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c-Cbl ubiquitinates the EGF receptor at the plasma
membrane and remains receptor associated
throughout the endocytic route

Annemieke A. de Melker 1, Gerda van der Horst 1, Jero Calafat 2, Hans Jansen 2 and Jannie Borst 1*
1Division of Cellular Biochemistry, The Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands

2Division of Cell Biology, The Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands

*Author for correspondence (e-mail: jborst@nki.nl)

Accepted 13 March 2001
Journal of Cell Science 114, 2167-2178 (2001) © The Company of Biologists Ltd

SUMMARY

Cbl family members have an evolutionarily conserved role microscopy and immunogold electron microscopy, we
in attenuating receptor tyrosine kinase function. Their could demonstrate that c-Cbl associates with the EGF
negative regulatory capacity depends on a Ring finger receptor at the plasma membrane prior to receptor
domain that interacts with ubiquitin conjugating enzymes. recruitment into clathrin-coated pits and remains
Cbl molecules constitute a novel type of E3 or ubiquitin associated throughout the clathrin-mediated endocytic
ligase family that is recruited to phosphotyrosine motifs. pathway. c¢c-Cbl and the EGF receptor also colocalize in
Ubiquitination of the receptor system is coupled to its internal vesicles of multivesicular endosomes. Our data are
downregulation, but it is unclear at which point in the consistent with a role for c-Cbl in clathrin-mediated
endocytic pathway Cbl molecules come into play. Using low endocytosis of tyrosine kinase receptors, as well as their
temperature and a dynamin mutant, we find that c-Cbl intracellular sorting.

associates with and ubiquitinates the activated epidermal

growth factor (EGF) receptor at the plasma membrane Key words: EGF receptor, Endocytosis, Cbl, Downregulation,

in the absence of endocytosis. With the aid of confocal Ubiquitin

INTRODUCTION The cellular homologue of the murine retroviral protein v-
Cbl, c-Cbl (Langdon et al., 1989), is a negative regulator of a
Ligand binding to a diverse group of membrane receptorsyide variety of protein tyrosine kinase-coupled membrane
including receptor tyrosine kinases (RTKSs), cytokine receptoreeceptors. Three mammali@bl genes have been identified
and heterotrimeric guanine nucleotide binding protein-coupleBlake et al., 1991; Keane et al., 1995; Keane et al., 1999;
receptors, enhances endocytosis of the ligand-recept&im et al.,, 1999) and Cbl homologues have been found in
complex. Endocytosis promotes removal of receptors from th€aenorhabditis eleganféYoon et al., 1995) an@®rosophila
cell surface in order to (1) relocate activated receptors tMeisner et al., 1997; Robertson et al.,, 2000). The first
specific intracellular sites from which signalling is propagatedvidence that Cbl molecules negatively regulate RTKs came
and (2) attenuate signal transduction (Ceresa and Schmitom studies irC. elegansin which loss of function of the Cbl
2000; Sorkin, 1998). Mechanisms of receptor downregulatiohomologue Sli-1 compensated for defective Let-23 (EGFR)
have been best studied for RTKs, and especially the epidernggnalling (Jongeward et al., 199%)rosophila Cbl (D-Cbl)
growth factor receptor (EGFR). In the absence of ligand, was found to suppress the development of the R7 photoreceptor
large fraction (40-60%) of EGFRs is found in caveolaeneuron, which is guided by RTK signalling (Meisner et al.,
which are membrane microdomains that have a specializel®97). c-Cbl deficient mice show several morphological
composition of lipids and proteins (Carpenter, 2000). Increaseaberrations that indicate loss of cell growth control, such as
endocytosis of EGFRs results from relocation of the ligandhyperplasia of lymphoid and mammary tissues and abundant
receptor complex to clathrin-coated pits, the starting points aéxtramedullary haematopoiesis in the spleen (Murphy et al.,
clathrin-mediated internalization. From there, receptors ar&998). In addition, c-Cbl~ thymocytes express higher T cell
sorted to the lysosomal degradation pathway (Carpenteantigen receptor levels and show enhanced ZAP-70 activity
2000; Sorkin, 1998). In the absence of ligand, EGFRs areompared to wild-type cells, suggesting a defect in negative
constitutively endocytosed and recycled back to the celtontrol of receptor signalling (Thien et al., 1999). In Cit-b
surface, but not specifically recruited to clathrin-coated pitsmice, the signalling threshold for antigen-specific T cell
Defective downregulation of growth stimulatory receptorsactivation is lowered and reached in the absence of CD28
might result in malignant transformation of cells, emphasizingignals (Bachmaier et al., 2000; Chiang et al., 2000). An
the importance of the molecules regulating this process (Rixplanation for the negative regulatory function of Cbl
Fiore and Gill, 1999). molecules was provided by the observation that c-Cbl
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stimulates downregulation of receptor numbers at the plasmmaonoclonal antibodies (mAb) 528 (Gill et al., 1984) (American Type
membrane (Lee et al., 1999; Levkowitz et al., 1998; Miyake eEulture Collection) and 108.1 (Bellot et al., 1990), both directed
al., 1998). aga_linst the EGFR; rabbit_ ant_i-clathrin-heavy-chain polyclonal
The N-terminal half of the Cbl proteins is conserved durin VESGLYJUSHA) (S-A(gorzvserz,_ Unl\éersny_ of l\:l]ass?crr\]u;etths, Worches_ter,
evolution and contains a phosphotyrosine-binding region an’ ; m irected against the clathrin heavy chain
a Ring finger domain. Thg phopsphgtyrosine—bind%g r%gion i ransduction Laboratories, Lexington, KY, USA); mAb 41 directed

. ! gainst dynamin (Transduction Laboratories) and mAb 12CA5
composed of a four-helix domain, an EF hand and an SH \gainst the hemagglutinin (HA)-tag (Wilson et al., 1984). For

like domain (Meng et al., 1999), and is recruited tOgnnanced chemiluminescence, horseradish-peroxidase-conjugated
phosphotyrosine motifs in RTKs and the ZAP-70/Syk-familyrappit anti-mouse or swine anti-rabbit immunoglobulins (DAKO,
of cytoplasmic tyrosine kinases (Smit and Borst, 1997)Glostrup, Denmark) were used. For immunofluorescence, FITC-
Recently, it has been found that the Ring finger of c-Chtonjugated goat anti-mouse or goat anti-rabbit IgG (Rockland,
interacts with ubiquitin-conjugating proteins, or E2s, and thaGilbertsville, PA, USA) and Texas-Red-conjugated goat anti-mouse
c-Cbl is in fact a novel type of E3, or ubiquitin ligase, that(RockIand,.Gilbertsville, PA, USA) or goat anti-rabbit IgG (Molecular

is recruited to and ubiquitinates tyrosine-kinase-coupledrobes, Leiden, The Netherlands) were used.

membrane receptor systems (Joazeiro et al., 1999; LerOWtfnstructs
t

et al., 1999; Yokouchi et al., 1999). Overexpression of c-Cbf, | DMT2-HA-cChl vector was generated by ligation of the HA-

strongly enhances ubiquitination and degradation of the EGF ggede-chlcDNA from pGEMAZ-cChl (provided by W. Y. Langdon,

platelet-derived growth factor receptor and colony stimulatingniversity of western Australia, Nedlands, Australia) into pMT2SM
factor 1 receptor (CSF-1R) (Lee et al., 1999; Levkowitz et alysing its Sal site. The pMT123 vector containing HAbiquitin

1998; Miyake et al., 1998). c-Cbl mutants lacking a functionatDNA has been described by Treier et al. (1994). The insert was
Ring finger domain cannot mediate receptor ubiquitination andolated usingEcaRl/Notl and ligated into pMT2SM. The pMT2-
downregulation. Such mutants include the oncogenic variantiynamin-1 (wild type and K44A mutant) constructs have been
v-Cbl as well as 70Z-Cbl, which was originally isolated fromdescribed elsewhere (Kranenburg et al., 1999). The pMT2-EGFR
the 70Z/3 mouse pre-B-lymphoma cell line and contains a 1vector was a gift of W. Moolenaar (The Netherlands Cancer Institute,
amino acid deletion that disrupts the Ring finger motifmsterdam, The Netherlands).

(Andoniou et al., 1994). Transfections

Itis not clear at which point in the endocytic pathway C'Cb'cos cells (¥10° per 10 cm dish) were transfected by the DEAE-
comes into play, nor how it promotes the removal of receptorgexiran method, using routinely 215 DNA per plasmid. CHO cells
from the cell surface. It has been proposed that it interfergsx1cs per 3.5 cm well) were transfected using lipofectamine PLUS
with recycling by stimulating receptor sorting to the Reagent (Gibco). The following quantities of DNA were used for each
lysosomes. In that study, c-Cbl was found to associate with thmnstruct: 3ug of pMT2-HA-cCbl, 2ug of pMT2-EGFR, 1ug of
EGFR upon its arrival in endosomes (Levkowitz et al., 1998)pMT2-HA-ubiquitin and 4pg of the dynamin cDNAs. The DNA
Other investigators suggest that c-Cbl stimulates endocytogigxture was added to the cells in a total volume of 1 ml of DMEM.
per se. Upon CSF-1 stimulation of macrophages, c-Cbl walfter 4-6 hours, the DNA containing solution was removed and 3 ml
targeted to the plasma membrane (Wang et al., 1996) al%edlum were added. CHO cglls stably expressing the human EGFR
studies on macrophages of c-Cbinice indicated that c-Cbl Wer€ generated by transfectingiy pMT2-EGFR with 1ug of

S . pcDNA3 to allow selection on medium containing 2.5 mglr@i418.
promotes rapid internalization of the CSF-1R (Lee et aI'Cells strongly expressing the EGFR were selected after 3 weeks by

1999). ) . . sorting with a MoFlo high speed sorter (Cytomation, Fort Collins, CO,
We have analysed the spatiotemporal interaction between gsa) using anti-EGFR mAb 108.1.

Cbl and the EGFR after ligand binding. We show that c-Cbl is o _ _

recruited to and ubiquitinates the activated EGFR while it i$mmunoprecipitation and immunoblotting

still present at the cell surface. Using confocal and electrofiells were used for immunoprecipitation 48 hours after transfection.
microscopy, we find c-Chl together with the EGFR at theCOS cells were serqm.starved overnight and stimulated with 25 ng
plasma membrane, as well as in clathrin-coated vesicles andH * EGF (Becton Dickinson Labware, Bedford, MA, USA) on ice
multivesicular bodies. Our data indicate that c-Chl might hO" at 37°C for several periods of time. After stimulation, cells were

; : ; : i mmediately put on ice, washed quickly with cold PBS and incubated
involved in the recruitment of the EGFR into clathrin-coate or 30 minutes at 0°C with lysis buffer (1% NP-40, 30 mM Tris-HCl

pits, as well as in sorting of the receptor to the lysosomes. pH 7.5, 150 mM NaCl, 4 mM EDTA pH 8.0, 10 mM NaF, 1 mM

sodium orthovanadate, 1@ mi~1 phenylmethylsulfonyl fluoride, 0.1
UM leupeptin and 0.uM aprotinin). Cell lysates were clarified by

MATERIALS AND METHODS centrifugation for 10 minutes at 14,000 rpm. The appropriate
o antibodies were added to the lysates and incubated for 2 hours or
Cell culture and antibodies overnight at 4°C. Immune complexes were incubated with protein A-

COS-7 and Chinese hamster ovary (CHO) cells were grown iSepharose beads for an additional 2 hours. Precipitated proteins were
Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL) subjected to SDS-PAGE and blotted to nitrocellulose. Filters were
supplemented with 10% foetal calf serum (FCS), penicillin andlocked for 30 minutes at room temperature or at 4°C overnight in
streptomycin. Antibodies used were: affinity purified rabbit TBST (20 mM Tris-HCI pH 8.0, 150 mM NaCl and 0.05% Tween-
polyclonal 1IgG detecting a C-terminal epitope in c-Cbl (C-15, Sant®0) containing 1% bovine serum albumin (BSA) or non-fat dry milk.
Cruz Biotechnology, Santa Cruz, CA, USA); rabbit polyclonal seruntilters were incubated with primary antibodies for 2 hours at room
282.7 directed against the EGFR (L. H. Defize, Hubrecht Laboratorgemperature or overnight at 4°C, washed three times in TBST and
Utrecht, The Netherlands); rabbit polyclonal anti-peptide serum RKincubated with secondary antibodies (1:7500 dilution of horseradish-
2 recognizing the EGFR C-terminal region (Kris et al., 1985) (Jperoxidase-conjugated rabbit anti-mouse Ig or swine anti-rabbit 1g)
Schlessinger, NYU Medical Center, New York, NY, USA); the mousefor 45 minutes at room temperature. After washing the filters in
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TBST, proteins were visualized using enhanced chemiluminescena®ntrol, primary antibody was replaced by irrelevant rabbit antiserum.

(Amersham Pharmacia Biotech). After immunolabelling, the cryosections were embedded in a mixture
of methylcellulose and uranyl acetate and examined with a Philips CM
Immunofluorescence 10 electron microscope (Eindhoven, The Netherlands).

One day after transfection, cells were detached with trypsin/EDTA

and plated on coverslips placed in six-well plates. Cells were allowed

to attach for 24 hours and then serum starved for 3 hours (CHO) ®ESULTS
overnight (COS) in DMEM containing 20 mM HEPES and 0.1%

BSA. Cells were stimulated with 25 ng ThEGF at 37°C or on ice ¢-Cbl associates with and ubiquitinates the EGFR in
for the appropriate periods of time. When stimulation was performeghe apsence of endocytosis

on ice, cells were incubated for 30 minutes on ice prior to the additio . N
of EGF. For cytosol depletion, stimulated cells were treated for 151t€raction between c-Cbl and the EGFR was studied in COS

minutes on ice with 0.05% saponin in permeabilization buffer (80 mv@Nd CHO cells, in which EGFR trafficking from the plasma

PIPES pH 6.8, 0.1 mM EGTA and 0.5 mM MgCrior to fixation. ~membrane into and through the endocytic route is well

Cells were fixed on ice for 2 minutes with methanol kept2f°C.  characterized. In these cells, the EGFR is internalized via
Methanol was removed and coverslips were allowed to dry at roordlathrin-coated pits. To examine whether c-Cbl participates in
temperature. All further incubations were performed at roomthis process, its localization relative to clathrin was examined
temperature. Cells were rehydrated in PBS for 5 minutes angy confocal microscopy. COS cells expressing endogenous
nonspecific binding sites were blocked for 30 minutes using 1% BSAGFR were transiently transfected with human c-Cbl. Because
in PBS containing 1 mM Mg@land 1 mM CaGl Incubations were  arexnressed c-Cbl is predominantly located in the cytoplasm,

performed with antibodies diluted in blocking buffer for 45 minutes, o . . . .
after which coverslips were washed and incubated for 30 minutes wi QS cells were permeab!llzed W".[h saponin prior to fixation.
his allows free cytosolic proteins to diffuse out of the

the appropriate FITC- or Texas-Red-conjugated secondary antibodi . . . ;
diluted in blocking buffer. Coverslips were washed and mounted ii¥€!lS, While membrane-associated proteins are retained. In
Vectashield (Vector Laboratories, Burlingham, CA, USA) and viewed/nstimulated cells, anti-clathrin antibodies showed a punctate
under a Leica TCS NT confocal laser-scanning microscope (Leicétaining at the cell surface and the trans-Golgi network. No
Microsystems, Heidelberg, Germany). Confocal images were takegolocalization with the EGFR or ¢-Chl could be detected (Fig.
from a basal plane of the cells, just above the basal membrane, unldss,C). Five minutes after EGF stimulation, both the EGFR and
indicated otherwise. c-Cbl localized at clathrin-coated structures (Fig. 1B,D). These
observations indicate that c-Cbl might participate in clathrin-

Immunoelectron microscopy mediated endocytosis of the EGFR and comes into play prior

COS cells plated in 10 cm petri dishes were transfected oadthi

cDNA as described above. Cells were serum starved overnight aﬁ% ¥eS|cIte t;jlncr?a?ngh. h point in th docvii Chl
stimulated with 25 ng mt EGF at 37°C or on ice. Cells were fixed 0 establish at which point in the endocytic process c-

for 24 hours in 4% paraformaldehyde in 0.1 M PHEM buffer (80 mmassociates with the EGFR, the distribution of both proteins
PIPES, 25 mM HEPES, 2 mM MgCand 10 mM EGTA, pH 6.9) Was followed in time, under normal conditions and under
and processed for ultrathin cryosectioning as described (Calafat et &¢@nditions in which receptor internalization was blocked.
1997). 45-nm cryosections were cut at25°C using diamond When incubation with EGF is performed at 4°C or on ice, the
knives (Drukker Cuijk, The Netherlands) in an

ultracryomicrotome (Leica  Aktiengesellsch

Vienna, Austria) and transferred with a mixture |
sucrose and cellulose onto formvar-coated cc 0
grids (Liou et al., 1996). The grids were placed or

mm petri dishes containing 2% gelatin. For sil
immunolabelling, the sections were incubated

antibodies for 45 minutes, followed by 30 mint

incubation with 10-nm protein-A-conjugated colloi

gold (Department of Cell Biology, Utrecht Univers

Medical Center, Utrecht, The Netherlands). For dc EGFR
immunolabelling, the procedure described by Sl .
al. (1991) was followed with 10-nm and 15- Clathrin
protein-A-conjugated colloidal gold probes.

5|

Fig. 1. Colocalization of the EGFR and c-Cbl with

clathrin in stimulated cells. Serum starved COS-7

cells transiently expressing human c-Chl were

incubated without (A,C) or with (B,D) 25 ng Tl

EGF for 5 minutes at 37°C. Prior to fixation, cells

were permeabilized with saponin. Cells were

incubated with antibody to the EGFR (polyclonal Cbl
antibody RK-2) (A,B) or c-Cbl (C,D), followed by
Texas-Red-conjugated secondary antibody and dou i
stained with an antibody to clathrin (mAb 23) tﬁlath rn
followed by FITC-conjugated anti-mouse Ig. Merged

confocal images of the EGFR or c-Cbl (red) and

clathrin (green) are shown.
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37°C 0°C
Fig. 2.c-Cbl associates with iy
and ubiguitinates the EGFR at + EGF(min): 0 2 5 15 60120 0 2 5 15 60120
0°C. HA-tagged ubiquitin and 200-

HA-tagged c-Cbl were I .... .. . <—EGFR
transiently overexpressed in IP: anti-EGFR ‘. . . .

COS-7 cells. Serum starved  'B+ anti-EGFR 97—
cells were stimulated with 25
ubiquitinated
e R !l “"EGFR
—~—z = <«—c-Cbl

ng mrl EGF for the indicated

time periods on ice or at 37°C.
Immunoprecipitates (IP) of the . . 200=
endogenous EGFR (mAb 528) IP: anti-EGFR

and total cell lysates were IB: anti-HA

separated on 6% SDS- 97-

polyacrylamide gels.

Immunoblotting (IB) was used total

to detect EGFR (polyclonal cell lysates g7= TPT TN PR SN R &8 b o — v - i 4— C-Cbl
antibody 282.7), c-Cbl and IB: anti-HA

ubiquitin (both anti-HA). 1 2 3 4 5 6 1 2 3 4 5 &

EGFR can still be activated (Galcheva-Gargova et al., 199%)ynamin did not affect association of c-Cbl with the EGFR or
but its internalization is prohibited (Beguinot et al., 1984;its ubiquitination. Ligand induction of the association between
Haigler et al., 1979; Hanover et al., 1984; Hertel and Perking-Cbhl and the EGFR was verified using antibodies against c-
1987). Therefore, we determined whether c-Cbl can b€bl for immunoblotting (not shown). Confocal microscopy
recruited to the EGFR and ubiquitinate it at such a lowdemonstrated the effectiveness of the K44A mutant (Fig. 3B).
temperature. COS cells transiently expressing c-Cbl and HAn cells transfected with wild-type dynamin cDNA, the EGFR
tagged ubiquitin were stimulated with EGF at 37°C or on icewas present in endosomes 5 minutes after EGF addition,
Anti-HA immunoblotting of anti-EGFR immunoprecipitates whereas receptor internalization was blocked in cells
showed that, at 37°C, the EGFR associates with c-Cbl and éxpressing the K44A mutant. From the collected experiments,
ubiquitinated within 2 minutes of EGF stimulation (Fig. 2).we conclude that c-Cbl associates with and ubiquitinates the
When stimulation was performed on ice, association betweeactivated EGFR prior to its internalization from the plasma
the EGFR and c-Cbl could also be detected within 2 minutesiembrane.
of EGF stimulation (Fig. 2). An increasing amount of c-Cbl )
was coprecipitated with the receptor in time, which might b&-Cbl and the EGFR colocalize throughout the
explained by accumulation of ligand-receptor complexes dtansport route from plasma membrane to late
the cell surface. Ligand-induced association of c-Cbl with th€ndosomes
EGFR was also detected by anti-Cbl immunoblotting of antiTo define the stages in the endocytic route of the EGFR at
EGFR immunoprecipitates (not shown). Ubiquitination of thewhich c-Cbl might play a role, we studied the localization of
EGFR clearly took place, be it with slower kinetics than at-Cbl and the activated EGFR by confocal microscopy. COS
37°C. It became detectable 15 minutes after EGF addition arulls were transfected with HA-taggeetbl cDNA, plated on
increased during the 120-minute time frame of stimulationcoverslips, stimulated with EGF at 37°C or on ice and treated
Both at 37°C and on ice, ubiquitination was reflected by thaith saponin prior to fixation. As noted above, this method
appearance of a high molecular weight smear, as detected leads to the selective loss of cytoplasmic ¢c-Cbl. In unstimulated
immunoblotting with anti-EGFR antibody (Fig. 2). EGFR cells, c-Chl staining was therefore very weak, whereas the
degradation products were, however, only detected after EGEGFR was found on the plasma membrane with a strong
stimulation at 37°C (60 and 120 minute time points), angresence in lamellipodia (Fig. 4A). Stimulation with EGF for
not after stimulation on ice (Fig. 2). This indicates that the2 minutes at 37°C induced membrane ruffles (Fig. 4D-F)
EGFR was not transported to intracellular degradatioriBretscher, 1989; Bretscher and Aguado-Velasco, 1998;
compartments at 0°C. Connolly et al., 1984), and very clear translocation of c-Cbl to
Because the kinetics of EGFR ubiquitination were delayethe plasma membrane (Fig. 4E). The EGFR and c-Chl
at 0°C, we used an independent method to block receptoplocalized in the membrane ruffles (Fig. 4F). Longer
internalization to see whether ubiquitination and endocytosigcubations with EGF (5-30 minutes) at 37°C resulted in
were coupled. In cells expressing a GTPase defective mutainternalization of the EGFR. Colocalization of ¢c-Cbl and the
of dynamin, K44A, coated pits do not become constricted anBEGFR in endosomes has been described by others (Levkowitz
coated vesicles do not bud off into the cytoplasm (Damke et al., 1998; Lill et al., 2000) and is not shown here. After 60
al., 1994; van der Bliek et al., 1993). Overexpression of thiminutes of cell stimulation at 37°C, the EGFR was present in
K44A mutant did not affect the efficiency or kinetics of the perinuclear vesicles (Fig. 4G), and still colocalized with c-Cbl
association of c-Cbl with the activated EGFR (Fig. 3A). Also,(Fig. 41). By contrast, when cells were stimulated for 60
ubiquitination of the EGFR was not impeded in cellsminutes on ice, EGFRs formed clusters at the plasma
overexpressing dynamin-K44A. Rather, ubiquitination wasmembrane (Fig. 4J), in which c-Cbl colocalized (Fig. 4L). The
more prominent 15 minutes after EGF addition than in thelusters were only present on the apical membrane of the cells,
absence of the dynamin mutant. Overexpression of wild-typas is shown in arz section in Fig. 4L. EGFRs localized on
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empty vector dynamin-wt dynamin-K44A
+EGF (min): 0 2 5 15 0 2 5 15 0 2 5 15

2 200-
IP: anti-EGFR i
IB: anti-EGFR eneses o e o e e B8 < EGFR

97-

ubiquitinated
= -+
IP: anti-EGFR  2*° - u . ' . I l EGFR

IB: anti-HA

97- T . - o s <4— C-Cbl
total cell lysates
IB: anti-HA ——— S — o — — — — wm <— C-Cbl
total cell lysates > .
IB: anti-dynamin 97 e e, e dynamin
B dynamin wt K44A

Fig. 3.c-Chl associates with and ubiquitinates the EGFR in
cells overexpressing a dominant negative form of dynamin.
(A) HA-tagged c-Cbl or HA-tagged ubiquitin were
transiently overexpressed in COS-7 cells in combination
with wild-type dynamin, dynamin-K44A or empty vector.
Serum starved cells were stimulated with 25 ngBGF

for the indicated times. Anti-EGFR immunoprecipitates
(IP) were separated by SDS-PAGE and subjected to
immunoblotting (IB) to detect the EGFR, or ¢c-Cbl and
ubiquitin (anti-HA). Expression levels of c-Cbl and
dynamin were determined in total cell lysates. (B) The
effect of the dynamin constructs on EGFR internalization
was tested in COS cells transiently expressing c-Cbl in
combination with wild-type dynamin (A,C) or dynamin-
K44A (B,D). Serum starved cells were incubated without
(A,B) or with 25 ng mitl EGF for 5 minutes (C,D), fixed
with MeOH and stained with antibody to dynamin
followed by FITC-conjugated secondary antibody (green)
and with antibody to the EGFR (polyclonal antibody RK-
2) followed by Texas-Red-conjugated secondary antibody
(red). Analysis was performed by confocal microscopy.

the basal membrane of the cell were not clustered, nor weotusters at the cell surface (Fig. 5F). Only a fraction of the c-
they associated with c-Cbl, most probably because they did n@bl molecules appears to be recruited to the activated EGFR,
come into contact with ligand. suggesting that c-Cbl is not a limiting factor in EGFR
Because treatment of cells with saponin might affect proteidownregulation. This agrees with biochemical analysis of that
distribution in lipid bilayers, we also studied the localizationprocess in this cell line (not shown). Furthermore, c-Cbhl might
of EGFR and c-Cbl in directly fixed cells. For this purpose, weassociate with other tyrosine kinase coupled receptor systems
used a CHO cell line stably overexpressing the human EGFih the cell. After prolonged exposure of the cells to EGF,
In these CHO cells, endogenous c-Cbl can efficienthEGFRs were found in endosomes, together with c-Chl, as
downregulate the EGFR (data not shown). In the absence wdported earlier (Levkowitz et al., 1998; Lill et al., 2000). In
stimulation, EGFRs were present at the plasma membrane (Figne, stained endosomal structures clustered close to the
5A), whereas endogenous c-Cbl was diffusely distributed in theucleus. After 60 minutes of stimulation at 37°C, staining was
cytosol (Fig. 5B). Two minutes after EGF stimulation at 37°Cdiminished in intensity (Fig. 5G-1). However, in some vesicles,
the cell surface displayed punctate staining with both antie-Cbl still colocalized with the EGFR at this point (Fig. 5G-I).
EGFR (Fig. 5D) and anti-c-Chl (Fig. 5E) antibodies. TheThis observation suggests that c-Cbl stays associated with the
merged image shows that EGFR and c-Cbl colocalized iEGFR along the endocytic pathway. In cells that were
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Fig. 4.c-Cbl and the

activated EGFR colocalize at

the plasma membrane of
permeabilized COS cells.

COS-7 cells transfected with
c-cblcDNA were plated on
coverslips, serum starved and
stimulated with 25 ng mt

EGF for the indicated time

periods at 37°C (A-1) or on

ice (J-L). Prior to fixation,

cells were permeabilized

with saponin. Cells were

stained with mAb directed :
against the EGFR followed 60
by FITC-conjugated

secondary antibody (green;
A,D,G,J) and with polyclonal
antibody directed against c-

Cbl followed by Texas-Red-
conjugated secondary

antibody (red; B,E,H,K) and
analysed by confocal

microscopy. Merged images

are showninC, F, | and L. .
The confocal image in panels 60
A-C was taken at the level of

the basal membrane, that in
panels G-l at the middle of

shows axzsection. . i i

stimulated with EGF for 60 minutes on ice, EGFRs remained-Cbl and the EGFR colocalize outside and within
at the cell surface and organized in clusters in which c-Cbl wadathrin-coated pits, and in multivesicular
colocalized (Fig. 5L). These data confirm the observationendosomes
obtained in permeabilized COS cells. Immunogold electron microscopy was used to study the
EGFR and c-Cbl localization was also studied in CHO cellsubcellular localization of the EGFR and c-Cbl during
transfected with wild-type dynamin and the K44A mutant. Asendocytosis at high resolution. Because endogenous c-Chl was
shown in Fig. 6 (G-l), c-Cbl colocalized with EGFR difficult to detect with this technique, we used COS cells
in endosomes 5 minutes after EGF stimulation in wild-transiently expressing exogenous c-Cbl, taking care to analyse
type-dynamin-overexpressing cells. The dynamin-K44Aonly those cells that had low expression levels of the protein.
effectively blocked EGFR internalization (Fig. 6D) and c-Cblin the absence of ligand, the EGFR was mainly found at the
was recruited to the plasma-membrane-localized receptocll surface but some membrane-associated gold label was also
(Fig. 6E,F). The collective results argue that c-Cbl associatefetected within the cell. c-Cbl was randomly distributed in the
with the activated EGFR at the plasma membrane prior toytoplasm and not specifically associated with membrane
pinching off of clathrin-coated vesicles, and that c-Cblstructures (results not shown). Incubation of cells with EGF for
remains associated with the EGFR throughout the endocyt-5 minutes at 37°C recruited EGFRs to coated pits (Fig. 7iA).
route. Several coated pits could be identified that stained for c-Cbl

37°C

0°C
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EGFR c-Cbl

37°C

Fig. 5.Endogenous c-Cbl
and the activated EGFR
colocalize at the plasma
membrane of non-
permeabilized CHO cells. |
CHO cells stably expressing 60
the human EGFR were
plated on coverslips, serum
starved and stimulated with
25 ng mtl EGF for the
indicated time periods at
37°C (A-l) or onice (J-L).
Cells were fixed and stained
as indicated for Fig. 4 to
detect the EGFR (green;
A,D,G,J), or c-Cbl (red;
B,E,H,K) by confocal
microscopy. Merged images
are showninC, F, | and L.
The confocal image in
panels G-l was taken at the
middle of the cells.

0°C

(Fig. 7iB). When cells had been stimulated for 60 minutes otabelling around the multivesicular bodies as well as within the
ice, both EGFR (Fig. 7iC) and c-Cbl (Fig. 7iD) could beinternal vesicles (Fig. 8B). By double labelling, c-Cbhl was
detected at dense membrane structures, which were often fidtown to colocalize with the EGFR in the internal vesicles
and extended. Using antibodies directed against clathrin, wW&ig. 8C). These results demonstrate that c-Cbl associates with
found that these were clathrin-coated (Fig. 7iiB). Doublethe activated EGFR at the plasma membrane both outside and
labelling using small and large gold particles clearly identifiedn clathrin-coated pits. The presence of c-Cbl in endosomes
the presence of c-Chl at these structures (Fig. 7iiB). c-Cland internal vesicles of multivesicular bodies indicates that c-
localized together with the EGFR at the same coated pits, b@bl remains associated with the EGFR throughout the
also outside these structures (Fig. 7iiA). In a preparatioendocytic route.
derived from saponin-treated COS cells, which had been
stimulated at 37°C, c-Cbl was found at coated vesicles, as well
as the plasma membrane (Fig. 7iii). DISCUSSION

When cells were stimulated with EGF at 37°C for longer
time periods, the EGFR was detected in endosomes, as welllasis known that c-Cbl attenuates the function of protein
in multivesicular bodies. In the latter structures, the EGFR watyrosine-kinase-coupled receptors by promoting their
found at the surrounding membrane and in internal vesicledownregulation (Lee et al., 1999; Levkowitz et al., 1998;
(Fig. 8A). Sections incubated with antibody to c-Cbl, revealediyake et al., 1998). However, it is not clear which stages of
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Fig. 6.c-Cbl and the

EGFR colocalize at the
plasma membrane in the .,
presence of dominant 0
negative dynamin. The
human EGFR and c-Cbl
were coexpressed in

CHO cells, in

combination with either

the dynamin K44A

mutant (A-F) or wild-

type dynamin (G-I).

Cells were serum starved
and incubated without ~ §'
(A-C) or with 25 ng mit

EGF for 5 minutes (D-I).
Cells were fixed and

stained with antibodies
directed against the

EGFR (green; AD,G)

and c-Cbl (red; B,E,H)

and analysed by confocal
microscopy. Merge

images are shown in C, F 5l
and I. The confocal

image in panels G-l was
taken at the middle of the
cells. Inserts showz
sections.

K44A

dynamin wt

the endocytic pathway it regulates. We have found byffect localization of the EGFR in endosomes or decrease the
biochemical and confocal analysis that c-Chl is recruited to theate of ligand uptake. Therefore, they did not consider the
activated EGFR at the plasma membrane. Immunogold electrgossibility that c-Cbl might play a role in receptor
microscopy revealed that c-Cbl colocalizes with the EGFR bothternalization. The discrepancy with our data can be resolved,
outside and within clathrin-coated pits. These observationsecause Levkovitz et al. used high concentrations of EGF,
point to a role for c-Chl in the regulation of the early stages ofvhich might saturate the clathrin-dependent internalization
EGFR endocytosis, i.e. receptor recruitment into clathrinpathway (Wiley, 1988). Under such conditions, EGFR use a
coated pits and/or the formation of clathrin-coated vesicles. Oligand- and clathrin-independent internalization pathway
data are in agreement with those of Wang et al., who found théBorkin, 1998; Watts and Marsh, 1992), which is presumably
c-Chl translocates to the plasma membrane in CSF-1-stimulatedt regulated by c-Cbl.
macrophages (Wang et al., 1996; Wang et al, 1999). Possibly, c-Cbhl provides an internalization signal to the
Furthermore, in macrophages from c-Cbiice, the CSF-1R ligand-receptor complex. Signals that mediate constitutive
was not multiply ubiquitinated and was internalized morebinding to clathrin-coated pits include tyrosine-based motifs
slowly than in wild-type cells (Lee et al., 1999). Selective andind the dileucine motif (Sorkin, 1998). The motif Y#XX
rapid recruitment of ligand-bound EGFRs into clathrin-coateds any amino acid® has a bulky hydrophobic group), which
pits requires specific internalization signals in the cytoplasmits present in, for instance, the transferrin receptor, provides a
tail of the receptor (Sorkin, 1998), a functional receptor kinasbinding site for the adaptor protein AP-2, a heterotetrameric
domain (Felder et al., 1992; Lamaze and Schmid, 1995; Lungrotein that induces the assembly of clathrin triskelions at the
et al., 1990; Wiley et al., 1991) and tyrosine phosphorylation gblasma membrane. The EGFR can interact directly with AP-2
the cytoplasmic tail (Helin and Beguinot, 1991; Sorkin et al.via the tyrosine-based motif FYRAL (Sorkin et al., 1996).
1991). These findings are in agreement with a role for c-Cbl iWhereas transferrin receptor internalization was found to be
clathrin-dependent receptor endocytosis, because c-Cbependent on the residues in AP-2 that interact with the
function depends on the same parameters. tyrosine motif, ligand-induced EGFR endocytosis was not
Levkovitz et al. (1998), however, described c-Chl as gNesterov et al., 1999). Therefore, -clathrin-mediated
resident protein of endosomes, which enhances EGFRternalization of the EGFR must depend on another signal. We
downregulation by promoting sorting of the receptor tosuggest that c-Cbl-mediated ubiquitination of the EGFR
lysosomes. They demonstrated that, under conditions of v-Cplovides such a signal. We have demonstrated that c-Cbl
overexpression, the EGFR was rescued from sorting tobiquitinates the EGFR prior to its internalization. In
lysosomes and recycled back to the cell surface. v-Cbl did nagreement with our findings, the EGFR was recently found to
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There is ample evidence from the yeast system that
ubiquitination serves a role in receptor endocytosis. A chimeric
receptor consisting of a single ubiquitin fused to a cytoplasmic
tail-truncated Ste2p receptor was effectively internalized.
Apparently, ubiquitin sufficed as an internalization signal in
this case (Shih et al., 2000). Whereas monoubiquitination is
sufficient (Terrell et al., 1998), multiple ubiquitination
increased the internalization rate of the Ste3p receptor (Roth
and Davis, 2000). In case of the yeast uracil permease, lysine
63-linked diubiquitination was needed to obtain maximal
internalization rates (Galan and Haguenauer-Tsapis, 1997).
Similar to the findings in yeast, a single ubiquitin molecule
fused to the cytoplasmic region of the invariant chain or the
interleukin-2 receptora chain was sufficient to mediate
receptor internalization in Hela cells (Nakatsu et al., 2000).
Moreover, plasma membrane levels of an ubiquitination-
defective mutant of the epithelial sodium channel (ENaC) were
increased (Staub et al., 1997). In case of the human growth
hormone receptor, interaction with components of the
ubiquitin-conjugating machinery is required for its
endocytosis, whereas receptor ubiquitination does not seem to
be involved (Govers et al., 1999; Strous et al., 1996).

Several other molecules have been implicated in recruitment
of the EGFR into clathrin-coated pits, such as Grb-2, Eps15
and c-Src. The Grb-2 adaptor protein can bind with its SH2
domain to the cytoplasmic tail of the EGFR, whereas its SH3
domains can interact with dynamin (Seedorf et al., 1994; Wang
and Moran, 1996). Overexpression of the Grb-2 SH2 domain
was found to inhibit EGFR internalization (Wang and Moran,
1996). Eps15 and Eps15R are substrates of the activated EGFR
and are essential for receptor internalization (Carbone et al.,
1997). Tyrosine phosphorylation of Epsl5 is required for
ligand-induced but not for constitutive endocytosis
(Confalonieri et al., 2000). Eps15 interacts with AP-2 and
clathrin but does not bind directly to the EGFR, implying the
involvement of other components (van Delft et al., 1997). The
protein tyrosine kinase c-Src, which is activated by the EGFR,
has been implicated in the exit of the activated EGFR from
caveolae, as well as its internalization via clathrin-coated pits
(Carpenter, 2000; Ware et al., 1997). c-Src phosphorylates the
clathrin heavy chain and might thus control the assembly of a
clathrin network (Wilde et al., 1999).

c-Cbl can easily be visualized as intermediate in Grb-2- and
Fig. 7.Immuno-electron microscopy reveals localization of c-Cbl Src-_regulated_ rece_ptor endocy_tOSIS,_ because .bOth. mole(_:ules
and EGFR outside, and at clathrin-coated pits. COS-7 cells can interact via their SH3 domains with the proline-rich region
transfected witle-chl cDNA were stimulated with EGF for 2 in the C-terminus of c-Chl. Furthermore, phosphorylated
minutes at 37°C (iA,iB), for 60 minutes at 0°C (iC,iD,ii) or for 5 tyrosine residues in the C-terminus serve as docking sites for
minutes at 37°C, followed by treatment for 15 minutes with saponinthe SH2 domains of Vav, p85 and the adaptor protein Crk
on ice (iii). All preparations were fixed and ultrathin cryosections ~ (Lupher et al., 1999; Smit and Borst, 1997; Thien and

were prepared for immunogold labelling. Sections were single Langdon, 1998). It has been hypothesized that c-Cbl interacts
labelled with antibodies to EGFR (iA,iC) or c-Cbl (iB,iD,iii), or with Epsi5 via Crk (Smit and Borst, 1997), thus providing the
double labelled with antibodies to EGFR and c-Cbl (iiA) or link between Epsl5 and the EGFR. Together, these data

antibodies to clathrin and c-Cbl (iiB). Abbreviations: c-pt-Chl
10 nm gold particle; CI, clathrin 15 nm gold particle; EGER . o
EGFR 15 nm gold particle; N, the nucleus; S, cell surface. Inset in jicues for.receptc')r internalization.

is a higher magnification of the marked area (asterisk) showing c-cbl Our biochemical and confocal data showed a prolonged
on coated vesicles. Magnification: i and ii show the same association of c-Cbl with the activated EGFR. Immunogold

magnification. Bar, 100 nm. electron microscopy allowed detection of c-Cbl in the internal
vesicles of multivesicular bodies. We conclude that the c-Cbl-
EGFR interaction is maintained throughout the endocytic
be ubiquitinated in Hela cells overexpressing K44A dynamirpathway. According to the model of Futter et al. (1996),
(Stang et al., 2000). recycling receptors are lost from maturing multivesicular

suggest that the C-terminal region of c-Chl provides additional
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Fig. 8.Immuno-electron microscopy reveals c-Chl in multivesicular bodies. COS-7 cells transfecteadhlitDNA were stimulated with EGF
for 15 minutes (A,B) or 60 minutes at 37°C (C). Ultrathin cryosections were single labelled to detect EGFR (A) or c-Cib(B)edabelled to
detect both EGFR and ¢-Cbl (C). Abbreviations: c!€la-Cbl 10 nm gold particle; EGER EGFR 15 nm gold particle. Bar, 100 nm.

bodies, whereas the EGFR becomes localized in intern&kchmaier, K., Krawczyk, C., Kozieradzki, 1., Kong, Y. Y., Sasaki, T.,
vesicles and ends up in lysosomes upon fusion of both Oliveira-dos-Santos, A., Mariathasan, S., Bouchard, D., Wakeham, A,
. . Itie, A. et al. (2000). Negative regulation of lymphocyte activation and
or.ganelles. Th's, suggests that C’Cb_l will be degraded tOQ?therautoimmunity by the molecular adaptor CbNature403 211-216.
with the EGFR in lysosomes. We find a small decrease in &eguinot, L., Lyall, R. M., Willingham, M. C. and Pastan, I.(1984). Down-
Cbl levels in total lysates of stimulated COS cells in time (Fig. regulation of the epidermal growth factor receptor in KB cells is due to
1)_ Others have found no evidence for degradation of c-Chl rechtor (ijnternalization and subsequent degradation in lysoséires.
P p i« Natl. Acad. Sci. USB1, 2384-2388.

upon activation of the CSF-1R and _descrlb_e that c-Cbl IEellot, F., Moolenaar, W., Kris, R., Mirakhur, B., Verlaan, I., Ullrich, A,
relocated to the cytosol after receptor internalization (Wang et schiessinger, J. and Felder, S(1990). High-affinity epidermal growth
al., 1996). These differences might be receptor specific. factor binding is specifically reduced by a monoclonal antibody, and appears

We propose a model in which c-Cbl-mediated ubiquitination necessary for early responsésCell Biol. 110, 491-502.
facilitates recruitment of activated EGFRs into clathrin-coate@!ake. T- J.. Shapiro, M., Morse, H. C. D. and Langdon, W. Y1991). The

. . . . .. . sequences of the human and motsbl proto-oncogenes showcbl was
plt's by prowdmg a Ilgand-'depend_ent_mternahzgﬂon Slgnal. In generated by a large truncation encompassing a proline-rich domain and a
this way, c-Cbl enhances internalization of the ligand-receptor |eucine zipper-like motifOncogenes, 653-657.
complex via the saturatable, clathrin-mediated endocytosBretscher, A.(1989). Rapid phosphorylation and reorganization of ezrin and
pathway. Subsequently, c-Cbl might be involved in receptor SPectrin accompany morphological changes induced in A-431 cells by

: - : : epidermal growth factod. Cell Biol.108 921-930.
sorting and fma”y is routed, terther with the EGFR, toward%retscher, M. S. and Aguado-Velasco, C(1998). EGF induces recycling

the lysosomes. membrane to form ruffleCurr. Biol. 8, 721-724.
~ Calafat, J., Janssen, H., Stahle-Backdahl, M., Zuurbier, A. E., Knol, E. F.
We thank W. Langdon for the-cbl cDNA, S. Corvera for anti- and Egesten, A.(1997). Human monocytes and neutrophils store

clathrin antibody, L. Oomen, L. Brocks, E. Noteboom and A. Pfauth transforming growth factor-alpha in a subpopulation of cytoplasmic
for assistance with confocal miscroscopy and flow cytometry, N. Ong granulesBlood 90, 1255-1266. _ o o

for photography, O. Kranenburg, P. Peters and E. Bos for assistang@rbone, R., Fre, S., lannolo, G., Belleudi, F,, Mancini, P., Pelicci, P. G.,
and discussions, and E. Roos and M. Fernandez-Borja for critically '0™isi: M. R. and Di Fiore, P. P.(1997). eps15 and eps15R are essential

: . components of the endocytic pathw&ancer Res57, 5498-5504.
reading the manuscrlpt. A.d-M. and G.v.d.H. are supported by thEarpenter,G.(ZOOO).The EGF receptor: a nexus for trafficking and signaling.
Dutch Cancer Society.

Bioessay®2, 697-707.
Ceresa, B. P. and Schmid, S. 1{2000). Regulation of signal transduction by
endocytosisCurr. Opin. Cell Biol.12, 204-210.
REFERENCES Chiang, Y. J., Kole, H. K., Brown, K., Naramura, M., Fukuhara, S., Hu,
R. J., Jang, I. K., Gutkind, J. S., Shevach, E. and Gu, H2000). Cbl-
Andoniou, C. E., Thien, C. B. and Langdon, W. Y(1994). Tumour induction b regulates the CD28 dependence of T-cell activatiature 403 216-
by activatedabl involves tyrosine phsophorylation of the product of¢be 220.
oncogeneEMBO J.13, 4515-4523. Confalonieri, S., Salcini, A. E., Puri, C., Tacchetti, C. and Di Fiore, P. P.



Interplay between c-Cbl and the EGFR throughout the endocytic route 2177

(2000). Tyrosine phosphorylation of Eps15 is required for ligand-regulated, retrovirus that induces early B-lineage lymphonfamc. Natl. Acad. Sci.
but not constitutive, endocytosis. Cell Biol. 150, 905-912. USAB86, 1168-1172.

Connolly, J. L., Green, S. A. and Greene, L. A1984). Comparison of rapid Lee, P. S., Wang, Y., Dominguez, M. G., Yeung, Y. G., Murphy, M. A.,
changes in surface morphology and coated pit formation of PC12 cells in Bowtell, D. D. and Stanley, E. R.(1999). The Cbl protooncoprotein
response to nerve growth factor, epidermal growth factor, and dibutyryl stimulates CSF-1 receptor multiubiquitination and endocytosis, and
cyclic AMP. J. Cell Biol.98, 457-465. attenuates macrophage proliferati&BO J.18, 3616-3628.

Damke, H., Baba, T., Warnock, D. E. and Schmid, S. [(1994). Induction Levkowitz, G., Waterman, H., Ettenberg, S. A., Katz, M., Tsygankov, A.
of mutant dynamin specifically blocks endocytic coated vesicle formation. Y., Alroy, ., Lavi, S., Iwai, K., Reiss, Y., Ciechanover, A. et al.1099).

J. Cell Biol.127, 915-934. Ubiquitin ligase activity and tyrosine phosphorylation underlie suppression
Di Fiore, P. P. and Gill, G. N.(1999). Endocytosis and mitogenic signaling.  of growth factor signaling by c-Cbl/Sli-Mol. Cell 4, 1029-1040.

Curr. Opin. Cell Biol.11, 483-488. Levkowitz, G., Waterman, H., Zamir, E., Kam, Z., Oved, S., Langdon, W.
Felder, S., LaVin, J., Ullrich, A. and Schlessinger, J(1992). Kinetics of Y., Beguinot, L., Geiger, B. and Yarden, Y(1998). c-Cbl/Sli-1 regulates

binding, endocytosis, and recycling of EGF receptor mutdntSell Biol. endocytic sorting and ubiquitination of the epidermal growth factor receptor.

117, 203-212. Genes Devl2, 3663-3674.

Futter, C. E., Pearse, A., Hewlett, L. J. and Hopkins, C. R(1996). Lill, N. L., Douillard, P., Awwad, R. A., Ota, S., Lupher, M. L., Jr, Miyake,
Multivesicular endosomes containing internalized EGF-EGF receptor S., Meissner-Lula, N., Hsu, V. W. and Band, H2000). The evolutionarily

complexes mature and then fuse directly with lysosotheSell Biol. 132, conserved N-terminal region of Cbl is sufficient to enhance down-regulation
1011-1023. of the epidermal growth factor receptdr.Biol. Chem275 367-377.

Galan, J. and Haguenauer-Tsapis, R(1997). Ubiquitin lys63 is involved in  Liou, W., Geuze, H. J. and Slot, J. W(1996). Improving structural integrity
ubiquitination of a yeast plasma membrane protEMBO J.16, 5847- of cryosections for immunogold labelingistochem. Cell Biol106, 41-
5854. 58.

Galcheva-Gargova, Z., Theroux, S. J. and Davis, R. X1995). The Lund, K. A., Opresko, L. K., Starbuck, C., Walsh, B. J. and Wiley, H. S.
epidermal growth factor receptor is covalently linked to ubiqu@imcogene (1990). Quantitative analysis of the endocytic system involved in hormone-
11, 2649-2655. induced receptor internalizatiod. Biol. Chem265 15713-15723.

Gill, G. N., Kawamoto, T., Cochet, C., Le, A, Sato, J. D., Masui, H., Lupher, M. L., Jr, Rao, N., Eck, M. J. and Band, H.(1999). The Chl
McLeod, C. and Mendelsohn, J.(1984). Monoclonal anti-epidermal protooncoprotein: a negative regulator of immune receptor signal

growth factor receptor antibodies which are inhibitors of epidermal growth transductionimmunol. Today0, 375-382.
factor binding and antagonists of epidermal growth factor binding andveisner, H., Daga, A., Buxton, J., Fernandez, B., Chawla, A., Banerjee,
antagonists of epidermal growth factor-stimulated tyrosine protein kinase U. and Czech, M. P(1997). Interactions ddrosophilaCbl with epidermal
activity. J. Biol. Chem259, 7755-7760. growth factor receptors and role of Chl in R7 photoreceptor cell
Govers, R., ten Broeke, T., van Kerkhof, P., Schwartz, A. L. and Strous, developmentMol. Cell Biol. 17, 2217-2225.
G. J.(1999). Identification of a novel ubiquitin conjugation motif, required Meng, W., Sawasdikosol, S., Burakoff, S. J. and Eck, M. (1999). Structure
for ligand-induced internalization of the growth hormone recef@BO of the amino-terminal domain of Cbl complexed to its binding site on ZAP-
J. 18, 28-36. 70 kinaseNature 398 84-90.
Haigler, H. T., McKanna, J. A. and Cohen, S(1979). Direct visualization =~ Miyake, S., Lupher, M. L., Jr, Druker, B. and Band, H.(1998). The tyrosine
of the binding and internalization of a ferritin conjugate of epidermal growth kinase regulator Cbl enhances the ubiquitination and degradation of the
factor in human carcinoma cells A-431L.Cell Biol.81, 382-395. platelet-derived growth factor receptor alpReoc. Natl. Acad. Sci. US%5,
Hanover, J. A., Willingham, M. C. and Pastan, 1(1984). Kinetics of transit 7927-7932.
of transferrin and epidermal growth factor through clathrin-coatedMurphy, M. A., Schnall, R. G., Venter, D. J., Barnett, L., Bertoncello, I.,
membranesCell 39, 283-293. Thien, C. B., Langdon, W. Y. and Bowtell, D. D.(1998). Tissue
Helin, K. and Beguinot, L.(1991). Internalization and down-regulation of the ~ hyperplasia and enhanced T-cell signalling via ZAP-70 in c-Cbl-deficient
human epidermal growth factor receptor are regulated by the carboxyl- mice.Mol. Cell Biol. 18, 4872-4882.
terminal tyrosinesJ. Biol. Chem266, 8363-8368. Nakatsu, F., Sakuma, M., Matsuo, Y., Arase, H., Yamasaki, S., Nakamura,
Hertel, C. and Perkins, J. P.(1987). Sequential appearance of epidermal N., Saito, T. and Ohno, H.(2000). A Di-leucine signal in the ubiquitin
growth factor in plasma membrane-associated and intracellular vesicles moiety. Possible involvement in ubiquitination-mediated endocytdsis.
during endocytosisl. Biol. Chem262 11407-11409. Biol. Chem275, 26213-26219.
Joazeiro, C. A., Wing, S. S., Huang, H., Leverson, J. D., Hunter, T. and Nesterov, A., Carter, R. E., Sorkina, T., Gill, G. N. and Sorkin, A(1999).
Liu, Y. C. (1999). The tyrosine kinase negative regulator c-Cbl as a RING- Inhibition of the receptor-binding function of clathrin adaptor protein AP-2
type, E2-dependent ubiquitin-protein ligaSeience286, 309-312. by dominant-negative mutant mu2 subunit and its effects on endocytosis.
Jongeward, G. D., Clandinin, T. R. and Sternberg, P. W(1995). sli-1, a EMBO J.18, 2489-2499.
negative regulator of let-23-mediated signalin€irelegansGeneticsl 39, Robertson, H., Hime, G. R., Lada, H. and Bowtell, D. D(2000). A

1553-1566. Drosophilaanalogue of v-Cbl is a dominant-negative oncoprotein in vivo.
Keane, M. M., Ettenberg, S. A., Nau, M. M., Banerjee, P., Cuello, M., Oncogenel9, 3299-3308.

Penninger, J. and Lipkowitz, S.(1999). cbl-3: a new mammalian cbl Roth, A. F. and Davis, N. G.(2000). Ubiquitination of the PEST-like

family protein.Oncogenel8, 3365-3375. endocytosis signal of the yeastactor receptord. Biol. Chem275 8143-

Keane, M. M., Rivero-Lezcano, O. M., Mitchell, J. A., Robbins, K. C. and 8153.
Lipkowitz, S. (1995). Cloning and characterization of cbl-b: a SH3 binding Seedorf, K., Kostka, G., Lammers, R., Bashkin, P., Daly, R., Burgess, W.
protein with homology to the c-cbl proto-oncoge@mcogenel0, 2367- H., van der Bliek, A. M., Schlessinger, J. and Ullrich, A(1994). Dynamin
2377. binds to SH3 domains of phospholipase C gamma and GRBRiol.
Kim, M., Tezuka, T., Suziki, Y., Sugano, S., Hirai, M. and Yamamoto, T. Chem.269 16009-16014.
(1999). Molecular cloning and characterization of a naeb&family gene, Shih, S. C., Sloper-Mould, K. E. and Hicke, L.(2000). Monoubiquitin
chl-c. Gene239, 145-154. carries a novel internalization signal that is appended to activated receptors.
Kranenburg, O., Verlaan, |. and Moolenaar, W. H. (1999). Dynamin is EMBO J.19, 187-198.
required for the activation of mitogen-activated protein (MAP) kinase bySlot, J. W., Geuze, H. J., Gigengack, S., Lienhard, G. E. and James, D. E.
MAP kinase kinasel. Biol. Chem274, 35301-35304. (1991). Immuno-localization of the insulin regulatable glucose transporter
Kris, R. M., Lax, |., Gullick, W., Waterfield, M. D., Ullrich, A., Fridkin, in brown adipose tissue of the rat.Cell Biol.113 123-135.
M. and Schlessinger, J(1985). Antibodies against a synthetic peptide as aSmit, L. and Borst, J. (1997). The Cbl family of signal transduction
probe for the kinase activity of the avian EGF receptor and v-erbB protein. moleculesCrit. Rev. Oncog8, 359-379.
Cell 40, 619-625. Sorkin, A. (1998). Endocytosis and intracellular sorting of receptor tyrosine
Lamaze, C. and Schmid, S. L(1995). Recruitment of epidermal growth kinasesFront. Biosci.3, d729-d738.
factor receptors into coated pits requires their activated tyrosine kihase. Sorkin, A., Mazzotti, M., Sorkina, T., Scotto, L. and Beguinot, L.(1996).
Cell Biol. 129, 47-54. Epidermal growth factor receptor interaction with clathrin adaptors is
Langdon, W. Y., Hartley, J. W., Klinken, S. P., Ruscetti, S. K. and Morse, mediated by the Tyr974-containing internalization mdtiBiol. Chem271,
H. C. d. (1989). v-chl, an oncogene from a dual-recombinant murine 13377-13384.



2178 JOURNAL OF CELL SCIENCE 114 (11)

Sorkin, A., Waters, C., Overholser, K. A. and Carpenter, G.(1991). targeted following CSF-1 stimulation of macrophaged®iol. Chem271,
Multiple autophosphorylation site mutations of the epidermal growth factor 17-20.
receptor. Analysis of kinase activity and endocytagisBiol. Chem266, Wang, Y., Yeung, Y. G. and Stanley, E. R(1999). CSF-1 stimulated
8355-8362. multiubiquitination of the CSF-1 receptor and of Cbl follows their tyrosine

Stang, E., Johannessen, L. E., Knardal, S. L. and Madshus, I. K2000). phosphorylation and association with other signaling proteln<Cell.
Polyubiquitination of the epidermal growth factor receptor occurs at the Biochem.72, 119-134.
plasma membrane upon ligand-induced activatibnBiol. Chem.275 Wang, Z. and Moran, M. F. (1996). Requirement for the adapter protein
13940-13947. GRB2 in EGF receptor endocytosgcience272, 1935-1939.

Staub, O., Gautschi, I., Ishikawa, T., Breitschopf, K., Ciechanover, A.,, Ware, M. F,, Tice, D. A., Parsons, S. J. and Lauffenburger, D. A1997).
Schild, L. and Rotin, D. (1997). Regulation of stability and function of Overexpression of cellularSrc in fibroblasts enhances endocytic
the epithelial Na channel (ENaC) by ubiquitinatioEMBO J.16, 6325- internalization of epidermal growth factor receptar.Biol. Chem.272
6336. 30185-30190.

Strous, G. J., van Kerkhof, P., Govers, R., Ciechanover, A. and Schwartz, Watts, C. and Marsh, M. (1992). Endocytosis: what goes in and hdwell
A. L. (1996). The ubiquitin conjugation system is required for ligand- Sci.103 1-8.
induced endocytosis and degradation of the growth hormone receptdiilde, A., Beattie, E. C., Lem, L., Riethof, D. A, Liu, S. H., Mobley, W.

EMBO J.15, 3806-3812. C., Soriano, P. and Brodsky, F. M.(1999). EGF receptor signaling
Terrell, J., Shih, S., Dunn, R. and Hicke, L.(1998). A function for stimulates SRC kinase phosphorylation of clathrin, influencing clathrin

monoubiquitination in the internalization of a G protein-coupled receptor. redistribution and EGF uptak€ell 96, 677-687.

Mol. Cell 1, 193-202. Wiley, H. S.(1988). Anomalous binding of epidermal growth factor to A431

Thien, C. B., Bowtell, D. D. and Langdon, W. Y(1999). Perturbed regulation cells is due to the effect of high receptor densities and a saturable endocytic
of ZAP-70 and sustained tyrosine phosphorylation of LAT and SLP-76 in system.J. Cell Biol.107, 801-810.

c-Chl-deficient thymocytesl. Immunol.162, 7133-7139. Wiley, H. S., Herbst, J. J., Walsh, B. J., Lauffenburger, D. A., Rosenfeld,
Thien, C. B. and Langdon, W. Y(1998). c-Cbhl: a regulator of T cell receptor- M. G. and Gill, G. N. (1991). The role of tyrosine kinase activity in
mediated signallingimmunol. Cell Biol.76, 473-482. endocytosis, compartmentation, and down-regulation of the epidermal

Treier, M., Staszewski, L. M. and Bohmann, D(1994). Ubiquitin-dependent growth factor receptod. Biol. Chem266, 11083-11094.
c-Jun degradation in vivo is mediated by the delta don@af.78, 787- Wilson, I. A., Niman, H. L., Houghten, R. A., Cherenson, A. R., Connolly,
798. M. L. and Lerner, R. A. (1984). The structure of an antigenic determinant
van Delft, S., Schumacher, C., Hage, W., Verkleij, A. J. and van Bergen in a proteinCell 37, 767-778.
en Henegouwen, P. M(1997). Association and colocalization of Eps15 Yokouchi, M., Kondo, T., Houghton, A., Bartkiewicz, M., Horne, W. C.,

with adaptor protein-2 and clathrid. Cell Biol.136, 811-821. Zhang, H., Yoshimura, A. and Baron, R.(1999). Ligand-induced
van der Bliek, A. M., Redelmeier, T. E., Damke, H., Tisdale, E. J., ubiquitination of the epidermal growth factor receptor involves the

Meyerowitz, E. M. and Schmid, S. L.(1993). Mutations in human interaction of the c-Cbl RING finger and UbcH7Biol. Chem274, 31707-

dynamin block an intermediate stage in coated vesicle formakticBell 31712.

Biol. 122, 553-563. Yoon, C. H., Lee, J., Jongeward, G. D. and Sternberg, P. W1995).
Wang, Y., Yeung, Y. G., Langdon, W. Y. and Stanley, E. R1996). c-Cbl Similarity of sli-1, a regulator of vulval development @ elegansto the

is transiently tyrosine-phosphorylated, ubiquitinated, and membrane- mammalian proto-oncogermecbl. Science269, 1102-1105.



