK. PI-3-Kinase and
She (Miyake et aI.• 1997: Smit and Borst. 1997). Thus•
c-chl appears to be an important moleeule involved in
many signal transduction pathways.

Developmental studies in C. Elegans and Drosophila
melanogusler have demonstrated that the chi family
proteins are able to act as inhibitors of epidermal
growth factor receptor (EGFR) mediated development
(Hime et al.• 1997: Meisner et al.• 1997; Yoon et al.•
1(95). Genetic experiments in C. elegans have indicated
thatlhe function of the chi protein is at the level of the
receptor and the Sem5 protein. placing the chi proteins
at an early point in the signal transduction cascade
tJongeward et al.. 1995). In addition. one oncogenic
form of c-chl. 70Z-c-chl. 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 chi-b. a homolog of the
c-chl proto-oncogene (Keane el al.• 1995). cbl-b shares
several structural similarities with c-chl. most notably
in the N-tenninal PTB domain. the C3HC4 zinc finger
and the proline rich domain (Keane et al.• 1995). We
have previously shown that cbl-b. like c-chl. binds to a
variety or signaling proteins in vitro via SH3
interactions (Keane et al.. 1995). Here we compare
the role of these two mammalian chi family members in
signaling by the EGFR.

Interaction 0/ cbl-h and c-cbl ..·ith the EGFR

Other investigators have previously shown that c-chl is
phosphorylated and recruited to the EG FR upon EGF
stimulation (Bowtell and Langdon. 1995: Fukazawa et
al.• 1996: Galistco et al.• 1995: Khwaja el al.• 1~6:

Lcvkowitz et al.. 1996: Meisner and Czech. I~5: Odai
et al.• 1995a: SolloWand Cantley. 1996: Tanaka et al.•
1995: Ueno et al.• 1997). To compare the interaction or
chl-b and c-chl with the EGFR. HA-epitope tagged chl
b or HA-cpitopc lagged c-chl was transfected along with
the EG FR into human embryonic kidney cells
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exprasinl the SV40 IaI'F T-antipn (293T). The EOFR
was also transfccled alone for comparison. The cells
were then starved and stimulated with EO F and the
resultant Iysates used to compare the interactions
between the EOFR and each cbl protein. These Iysates
were immunoblotled and probed with anti-phosphotyr
(\~mc (..un i-ply). anti-chi-b. anti-e:-cbl. anti-EGFR and
anti-HA (rlgurt: 1..1 t. L~sates from cells transfccled with
either cbl-b and the EGFR or c-,:bl and lhe EGFR each
showed prominent EOF-induced tyrosine phosphopro
teins at - ISO kD-cl and -120 kDa corresponding to the
positions of the EOFR and the cbl proteins. respectively
(Figure Ia. top panel). The unique phosphoproteins
seen in the c-cbl and cbl-b transfected cells represent
degradation products of the respective chi proteins. This
was determined by sequentially reprobini the blot with
antibodies for c-chl or cbl-b which recognilC epitopes at
the Nand C termini of the respective proteins (data not
shown). In contrast. the cells expressing the EOFR
alone showed prominent phosphorylation of the EG FR
but did not have the prominent 120 kDa corresponding
to the chi proteins (longer exposure did show a
phosphorylated 120 kDa band corresponding to the
endogenous cbl proteins). Cells overexpressing either

cbl-b or c-ebl did not have consistent sipifk:ant
dift'erences in the phosphorylalion levels of the
stimulated EGFR compared to each other or com
pared to cells overexpressing the EGFR alone (Figure
la). Interestingly. 293T cells transfected with the EGFR
alone consistently had significantly higher levels of
phosphorylation of the unstimulatt.-d receptor comrared
to ~;"!I, ~\i' •.:"ing: the EGFR and either c-chl or cbJ·b
(Figure la).

Several other observations may be made from the data
in this figure. First. the anti-HA antibody shows that the
transfeeted proteins are expressed at easily detectable
levels. Second. cbl-b migrates at a slightly higher position
than c-cbl. Finally. the lower band seen with the anti
chl-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-tenninus of the protein) nor when the protein is
immunoprccipitated (see Figure Ib).

The lower panels in Figure la also suggest that the
anti-cbl-b and anti-e:-cbl antibodies specifically identify
their respective proteins on immunoblo15. However.
longer exposure of the blots probed for c-cbl or chl-b
revealed expression of the endogenous c-cbl and chl-b
respectively in 293 cells at levels - 20 - 3O-fold less than
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Fipft I (el 293T cells were tralUiently trlInsfeaed With either the EGFR alorlt. HA tagged r"l-b and the EGFR. or with HA
talaed c-chl and the EGFR. The cells were starved for 4 h. Incubated with or without EGF (100 "I. mil for 10 nun. and cellly'Slltes
were prepared. The proteins were '!IC'plIrated by 50S PAGE on parallel ~Is. transferred and Immunoblotted With either the anti
ph05photyt'Ollne antibody (2-ptyl. the anti-EGFR antibody (2·EGFRt. the antl<'chl antibody (2<-ch/). the antl-('hl-b anubody (2
rhl-bt. or the anti-HA antibody (:I-HAl as shown to the left of the blots. The POSitionS of the EGFR. "hl-h and c-rN are shown to
Ihe right of the 2-pty blot. Molecular weight standards (in kDal are shown to the left of the 2-pty blot. The nuddle three panels
show expressaon of the transfected EGFR. c-chl and chl-b ~nn (2-EGFIl. 2«"1 and z"f"hl·b respectively,. The hauom pand 'Sh~

the expression of c-('hI and rhl-b uSIng the 2-HA antibody. (lilt SpeCIficity of rhl-b (HI:!ll and c-chl (c-IS, antisera. 293T cells were
cotransfccted Wlth "hl·b and C"f"hI. l~lC5 from these cells were tmmunoprmpnaled wuh non-Immune rahhlt 'lerum InA). II.ntl<-e'hl
antibody. or antl-chl-b (antibody shown along the top of the figurel. The lmmunoprcclpttales were: dWldcd and run on two ~I~. One
~l was Immunoblolted with :r-chl-b and the other was blotted wuh 2<-(,h/. Molecular WCtght 'itandards 1m kDal are 'ihown to the
nght of the blots



the transfected proIeins (data not shown). This raised
the possibility that the antibodies did have SOIllC c:ross
reactivity. To confirm the specificity of the two
antibodies for both immunoprecipitation and immuno
blotting.. cbl-b and c.-cbl were cotransfected into 293T
cells and Iysates were immunoprccipitaled "ith each
antibody and "'Ilh nllO-immune rabbit serum (nrs)
(Figure Ib). Equal amounts of the precipitates were
run on two par.tllcl gels and then immunobloued with
anu-,'h!-h ..InJ .tnti-c-chl antibodies. The data shown
indicate that both antisera are specific for both
immunoprcapitation and immunoblolting. These data
also indicate that there is no significant interaction

betMCll cbl-b and c.-cbl since there is no evidence of
co-immunoprccipitation of one with the Olher.

To funher compare the interactions of cb/-b and c
chi with the EGFR. we immunoprecipiaated the EGFR
from EGF stimulated 293T Iysates conaaining either
chl-b or c-ehl (Figure 2. top panels). Both chl-b and c
chi (heavy arrows) were co-precipitated with lh-: 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-ply) anti
body. phosphorylated proteins were seen that migrated
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at the sizes of EGFR and chi proteins. To aJnfirm that
cb/-b and c-cbl were phosphorylated upon EGF
stimulation. the transfec:ted cbl proteins were immuno
precipitated with the anti-HA antibody and probed
with the anti-pty antibody (Figure 2. bottom panels).
Both chi proteins are phosphorylated upon EGF
ilimuLuil)f1. :\ phosphoprotein that migrates at the
size of the EGFR is also .;een when the cbl proteins are
immunoprecipitated. Together these data demonstrate
that both chl-b and c-cbl are similarly phosphorylat~d

and recruited to the EGFR upon EGF stimulation.
c-cbl is recruited to the activated EGFR Predomi

nantly through its interaction with the adaptor protein
Grb2 (reviewed in Miyake et al.• 1997: Smit and Borst.
1997). To test whether cbl-b also interacts with Grb2.
293T cells were transfected with the EGFR.. cbl-b and
the EGFR. or c-cbl and the EGFR and then the cells
were starved or stimulated with EGF. The respective
chi proteins were immunoprecipitated with the anti-HA
antibody and the precipitates were probed for Grb2.
Grb2 co-precipitated with cbl-b and c-ebl from both
starved and EGF stimulated Iysates (Figure 3. top
panel). Only slight enhanced binding of Grb2 was seen
in the cbl-b precipitate from EGF stimulated cells and
no EGF enhanced binding was seen between Grb2 and
c-cbJ. The anti-pty blot demonstrated that the
precipitated chi proteins became heavily phosphory
lated upon EGF stimulation and that they associated
with the EGFR as demonstrated below (Figure 3.
middle panel). The chi 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

.... ~"~~-~ .
(":... ~; r· ....... ".~t ~ i .. .lot

FipR J rhl·b and N:h1 associate WIth Grb2. 293T cells were
transiently trall5fected WIth other the EGFR alone. HA taged
rM-b and the EGFR. or HA taged c-chl and the EGFR. The
cells were stant'd for .. h. Incubated WIth or without EGF
(100 ng.mlJ for 10 min and then the cells were Iy'ied. rM-b and
c-{"h' were tmmunopreapetated U!Anl the 2·HA antibody. The
precIpitated proteIns ~re run on parallel gels. transferred. and
tmmunoblotted 'WIth the anhbodin mown to the left of the blots.
The position of each protetn IS indICated to the "II'll. Each
prolem IEGFR. rhl·b or c-chl and Grbl. was equally expressed an
Iy'iatcs Idata not mOWn). Molecular ~Ight mndard\ Cin kDa)
are ..hown to the left of the blots

the precipitation of Grb2 was the result of an
interaction between the chi protein and Grb2. Using
a Gst-Grb2 fusion Protein to precipitate ill vit,o
translated deletion mutants of cbl-b we have localized
the binding of Grb2 to the proline rich C-terminus half
of the chl-b protein (data not shown). The N-terminus
of c-ehl contains a unique PTB which has bet.'1l shown
to directly bind to tyrosine phosphorylated prot~ins

(Lupher er al.. 1996. 1997). A construct of cbl-b
containing only the first 349 amino acids (including the
aJn5erved PTB) was able to bind to the activated
EGFR but was unable to intC1"act 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 adaplor
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 n:c:cplor 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 chl-b (Figure 4a) or with chl-b and the
EGFR in the presence or absence of an excess of c-cbl
(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 cbl-b than in the absence of cbl-b
(Figure 41) and similarly. less cbl-b co-precipitates with
the EGFR in the presence of excess c-cbl than in the
absence of c-cbl (Figure 4b). The excess of competing
chi protein was demonstrated by probing the Iysates
with the anti-HA antibody which detects both proteins
(Figure 4. lysate panels). These data suggest that chl-b
and c-ebl compete for binding to the EGFR.

Interestingly. when Iysates containing both chi
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 chi proteins (Figure 4a and
b. lysate panels). Immunoprecipitation of c-cbl from
the Iysates in Figure 4a or chl-b from the Iysates in
Figure 4b revealed that in the presence of excess of the
other cbl protein. phosphorylation of the precipitated
protein was decreased (data not shown). This suggests
that the cbl proteins are phosphorylated by the same
kinases and compete with one another as substrates.

Effects ofcbl-b and c-cbl on EGF induc·ed cell gro""rh of
32DIEGFR cells

In order to investigate the functional role of the
interaction of the chi proteins with the EGFR. we
transfected chl-b or c-chl into 320 cells which
overexpress the EGFR. The 320 cell line is a murine
hematopoietic cell line which is absolutely dependent
on exogenous Il-3 for sustained growth and it rapidly
undergoes apoptosis in the absence of Il-3 (Green
berger et al.• 1983: (hie el al.• 1981. 1982: Prystowsky
el al.• 1982). 320 cells do not oonnally express any
endogenous EGFR (or other members of the EGFR
family) and do not grow in EGF (Alimandi el ul..
1997). 10 contrast. 32D cells overexpn.'"Ssing the EGFR
(320;EGFR) can be grown in the presence of either
Il-3 or EGF (Pierce el ul.• 1988). These 320,EGFR
cells. used in our experiments. were maintained in



powth media supplemented with S-4 c:onditioned
medium containing IL-3 (which will be referrat to as
IL-3). 32D/EGfR cells were transfected with either

cb/-b. c-€bI. or a vector control and stable clones were
!lC1ected which wen: able to grow in medium containing
IL-3 and 0418. These clones were then analysed for
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their ability to II'0W in EOF or It-3. 32D/EGFR oclls
ovc~llpressing cbl-b showed markedly inhibited lI'0wth
in EGF compared to c-cbl transfec:tants and vector
controls (Figure 5a and b). while only slight inhibition
of growth of cb/-b dones was observed in It-3. In
contrdst. both c-cbl and vector dones grew well in
either EGF or It-3. Even at lower cona:ntrations of
It-3. which only stimulated growth to the same degree
as EGF. there was no significant difference between the
clones ex.prcs...ing chl-b and those overelpressing c-cbl
or the vector controls. Thus the inhibition is specific
for the EGFR pathway. The expression of cbl-b. c-ch/
and the EGFR in ~n:sentative dones is shown in
Figure Se. Both cbl-b and c-cbl were expressed al levels
five- to tenfold above that of the endogenous protein.
Reprobing the blots with the anti-HA antibody

demonstrated tbal cbl-b and c-cbl were expressed at
similar levels (data nol shown). There was no
significant difference between the clones in the tocal
expression (Figu~ Se. or in the cell surface expression
of tbe EQFR protein delermined by now cytometry
(data not shown).

Cells overexpressing cbl-b cultured in EGF were
shrunken. n:frdctile 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 apoplosis ill situ
(Ben-Sasson er al.. 1995). revealed that the cbl-b
overexpressing cdls cultured in tbe absence of lI'0wth
factor and those cultured in EGF were undergoing
apoptosis (Figure 6a. lOp panels). In contrast. the cb'·b
dones grew well in It-3 with little or no evidence of

• -til-a- .....• ••-J ,.
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i •
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Fipre 5 cbl-b. but not c-chl. inhibits EGF stimulated growth of
320/EGFR cdIs. (8. Slable clones of 32DiEGFR celts expl'C55ing
either cbl·b. (-chi. or a control WlCtor were plated in triplicate
wells at 10" cells and grown in the absence of growth factor
(dosed !quam'. in EGF (open arcles). or In IL-3 l-ll-'. The
number of live cells was counted after 2. .. and 6 days In culture
\ISing trypan blue to assess viabdity. The numben represent the
aw:raee ±s.d. The Ii-we a:1I number is shown on the y axis and
the time in culture is shown along the X ws. (') Composite
growth dala for slable clones. Independent ,table clones of 320
EGFR cells expressmg etther chl·b (black bars; II '" H). (-<'hi
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chi-b. I:-chl and the EGFR in rcpl'C'lCl1lallve ~table dones of 320
EGFR. Cell Iysates were 'Iq)ilraled by SOS PAGE on parallel
Fis. transferred and Immunobloued With the anllbodies \hown 10
the nlht of lhe blots
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apoptosis. Cells overexpressing c-cbl underwent apop
tosis when grown in the absence of growth factor but
IJ'CW well in either EGF or IL-) with little or no
evidence of apoptosis when grown in eithet' growth
factor (Figure 6b. bottom panels). The vector control
cells hehavcd lil(c- (he cells overexpressing c-chl (data
not shm,nl In.-,i'r to quantitate the fraction of cells
undergoing apupll'...'.... 1o."C1I~ "' ~r~ stained with propi
dium iodide and the fraction of cells in the sub-G I
peak "'as determined. A high proportion of cells in the
cbl-b dones cultured in EGF were undergoing

..................
SA £lIInIleq It 1/1

apoplosis when compared to those grown in IL-)
(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 or eilhet' growth
factor (Figure 6b). The proportion or apoptotic cells in
the cbl-b dones grown in EGF increased with time in
culture but this increase was not as rapid as ~n in
cells grown in the absence of growth factor (Table I).

Cell cycle analysis revealed that the large increase in
apoptolic cells in chl-b dones grown in EGF was the
only clear difference between cbl-b clones and the c-cbl
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flpn 6 320,EGFR cells ellpftSlling cbl·b undergo apoplOSls in
EGF. Ca) Slable clones or J2D EGFR cells npresslng cuher ("bI-b
or c-chl were plated at 10- cells, plate and grown In the ah.wnc:e of
growlh riletar Cnone), in EGF. or In Il-3. The cells were grown
ror J days and then TUNEl assa~ to demonstrate apoptOSIs
were performed. Cell cytOSplOS showmg ph~ ,pha~l and
ftuon:s:ena: (lunch photomicrographs of the same fidel for each
sample are shown at 1000 'J( magnificatIOn ,,-) Slabie' clones of
320 EGFR npn:5Sing cbl-b (,ray ban). c-('hl htnpcd ban), or a
control vector (open ban) were cultu~ u above for 5 days. The
percent. of apoptollc cells were detemuned from the number of
cells In the wb-G I populauon when analy'lCd by propdlUm
Iodide slamlng and ftow cytometry. Rcsults are ~hown for two
mdependern stable 320 EGFR clones Cltp~lnl chi-b. lWO dones
cJtpl'e<\.'ilng c-chl .nd one vector c:ontrol
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~., Activation of MAPK and JNK is not sustained in J2D
EGFR celb owrexpne5Slng chl·b. EGF stimulatIon of MAPK (.)
and JNK f" was assayed In J2DEGFR celts expressing C"hl-b
(two Independent dones). c-ehl. or a '\lector control las de!icnbc:d
in the Materials and mc1hods). The cells wen: starved and then
stimulated for the indicated times with EGF (100 nl,ml). Cells
wen: lyW. MAPK or JNK was immunopn:cipitated. and activity
was assayed by phmphorylation of myelin basic:' protem for
MAPK or phosphorylatIon of GST·Jun for JNK. The phosphor·
ylatlon of the suhltrate was as~ hy SOS PAGE and
ilutoradqrdphy. Immunoblot analy'ils of one fifth of the
preclptated proteins (either MAPK or JNK) demonstl':lted that
equal amounts of prolem were used In (he kmlUC ......."'y, fda ... not
'!hown)

clones and vector controls. There VdS no evidence of
cell cycle arrest in the chl-b clones cultured in EGF at
early (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 G 1 arrest within the first 16 h in culture.
Consistent with the lack of cell cycle arrest in the chl-b
clones cultured in EGF. thymidine incorporation by
the chl-b clones cultured in EGF for I -2 days was
similar to that of c-cbl clones and vector controls (data
not shown).

Both cbl-b and c-cbl were phosphorylated and
recruited to the EGFR in the 32D/EGFR clones
overexpl'CSSing these proteins (data not shown). In
order to investigate the effects of cbl-b and c-cbl on
EGFR signaling. we measured the EGF induced
activation of MAP kinase (MAPK) and Jun kinase
(JNK) in clones overexpressing cbl-b. c-cbl. or the
vector control (Figure 7a and b). EGF stimulation of
the 32D/EGFR cells overexpressing chl-b induced
rapid stimulation (within S 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 baseline earlier (e.g.
30 min) than the activities in the c-chl and vector
controls.

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

AKT is activated downstream of phosphatidylinosi
tol 3-kinase (PI 3-kinase) (Franke el al.• 1997) and c
chi has been shown to associate with the 8S kOa
regulatory subunit (p85) of PI J-kinase upon activation
of the EGFR (Miyake et al.• 1997: Smit and Borst.
1997). To test whether cbl·b interacts with the 85 kOa
subunit of PI 3-kinase. 293T cells were transfected with
the EGFR or chl-b and the EGFR. The chl-b protein
was immunoprecipitated with the anti-HA antibody
and the precipitatcs were probed for the p85 subunit of
PI 3-kinase (Figure 9). The p85 subunit of PI 3-kinase
co-precipitated with the heavily phosphorylated chl-b
from the EGF stimulated lysates. The lack of the p8S
subunit of PI 3-kinase in the precipitates from the cells
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FIpft • AKT activation is inlUbiled in J2D/ECiFR cells
ovcrapressinl cbl-b. ECiF stimulation o( AKT Ktivation was
assayed in J2D/ECiFR ceDs opn:ssinc cbl-b (two independent
clonest. e-cbl. or a WlCtor control. The ceUs were hanesled and
then stimulated (or the indicaled times with EGF (100 ftllmlt.
Cells -ere lysed and AKT activation was assayed by immuno
bIottinl with an antibody specific: for activaaed phosphorylarat
AKT (2-phospho-AKT). Total AKT was assessed by Probinl a
parallelld with antibody that recopizs both active and illllCbve
AKT (2-AKT)

transfccted with the EGFR alone indicates that the
precipitation of p8S was the result of an interaction
between the cbl-b protein and p8S (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 PI 3-k:inase in the 32D/EGFR
clones overexpressing cbl-b or c-cbl respectively (data
not shown).

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 motif and a zinc finger (Blake tl al.• 1991: Hime
er al.• 1997: Keane el al.• 1995; Lupher el al.• 1996.
1997; Meisner el al.• 1997; Yoon el al.• 1995). A role
for the cbl proteins in EGFR signaling was first
demonstrated in C. elegaftS by genetic studies that
show that sli-I (the cbl homolog) is a negative
regulator of the Let-23 receptor tyrosine kinase (the
EGFR homolog) in vulva development (Jongeward er
al.. 1995: Yoon el al.. 1995). These developmental
effect~ have been extended to Drosophila where the cbl
homolog has been shown to associate with the
Drosophila EGFR and overexpression of Drosophila
cbl in the eye of Drosophila embryos inhibits EGFR
dependent photoreceptor cell development (Hime el al.•
1997; Meisner el 01.• 1997). (n mammalian cells. several
studies have shown that c-cbl becomes phosphorylated
and recruited to the EGFR upon stimulation <BoWlell

F'fpn' cbl-b auociatlCS with the piS subunit of PI-3K. 293T
cells M:re transiently trans(ected with either the ECiFR alone or
HA railed cbl-b and the EGFR. The cells were srarnld (or 4 h.
incublllrat with or without EGF (100 nBi'ml) for 10 min. and then
the ceUs were lysed. dJ/-b was immunoprecipitaled WIInllhe :r-HA
antibody. The precipitated proceins were run on parallel gels.
transferred and immuooblotrat with the antibodies shown to the
Id't of the blob. The position of each procein is indicated to the
ripL Each procein (ECiFR. cbl-b and piS) was equally espflCSlCd
in lysaleS (data not shownt. MolecuJar weipt standards (in kDat
are mown to the left of the blots

and Langdon. 1995; Fukazawa el al.. 1996; Galisteo er
al.• 1995; Khwaja el al. 1996: Levkowitz et aI.• 1996:
Meisner and Czech. 1995: Odai et aI.• I995a; SoltotT
and Cantley. 1996: Tanaka et aI.• 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 IL-) and rapidly
undergo apoptosis in the absence of exogenous growth
factor (Greenberger er al.• 1983: (hie el QI.• 1981. 1982:
Pierce et aI.. 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 el QI.• 1997: Dudek el
al.• 1997: Franke et 01.• 1995. 1997: Hemmings. 1997:
Kulik el 01.• 1997). EGF stimulated cells overexpressing
chl-b had a markedly decreased activation of AKT and
the durdtion 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 cb/-b and not by c-cbl clearly
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demonstrates distinct biological roles for cbl-b and c
chi. The precise molecular II'IC'IChanism by whi<:h cbl-b
exerts its inhibitory effcct is not yet known. In both
transiendy transfec:ted <:ells (293T <:ells) and in liable
<:lones (32DjEGfR cells). "bI-b and c-cb/ a~

phosphorylated and recruited to the EGfR upon
a~ti,*ation of the ~ptor. Both cbl proteins interacted
with the Grb2 adaptor protein in the unstimulated <:ells
and we saw a slight increase in the association between
"hl-b and Grb2 upon stimulation but not between c-chl
and Grb2 (figure 3). While some investigaton have
shown modest increases in the interaction of c-ebl with
Grb2 upon EGf stimulation (fukazawa el aI.. 1996;
Khwaja el al.. 1996; Meisner and Czech. 1995). others
have found a constitutive interaction between c-cbl and
Grb2 (LevkowilZ el al.• 1996; Odai el al.• I99Sb). The
binding of the proline rich C-terminus of in ,i,ro
translated cbl-b to a Gst-Grb2 fusion protein is
consistent with an SH3 mediated interaction. We also
have found that the N-tenninus of chi-b. like the N
terminus of c-cbl (Miyake el al.• 1997; Smit and Borst.
1997). is able to associated with the EGfR (not
shown). The similarities of cbl-b and c-ebl 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 andlor mechan
ism. The binding site of the cbl proteins on the EGFR
has not yet been identified. There was no inhibition of
EGf induced phosphorylation of the EGfR (figure I)
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-ebl 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-ebl can
inhibit phosphorylalion of the EGfR (Ueno el al.•
1997) and the reason for these differing results is
unknown. Cotransfection of the "bl proteins did
decrease the phosphorylation of the unstimulated
EGfR when the EGFR was overexpressed in 293T
cells indicating that the cbl proteins may indeed inhibit
activation of the EGfR. No such high levels of
phosphorylated unstimulated EGfR were seen in the
vector control,; 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 cbl-b and c-ebl in the 293T
cells remains to be determined.

Overexpression of cbl-b inhibited activation of
downstream MAPK. JNK and AKT pathways
(figures 7 and 8). chl-b has been shown to inhibit
INK activation by Vav (Bustelo el aI.• 1997) but there
are no published data addressing the effects of cbl-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 et aI.• 1997). AKT activation was more
profoundly affected than MAPK activation and this is
consistent with thc increase in apoptosis and absence of
cell cycle arrest. AKT activation is downstream of
growth factor induced activation of PI ~k:inase

(Franke et al.. 1997). c-chl has been shown to

associate with the 85 ko. rqulatory subunit of PI 3
kinase upon activation of a variety of receptors.
including the EGFR (Miyake el al.. 1997: Smit and
Bont. 1997) and c-cbl has been demonstrated to
enhance IL-4 induced PI 3-kinase activity and
mitogenic and survival signals in Ba/fJ cells (Ueno
el a/.• 1998). We have demonstrated an EGF induced
association between cbl-b and the pBS regulatory
subunit of PI 3-kinase in transiently transfccted 293T
cells that overexpress cbl-b (figure 9). cbl-b has one
consensus binding site for the SH2 domain of PI 3
kinase (Y .JCEM) which is conserved between all of the
cbl family of proteins. However. "bl-b lacks the second
binding site found in c-cbl (Ynl EAM) which is
believed to be the site at which PI 3-kinase binds to
c-chl (Liu et al.• 1991). We were unable 10 demonstrate
any interaction of either cbl-b or c-cbl 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 pBS in the transiently transfected
293T cells (unpublished observation). Thus. the
mechanism by which cbl-b inhibits AKT activation in
the transfected 32D{EGfR cells remains to be
determined. The recruitment of cbl-b to the EGfR
upon activation and the inhibition of activation of
multiple downstream kinascs 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 cbl-b may
enhance feedback inhibition of the EGfR.

Overall. our data demonstrate that a mammalian cbl
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 cbl-b and c-cbl proteins.

Antibodies

Rabbit polyclonal anti-chl-b (HI21: Santa Cruz Biotech
nology) and anti-c-cbl (C-IS: Santa Cruz Biotechnology)
wen: used for both immunoblolling and immunoprecipita
tion. Mouse monoclonal anti·HA (12CAS; Boehringer
Mannhcim) and anti-EGFR (Ab3: Oncogene Science)
wen: used for immunoprecipitation and rabbit potyclonal
anti-HA antibody (Y-I t. Santa Cruz Biotechnology). anti·
EGFR (1005. Santa Cruz Biotechnology). anti.p8S subunit
of PI ]·...inase (06-195: Upstate Biotechnology). and anti
Grb2 (C-2): Santa Cruz Biotechnology) wen: used for
immunoblotling. Horseradish peroxidase lin"'ed anti
phosphotyrosine (4G 10: Upstate Biotechnology Inc.) was
used for immunobloning. Horseradish perollidase linked
donkey anti-rabbit Ig (Amersham) was used along with
ECl detection reagent (Super Signal: Piercc) to Vlsualizc
immunoblots. Anti-ERK antibody (SC-154. Santa Cruz
Biotcchnology) was used to immunoprccipitatc acti"'c
ERKI and ERK2 for the immunocomplex MAPK assay-

Plasmids

A nine amino acid epitopc tag from the inftuenl.a virus
hemagglutin protein (HA) (Wilson ('I al.• 19K41 was added
to the C-tcrminal of the full length human ("h/·b open
readIng frame (Keane t't al.. I99S) by PCR and the eDNA



was cloned into pCEFl. a mammalian expression vector
with the elonption factor promoter and a neomycin
selectable marker (provided by Dr Silvio GUlkind). The
construct was sequenced to verify that there were no
mutations introduced. HA-taged c·d,1 was provided by
Dr Wallace langdon (Andoniou til al.. 1996). This
construct was also doned into the pCEFl vector. The
GST-cjun 79 fU'iion construct used as a substrate in the
JNK assay was pro'llldcd by Dr Silvio Gutkind. The fusion
protein was purified from bactcnal IYiates as previously
described (COSO el al.• 1995).

1"""",,01110";"1( and im",unoprecipitalioll

Immunobloning was performed as previously desc:ribed
(Ausubel el al.• 1994) and detection by chemiluminescence
was performed using ECl (Amersham) aceording to the
instrU4:tions provided. BrieRy. for immunoprccipitation
protein from total cell lysate was incubated for 30 min
on ice with antibody. Immune complexes were recovered
by incubation with protein A/G + agarose beads (Santa
Cruz Biotechnology) at 4 'C for I h with tumbling. Immune
complexcs were washed five timcs in cold lysis buffer.
resuspended in 2x loading buffer (Promep). boiled for
S min. and then resolved by 10·/. SDS - PAGE. The gels
were transferred to nitrocellulose membranes (Schleicher
and Schuell) or to PVDF membranes (Immobilon P.
Millipore).

Cell cullure

293 cells transfc:eted with the SV40 large T antigen (293n
(provided by Mike Erdos) were maintained in culture in
DMEM supplemented with 10·/0 fetal calf serum and 1%
Penicillin-Streptomycin (Pcn-Strep) and were transfc:c:ted
with various constructs using calcium phoSJ"hate: (5
Prime- 3 Prime. Inc.) according to the protocol included
with the reagents. To measure the effccts of EGF
stimulation. 293T cells were gfown to 70·/. conRuence
and serum starved in OM EM supplemented with O.lo/G
bovine serum albumin (BSA) and 10/0 Pen-Strcp for 4 h.
One hundred nllml of recombinant human EGF (Colla
borative Biomedical Products) was added for the times
indicated. the cells were washed two timcs in ice·eold PBS
containing 0.2 mM sodium orthovanadatc and the cells
were lysed in iee-cold lysis buffer (10 mM Tris HCI. pH 7.5.
150 mM NaG. 5 mM EOTA. 1% Triton X 100. to'/G
Glycerol. 1 mM 4-(2 aminocthyl) bc:nzenesulfonyl fluoride
(AEBSF). 20 pg/ml Leupcptin. 20 pg/ml Aprotinin. 10,,8/
ml Pepstatin. 2 mM sodium orthovanadate). The Iysates
were cleared of debris by centrifugation at 160001( for
IS min at 4:C.

320/EGFR cells wen: maintained in culture in RPMI 1640
supplemented with IS% fetal calf serum. 5% WEHI 3B
conditioned medium and IOJo Pcn-Strc:p. The WEHI 3B celt
line was maintained in RPMI 1640 supplemented with 15'/0
fetal calf serum and 1% Pen·Strep. WEHI 3B conditioned
media containing Il-3 was produced by culturing the WEHI
3B celts to a high density and then harvesting the
supernatants. 32DlEGFR cells were transfc:c:ted by electro
poration as previously described (Pierce el al.• 1988) and
stable clones were: selected and maintained in growth media
supplemented with TSO "g/ml G418 (GIBCO - BRL). To
assess the growth in different conditions. cells were pellded.
resuspended in RPM I 1640 containing IS8/0 FCS. I% Pen·
Strep. but no growth factor. Cells were secdc:d in 24 well
plates at I 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 assess viability.
Each data point was done in triplicatc.

....................
SAE......".

TUNEL assays to dctc:ct (raamcnted DNA i" sit.. (Ben·
Sasson n aI.• 1995) wen: pcformed on cell qtospins using the
/" Situ Death Deec:ction Kit (Bochrinp Mannhcim).

KilttIM tI.ISiI.'l':J

MAPK was assayed as previously described (Crespo el al.•
19(4). BrieRy. cells were stimulated with EGF (l00 ng,ml)
for the mdicated time. ~ashed in ice-cold PBS containing
0.2 mM sodium onhovanadate. and the cells were lysed in
ice-cold lysis buffer (20 mM HEPES. pH 7.5. 2.5 m\t
MgCh. 10 mM EGTA. 40 mM p·gJycerophosphate. 1.08

/.

Nonidet P-40. I mM Dn. I mM AEBSF. 20 "gtml
Lcupeptin. 20 "lIml Aprotinin. 2 mM sodium onhovana
date). Geared Iysates wen: incubated at 4~C with tumbling
with anti·Erk antibody and protein A/G + aprose beads
for 1 h. The beads were washed three times with PBS
containing I-/G Nonidet P-40 and 2 mM sodium onhova
nadate. once with 100 mM Tris (pH 7.5) containing O.S M
UG. and once with kinase reaction buffer (12.S mM
MOPS. pH 7.5. 7.5 mM MgCh. 3.3 pM OTT. t2.S mM p.
glycerophosphate. 0.5 mM EGTA. 0.5 mM NaF. 0.5 mM
sodium orthovanadate). The beads were resuspended in
30 pi of kinase reaction buffer containing 10 pCi
[7-'2pjATP (3000 Ci/mmol; Amersham). 20 pM 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 IS ,,1 of 4 x lacmmli buffer.
The samples were heated to 9S"C for 5 min and analysed
by SOS - PAGE on 12% gels. The gels were: dried and the
phosphorylated MBP was assessed by autoradiography
using AR film and an intensifying screen (Kodak).

JNK was assayed as previously described (Coso el aI.•
1995; Crespo el aI.• 1994). Brict1y. a:lls were stimulated with
EGF (loo nllml) for the indicated time. washed in icc:-cold
PBS containing 0.2 mM sodium orthovanadatc and the cells
were lysed in icc-c:old lysis buffer (25 mM HEPES. pH 7.5.
~OO mM NaG. 1.5 mM MgCl:. 0.2 mM EDTA. 0.5 mM Dn.
20 mM lJ-glycc:rophOSJ"hate. 0.1 % Triton X 100. I mM
AEBSF. 20 "lIml Leupeptin. 0.1 mM sodium onhovana
date). Cleared lysalCS were incubated at 4;C with tumbling
with I pg of GST-ejun19 protein bound to glutathione
aprose beads for 3 - 4 h. The beads were washed thrc:c times
with PBS containing 1% Nonidet P-40 and I mM sodium
orthovanadate. once with 100 mM Tris (pH 7.5) containing
0.5 M LiCL and once with kinase reaction buffer (25 mM
HEPES pH 7.5. 20 mM MgCl:. 2 mM on. 20 mM p.
glycerophosphate:. 0.1 mM sodium orthovanadate). The
beads wen: resuspended in 30,,1 of kinase reaction buffer
containing I pCi (7·n p]ATP (3000 Ci/mmol; Amenham) and
SO pM cold ATP. incubated at 3O"C for 20 min. and the
reactions were terminated by the addition of IS pi of
4 x Lacmmli buffer. The samples were heated to 95·C for
5 min and analysed by SOS -PAGE on 12% gels. The gels
were dried and the phosphorylated GST-ejun79 was assessed
by autoradiography using Biomas MR film (Kodakt.

AKT activation was assessed by the specific phosphoryla
tion of AKT on serine 473 using the Phosphoplu5 AKT
(Ser473) antibody kit (New England Biolabs) according to
the method provided with the kit.
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Studi. ill C. eIitIla,.. and Dm.plalla ""'1IDfIIU'or
....t that chi protei... are inhibitors 01 epidermal
powth lactor receptor <EGFR) function. Bere we de
_ribe that overespresllion 01cbl-b, • homololue of the
e-ebl protooaCOl'eae, iIlhibiu EGFR-inducecl aPOpto
•• in MDA·MB-488 breast cancer ceU..Overesp....ion
01 ebl-b renal. iD a 8hOl1ened duratiOD of EGFR acti
vatiOD upon EGF IIdmulation. Thi. i8 c1elllOaatrated by
deereaeclamouau ofph_ph017tated EGFR..weD..
by ialdbitioa oI_ultiple downstream .paliaa path.
way.. The iabibitioa of _ .....in. by cbl-b l"etIUIulrom
iIlcreaecl ubiquitiaation and dearadatioa of the acti
vated EGFR.. The iDhibitory effects 01 cbl·b overes
p.....nOD on apoptom. and on EGFR .paliDll are re
v...-cl by blocld.ac protec.onlal depoadatioa of the
EGFIL Theee elata demonstrate that the meehani... by
which ebl-b iahibiu EGFR-iaclucecl apopto8i. i. by
activation-clependeDt deandation 01 the EGFIL They
imply that &hi. aechani_ may be a aeneral one
whereby cbl pmteia. repJate iIltraceUular _ ....alia••
01_..,..........

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 8H2 do
main and a RING finger (1-8). There are three
mammalian cbl proteins: c-ebl, cbl-b, and the recently
described cbl-3 (1, 3, 4). cbl-b is structurally most sim
ilar to c-ebl while cbl-3 appears to be more closely
related to the shorter C. ekgans and Drosophila. cbl
proteins (3. 4). The cbl proteins are tyrosine phosphor
ylated upon activation of a variety of growth factor

I To whom correspondence should be addreued at Genetics [)e..

partment, Medicine Branch. National Cancer IDstitute. Bid,. 8. Rm.
5101. National Naval Medical Center, Bethesda. MD 20889. Fax:
301-496--0047. E-mail: Stan_LipkowitJielnih.gov.

receptors and they associate with many proteins con
taining 8rc Homology 2 and 3 domains (reviewed in (9,
10». These diverse interactions modulate sipaling
through many pathways (9, 10). For example, in mast
cells overexpression of c-cbl inhibited FceRI induced
activation of 8yk kinase and downstream serotonin
release (11) and overexpression of cbl-b in Cos cells
inhibited Vav-induced Jun Kinase activation (12). fte...
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 chi 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-l (the C. ekgans 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-ebl 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-ebl 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 ofcbl-b on EGFR function in MDA
MB-468 breast cancer cells. These cells express high

1522-4724J99 $30.00
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nG. 1. cbl-b inhibits EGF induced growth inhibition in MDA
MB-468 cells. CA) Stable clones of MDA-MB-468 celli espreaing
either cbl-b (open circles) or empty vector (closed squares) were
cultured with the indicated concentration of EGF for three day. and
viability was alseleed by MTI' ..say. Data represent the averqe
viability of EGF treated cells a. a percentage of untreated cells ~

SEM for three clones each ofcbl-b and vector coowls. (8) £Spreesion
of cbl4 b and the EGFR in ceO lysate8 &om the stable clODes w..
measured by immuDoblotting. The po8itioDI or the cbl-b and EGFR
proteins are indicated by the arrows on the right.

ing the stable clones with the HA-epitope taggPd ubiq
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 fL,M) was added
two hours prior to EGF, and lysates were prepared.

To measure STAT activation, 3 x 10li cellsfwell 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 nglml) for 16 h in RPM! 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.

levels ofEGFR and undergo apoptosis upon EGF treat
ment (20-22) and thus provide a useful reagent in
which to evaluate replation ofEGFR function. Using
this well characterized £OF 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 veetor have been previously de
scribed (23). The HA-epitoPe tagged ubiquitin expres
sion plasmid was provided by Dr. Dirk 80hmann (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 immunoprecipittJtion. Immu
noblotting and immunoprecipitation were Performed
as previously described (23). Rabbit polyclonal anti
cbl-b (}I121; Santa Cruz Bioteehnology), anti-EGFR
(1005; Santa Cruz Biotechnology), anti-HA <Y-11;
Santa Cruz Biotechnology), HRP-coqjugated anti-phos
photyrosine (4G10; Upstate Biotechnology), phospho
specific anti-MAP kinase antibody (9101; New England
Biolaba), and anti-MAP kinase antibody (SC154, Santa
Cruz) were used for immunoblotting. Mouse monoclo
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
RPM! 1640 supplemented with 10% fetal calf serum
(FCS) and 1% Penicillin-8treptomycin. To assess EGF
induced apoptosis, cells were plated at 10" cells/well in
96 well mierotiter 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-y1)-2,5-diphenyltetrazolium (M'rr)
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 ofuntreated cells as a percentage.
In experiments to assess the effects of proteosomal
inhibition on apoptosis, laetacystin (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 ofcells in laeta
cystin alone as a Percentage.

To measure the biochemical effects of EGF stimula
tion, MDA-MB-468 cells were grown to 50-70% conftu4

ence, starved overnight in RPM! 1640 supplemented
with 1% FCS, EGF (100 nglml) was added and then cell
lysates were prepared as previously described (23).
Ubiquitination was measured by transiently transfect4
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FIG. I. cbl-b inhibits EOF induced apoptosis in MDA-MB--t68 ceo•. CA) TUNEL ...ay. were performed on cytospins ofcbl-b and vector
clones which had been incubated ~ EOF C100 nglmll for 48 h. Phale and fluoretlCence (TUNEL) photomiCl'OfP'8phs (l()(X)x) of the lame field
for each sample are shown. (B) TUNEL anays were quantitated by calculating the percentage ofapoptotic cells in multiple high power fields
for a cbl-b and vector clone incubated in the absence (white bam) or preeence Cblack ban) of EOF. A minimum of 500 ceDs were counted for
each condition. Representative data ofone experiment are shown. p values compare EOF treated and untreated cells for each clone using a
Student's two-tailed t test.

Overexpression ofcbl-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 MTr with a maximal inhibition
of 50-60%. In contrast, cells stably overexpressing
cbl-b were not growth inhibited by EGF (Fig. LA).
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 IB 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. IB>. 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 ofthe 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 cbl-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 ofcbl-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 ofEGF 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. S. ebl-b inhibits EGFR .npaliDg. (Al Acbl-b and vector clone were ltimulated with EGF <100 nglmU for the times indicated and cell
lyeatee were prepared. Proteins were eepanted by 50S-PAGE, transferred, aDd immuDoblotted with an anti-phoephotyroeiDe (anti-pTyr)
antibody. The poeitionl of the EGFR and cbl-b are indicated by the arrows fA) the right. The molecular weights iD kDa are ShOWD to the left
of tile figure. Identical reeulte were ObtaiDed with other donee. (Ol Lyeatel from the cbl-b aDd vector dones deecribed above were
immunoblotted with an anti-phoepho-MAPK aDbbody (anti-p-MAPKl. The tilten were stripped. and reblotted with an aati-MAPK antibody
(anti-MAPKl. Identical ..ults were obtained with other donee. eC) Vector and cbl-b cloDee were transiently tranBfected with a luciferase
reporter plasmid for STAT activation. The cells were incubated ~ EGF <100 nglmU for 16 h and the luciferase activity was measured. Each
experiment was performed in triplicate and the fold induction was calculated as the ratio ofluciferase activity in the presence of EGF divided
by ludferase activity in the abBenee ofEGF. The ..ults represent the averqe =50 for a represeDtative experiment. Identical results were
obtained with other claDes.

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 aetivation
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 cens overexpressing cbl-b
and in vector controls was measured (Fig. 38). 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 ofapoptosis by the EGFR (22, 28). STAT activation
was measured by transiently transfecting the cells
with a reporter constroct 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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EGFR did not decrease below 7Qt1, 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
EGF~ 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 ofthe activated EGFR in these ceUs, HA-epitope
tagged ubiquitin (24) was transiently transfected into
either ebl-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 immunoblot 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 overupression. Ubiquitination of proteins tar
gets them for degradation by the 268 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% ofthe initial level
by 2 h but in the presence oflactacystin the EGFR was
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FIG. 4. cbl-b enhances EGF induced degradation of the EGFR.
CA) Lyeatee prepared as deacribed in Fig. 3 were immunoblotted with
antj..EGFR antibody. The position of the EGFR il indicated by the
lIJ'I'O'Ilr tD the right. (8) The level orthe EGFR receptor, uprelled. as
a pen:entageofthe level in untreated celli (control), was determined
by densitometry for the cbl-b clone (black squares) or the vector clone
(open circles) from the blot shown in 8. Ce) Loading was alaeaaed for
the blots in 8 by stripping the bl0t.8 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 recroit
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 intemalized 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. 48). In contrast, the level of the
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FIG. I. ebl-b enbaacee ubiquitination of the EGFR. A ebI-b and vector eluDe were tnm.ieDtly trIUl8feeted with HA-epitope taaed
ubiquitin. Cenl were ineub.ted ~ EGF (100 nglmU for 10 miD aDd celllylates were prepared. The EGFR ••• immunoprecipitated from eaeb
Iywate. Both the lyw8te aad the precipitated proteins .ere aeparated by SDS-PAGE and immunoblotted with aD aDti-HA antibody (top). The
lame 6Jter"I stripped .nd reprobed with tbe aDti-EGFR antibody (bottom). The 8ITOW1I on the npt iDdieate the polition of the EGFR aDd
the arrowheadI indieate the position of the ubiquitin8ted EGFR.

maintained at -60% of the initial levels. Activation of
the EGFR in the cbl-b clone, measured by tyrosine
phosphorylation ofthe 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 ofthe 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 ofEGFR and concomitantly
there was almost total loss of activated EGFR. At later

time points, the level ofEGFR returned to the baseline
level but the receptor was unphosilhorylated 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 ofall known
mammalian cbi 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 ofenzymes known as El,
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 ofc-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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SD Cor a repreeentative uperiment. (B) A cbl-b clone wal preincubatAKl ::: lactaeyetin (5 "..M) Cor 2 h, the cella were stimulated with EGF for
the times indicated, and cell lysatel were prepared. The protein was separated on SDS-PAGE and immunoblotted with an anti-EGFR
antibody. The poeition oC the EGFR i. indicated by the arrows on the riaht. (C., Protein lysatel prepared from EGF stimulated celli ::!:
laetaeyetin as described above were immunoblotted with anti-pTyr. The PHlitioas of the EGFR and cbl-b are indicated by the arrow. on the
right. The molecular weight in kDa i••hown oa the left of the figure. (0) Protein lysatea prepared from EGF stimulated celli::!: laetacyBtia
as described above were immunoblotted with anti-p-MAPK. The filten were .tripped and reprobed with anti-MAPK.

c-ebl 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 ebi 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. Epidennal 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 Epidennal Growth Factor induced cbl-b dependent

fashion. Our results suggest that the ubiquitin protein ligase function of cbl-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.
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INTRODUCTION

The cbl proteins are a family of proteins found in metazoans from nematodes to venebrates.

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 02-15).

Together. these data indicate that the cbl proteins are imponant regulators of intracellular

signaling and consequently of cell function and development.

cbl proteins are negative regulators of Epidermal Growth Factor Receptor (EGFR) I

signaling. This was first shown by genetic studies in C. elegans which demonstrated that sH-I

(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 (2Q.31). Ubiquitination of proteins occurs via the sequential activation and

conjugation of ubiquitin to target proteins by the ubiquitin activating enzyme (E I). 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.
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EXPE~ENTALPROCEDURES

£tpression ConstruCls---The expression plasmid for HA epitope tagged cbl-b. c-cbl. and the

control vector (pCEFL) have been previously described (18). HA epitope tagged cbl-b N1/3 (aa

1-349). and C2J3 (327-938) were created by PeR amplification and cloning into the pCEFL

vector. cbl-b NI/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 NI/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 N1/2 fusion protein by site directed

mutagenesis (Quick Change Kit; Stratagene). All of the mutant cbl-b constructs were confirmed

by sequencing. The EGFR YI045F mutant expression construct in peDNA3 has been previously

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

[mmunoh/otting and Inznzunoprecipilarion--·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). ami-ERK-2

antibody (SC 154: Santa Cruz). anti·Grb-2 (C-23: Santa Cruz Biotechnology). anti-HA (Y-11:

Santa Cruz Biotechnology). HRP-conjugated anti-phosphotyrosine (4GIO: 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:

6



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 cbl-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 nglml:

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 HCI. pH 7.5. 150 mM NaCI. 5 mM EDTA. 1% Triton

X 100. 10% Glycerol. 100 mM iodoacetamide. 2 mM sodium orthovanadate. and protease

inhibitors (Complete tabs®. Boehringer Mannheim». The Iysates were cleared of debris by

centrifugation at 16.000 x g for 15 min at 4°C. [n experiments to rule out sequestration of cbl-b

upon EGF stimulation. the cells were lysed in SOS buffer (2% SDS. 20 mM Tris HCI pH 7.5. 50

mM NaCI. 5 J.lM OTI). boiled for 5 min. sonicated. and then run on SDS-polyacrylamide gels

(SOS-PAGE) without clarification of the Iysates. To assess the biochemical effects in the

presence of protease inhibitors (e.g. lactacystin or N14CI). cells were starved as above. the

protease inhibitor was added two hours prior to EGF. and Iysates were prepared as above.

293T cells were maintained in culture in OMEM 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
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effects of EGF stimulation. 293T cells were grown to 70% confluence. starved overnight in

OMEM supplemented with 0.5% FCS. and then stimulated with EGF (100 nglml) for the times

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

In Vitro Ubiqllitinat;on 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 E I (20 ng). 32p_

labeled ubiquitin (2xl04 cpm). j:, ubiquitination buffer (50 mM Tris-HCL pH 7.4. 2 mM

adenosine 5' -triphosphate. 5 mM MgCI2' and 2 mM dithiothreitol) at 300 C for 90 min. The

reaction mixture was separated by 7.5% SOS-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.
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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 funher 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. lAo lanes 1-7). In the absence of cbl-b. the EGFR

showed only minimal degradation (Fig. lAo 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

Nonhero 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 companment. cell Iysates were prepared from EGF starved and

stimulated cells by resuspending the cells in a 2% SDS lysing buffer. boiling. and then sonicating

the Iysates. The protein was run on SDS-PAGE gels without clarification of the Iysates. In

these Iysates. cbl-b protein levels still were observed to decrease upon EGF stimulation (Fig.

Ie).

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 8.29). 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. I (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. 28). When 3.0 J.1g of cbl-b plasmid was transfected along with 1.0 J.1g of the EGFR

plasmid. no EGF induced decrease in cbl-b was observed despite downregulation of the EGFR

(Fig. 2B. lanes 1 & 2). [n contrast. when 0.3 J.1g of cbl-b plasmid was transfected along with 1.0

J.1g 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. 28 <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. Iysates were prepared. and protein levels assessed by immunoblotting (Fig.
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20). EGF induced degradation of the endogenous c-cbl and cbl-b (Fig. 20. 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 confinned the stoichiometric relationship described above.

cbl-b is ubiquitinated and Degraded in a Proteasome Dependent Fashion---Oegrddation 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 cbl proteins that occurs during apoptosis (48). did not

block the EGF induced degradation of cbl-b (Fig. 3: bOllom 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

11



lactacystin and then immunoblolted 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 cbl-b (Fig. 4: lane 4). Similarly. EGF induced ubiquitination of the

EGFR (Fig. 4. lane 8). Notably. the ubiquitinated fonns 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. cbl-b becomes ubiquitinated upon EGF

activation.

Stnlclilral Requiremems 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-tenninal half of cbl-b are not required for cbl-b or EGFR

downregulation. In contrast. EGF activation of cells expressing mutants of cbl-b which have

deletions of either the RING finger or the TKB domain (N1/3 and C2I3 respectively) does not

12



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 C2I3 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 cbl-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 fonus of both proteins

(Fig. 5A 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 (N 1/2) 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. 58). 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 Downregu/atiOfl Requires Binding to the EGFR---Previous work has shown that EGFR

downregulation by cbl proteins requires binding of the cbI protein to the activated receptor

(22.23.26.27). The apparent stoichiometric relationship between cbI-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

13



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 (YI045F-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 YI045F-EGFR. cbl proteins become phosphorylated upon activation of the

EGFR and this is believed to be mediated by Src family Idnases 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.

Do",mregulal;on 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. NH4CI: 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 cbl-b were dependent upon
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the overexpression of cbl-b containing both an intact TKB domain and RING finger. When

Grb-2 and Shc were immunoprecipitated from EGF stimulated Iysates in the presence of

lactacystin. no evidence of ubiquitination or larger fonns 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 p85 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. I. 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-I receptor (28.29.51). However. c-cbl is not degraded along with the CSF-l 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
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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 08.22.23.25.27). 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 itselO 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 She 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
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inhibition of proteasome function prevents internalization and degradation of the receptor (51).

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 andlor 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
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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 chi

protein action remains to be elucidated.
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FIGURE LEGENDS

AG. 1. EGF induces downregulation orcbl-b. A. MDA-MB468 cells expressing cbl-b or a

vector control were stimulated with EGF (100 nglml) for the times indicated and cell lysates

were prepared. Lysates were immunoblotled 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 285 ribosomal band for loading. C. cbl-b cells were

starved (-) or stimulated (+) for 8 h with EGF. Iysates were prepared as described in the text. and

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

AG. 2. EGF induceddegradationofcbl-band EGFR requires the presenc:eofboth proteins. A

Clones of the MDA-MB-468 cell line expressing different amounts of cbl-b were starved (-)

or stimulated (+) with EGF (100 nglml) 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 hand

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 (O.5 J.lg)

and either cbl-b. c-cbl. or empty vector plasmids (0.3 J.lg) as indicated above the panels. Cells

were starved (-) or stimulated (+) with EGF for 6 hand Iysates 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
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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 nglml) for

6 h and Iysates were immunoblolted for endogenous cbl-b. c-cbl. EGFR. or ERK-2.

AG. 3. EGFinducedcbl-band EGFRdownregulatioo is inhibited bylactacystin. 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.

AG. 4. cbl·b is ubiquitinated upon EGF stimulation. Lysates prepared from a MDA-MB-468

vector or cbl-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 fonos of

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

AG. 5. Structural requirements for EGF induced cbl·b and EGFRdownregulation. A. Clones

of MDA-MB-468 expressing wild type cbl-b (Wt). the first one third of cbl-b (N 113). the first

half of cbl-b (N 1/2). full length cbl-b with a point mutation in the RING Finger (C373A). or the
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last two thirds of cbl-b (C2I3) were starved (-) or stimulated (+) with EGF as described in the

legend to Fig. 1 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 ijnduced 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 (N 112). the RING finger mutant of the N-terminal half of cbl-b

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

E2 (UbcH5B). recombinant wheat E I. 32P-labeled ubiquitin. and ATP at 30De for 90 min. The

reaction mixture was separated by 7.5% SDS-PAGE and visualized with a Storm

PhosphoImager 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 Iysates with anti-HA antibody and the

immunoprecipitates were immunobloued for phosphotyrosine (p-Tyr) or cbl-b (HA). The
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positions of the EGFR and cbl-b are indicated by arrows to the left of the figure.

AG. 7. cbl·b regulates degradation or the EGFR signaling complex. MDA-MB-468 cells

expressing empty vector. wild type cbl-b. the N-terminal half of cbl-b (N 1/2). or the RING

finger mutant of cbl-b (C373A) were EGF starved (-) or stimulated (+). Lysates were

immunoblotted for Grb2. She. 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 (NH4CI)

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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DjICllllIon

Attenuation of signaling by the EGFR is critical for nonnal 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 I). cbl-b is rapidly phosphorylated upon stimulation of cells with

EGF and is recruited to the activated EGFR (Paper I, 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 I, Figure 4). Like c-ebl, cbl-b

associates with other signaling molecules. cbl-b is constitutively associated with GRB2

while the p85 subunit of PI-3K is recruited to cbl...b upon EGFR activation (Paper I,

Figure 9). To assess the ability of cbl-b to regulate EGFR function, cbl-b was over

expressed in the 32DlEGFR murine hematopoietic stem cell line. The 32D cell line is

absolutely dependent on n...-3 for sustained growth and rapidly undergoes apoptosis in the

absence of fL-3 [92]. 320 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 either fL-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 fL-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 EOFR in the 32DlEGFR cell line.

Further biochemical studies revealed that overexpression of cbl-b resulted in a shortened

duration of activation of the MAPK. AKT and J~K downstream pathways (Paper I.

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 32DlEGFR cell line. overexpression of cbl-b inhibited cell growth and

resulted in an increase in the fraction of cells undergoing apoptosis. In the 32DlEGFR

cell line removal of the mitogen (i.e. 1L-3 or EGF) from the media also inhibits growth

and causes an increase in apoptosis. Thus. these results are consistent with cbl-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 32DlEGFR 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 32DlEGFR 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 decrea~ed viability at high concentrations of EGF.
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Figure 3: Hypothetical Growth Curve 01 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 increa~ing EGF concentrations after three days of
growth. (See text.)

MDA-MB-468 cells overexpressing cbl-b showed no EGF induced apoptosis

(Paper 2. Figure I A). These data confirmed that cbl-b inhibits EGFR signaling.

Furthennore. 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 32DlEGFR

cells overexpressing cbl-b because the cells were undergoing apoptosis. During

apoptosis many proteins. including the cbl proteins [941. are degraded in a caspase
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dcpendent fashion. The MDA-MB-468 cclls ovcrexpressing cbl-b are not undergoing

apoptosis. Therefore they are a better reagent for biochemical studies. Biochemical

analysis of the EGFR over a 48 hour lime course of EGF stimulation showed that the

duration of activation of the EGFR. as measured 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 cbl-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 [9S]. Ligand induced ubiquitin modification of several membrane

receptors including PDGFR [%]. 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-Ierminal glycine of

ubiquitin and a cysteine residue of the ubiquitin-activating enzyme. EI. 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 £-NH2 of an internal lysine residue of the target substrate generating an isopeptide

bond. The E3 determ ines 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). Furthennore. 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 lYrosine 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. Furthennore. 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 I). 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). Furthennore. EGFR activation results in
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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.
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EGF•

Figure 4: EGFR Downregulation by cbl Proteins. I. Inactive EGFR monomer.
2. Ligand Binding. 3. Receptor dimerization. 4. Receptor activation. tyrosine
phosphorylation. and complex fonnation. 5. Receptors entering clathrin coated pil~.

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 proteasome and

lysosome cooperate to degrade the EGFR complex. The interaction between these two

pathways is complex. For example. upon ligand binding the human Growth Honnone

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 honnone receptor degradation (103). While the

growth honnone receptor is thought to be degraded in the lysosome. inhibition of the
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proteasome prevents internalization of the receptor suggesting that ubiquitnation and

proteasomal degradation playa role in the trafficking. However. mutation of all of the Coo

renninallysines of the growth honnone receptor (which prevents ubiquitinalion) does not

interfere with its internalization or its degradation [I04J. From these complex resull~.. it is

likely that other proteins are involved in the downregulalion of activated growth factor

receptors. For example., one interpretation of these results is that a protein other than the

growth honnone receptor must be ubiquitinated and degraded for the receptor to be

internalized and degraded. Whether the complex interactions between the proteasome

and lysosome described for growth honnone 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., POOFR) [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 funher study is the specific function of each of

the three mammalian cbl proteins. The conservation of the TKO 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 coocbl. In the

32DlEGFR cell line. c-cbl. in contrast to cbl-b. did not inhibit EGF induced growth

(Paper I. Figure 5). In addition. c-ebl did not shorten the duration of activation of

downstream signaling pathways as was seen with cbl-b (Paper 1. Figures 7 and 8). These
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results are surprising since EGF induces c-ebl phosphorylation and recruitment to the

EGFR in a variety of transient transfection experiments [108. 1(9). Funhennore. c-ebl

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 result 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 32DlEGFR 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-ebl. 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 [III]. 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 chi 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 nonnal thymocyte development Also these mice have

increased activation of the CD28 costimulatory pathway in mitogen activated malure T

cells, increased proliferation in mitogen activated T.-cells, and develop autoimmunity

[liS]. 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 transfonnation is

suggested by the oncogenic fonn 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.
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Appendix I

Abbreviations:

EGF
EGFR
EGFRvIII
GAP
GM-CSF
GRB2
1L-3
JNK
MAPK
PDGF
PLCy
PRL
SDS-PAGE
SH2
SH3
SOS
STAT
TGF-a.
TKO

Epidermal Growth Factor
Epidermal Growth Factor Receptor
Epidermal Growth Factor Variant Three
GTPase Activating Protein
Granulocyte Macrophage-Colony-Stimulating Factor
Growth factor Receptor Binding protein 2
Interleukin-3
c-Jun N-Tenninal Kinase
Mitogen Activated Protein Kinase
Platelet Derived Growth Factor
Phospholipase-C gamma
Prolactin
Sodium-Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis
Src Homology 2 domain
Src Homolgy 3 domain
Son Of Sevenless protein
Signal Transducer and Activator of Transcription
Tumor Growth Factor - alpha
Tyrosine Kinase Binding domain
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SUlnmarJ

Receptor desensitization is accomplished byacceler
ated endocytosis and degradation of ligand-receptor
complexes. An in vitro reconstituted system indicates
that CbI adaptor proteins directly control downregu
lalion of the receptor for the epidermal growth factor
(EGFR) by recruiting ubiquitin-activating and -coriugat
ing enzymes. We infera sequential process initiated by
autophosphorylation ofEGFR ata previously identirted
lysosome-targeting motif that subsequently recruits
Cbl. This is followed by tyrosine phosphorylation of
c-CbI at a site flanking its RING finger. which en.bIes
receptor ubiqLMination ... defJ"adation. Whereas al
three members of the CbI family can enhance t.Dqui
tination, two OIlCOgeIlic CbI variants. whose RING fin
gers .. defective and phosphorylation sites are miss
ing, are W1IbIe to desensitize EGFR. 0... study identifIeS
CbI proteins as compoIBU of tnt ubiquitin ligation ma
cI*Iery ... impIes that they similarly supp"8SS many
OCher signalng pathways.

'To whom cOITesponc:lence should be addressed (e-mail: Uyarde'"
WK:C.weiZmann.ac.iQ.

Introduction

cellular activation by a large varietyofextracellular stirn·
uli is generally followed by transient refractoriness to
the same stimulus. One of the bener characterized
mechanisms of homologous desensitization involves a
rapid decrease in the number of the respective cell
surface receptors through accelerated endocytosis
(Schmid. 1991). This process is termed "downregula
lion. H and it is shared by receptors for growth factors.
Iymphokines. antigens. and immunoglobulins. The bio
chemical mechanism underlying receptor downregula
lion 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 at. 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 R1 photoreceptor in Drosophila. two pro·
cesses that are critically controlled by the EGFR system.
are negatively regulated by an adaptor protein called
Sli·l/CbI (Voon et at. 1995; Meisner et at, 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 at, 1989).
Early and prominent tyrosine phosphorylation of the
ubiquitously expressed 120kDa 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. POGF, fibroblasts growth factor. colony
stimulating factor. nerve growth factor, prolactin. insulin,
and the stem cell factor), cytokines (e.g., interleukin
PLJ-2, IL·3. fL-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·Cbl
protein in mammalian cells: not only the EGFR (Levko
witz et at. 1998) and the receptor for POGF (Miyake et
at. 1998) are downregulated upon c·Cbl overexpres
sion, but the function of several immune receptor·cou
pled tyrosine kinases (e.g.• Syk [Ota and Samelson,
1997D is also suppressed by c-CbI. 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-CbI'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
tyrosine-phosphorylated receptors (Meng et al.. 1999).
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The C-terrninal half carries a long proline-rich domain
and several tyrosine phosphorytation sites that mediate
constitutive and inducible interactions with kinases
(e.g.. Src) and guanine nucleotide exchange factors
(e.g.• Vav. C3G. and 50S). A centraDy located C1HC.
type RING finger (Rf) domain separates the two adaptor
domains of c-CbI. A clue to its role may be provided by
the fact that the two other family members. CbI-b and
CbI-3 (Keane et aI.• 1995. 1999). carry an intact RF.
However. this domain is interrupted in the two onco
genic forms of c-CbI. namely v-Cbl and 70l-CbI. an
oncoprotein found in a pre-B lymphoma cell line (Andon·
iou et at, 1994). Consistent with the importance of the
RF. mutagenesis of its first cysteine abrogated the sup
pressive activity (Waterman et at. 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 CbI overexpression elevates ubiqui
tination of the receptors for EGF (levkowitz et at. 1998),
POGF (Miyake et at. 1998), and CSF-1 (lee et at, 1999).
The present study addressed the molecular mechanism
underlying CbI-induced ubiquitination and degradation
of RTKs. Assuming a direct role of c-CbI. 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 majorpartners. Cbland 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 .. Isolated EGFR and lis Degradation
In Yltro Are Directly Regulated by Cbl
c-Cbl can accelerate degradation of EGFR in living cells
by increasing receptor ubiquitination (levkowitz et at,
1998; Waterman etal.. 1999). This function is not limited
to c-Cbl: the two recently described homologs of c-Cbl.
namely Cbl-b (Keane et at. 1995) and CbI-3 (Keane et
al.• 1999). are also active. Overexpression of Cbl-b or
Cbl-3 in Chinese hamster ovary (CHO) cells led to an
accelerated removal from the cell surface ofa cooverex
pressed EGFR (Figure 1Aand 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 Cbl-3 (Cbl-3S), whose SH2 domain is defective. did
not affect ubiquitination of EGFR. On the other hand,
the two known oncogenic variants of CbI, v-Cbl and
70l-Cbl (langdon et at, 1989), inhibit rather than stimu
late the rate of receptor downregulation (Figure 1 and
data not shownl. Taken together. the results presented
in Figwe 1indicate that all three mammalian CbI proteins
are involved in desensitization of EGFR.

...
TtIIECminl

B
TAANSFEcnON : Cont. c·Cbl Cbl-b Cbl3l Cbl3S

I.~A::AC~~J~.+,~f
- .. _ .., .i , _, ;; .

8", AM.EGlA1----.....r
IP AD: Anel EGFA

Figure 1. Downregulation and Ubiquitination of EGFR in Living Cells

(A) CHO cells were cotransfected With an EGfR expression vector.
along With plasmids encoding the indicated Cbl proteins or an empty
vector (Cont). Thereafter. cultures were IncUbated at 3rC with EGF
(100 nglml) for the indicated periods of time. Thereafter. cell·bourId
ligand was removed. and the level of surface receptors was deter
mined in triplicates by binding of a radiolabeled EGF at "QC.
(8) CHO cells were cotransfected with an EGfR expression vector
and a plasmid encoding a hemagglutinin (HAHagged ublqultin.
along with the indicated c-Cbl. Cbl-b. and Cbl-3 plasmlds. 80th a
'Short form of Cbl·3 (Cbl-3S) and a long form (Cbl·3LI were tested.
Monolayers were incubated for 15 msn at 31~C With or WIthout EGF
(at 100 ngimO. and cell Iysates subjected to ImmunoprcclpltatlOn
(lP) and immunoblottjng (18) With the indicated antibodies. Closed
and open arrowheads. respectively. mark the locations of the un
modified and the ubiqultinated 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 (Moo et at. 1991), and our initial utilization
of a similar system has attributed an essential role to
c-Cbl (Waterman et at, 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-CbI) enabled receptor ubiquitination (Figure 2A).
Another 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 regutatory subunit of
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Figure 2. In VItIO Reconstitution of EGFR Ubtquitinabon and Degradation

(A) (left) EGfR immunoc:omplexes were prelabeled WIth up and subjected to an ., vitro ubiquitinatJOn reaction. II"l the presence of rabbit
reticulocyte lysate and the indicated GST fusion proteins. as detailed in the Expenmental Procedures. (Right) An 11\ V1tro ubiqultinatJOn reaction
was similarly performed except that an unlabeled EGFR was used and the reaction was performed in the presence or a radiolabeled ublqultIn
ral.Ubl. Reactions were carried out in the absence or presence ot a l00·fold excess ot an unlabeled ublqul(in (Ex. UbI.
(B) In V1tro ublqultination was performed WIth a radiolabeled ubiqultin In the presence of one ot the follOWIng GST fuSion proteins: the SH2
domains or PI3K. PlCy·l. and She or full·length Grb·2 and c·Cbl proteins. For control. we used a GST protein alone or omitted ATP. as
indicated. The bottom panel shows a stained gel WIth the respectiVe tUSlon protein preparations.
(C) In Vitro UbiqUltlf18tion was performed as In (B). except that a purified El enzyme and the indicated chromatographic fractions of retICulocyte
Iysates replaced the crude whole lysate. Gel·resolved proteins were transferred to filters. which were first autoradiographed (upper panel.
'lSi.Ubl and then immunoblolted with anti·EGfR antibodies.
(0) Reactions were performed as in (C) except that recombinant El (from insect cells) and the indicated E2 proteins (from bactenal were
used.
(E) Punfled EGFR was labeled with '~I.ubiquitin. washed. and incubated at 3TC for the Indicated time Inlervals In the absence or presence
of a purified 265 proteasome preparation. AlP, or MG132. as indicated.

phosphoinositide 3-kinase (PI3K), phospholipase Coy-1
(PLCoy), and Grb-2. confirmed saturability and specificity
to Cbf (Figures 2A and 2B).

Although these results 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 followed by transfer of the
activated molecule to one of several types of E2 en
zymes. These relay ubiquitin either directly or indirectly
through an E3 utHquitin ligase, to the target protein (for
revieW, see Hershko and Ciechanover, 1998). Chromato
graphic fractionation of whole retiCUlocyte Iysates can
separate the major E2 activity (fraction I) from several
E3-like activities (fraction Ua) (Abu Hatoum et at, 1998).
When tested for ubtquitination of EGFR in the presence
of a pUrified E1, the combination of the two fractions
was inactive, but c-Cbl could reconstitute the activity
in the presenceof E1and fraction I (Figure 2C). Evidently,

none of the fraction Ua-enriched E3s could replace
c-Cbl. Out of five recombinant E2s that we tested, only
two enzymes, UBC-H5B and UBC-HSC, were active:
UBC·H5A. UBC·H7. and UBC·3/COC·34 were inactive.
as was fraction lIa. which may contain some E2 activity
(Figure 20 and data not shown). These results imply that
c·Cbl mediates transfer of ubiquitin from a specific E2
to EGFR. Once tagged by ubiquitin. EGFR is destined
to intracellular degradation that can be partially inhibited
by the proteasomal inhitHtor MG132 (Levkowitz et at.
1998). We reconstituted this activity by incubating an in
vitro ubiquitinated EGFR with a purified 265 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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A Figwe 3. Structural ReqUirements of Ihe Cbl
Induced Ubiqultin Conjugation ActiVity

(A) In vitro ubiquitination reactions were per
formed MU1 recombinant E1 and E2 (UBC
H5B). To test the effect of alkytation. c-Cbl
was treated for 10 min at 22·C with NEM and
then MU1 OTT (each at 10 mM) or lhts se
quence was reversed.
(8) The domain st.n.IClIIes and In ViUO activi
ties of Cbl proteins are shown. and residue
numbers are indicated. Boles cOfTespond to
the 5H2 domain. a RING rmger domain (RF).
and a proline-1iCh domain. Three previously
identified tyrosine phosphorylation Sites are
Indicated by Y letters. and a mutant I" whICh
all ttwee sites were mutated to phenylalanine
(Cbl-3YF) is depicted. An mernal deletiOn of
, 7 amino acids (.117 aal in 70Z-Cbl IS also
marked. The abilities of Cbl proteinS to bind
EGFR In vitro and Induce Its ubiqultinalion
are summartled In a table.

B EGFR EGFA
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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 3B). On the other hand. an amino
terminal portion of CbI-b (Cbl-b(N)) retained EGFR bind
ing. and it reconstituted ubiquitination in vitro, indicating
that the proline-rich domain and the carboXyl terminus
are dispensable for ubiquitin ligation. lack of direct
involvement of the three C-terminal tyrosine phosphory
lation sites (V700. Y731, and Y774 IFeshchenko et at.
1998D 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 CbI-b {denoted CbI-b(C». as well as an N-terminal

truncated form of c-Cbl (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-CbI
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-CbO in a ubiquitination reaction that uses re
combinant El and E2 proteins (Figure JA). This observa
tion is consistent with the notion that the redox potential
of many other RING fingers is essential for their activity
(Saurin et a!.. 1996). Indeed. alkylation of c-Cbl with
N-ethylmaleimide (HEM) completely abolished its activ
ity, but pretreatment with dithiothreitol (Om 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 bjnding,
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Figure 4. Phosphofylabon at Tyrosine leMS
of EGFR Is Necessary for c·Cbl Binding and
for Receptor UbiqIMtinabon In Vitro

(AI EGfR immunoprecipltates were washed
and pretreated for 20 min at 2rC WIth the
Indicaled concentrations 01 AG1478. There·
after, an in vitro ubiquitination assay was per.
formed m the presence or absence of are·
combinant GST-CbI fusion protein. The
bottom panel presents the results of an III

vitro ki'lase assay performed with the cor·
responding samples If'I the presence of
'Y.UP.labeled ATP.
(8) Wild type (Wll. kinase-defective (Kin - I.
and the V1045F mutant of EGfR were tran·
sJently overexpressed in HEK·293 cells. Re·
ceptor lmmunopreclpltates were subjected
to an in Vitro ublqultinatlon assay WIth a radiO·
labeled ublqultJn In the presence or absence
of GST-Cbl. as Indicated. The lower panel
shows Westem blotting of aliquots of the reo
spectlve whole-cell Iysates.
(CI HEK·293T cells weretransfected WIth vec·
tors directing expression of Wild-type EGfR
together WIth plasmids encoding HA-tagged
c·Cbl or Y-Cbl. Cells were treated for 10 min
at 3rC withoUt or WIth EGF (at 100 nglml) 48
hr later. Thereafter. whole-cell Iysates were
prepared and subjected to Immunopreclplta·
bOn OP) With an anu-HA anbbody. Where Indi
cated. Immunopreclpltationwas performed In

the presence of a SynthetIC phosphopeptlde
(100 j.LM) correspond'"9 to amino aCids 1037-1056 of EGFR. Immunopreclpltates were analyZed by Immunoblotbng (IBl with anll-EGfR
antibodies.
COl Whole Iysates derived from HEK·293Tcells transientlyexpresSing EGFR and v·Cbl were mUled with lI'1Creaslng concentrationsor the mdicated
phosphopeptide prior to immunoprecipitation of y-Cbl by USing anli-HA antibodies. Immunocomplexes were resolved 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 signals obtained with the control phosphopeptide. and closed Circles represent the results Obtained
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-CbI 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 associationof the receptor with c-Cbl. indirect
interactions that involve adaptor proteins such as Grb-2
may also link the two proteins (levkowitz et at. 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 at,
1996). Relatively low concentrations of the antagonist
inhibited autophosphorytation 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 at. 1998), we concentrated on the remaining
two tyrosine residues (tyrosines 1045 and 1101). The
respective mutants were expressed in HEK-293 cells,
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·
lion (Figure 4B. 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 at. 1999D. To directly test the docking ability
of tyrosine 1045 and the s......ounding amino acid se
quence. we synthesized the corresponding tyrosine
phosphorylated peptide. The effect of the peptide on
the association between EGFR and two C~ 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 c-CbI, are excluded.
Figure 4C depicts the results of the association experi
ment. Evidently. the peptide only slightly affected bind
ing of c-Cbl to EGFR. but it almostcompletely abolished
the interaction with the shorter viral form of CbI. The
specificity of the inhibitory effect was then tested by
comparing increasingconcentrations ofthe EGFR phos
phopeptide with an unrelated phospholyrosine peptide
of similar length (Figwe 40). Whereas the specifIC phos
phopeptide displacedEGFRfrom v-CbI. the control pep
tide was ineffective. In conclusion. c-CbI interacts with
EGFR in an inducible mamer primarily through an auto
phosphorylated tyrosine 1045 of the receptor.

The c-CbI's Doclmg Site of EGFR Mediates
ligand.lnduced Ubiquitination and
Downregulation of the Receptor
Because tyrosine 1045 has not been previously identi
fied as oneof the five major sitesofEGFR 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 (V1045F)
forms of EGFR (Figure SA). 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 SA). Despite its relatively weak interaction with c-Cbl,
the mutant Y1045F receptor retained the ability to in·
crease tyrosine phosphorylation of c-Cbl (Figure 5B).
This observation is reminiscent of the ability of a mutant
EGFR lacking the whole C-terminal tail to enhance Cbl
phosphorylation (levkowitz et at. 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 She (Figure SA).

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 (V1045F) displayed an attenuated
downregulation (Figure 5C). Nevertheless. residual li
gand-induced downregulation of Y104SF was observed
upon Cbl overexpression. indicating the existence of
secondary mechanisms ofCbI recruitment to 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 50). Taken together, the results
presented in Figure 5 indicate that tyrosine 1045of EGFR
acts as a major c-Cbl docking site. which mediates re
ceptor degradation by enhancing ubiquitination.

Tyrosine Phosphorytation of c·CbI at a Site Flanking
the RING Finger Is Essential for an E3-like
Ubiquitin ligase Activity
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 allowed 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-CbI prior to adding the inhibitor was SuffICient for
ubiquitination. probably because trans-phosphorylation
enabled CbI activation. The use of two mutants of CbI
provided an initial mapping of the putative Cbl's phos
phorytation site: a mutant whose three major C-terminal
autophosphorylation sites were defected [Cbl-3(V)F]
and a truncated form of Cbl-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 Cbl-b and then mixed them under condi
tions that completely block further phosphorylation. 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 68). Incomplete recov
ery is lik~ydue to the low eKlCiency ofCbl phosphoryta
tion in vitro (Figure 6B, right paneQ.

To map the site of CbI, 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-CbI to increase EGFR ubiquitination and degradation
in living cells (Figures 6C and 60). However. a mutant at
site 371 completely lost the ability to enhance receptor
ubiquitination and degradation in living cells (Figure 60).
Tyrosine 371 flanks the RF ofall Cbl proteins. bUt it is not
present in 70l-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-CbI. 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-Cbl. In conclusion, 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 activity of the recruited adaptor
is activated by phosphorylation at a site flanking the RF.

Discussion

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

CAl Monolayers of CHO cells were transiently transfected WIth vectors encoding an HA.tagged c-Cbl or a control empty vector. Cotransfectlon
with plasmids encoding EGFR. either a wild.type receptor or a tyrosine 1D45 mutant (V104SF). was performed as Indicated. FOlloWIng 48 hr
of incubation. monolayers were incubated for 10 min at 37"C with or WIthoUt EGF (100 nglml). WhoJe·celllysates were SUbjeCted to Immunopre
cipitation With a mAb to EGFR. Subsequent to gel electrophoresis and electrouansfer. filters were immunobloUed OBI with the Indicated
antibodies to either phosphotyrosine (p-TYR). She. or Cbl. Alternatively. aliquots of the corresponding whole·cen Iysates were directly resolved
by electrophoresis and then analyZed by using an antibody to She.
(8) Cell monolayers were treated as in (A) and the HA-tagged c-Cbl moleculeS immunopreclpltated by uSIng anti·HA antibodieS. Immunocom·
plexes were resolved by gel electrophoresis and immunoblotbng OBI WIth the indicated antibodies to phosphotyrOSlne (p-TYRI 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·Cbl-expression vector or a control empty plasmid. Duplicate monolayers were assayed for
downregulation of EGFR 48 hr posttransfection.
(0) CHO cells were transiently transfected as in (A) except that a plasmid drIVing the expression of HA·tagged ubfqullin was InCluded. FOlloWIng
48 hr. cell monolayers were treated for 10 min at 3TC WIthout or with EGF (100 nglml). Receptor degradation and ublqullInatJon assays were
performed as described in the legend to Figure 1B. The lower panel presents immunoblotting of whole-cell eatracts With an antibody to c·Cbl.
An open arrowhead indicates the location of the ubiqultinated form of EGFR. and a closed arrowhead marks the major unmodified form.

an explanation to the second common featwe of Cbl
signaling: tyrosine phosphorylation of Cbl is absol~y
necessary for its ubiquitin ligase activity toward a sub
strate tyrosine kinase (Figure 6). Conceivably. the inter
actions between EGFR and c-Cbl may be summarized
in a sequential model (Figure 7). Steps 1 and 2 involve
two distinct tyrosine phosphorylation events. Initially.
an autophosphorylation reaction creates docking sites
for several signaling proteins. including a Cbl binding
site at tyrosine 1045 of EGFR. Second. EGFR trans
phosphorylates CbI at a linker domain, which activates
an associated ubiquitin ligase activity. Interestingly, only
the N-terminal half of c-Cbl (see Figure 38) is necessary
for recruitment of an active E2 and for the ensuing sub
strate ubiquitination (step 3). This conclusion is con
sistent with the shorter structures of the two known
invertebrate forms of Cbl, as well as with the structure
of Cbl-3 (Keane et at, 1999). Below, we discuss two
major ulYesolved aspects of the proposed model. First.

we refer to analogous phosphorylation-dependent ubi·
quitin ligation systems and deal with the mechanism
enabling c-Cbl to mediate substrate ubiquitination. Sec
ond. we address the possibility that the various steps
of EGFR-Cbl interactions take place along tt1e journey
of EGFR to the lysosome.

Ubiquitin liga~ Activity of Cbl Proteins
To ac....eve target specifICity. the ubiquitin-proteasome
system selects its substrates in a highly regulated man
ner (Hershko and Ciechanover, 1998). Of the three-step
ubiquitin transfer cascade, the E3-mediated ligation
step is the most variable and specific. To safeguard
selectivity. multiprotein E3 complexes, whose associa
tion often involves phosphorylation events. are assem
bled at the substrate. The potential role of Cbl proteins
in such E3 complexes that target activated tyrosine ki
nases to degradation may be illuminated by the analogy
to one of the best characterized modular E3 complexes
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Figure 6. Tyrosine Phosphorylation or Cbl Proteins 15 Essential for EGFR Ubiqultination In VitrO and in LNlng Cells

(A) An in VitrO ubiquitJnation reaction or EGfR was performed With the indicated GST-Cbl proteins. An immunopunrl8d ECfR was first
preineubated for 20 min at ""C with ATP under conditions that allow receptor autophosphorylation. and then we added either AG1478 (SO
v-M. or solvent dimethyisulfoxide [OMSOJ for control) or a CST-Cbl protein. The order of adding the kinase Inhibitor and the Cbl proteins IS

indicated at the bottom.
(8. CST-eb/.b(N) was immobilized on gluthatione-agarose and subjected to phosphoryfation (marked by P letters. by preincubatIOn With a
membrane preparation rrom A-"31 cells. LikeWl58. EGFR was used either in itS phosphorylated (PI or nonphoSphoryfated (NP) form and mLlted
with aliquots of Cbl.b(N). AG1478 (SO ....MJ was added as indicated prlCll' to an in vitro ubiquitination reaction. In the lane labeled by (P•• ECFR
was not subjected to prephosphOrylation. but kinase actiVIty was not inhibited (lane 5). To verify in vitro phosphorylation. Cbl-b(N) was Similarly
treated in the presence or radioactive ATP (right panel). Dye staining or the corresponding lanes IS also shown.
(CI CHO cells were cotransfected with an EGFR expression vector and a plasmid encoding a hemagglUtlnin (HAHagged ubiqurtJn. along With
plasmIds encooing the indicated Cbl proteins. As control. we used an empty expression vector (Cont). Each monolayer was split Into two
separate plates 24 tw after transfection. and 24 tw later identical sister plates were incubated for 15 mll'1 at 37'C WIthout or WIth ECF (100 ngI
mI). Cell Iysates were subjected to immunopreclpitalion (IP) With an antl·ECFR antibody. followed by immunoblottmg (18) WIth an antibody
directed to HA.
(0) A ublquitination assay of ECFR in liv1f1Q cells was performed as descnbed In (C). except for the use of plasmids encoding c-Cbl proteins
mutated at tyrosines 368 or 371. The lower panel shows the results of immunoblotting with an anti-EGFR antibody
(EI An in vitro ubiquitinalion assay of ECFR was performed in the presence of the Indicated mutant Cbl proteins.

of the SCF (Skp1-Cdc53/Cul1-F box) type (Maniatis,
1999). Both IKB, an inhibitory SUbunit of the NF-KB tran
scription factor, and the transcriptional coactivator
~-catenin are recognized by a receptor called ~-TRCP
(Varon et at, 1998). This receptor binds the substrates
through its W040 domain, which recognizes vicinal
phosphoserine residues. Another domain, the F bolt.
binds a second component of the SCF. Skp1. Which
recruits a third subunit. Cdc53/CUl1 (reviewed in Ma
niatis. 1999). 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, Rblt1/Apcl1/Hrt1, which encompasses
an RF (Seal et al., 1999, and references therein). Uke
~-TRCP and other receptor subunits of E3 complexes,

CbI proteins physically associate with their ubiquitination
substrates in a phosphorylation-dependent manner.
Therefore. we raise the possibility that Cbl is functionally
equivalent to a combination of ~-TRCP and Rbx1. 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 at. 1999).

While it is presently unknown whether or not CbI re
cruits E3 ancillary proteins in a phosphorylation-depen
dentmanner, it seems likely that the RF mediates recruit
ment of the E2 enzyme. This assumption is based upon
the occunence 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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Fi9Ie 7. Proposed 5ec:pH"tIJaI Process lead
ing to EGFR Degradation

Binding of EGF (E) to the extracellular pan
of EGFR stimulates the tyrosine kinase (TK)
domain and resulls In elevated phosphoryla
tion of several C-termll'18lly located tyrosines.
including tyrosIne-101S (step 1). The latter
serves as a docking site for the 5H2 domain
of c-Cbl. Once a stable EGFR Cbl complex IS
formed (step 2). the adaptor proleln under
goes phosphorylation at a regIon linlung the
5H2 and the RING finger (Rf) domams. ThIS
phosphorylation event allows. through an un
known mechanism. recruItment of a ubtqw
ttn-lc:1ded E2 molecule (slep 3). Then. E2 re
lays Its thloleSler-botJnd ublqultln to EGfR.
thereby enabling recrudmenlof the 265 pro
teasome. and proteolysts of the cytoplasmIc
portion of EGFR (step 4). Apparently. the four
steps occur whIle the receptor translocates
from the plasma membrane. Via an endoso
mal compartment. to a prelysosomal struc
ture. where the luminal ectodomaln IS ex
posed to lysosomal hydrolases.

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 Cbl at tyrosine 371 is deleted in the
oncogenic 70l-CbI form. and the viral cblgene encodes
only an SH2 domain without an RF. On the other hand.
the site of EGFR that mediates CbI binding is frequently
deleted in erbB oncogenes ofavian 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 Cbl (Andoniau
et al.. 1994) or EGFR (Lee et al.. 1993: Traverse et al.•
1994) are characterized by enhanced signaling.

Relationships between Endocytosis and CbI·'nduced
Ubiquitination of Activated Receptors
Ubiquitin conjugation to substrate proteins almost in
variably targets them to degradation by the prateasome
(Hershko and Ciechanover. 1998). Accordingly. protea
some inhibitors block intracellular 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 (Moo

et al.. 1995}. An alternative role for receptor ubiquitina
lion originallyemerged from studies of the yeast a factor
receptor (Hicke and Riezman. 1996). Ubiquitination of
this receptor plays a causative role in its endocytosis.
The situation in mammalian cells is less clear: preventing
internalization of the growth hormone receptor abol
ished its ubiquitination (Gavers et at. 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 cell 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 celt 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 internalized receptor molecules to the
lysosome. By using other EGFR mutants (Levkowitz et
at. 1998) and an RF-defective form of c-Cbl (Waterman
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et at, 1999), we have previously localiZed the sorting
effect of c-CbI to the transition from earty to late endo
somes. This conclusion is in agreement with several
other observations. rll'St. progressive deletions from the
carboxyl terminus of EGFR identified residues 1022
1123, a segment that includes tyrosine 1045. as a lyso
somal targeting motif (Komilova et at. 1996). When
deleted, the truncation mutantexhibited 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 (Figwe 4B), slowly in
ternalizes but recycles back to the cell slM'face upon
reaching the early endosome (Felder et at. 1990). It is
interesting to note that the Cbl-docking site we identified
is found in two EmB proteins (ErbB-1 and ErbB-2) that
undergo ubiquitination and lysosomal degradation (Gal
cheva Gargova et at, 1995; Mimnaugh et at, 1996). How
ever. it is absent in ErbB-3, a receptor that undergoes no
ubiquitination and is constitutively recycled from earty
endosomes to the plasma membrane (Waterman et at,
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 lhen1 to assembte the
ubiquitination machinery atan activated tyrostne kinase,
while sparing the nonstimulated form of growth factor
receptors. Previous works have demonstrated that ser
ine phosphorylation of the substrate (e.g., IKB and
~-catenin [Aberle et al.• 1997D or the E3 complex itself
(e.g., the cyclosome (lahav-Baratz et at, 1995D can
strictly regulate ubiquitin ligation and subsequent deg
radation. Cbl-mediated degradation of EGFR presents
a unique example in which tyrosine phosphorylation 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
Cbl-containing E3 complex and the role it plays in tar
geting endocytosed EGFRs to specifIC vesicular com
partments.

Experimental Procedt.wes

Materials and Antibodies
Radioactive materials were purchased from Arnersham (Bucking
hamshire, United Kingdom). ladagen was from Pierce. MG123 was
from CalblOChem. AG1478 was a gift from A.levitzki (Hebrew Uni
versity. Jerusalem. Israel). An antibody to the She protein was pur
chased from Transduction laboratories. Anti·hemagglulinln (HA)
monoclonal antibody 12CA5 and yeast hexokinase were purchased
from Baehringer.Mannheim (Mannheim, Germany). MLIl"1I"I8 mono·
clonal antibody (mAb) SG565 to EGf receptor was generated In

mice that were Immunized with a recombinant extracellular portion
of human EGFR. For immunoblot anatysjs of EGFR, we used a poly
clonal antiserum from Santa Cruz Biotechnology (Santa Cruz. CA).
Synthetic:: phosphotyrosine peptides Wtth the following sequences
were Pfepared by using standard Pfocedures: KEDSFlQRpYSSDP
TGAlTED (EGFR) and IDlFSDpYANFKAKKK (protein tyrosine phos
phatase epsiton. a gift from A. Elson).

eDNA Constructs and Upression of Recombinant
fusion Proteins
Mammalian eXPfeSslon plasmids for EGFR, c·Cbl. 70l·CbI. Cbl-b.
and CbI-3 (long and short forms) were previously described (lev·
kowilz et al.. 1998; Eltenberg et at. 1999; Keane et at, 1999). The

Y1045F mutanI of EGFR was preJWed by m.Jtagentzing a singkt
Sb'lInd template. BacterIal GST-CbI and a GST.7QZ.cbl.xpressaon
vector were generated by rep&acemenl of CbI's flf'Sl ATG codon
w1th a BstpEl1 sit. and insertion of a BSlpEII-SaIL fragment into the
compatible Xmal and Xhol sites of pGEX.4T2 (Pharmacia•. Other
lisT-CbI proteins were made in bacteria by consuue:ting similar
pGEX vectors. The RF m.4ant of CbI (C381A) was described (Water
man et aI., 1999). GST-Cbl fuston protHlS were aWnly purified
as we previously descnbed (levkowitZ et .... 1996). Cloning and
expression of UBC·H5B and UBC·H5C were described elsewhere
(Jensen el al., 1995•. Recombi"lant E1 was produced in Baculovirus·
Infected Sf-I cells, pwifled on an ubiqWlin-agarose column. and
eluted wtth adenosine monophosphate.

Receptor DownreguIalion and Ubiquitination Assays
Receptor downregulation assays were performed as descnbed (lev·
kowilz et al.• 1998). The ubiqulbnated form oJ ECFR was detected
Ir'l immunaprecipitates prepared from cells that were cotransfected
WIth a plasmid encoding an HA-tagged ublqullin (a gift from Dirk
Bohmann. EMBL Heidelberg. Germany, and an ECFR expression
vector. The receptor was immunoprectpllated from whole-cellly·
sates, and its ubiqulllnation levels were determined by Immunablol
ting wlU1 anti·HA antibodies.

In Vitro Assays of CbI Binding. Receptor Ubiquilination.
and Phosphorytation
EGFR was immunoprecipitated from cleared Iysates of A-Ol cells
by using an agarose-immobiliZed mAb SGS65 as descnbed (Water
man el al.• 1999). Following purifICation, agarose beads were exten·
sively washed and resuspended in buffer containing 40 mM Tns
HCI (pH 7.5). 5 mM MgClz• 2 mM OTT. 2 mM ATP-"y-S, and 31l-9'ml
lnt·labeled ubiquitin (or 0.4 mglml unlabeled ubiquitJn). To deplete
endogenous ATP. hexokinase (1 mglml) and 2-deoxyglucose (20
mM) were also included. Crude rabbit reticulocyte lysate (5 ""I. from
Promega) or the preViously descnbed (Abu Hatoum et at. 1998)
fraclion I (250 ""g). fraction IIA (50 ""g), punfl8d E1 (2 ""g). orrecombl
nant E1 (1 fL9) and E2 (7 .,J of crude bacterial eltract) were added
as indicated. ReactIOn mixtures were supplemented WIth a GST-Cbl
protein (5 I£g) and incubated for 1 hr at 30"C. The beads were then
extenswely washed and EGFR eluted WIth gel sample bul'fer. In VItro
phoSphorylation of an immunoprecipitated ECFR was performed by
using a 20 min long incubation on ice with buffer contalnlllg 20 mM
HEPES-HCI (pH 7.5), 150mM NaCI. 0.1 % Triton X-1OO. 10%glycerol.
10 mM MnCllt and 5 ""Ci "y-~.ATP. Immunopreclpltates were then
washed and resolved by gel electrophoresis. To test binding of Cbl
proteins to EGFR, we prepared whole Iysates from EGF-stJmulated
A·431 cells and incubated them for 1 hr at 4·C wlU1lmmobilized
CST-ebl proteins. Thereafter. the associated ECFR was detected
by gel electrophore~and immunoblotlJng.

In Vitro Degr_diItion Assay of EGFR
Cell·free degradation was performed followmg EGFR conJUgallOf1
with a radiolabeled ubiqwtin In a reaction mixture containing a puri
fied 26S proteasome preparation (1 I£g) (Ben-Shahar et al., 1999) in
buffer containing 40 mM Tris-HCI (pH 7.5),5 mM MgCll • 2 mM OTT.
4 mM AlP. 2 mglml ovalbumin. 20 I£9Iml ubiqultin·aldehyde and
a broad·specifk:ily Pfotease inhibitor cocktad (Calbiochem). AlP
depletion and inhibition of proteasomal activity were respectively
attained by preincubation of the proteasome preparation for 10 min
at 3rC with either hexokinase (1 mglml) and 2·deolyglucose (20
mM) or with MC132 (12.5 I£M).
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and H. Kahana and O. Erez for advice. Inls work was supported by
The National Cancer Institute (grants CA72981 to V. Y. and CA78499
to A. V. T.) and The Ovarian Cancer Research Fund. Inc.

Received september 2. Ul99: revised september 28. 1999.



Cbl-Mediated ~adationor EGf Receptor
1039

Aberle. M....... A.. Slappen. J~ IOspett. A.. and Kemler. R. (1997).
I!·c:atenin is a target for the ubiqUitin-proteasome paU1Way. EMBO
J. 16, 3191-3804.

Abu Hatoum. 0 .. Gross-MesiJaty. S.. Breitschopt. K•• Halfman. A..
GOIW1. H.• Clechanover. A.. .-ld Bengal. E. (1998). Degradation or
myogenM:: lranSCriptlon factor MyoD by the ubiquWn pethway in viVo
and in vltro: regulation by specifIC DNA binding. Mol. Cel. Bo. 1.
5670-5677.

Andoniou. C.E.• Then. C.B.• .-ld langdcn. W.Y. (1994•. TumOlM'in
duction by activllled abl inVolveS tyrosine phosphorylation or the
product or the cbI oncogene. EMBO J. 13. 451~523.
Ben-Shahar. S.• Komlosh. A.. Nadav. E.• SNked. I.. liv. T.• Adman.
A.• DeMartino. G.N•• and Reiss. Y. (1999•• 26 S proteasame-medi
ated production of an authentic major histocompatibility class
I-resUicted epitope from an intact protein susbslrate. J. BioI. Chem.
214. 21963-21972.

Ettenberg. SA.• Keane. M.M.• Nau,. M.M.• Frankel. M.• Wang. L-M.•
Pierce. J.H.• and UpkowiU. S. (1999). cbl-b inhibits eptdermal growth
factor receptor slgNIling. Oncogene 11.1855-1866.

Felder. S.. MjUer. K.. Moehren. G.• UIInch. A.• SChlesSInger. J .• and
HopUls. C.R. (1990). Kinase activity controls the sorting of the epi
dermal growth factor receptor Within the multivesicular body. Cell
6f. 623-634.

feshchenko. E.A~ Langdon. W.Y.• and Tsygankov. A.Y. (1998). fyn.
Yes. and Syk phosphorytation sites in c-Cbl map to the same tyro
sine residues that become phosphorytated in activated T cells. J.
BioI. Chem. 213.8323-8331.

french. A.R.• SUdlow. G.P.• Wiley. H.5.• and lauffenburger. DA
(199.). Postendocytic traffICking of epidermal growth factor
receptor complexes is mediated through saturable and specifIC en
dosomal interactions. J. BioI. Chem. Z69. 15749-15755.

Galcheva Gargova. l .. Theroux. SJ.• and Davis. RJ. (1995). The
epmermal growth factor receptor is covalently linked to ubiquitin.
Oncogene 11. 2649-2655.

Gazit. A.. Chen J.• App. H.• McMahon. G.• Hirth. P.• Chen. I.. and
levitzki. A. (1996). Tyrphostins IV-highly potent inhibitors of EGF
receptor kinase. Struet.......activity relationship study of 4-anllido
quinazolines. Bioorg. Meet Chern. 4. 1203-1207.

Govers. R.• van Kertmof. P.• SChWartZ. A.l.. and Strous. G.J. (1997).
linkage of the ubiquitin-conjugatlng system and the endOCytic path
way in ligand-induced internalization of the growth hormone recep
tor. EMBO J. 16, 4851-4858.

Hershko. A.• and Ciechanover. A. (1998). The ubiqUltin system. Annu.
Rev. Biochem. 67. 425-479.

Hicke. L. and Rielman. H. (1996). Ubiqultination of a yeast plasma
membrane receptor signalS itS ligand-stimulated endocytosis. Cell
84.271-287.

Jensen. J.P.• Bates. P.W.• Yang. M .• Vierstra. R.D.• and Weissman.
A.M. (1 995). IdentifICationof a family of closely related human ubiqul
tin conjugating enzymes. J. BioI. Chem. Z10. 3«M08-30414.

Kamura. T.• Koepp. D.M.• Conrad. M.N.• Skowyra. D.• Moreland.
RJ.• lliopouIoS. 0 .• Lane. W.5.• Kaelin. W.G.• Jr.• Elledge. S.J.• Cona
way. R.C.• et at (19991. Rbx1. a component of the VHl tumor sup
pressor complex and SCF ubiquitin ligase. SCience 284. 657-661.

Keane. M.M.• Rivero leleano. a.M.• Mitchell. JA.• Robbins. K.C.•
and lipkowilL S. (1995). Cloning and characteriZation of cbl-b: a
SH3 binding protein With homology to the c·cbl proto-oncogene.
Oncogene fO. 2367-2377.

Keane. M.M.• Ellenberg. S.A.• Nau. M.M.• Banerjee. P.• Cuello. M .•
Penninger. J.• and UpkowitZ., 5. (1999). cbl-3: a new mammalian cbl
family protein. Oncogene f8. 3365-3375.

Komllova. E.. Sorkina. T.• Beguinot. L. and SorIdn. A. (1996). Lyso
somal targeting of epidermal growth factor receptors Via a Iunase
dependent pathway is mediated by the receptor carboxy.terminal
residues 1022-1123. J. Bioi. Chem. zn. 30340-30346.

Lahav-Baratt. 5 .• Suc:lakin. V.• Ruderman J.V.• and Hershko. A.
(1995). Reversible phosphorylation controls the activity of cyclo
some-associated cyclin-ubiqultin ligase. Proc. NaU. Acad. SCI. USA
9Z. 9303-9307.

UIngdon. W.Y.• Hartley. J.W.• KIinUn. S.P.• RusceUi. S.K.• and
Morse. H.C•• 3rd (1989t. v-cbl. an oncogene from a dual-recombinant
nuine retrovirus that induces e8f1y B-lineage lymphomas. Proc.
NatI. Acad. Sci. USA 86. 1168-1172.

lee. E.B.. Beug. H.• and Hayman. MJ. (1993). Mutational analJSls
of the role or the carboxy-terminal regIOn of the v-erbB proleln in
eryUYoid cell transformation. Oncogene 8. 1317-1327.

lee. P.S•• Wq. Y•• DomingueZ. M.G.• Yeu"Ig. Y.G.• Murphy. M.A.•
BoMeli. 0.0.. and Stanley. E.R. (l999t. The cbl protooncoprOletn
stimulates CSF-, receptor muftiubiqwtination and endocytOSIS. and
attenuates macroph8ge proliferation. EMBO J. 18.3616-3628.

levkowitZ. G.. Klapper. L.N.• Tl.... E.• Freywald. A.• Sela. M.• and
YMIen. Y. (1996). Coupting of the c-Cbl protooncogene product to
ErbB-l/EGf-receptor but not to other ElbB proteins. Oncogene 7Z.
1117-1125.

levkowitz. G.• Waterman. H.• lamir. l.. Kam. Z.• Oved. S.• langdon.
W.Y.• BeguinoL l .. Geiger. B.• and Varden. Y. (1998). c-CbUSII-l
regulates endocytic sorting and ubiqulbnation of the epidermal
growth factor receptor. Genes Dev. 72. 3663-3674.

Maniatis. T. (1999). A ubiqUltln ligase complex essential for the NF·
teB. WntIWtngless. and Hedgehog signaling pathways. Genes Dev.
13. 505-510.

Martinez·Noef. G.• Niedenthal. R.• Tamura. T.• and HarOOrs. K. (1999).
A family of structurally related RING finger proteinS interacts specifi
cally with the ubiquitin-conjugallng enzyme UbcM4. FEBS lell. 454.
257-261.

Meisner. H.• Daga. A.. Buxton. J.• Fernandez. B.• Chawla. A.• Ban
erjee. U.• and Clech. M.P. (1997). Interactions of Drosophila Cbl
with epidermal growth factor receptors and role of Cbl in R7 photore
ceptor cell development. Mol. Cell. Bioi. 77.2217-2225.

Meng. W.. Sawasdikosol. 5 .• Burakoff. SJ.. and Eclt. M.J. (1999).
Structure of the ammo-terminal domain of Cbl complexed to ItS
binding site on ZAP-70 kinase. Nature 398. 84-90.

Mimnaugh. E.G.• Chavany. C.• and Neckers. l. (1996). Polyublqui
tination and proteasomal degradation of the plS5c-erbB-2 receptor
protein-tyroSine Iunase induced by geldanamycin. J. BioI. Chem.
Z71, 22796-22801.

Miyake. S.. Lupher. M.L. Jr.• Druker. B.• and Band. H. (1998). The
tyrosine kinase regulator Cbl enhances the ubiquitination and degra
dation of the platelet-derived growth factor receptor I" Proc. Nat!.
Acad. Sci. USA 95. 7927-7932.

Marl. 5.• Tanaka. K.• Omura. 5 .• and saito. Y. (1995). Degrada
tion process of ligand-stimulated platelet-derived growth factor
p-receptor involves ubiquitin-proteasome proteolytic pathway. J.
Biol. Chem. 270. 29<4.,-29452.

Mari. 5.• Tanaka. K.. Kanaki. H.• Nakao. M .• Anan. T.• Yokote. K.•
Tamura. K.• and Saito. Y. (1997). IdentifICatiOnof anubiqultIn-ligatlon
system for the epidermal-growth-factor receptor-herblmycin A lfl

duces In vitro ubiqUltination In rabbit·reticulocyte lysate. Eur. J.
Biochem. Z.f1. 1190-1 196.

Ola. Y.• and Samelson. LE. (1997). The product of the proto·onco·
gene c·cbl: a negative regulator of the Syk tyrosine kinase. SCience
276. 418-420.

Saunn. AJ.• Borden. K.LB.• Boddy. M.N.• and Freemont P.5. (1996).
Does this have a 'amiliar RING? Trends Biochem. SCI. 21. 208-2'4.

SChmid. S.l. "997). Clattwin-coated veSIcle formation and protein
sorting: an integrated process. AMu. Rev. Cell BioI. 66. 511-548.

Seal. J.H.• Feldman. R.M.• Zachanae. W.• Shevchenko. A.. Correll.
C.C.• Lyaptna. 5.• Chi. Y.• Galova. M.. Claypool. J .• Sandmeyer. 5 ..
et at (1999). Cdc53/cunin and the essential Hrt1 RING·H2 subUnit
of SCF derlne a ubiqultin ligase module that activates the E2 enzyme
Cdc34. Genes Dev. 73. 1614-1626.

SorIdn. A.• and Waters. C.M. (1993). EndocytOSIs of growth factor
receptors. BioEssays f5. 375-382.

Thien. C.B.F.• and langdon. W. (1998). c·Cbl: a regufator of T cell
receptor.mediated Signaling. Immunol. Cell8iQ1. 76.473-"82.

Traverse. S.• 5eedorf. K.• Paterson. H.. Marshall. C.J.• Cohen. P..
and uUnch, A. (1994). EGF triggers ne....onal dinerentiation of PC12
cens that overelpt8ss the EGF receptor. Curro BiOI •• 694-701.

Tyers. M.• and Willems. M.R. (1999t. One Ring to rule a superfamily
of ubiquitin ligases. Science Z8•• 601-605.



Molecular Cd
1040

Waterman. H.. Sabanai.l.. Geiger. B.• and V...... V. (1998). AIterna·
tNe intracellulM' routing or ErbB receptors INIJ determine signdng
potency. J. BioI. Chem. 273. 13119-13821.

Waterman. H.• levtcowltt. G.• Alroy. I.. and V-den. V. (1999). The
RING fmger or c·CbI medilltes desenstitatlorl or the epidermal
growth fador receplOr. J. BioI. Chem. 174. 22151-22154.

V_on. A.• HaUubai. A.. DIMs. M.• lAvon. I.. AmI. 5.• Manning. A.M.•
Andersen. J.S.• Mw1n. M.• Mercurio. F.• and Ben-Neriah. v. (1-).
IdentifICation of the recepIGf component of the 1..8a.....oqUitin ligase.
Natwe 396. 590-594.

Voon, C.H.• lee. J .. Jongew8ld. G.D.. and Sternberg. P.W. (1995).
Similarity of g.l. a regulator of vulval development in C. eIegans.
to the mammalian proto-oncogene c·CbI. Science 269.1102-1105.




