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Activated Cdc42 Sequesters c-Cbl
and Prevents EGF Receptor Degradation

siveness (Michiels et al., 1995; Keely et al., 1997; Schmitz
et al., 2000) and a strong correlation has been reported
between the levels of another Rho subfamily member,
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2 Department of Chemistry and Chemical Biology RhoC, and the development of metastasis (Clark et
Baker Laboratory al., 2000).
Cornell University While a good deal of information has been accumu-
Ithaca, New York 14853 lated regarding the molecular basis by which Cdc42

directs actin cytoskeletal changes and cell polarity, rela-
tively little is known about the mechanisms used by
Cdc42 to influence cell growth. However, some cluesSummary
have emerged that implicate Cdc42 in EGF receptor-
coupled signaling and receptor processing. In particular,Cdc42 is a Ras-related protein that has been impli-
treatment of cells with EGF stimulates the activation ofcated in the control of normal cell growth, and when
Cdc42 and its interaction with specific target proteinsimproperly regulated, in cellular transformation and
(Yang and Cerione, 1997; Tu and Cerione, 2001). Oneinvasiveness. A variety of extracellular stimuli, includ-
such group of targets, the Acks (for activated Cdc42-ing epidermal growth factor (EGF), activate Cdc42.
associated kinases), comprises a family of nonreceptorHere, we show that activation of Cdc42 protects the
tyrosine kinases that recently have been implicated inEGF receptor from the negative regulatory activity of
the downregulation and degradation of the EGF receptorthe c-Cbl ubiquitin ligase. Activated Cdc42 binds to
(Lin et al., 2002).p85Cool-1 (for cloned-out-of-library)/�-Pix (for Pak-

The EGF receptor activates mitogenic signaling path-interactive exchange factor), a protein that directly
associates with c-Cbl. This inhibits the binding of Cbl ways, and when either overexpressed or hyperactivated,
by the EGF receptor and thus prevents Cbl from cata- contributes to the development or progression of a wide
lyzing receptor ubiquitination. The role played by variety of human tumors (Libermann et al., 1985; Pavelic
Cdc42 in regulating the timing of EGF receptor-Cbl et al., 1993; Blume-Jensen and Hunter, 2001). EGF re-
interactions is underscored by the fact that constitu- ceptor signaling is tightly regulated through the careful
tively active Cdc42(F28L), by persistently blocking the balancing of receptor activation and trafficking, with the
binding of Cbl to these receptors, leads to their aber- latter including receptor endocytosis, degradation, and
rant accumulation and sustained EGF-stimulated ERK recycling. Recently, a significant amount of information
activation, thus resulting in cellular transformation. has come to light regarding the underlying mechanisms

of EGF receptor degradation. The degradation process
is catalyzed via a cascade of ubiquitination enzymesIntroduction
that culminates in the E3 ubiquitin ligase activity of the
Cbl adaptor proteins (Levkowitz et al., 1998, 1999;Cdc42 is a Ras-related GTP binding protein that serves
Joazeiro et al., 1999). When the ubiquitin ligase activityas a molecular switch in cells, directing a wide range of
of c-Cbl is compromised, either by mutation or deletioncellular processes and signaling activities. Traditionally,
of its ring-finger domain, the normal balance betweenCdc42 and its close relatives Rac1 and RhoA have been
EGF receptor recycling and degradation is disrupted,linked to the regulation of the actin cytoskeleton (Nobes
resulting in EGF receptor accumulation and enhancedand Hall, 1995; Kozma et al., 1995). However, a number
EGF-coupled signaling (Joazeiro et al., 1999; Watermanof lines of evidence have also implicated Cdc42, Rac1,
et al., 1999).and RhoA in the control of normal cell growth, and when

In the present work, we show that Cdc42 influencesimproperly regulated, in tumorigenesis and the develop-
the interactions of c-Cbl with the EGF receptor, as medi-ment of the metastatic state. These include the discover-

ies that members of the Dbl (for diffuse B cell lymphoma) ated by p85Cool-1/�-Pix, a Cbl binding partner and a
family of guanine nucleotide exchange factors (GEFs), target/effector for Cdc42. The interaction of activated
when point-mutated or truncated, are potently trans- Cdc42 with c-Cbl prevents it from binding to the EGF
forming, and that mutations in Cdc42 which cause the receptor, thereby blocking the antagonistic actions of
spontaneous exchange of GDP for GTP are oncogenic Cbl on EGF-coupled signaling and the Cbl-catalyzed
(Cerione and Zheng, 1996; Whitehead et al., 1997; Lin ubiquitination of EGF receptors. When Cdc42 is consti-
et al., 1997). The injection of an activated form of Cdc42 tutively active, as is the case for the Cdc42(F28L) mutant,
into nude mice gives rise to tumor formation (Lin et al., the persistent sequestration of Cbl leads to a significant
1999), and the activation of Cdc42, as well as Rac1 and reduction in EGF receptor degradation, causing the re-
RhoA, are all necessary for Ras-induced malignant ceptors to accumulate and to exhibit sustained signaling
transformation (Qiu et al., 1995a, 1995b, 1997). In addi- to ERK, leading to cellular transformation. These find-
tion, Rac1 and Cdc42 have been implicated in cell inva- ings now highlight a previously unappreciated role for

Cdc42 in the regulation of EGF receptor signaling and
processing.*Correspondence: rac1@cornell.edu
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Figure 1. The Cool-1 Protein Mediates the Binding of Activated Cdc42 to c-Cbl

(A) Transient cotransfection of COS-7 cells was performed with plasmids encoding HA-tagged c-Cbl and the indicated Myc-tagged Cool-1
proteins. Anti-Myc antibody was used to immunoprecipitate Myc-tagged Cool-1 proteins from cell lysates (as detected by blotting with anti-
Myc; second image from the top). The coimmunoprecipitated HA-tagged c-Cbl was detected by Western blotting with anti-HA antibody (top
image). The lower image shows the relative expression of HA-c-Cbl in whole-cell lysates (WCL).
(B) The experimental procedure was the same as in (A) except that different forms of Myc-tagged Cdc42 were transiently cotransfected with
HA-tagged c-Cbl. The Myc-tagged Cdc42 proteins were immunoprecipitated with anti-Myc antibody (see second image from the top) and
HA-tagged c-Cbl was detected using an anti-HA antibody (top image). The lower image shows the relative expression of HA-c-Cbl in whole-
cell lysates (WCL).
(C) COS-7 cells were transiently transfected with a plasmid expressing Myc-tagged Cool-1, alone, or together with plasmids encoding the
indicated HA-tagged Cdc42 constructs. Cell lysates were subjected to immunoprecipitation with an anti-HA antibody and Western blotting
with anti-Myc to detect Cool-1 (top image) and anti-HA to detect Cdc42 (second image from the top). The lower image shows the relative
expression of Myc-tagged Cool-1 in whole-cell lysates (WCL).
(D) COS-7 cells were transiently transfected with plasmids encoding either Myc-tagged Cool-1 (upper images) or the Cool-1(W43K) mutant
(lower images). The whole-cell lysates were mixed with glutathione-agarose beads loaded with activated forms of GST-Cdc42 fusion proteins
or with GST alone. The affinity-precipitated Myc-tagged Cool-1 or Cool-1(W43K) was detected using an anti-Myc antibody.
(E) The experimental procedure was the same as in (D) except that different forms of GST fusion proteins as indicated were loaded on the
glutathione-agarose beads. The affinity-precipitated Myc-tagged Cool-1 was detected with an anti-Myc antibody (upper image). The lower
image shows the amounts of the different GST-GTP binding proteins used in the experiment.
(F) COS-7 cells were transiently transfected with an expression plasmid encoding HA-tagged c-Cbl together with a plasmid either encoding
Myc-tagged Cool-1 or Myc-tagged Cool-1(W43K). The cell lysates were mixed with glutathione-agarose beads loaded with GST-Cdc42(F28L).
The affinity-precipitated HA-tagged c-Cbl by GST-Cdc42(F28L) was detected by Western blotting with anti-HA antibody (top image). The
second image from the top shows the amount of GST-Cdc42(F28L) loaded on the beads. The two lower images show the relative expression
of HA-tagged c-Cbl and the Myc-tagged Cool-1 proteins in whole-cell lysates (WCL).
(G) COS-7 cells were transiently transfected with a pKH3 plasmid encoding triple-HA tagged wild-type Cdc42. After 24 hr of growth at 37�C,
cells were either treated with 50 ng/mL EGF for 10 min or untreated. Anti-HA antibody was used to immunoprecipitate HA-tagged Cdc42
from cell lysates (lower image). The coimmunoprecipitated endogenous c-Cbl and Cool-1 were detected by Western blotting with antibodies
against c-Cbl (upper image) and Cool-1 (middle image) (Bagrodia et al., 1998).

Results breast cancer cell lines (Flanders et al., 2003). We have
found that a similar interaction occurs between c-Cbl
and Cool-1. An example is shown in Figure 1A (lane 1,The p85Cool-1/�-Pix Protein Is a Binding Partner

for c-Cbl and Serves as an Interface between upper images) where Myc-tagged Cool-1 was coimmu-
noprecipitated with HA-tagged c-Cbl from COS-7 cells.Cbl and Activated Forms of Cdc42

The Cool/Pix proteins were initially identified through When Cool-1 was point-mutated within its SH3 domain
(a conserved tryptophan at position 43 was changed toyeast two-hybrid analysis and immunoprecipitation ex-

periments as binding partners for the Paks, a family a lysine), its ability to be coimmunoprecipitated with
c-Cbl was significantly reduced (lane 2). Thus, the bind-of serine/threonine kinase-targets for Cdc42 and Rac

(Bagrodia et al., 1998; Manser et al., 1998). Additional ing of c-Cbl to Cool-1 is mediated by its SH3 domain,
just like the interactions of Pak with the Cool/Pix proteinstwo-hybrid screens for Cool/Pix binding partners identi-

fied Cbl-b, a member of the Cbl family of adaptor pro- (Bagrodia et al., 1998).
We then found that c-Cbl can be coimmunoprecipi-teins that is enriched in human breast cancer cells, and

this has been further demonstrated through experiments tated with activated forms of Cdc42 (Figure 1B, upper
images). This was the case for either GTPase-defectiveshowing the coimmunoprecipitation of p85Cool-1/�-Pix

(from here on called Cool-1) with Cbl-b from various Myc-tagged Cdc42(Q61L), or Cdc42(F28L) that is capa-
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Figure 2. Activated Cdc42 Inhibits the c-Cbl-Catalyzed Ubiquitination of the EGF Receptor

(A) CHO cells were transfected with an expression plasmid encoding the EGF receptor, and with plasmids encoding HA-tagged ubiquitin and
HA-tagged c-Cbl, along with the indicated Myc-tagged Cdc42 constructs. Cells were serum-starved for 12 hr and then stimulated with EGF
(100 ng/ml) for 10 min at 37�C. The cell lysates were subjected to immunoprecipitation with anti-EGF receptor antibody. The ubiquitinated
EGF receptors were blotted using an anti-HA antibody (the top image). Control experiments show essentially no detectable ubiquitination of
EGF receptors in the absence of added EGF (data not shown). The expression levels of EGF receptor, HA-tagged c-Cbl and different forms
of Myc-Cdc42 in whole-cell lysates (WCL) are shown in the lower images.

(B) HEK293 cells were transiently cotransfected with plasmids encoding HA-tagged ubiquitin, the indicated forms of Myc-tagged Cdc42, HA-
tagged c-Cbl, and with a plasmid encoding either Myc-tagged Cool-1 or Myc-tagged Cool-1(W43K). Cells were serum-starved for 12 hr and
then stimulated with EGF (100 ng/mL) for 10 min. Endogenous EGF receptors were immunoprecipitated using an anti-EGF receptor antibody
(second image from the top) and the ubiquitinated EGF receptors were detected by Western blotting with anti-HA antibody (top image). The
third image from the top shows the relative amounts of HA-tagged c-Cbl that were coimmunoprecipitated with EGF receptors. The expression
levels of the different forms of Myc-Cool-1 and Myc-Cdc42 proteins, as well as HA-c-Cbl in whole-cell lysates (WCL) are shown in the three
lower images.
(C) CHO cells were serum-starved for 12 hr and stimulated with EGF (100 ng/mL) for 10 min at 37�C. The tyrosine phosphorylated HA-tagged
c-Cbl was immunoprecipitated using an anti-HA antibody and detected by Western blotting with an antiphosphotyrosine antibody (4G10) (top
image). The amounts of HA-c-Cbl immunoprecipitated for each case are shown in the lower image.
(D) CHO cells were transiently transfected with plasmids encoding the EGF receptor, HA-tagged c-Cbl, the indicated Cdc42 constructs, and
a plasmid encoding Myc-tagged Cool-1(W43K). Cells were serum-starved for 12 hr and stimulated with EGF (100 ng/mL) for 10 min at 37�C.
The tyrosine phosphorylated HA-tagged c-Cbl (top image) was detected as described in (C). The amount of HA-c-Cbl immunoprecipitated
for the different conditions is shown in the second image from the top. The relative expression levels of EGF receptors, Myc-Cool-1(W43K),
and different forms of Myc-Cdc42 in whole-cell lysates (WCL) are shown in the lower images.

ble of constitutive GDP-GTP exchange, whereas wild- from COS-7 cells, whereas neither wild-type (GDP
bound) Cdc42 nor the dominant-negative Cdc42(T17N)type (GDP bound) Cdc42 was incapable of this interac-

tion. As will be pointed out throughout this study, these mutant showed detectable binding to Cool-1. Likewise,
GST-Cdc42(F28L) and GST-Cdc42(Q61L) fusion pro-two activated Cdc42 mutants are interchangeable in

their abilities to associate with c-Cbl. teins were able to precipitate Myc-tagged Cool-1 from
cell lysates (Figure 1D, upper images). Mutating the con-Activated Cdc42 was also capable of forming a stable

complex with Cool-1. The Cool/Pix proteins were origi- served tryptophan within the SH3 domain of Cool-1 did
not affect its ability to bind to activated Cdc42 (Figurenally assumed to serve as guanine nucleotide exchange

factors (GEFs) for Rho family GTP binding proteins 1D, lower images), indicating that Cdc42 binds to Cool-1
independent of Pak [i.e., Pak can not bind to the Cool-because they contain the characteristic tandem ar-

rangement of Dbl-homology (DH) and pleckstrin-homol- 1(W43K) mutant (Bagrodia et al., 1998)]. The Cool-1 pro-
tein binds preferentially to activated Cdc42, since bothogy (PH) domains. However, Cool-1 does not exhibit

GEF activity because of the presence of a unique se- activated versions of Rac or RhoA [Rac(Q61L) and
RhoA(Q63L)] showed either weak or no detectable bind-quence that lies downstream from the PH domain (Feng

et al., 2002), but rather binds preferentially to ac- ing (Figure 1E).
The ability of c-Cbl to associate with activated formstivated versions of Cdc42. Figure 1C (upper image)

shows that Myc-tagged Cool-1 was coimmunoprecipi- of Cdc42 requires Cool-1. Figure 1F (upper image)
shows the results of an experiment examining the abilitytated with HA-tagged, GTPase-defective Cdc42(Q61L)
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of GST-Cdc42(F28L) to precipitate HA-tagged c-Cbl Cool-1 did not reverse the Cdc42(F28L)-mediated inhibi-
tion of EGF receptor ubiquitination (lane 5 in the topfrom cells that expressed either Myc-tagged, wild-type

Cool-1 (lane 1), or the Cool-1 construct that was point image of Figure 2B). Thus, the Cool-1(W43K) protein
acted as a dominant-negative mutant, blocking the pro-mutated in its SH3 domain (W43K) and has a weakened

affinity for c-Cbl (lane 2). When the Cool-1(W43K) mutant tection afforded by activated Cdc42 against EGF recep-
tor ubiquitination by preventing the binding of Cdc42 towas coexpressed with c-Cbl, it acted as a dominant-

negative mutant by inhibiting the binding of endogenous endogenous Cool-1 and HA-tagged c-Cbl.
The c-Cbl protein binds to autophosphorylated EGFCool-1 to activated Cdc42 and reduced the amount of

c-Cbl that was coprecipitated with Cdc42. We found receptors through its variant SH2 domain. Activated
Cdc42, by binding to Cool-1 and thereby indirectly asso-the same to be true when examining the coprecipitation

of c-Cbl with the GTPase-defective GST-Cdc42(Q61L) ciating with HA-tagged c-Cbl, prevents c-Cbl from bind-
ing to activated EGF receptors. This can be seen whenprotein (data not shown).

Given that activated versions of Cdc42 associate with monitoring the ability of HA-Cbl to be coimmunoprecipi-
tated with the EGF receptor in an EGF-dependent man-Cool-1 and c-Cbl, we then asked whether the treatment

of cells with EGF promoted the formation of a complex ner (compare lanes 2 and 3 in the third image from the
top in Figure 2B). Coexpression of the Cool-1(W43K)between Cdc42, Cool-1, and c-Cbl. COS-7 cells were

transiently transfected with triple-HA-tagged wild-type mutant with Cdc42(F28L) fully restored the ability of
HA-Cbl to bind to the EGF receptor, whereas wild-typeCdc42 and then treated with EGF for 10 min, a time

period that is sufficient to activate fully Cdc42 (Tu and Cool-1 did not alter the ability of Cdc42(F28L) to block
the binding of Cbl to the receptors (see lanes 4 and 5,Cerione, 2001). As shown in Figure 1G, when Cdc42

was immunoprecipitated with an anti-HA antibody, both respectively, in the third image from the top, Figure 2B).
As an outcome of binding to EGF receptors, c-Cbl isendogenous c-Cbl and Cool-1 were coimmunoprecipi-

tated with Cdc42 in an EGF-dependent manner. phosphorylated in an EGF-dependent manner (Figure
2C, top image), an event that is necessary for Cbl to
exhibit ubiquitin ligase activity (Levkowitz et al., 1998,Cdc42 Blocks the c-Cbl-Catalyzed Ubiquitination
1999). By blocking the binding of c-Cbl to the EGF recep-of the EGF Receptor
tor, we suspected that activated Cdc42 would also in-It has been shown that c-Cbl serves as an E3 ubiquitin
hibit the EGF-stimulated tyrosine phosphorylation ofligase that catalyzes the ubiquitination and degradation
Cbl. To examine this possibility, the EGF receptor andof EGF receptors (Levkowitz et al., 1998; Joazeiro et al.,
HA-tagged c-Cbl were first coexpressed along with dif-1999; Waterman et al., 1999). These findings, when taken
ferent constructs of activated Myc-tagged Cdc42 intogether with the results described in the preceding
CHO cells. The cells were treated with EGF and thensection, raise the question of whether Cdc42 influences
HA-tagged c-Cbl was immunoprecipitated and analyzedthe c-Cbl-catalyzed ubiquitination of EGF receptors. We
by Western blotting with an antiphosphotyrosine anti-have examined this possibility using CHO (Figure 2A)
body (4G10). The EGF-dependent phosphorylation ofand HEK293 (Figure 2B) cells because they have proven
c-Cbl was strongly inhibited upon the expression of con-to be two excellent model systems for assaying EGF
stitutively active forms of Cdc42 [i.e., both Cdc42(Q61L)receptor ubiquitination (Levkowitz et al., 1999). Consis-
and Cdc42(F28L); Figure 2D, compare lane 1 with lanes 2tent with previous reports (Levkowitz et al., 1998), the
and 3, respectively, top image], whereas when activatedcoexpression of HA-tagged c-Cbl together with the EGF
Cdc42 was coexpressed with the Cool-1(W43K) mutantreceptor and HA-tagged ubiquitin in CHO cells signifi-
(lanes 5 and 6, top image), the tyrosine phosphorylationcantly increased the incorporation of HA-ubiquitin into
of c-Cbl was restored to levels ranging from 30%–75%the EGF receptor, compared to cells expressing EGF
of that observed in the absence of activated Cdc42.receptors and ubiquitin in the absence of HA-Cbl (Figure

2A, compare lanes 1 and 2, in the top image). The expres-
sion of wild-type Cdc42 yielded a modest reduction in Association of Cdc42 with Cool-Cbl Complexes

Requires the Rho-Insert Region of Cdc42the extent of receptor ubiquitination (lane 3, top image).
However, both GTPase-defective Cdc42(Q61L) and the Removal of the Rho-insert region from Cdc42, a se-

quence of 13 amino acids (122–134) that is unique toconstitutively active Cdc42(F28L) caused significant re-
ductions in receptor ubiquitination (compare lanes 4 and Rho-related proteins but missing in Ras, has no effect on

the binding of CRIB (for Cdc42/Rac-interactive binding)5 with lane 2 in Figure 2A, top image).
Similar results were obtained in HEK293 cells, domain-containing targets like Pak to activated Cdc42

(Wu et al., 1998). However, deleting the Rho-insert fromwhere the EGF-stimulated ubiquitination of endogenous
EGF receptors was inhibited upon expression of the either a Cdc42(Q61L) or Cdc42(F28L) background signif-

icantly diminishes the ability of activated Cdc42 to asso-Cdc42(F28L) protein (compare lanes 2 and 3 in the top
image of Figure 2B). This inhibition was reversed when ciate with endogenous Cool-1. An example is shown

in Figure 3A, using the GST-Cdc42(Q61L) protein. TheCdc42(F28L) was coexpressed with the Cbl binding-
defective Cool-1(W43K) mutant (lane 4) and in fact ap- weakened binding of Cool-1 to activated Cdc42 molecules

lacking the Rho-insert [Cdc42(�L8/Q61L)], compared topeared to give rise to a stronger degree of receptor
ubiquitination, although in several experiments the ex- Cdc42(Q61L) (Figure 3A, top image, see lanes 1 and 2,

respectively), is accompanied by a marked reductiontent of receptor ubiquitination detected in the presence
of the W43K mutant was typically within 10% of that for in the coimmunoprecipitation of c-Cbl with activated

Cdc42. This is shown in Figure 3B (top image), whichcells transfected with c-Cbl alone (lane 3). Wild-type
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Figure 3. The Rho-Insert Region of Cdc42 Is Required for Protection against the c-Cbl-Catalyzed Ubiquitination of the EGF Receptor

(A) Whole-cell lysates prepared from NIH 3T3 cells were mixed with GST beads loaded with equivalent amounts of GST-Cdc42(Q61L) and
GST-Cdc42(�L8/Q61L) fusion proteins (see lower image). The affinity-precipitated endogenous Coo1-1 and Pak3 proteins were detected by
Western blotting with anti-Cool-1 (top image) or anti-Pak3 (middle image) antibodies.
(B) COS-7 cells were transiently cotransfected with plasmids encoding HA-c-Cbl, and either Myc-tagged Cool-1 or different forms of Myc-
tagged Cdc42. Myc-tagged Cool-1 (second image from the top) and Cdc42 (third image from the top) were immunoprecipitated with anti-
Myc antibody from cell lysates and detected by Western blotting with anti-Myc antibody. The coimmunoprecipitated HA-tagged c-Cbl was
detected by Western blotting with anti-HA antibody (top image). The relative expression levels of HA-c-Cbl are shown in the bottom image.
(C) The experimental procedures were essentially the same as in Figure 2A except that Cdc42(�L8/Q61L) was tested for its ability to protect
against the c-Cbl-mediated ubiquitination of the EGF receptor. The top images show the relative levels of EGF receptor ubiquitination, as
assayed by the incorporation of HA-tagged ubiquitin, and the lower image shows the relative amounts of EGF receptor in the different cells.

compares the ability of HA-tagged c-Cbl to be coimmu- Cool-Cbl complex was essential for Cdc42-mediated
cellular transformation.noprecipitated with either Myc-tagged Cdc42(Q61L)

(lane 3), Cdc42(Q61L) that lacks the Rho-insert (lane
4), or with dominant-negative Cdc42(T17N) (a negative The Interaction between Cdc42 and the Cool-Cbl

Complex Is Essential for Cdc42-Inducedcontrol; lane 5). As an additional positive control, the
ability of Myc-tagged Cool-1 to be coimmunoprecipi- Cellular Transformation

If the above stated idea were correct, we would expecttated with HA-tagged c-Cbl is shown in lane 2.
Figure 3C shows that the Cool-1 binding-defective that mutations that block the interactions of Cool-1 with

c-Cbl, and thus prevent the formation of a Cdc42-Cool-Cdc42(�L8/Q61L) mutant was unable to protect against
the Cbl-catalyzed ubiquitination of the EGF receptor. Like- Cbl complex, would act in a dominant-negative fashion

to inhibit Cdc42-mediated transformation. One suchwise, removal of the insert region from the Cdc42(F28L)
background eliminates the ability of Cdc42 to stimulate mutant is the Cbl binding-defective Cool-1(W43K) pro-

tein, whereas another is a carboxy-terminal truncatedcolony formation in soft agar (also, Wu et al., 1998).
Thus, taken together, these results led us to suspect form of c-Cbl that contains the amino terminal 480 resi-

dues (designated as c-Cbl-N480) and still exhibits E3that the ability of activated Cdc42 to associate with the
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Figure 4. Expression of the Amino-Terminal Half of c-Cbl or Cool-1(W43K) Blocks Cdc42(F28L)-Mediated Cellular Transformation

(A) Growth profiles (1% serum) for control (vector) NIH 3T3 cells, and cells stably expressing a c-Cbl protein that lacks the proline-rich Cool-1
binding region (residues 1–480, designated c-Cbl-N480), Cdc42(F28L) alone, and Cdc42(F28L) together either with Cool-1(W43K) [designated
Cdc42(F28L)�W43K] or with c-Cbl-N480 [designated Cdc42(F28L)�N480]. #26 and #32 indicate two clones of Cdc42(F28L)�N480 with different
expression levels of c-Cbl-N480. Data represent the average of three experiments. The lower images show Western blots comparing the
relative expression in whole-cell lysates (WCL) of Cdc42(F28L), c-Cbl-N480, and Cool-1(W43K).
(B) Photomicrograph of the different NIH 3T3 cells described in (A). Cells were cultured in 1% calf serum for 6 days.
(C) Anchorage-independent growth of control (vector) NIH 3T3 cells and cells stably expressing Cdc42(F28L), Cdc42(F28L) with c-Cbl-N480
[designated Cdc42(F28L)�N480 (clone #32)], or Cdc42(F28L) with Cool-1(W43K) [designated Cdc42(F28L)�W43K]. Cell colonies were scored
after 14 days. Data represent the average of three experiments.
(D) Photomicrograph of the colony formation of the cells in soft agar, as described in (C).

ubiquitin ligase activity (Joazeiro et al., 1999) but lacks agar was also examined (Figures 4C and 4D). The latter
has typically been described as the most reliable indica-the proline-rich stretch that is essential for binding to

Cool-1. We thus examined the effects of both mutants tor of malignant transformation. Here again, we saw that
the expression of c-Cbl-N480 or Cool-1(W43K) blockedon the ability of the constitutively active, transforming

Cdc42(F28L) protein to stimulate the growth of NIH 3T3 Cdc42(F28L)-induced cellular transformation.
fibroblasts in low serum (Figures 4A and 4B). Control
cells expressing vector alone grow poorly in 1% serum, Expression of Cdc42(F28L) Results

in an Accumulation of EGF Receptorswhereas cells stably expressing the Cdc42(F28L) mutant
grow very effectively under these conditions. However, and Sustained EGF-Coupled Signaling

The results described in the previous sections lead towhen the Cdc42(F28L) mutant was coexpressed with
different amounts of c-Cbl-N480, there was a marked the question of how do the interactions between

Cdc42(F28L), Cool-1, and c-Cbl give rise to cellularinhibition of cell growth in low serum, with the extent of
inhibition corresponding to the relative amount of c-Cbl- transformation. Since Cbl-catalyzed ubiquitination is

necessary for the degradation of EGF receptors, theN480 expressed (see the different relative levels of ex-
pression of c-Cbl-N480 in the Western blots just below stable expression of Cdc42(F28L) in NIH 3T3 cells, by

sequestering c-Cbl, may result in an accumulation ofthe image for the growth curves in 4A). Expression of
increasing amounts of the Cbl binding-defective Cool- EGF receptors and/or sustained EGF-coupled signaling,

which in turn could contribute to cellular transformation.1(W43K) mutant also resulted in a corresponding inhibi-
tion of Cdc42(F28L)-stimulated growth in low serum Figures 5A and 5B show that following the addition of

EGF to control fibroblasts, total receptor levels as de-(data not shown), and this culminated with the Cool-
1(W43K) mutant causing the complete elimination of the tected by Western blotting with an anti-EGF receptor

antibody were significantly reduced over a time periodtransformation phenotype (Figures 4A and 4B).
The effects of the Cbl and Cool-1 mutants on the of 5–45 min. While the kinetics for EGF receptor down-

regulation were slightly reduced in cells expressing on-ability of Cdc42(F28L) to induce colony formation in soft
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Figure 5. The EGF Receptor Accumulates in Cells Expressing Cdc42(F28L)

(A) NIH 3T3 cells that stably expressed the indicated Cdc42 proteins, Ras(G12V), Cdc42(F28L) together with Cool-1(W43K) [designated
Cdc42(F28L)�W43K], or vector control were seeded in 6-well plates and serum-starved for 12 hr prior to EGF (100 ng/ml) stimulation for the
indicated times at 37�C. The levels of EGF receptor were assessed by Western blot analysis of the cell extracts using an anti-EGF receptor
antibody. The expression of the different Cdc42 constructs was essentially identical in the different cell lines (data not shown). The accumulation
of EGF receptors that occurs over a 6 hr period in cells expressing Cdc42(F28L) has been observed in three different cell lines that stably
express this mutant.
(B) The EGF receptor levels for Cdc42(F28L)-transformed cells and vector control cells were quantified using ImageScanner (Amersham
Pharmacia Biotech) with total Lab Software version 1.0. The relative levels of EGF receptor were normalized to the levels detected at zero time.
(C) Control (vector) NIH 3T3 cells, cells stably expressing the indicated Cdc42 proteins, or cells expressing Cdc42(F28L) together with
Cool-1(W43K) [designated Cdc42(F28L)�W43K], were seeded on dual chamber slides and serum-starved for 12 hr prior to exposure to
tetramethylrhodamine-labeled EGF (0.5 �g/mL) at 4�C for 1 hr. Cells were warmed to 37�C for the indicated times, transferred to ice, and
stripped to remove surface bound EGF. The red punctated structures indicate tetramethylrhodamine-labeled EGF-receptors.
(D) Time course for the EGF-dependent activation of ERK in cells expressing Cdc42(F28L), Cdc42(�L8/F28L), Cdc42(F28L) together with Cool-
1(W43K) [designated Cdc42(F28L)�W43K], Ras(G12V), or vector control. Anti-phospho-p44/42 ERK was used to detect activated p44/42 ERK.

cogenic Ras (Figure 5A), consistent with other reports of Cdc42(F28L)-expressing cells that were exposed to EGF
for 30 min, compared to control cells or cells expressing(Waterman and Yarden, 2001), the receptor levels were

nonetheless significantly decreased after 2 hr of incuba- either the Cdc42(�L8/F28L) mutant or Ras(G12V) (data
not shown). Figure 5C shows immunofluorescence im-tion with EGF. However, cells expressing Cdc42(F28L)

showed a marked reduction in the rate of EGF receptor ages of rhodamine-labeled EGF bound to the receptor,
as a function of time of treatment with the labeled growthdownregulation, such that EGF receptors were still de-

tected after 6 hr of incubation with EGF (Figures 5A and factor. In control cells, EGF receptor levels were signifi-
cantly reduced within 15 min of treatment with labeled5B). The protective effects exhibited by Cdc42(F28L)

were not observed in cells expressing the Cool-1 bind- EGF. However, in Cdc42(F28L)-expressing cells, EGF
receptors were detectable through 2 hr of treatmenting-defective Cdc42(�L8/F28L) mutant, nor in cells

expressing Cdc42(F28L) together with the Cbl binding- with labeled EGF, with the receptors accumulating in
intramembrane (endosomal) compartments. Receptordefective Cool-1(W43K) mutant (Figure 5A), demon-

strating that this protection requires the interaction of accumulation was not observed in cells expressing the
Cdc42(�L8/F28L) mutant or in cells expressingactivated Cdc42 with Cool-1 and Cbl.

The accumulation of EGF receptors in Cdc42(F28L)- Cdc42(F28L) together with Cool-1(W43K).
The results presented in Figure 5D show that in controlexpressing cells was not the result of changes in recep-

tor endocytosis. The rates for EGF receptor endocytosis NIH 3T3 cells, as well as in cells expressing Cdc42(�L8/
F28L), or cells expressing Cdc42(F28L) together within control fibroblasts and in fibroblasts expressing

Cdc42(F28L), when assaying the uptake of [125I]-EGF Cool-1(W43K), the EGF-stimulated activation of ERK
peaked within �5 min and was lost within 15 min, duebound receptor, were identical, although there were at

least 3–5-fold higher levels of receptor on the surface to receptor downregulation. However, in fibroblasts ex-
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Figure 6. EGF Receptor Activity Is Required for Cdc42-Induced Cellular Transformation

(A) NIH 3T3 cells stably expressing Cdc42(F28L) or Ras(G12V) were cultured in the presence of 1% calf serum with or without AG1478 (4 �M)
and then at the indicated times, trypsinized, and counted. Data represent the average of three experiments.
(B) Effects of the tyrphostin AG1478 on the transformed morphology of cells expressing Cdc42(F28L) and Ras(G12V). The cells were cultured
under the same conditions as described in (A) for 6 days.
(C) The experimental procedures were essentially the same as in (A) except that the culture media contained 5 �M PD98059.
(D) Effects of PD98059 on the transformed morphology of cells expressing Cdc42(F28L) and Ras(G12V).

pressing Cdc42(F28L), EGF-stimulated ERK activation this inhibitor (Figures 6C, left image, and 6D). Taken
together, these results are consistent with the idea thatwas still detected after 6 hr of treatment with EGF.

Overall, these results suggested the possibility that the ability of activated Cdc42 to cause an accumulation
of EGF receptors and enhanced EGF-coupled signalingthe accumulation and sustained signaling of EGF recep-

tors in Cdc42(F28L)-expressing cells were responsible to ERK in NIH 3T3 cells, may underlie the Cdc42-medi-
ated transformation of these cells.for their transformed phenotype. The results presented

in Figure 6A (left image) show that the addition of the
tyrphostin AG1478, a specific inhibitor of EGF receptor
tyrosine kinase activity (Levitzki and Gazit, 1995), to cells Discussion
stably expressing Cdc42(F28L) markedly inhibited their
ability to grow in low serum. The identical treatment EGF Receptor Degradation Is Regulated by Cdc42

Here we describe a previously unappreciated relation-of cells stably expressing the oncogenic Ras protein,
Ras(G12V), did not result in growth inhibition (right im- ship between EGF receptor signaling and Cdc42. The

ability of EGF receptors to be degraded is markedlyage). Cells that stably expressed Cdc42(F28L), when
cultured in 1% calf serum plus AG1478, also lost their reduced in cells that express activated versions of

Cdc42. Following endocytosis, EGF receptors are tar-transformed morphology whereas cells expressing
Ras(G12V) were unaffected by treatment with the inhibi- geted for degradation via an ubiquitination reaction cat-

alyzed by the Cbl adaptor proteins (Levkowitz et al.,tor (Figure 6B). The inability of AG1478 to inhibit
Ras(G12V)-induced transformation was not unexpected. 1998, 1999; Joazeiro et al., 1999; Waterman et al., 1999).

The c-Cbl protein represents the protooncogenic formBecause Ras(G12V) is always in the GTP bound state,
it does not require receptor kinase activity to promote of the viral Cbl transforming gene of the CAS NS-1 retro-

virus, which has been shown to induce pre-B lymphomaits activation, as indicated by the ability of Ras(G12V)
to fully activate ERK in the absence of EGF treatment and myeloid leukemia (Langdon et al., 1989), and is the

mammalian homolog of the C. elegans EGF receptorand in a sustained manner despite EGF receptor down-
regulation (see the lowest image in Figure 5D). However, antagonist Sli-1 (Yoon et al., 1995). The Cbl proteins use

a nonconventional SH2 domain to bind to a specificunlike the case for Ras, the ability of the constitutively
active Cdc42(F28L) protein to stimulate cell prolifera- autophosphorylation site on the EGF receptor. The en-

suing EGF-stimulated tyrosine phosphorylation of Cbl,tion appears to require EGF receptor activation. Cdc42-
mediated transformation also requires activation of the which occurs in a region connecting its SH2 and ring

finger domains, results in the recruitment of an ubiquitin-Ras-ERK pathway. Figures 6C (right image) and 6D show
that when Cdc42(F28L)-expressing cells were treated loaded E2 molecule and the activation of an E3 ligase

activity that mediates the attachment of ubiquitin towith the MEK inhibitor, PD98059, which blocks signaling
from activated Ras to ERK, Cdc42-induced cellular the receptor.

A working model for the Cdc42-mediated regulationtransformation was inhibited, similar to what was ob-
served when treating Ras(G12V)-expressing cells with of Cbl, based on a number of lines of experimental evi-
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the regulatory effects imparted by Cdc42 provide the
added advantage that they are finite in duration, as GTP
hydrolysis, which converts Cdc42 to an inactive state
and causes it to dissociate from Cool-1, would allow
Cbl to bind to the EGF receptor and ensure that EGF-
coupled signaling occurs for a finite time period and is
ultimately terminated. The reversible regulation of Cbl
by Cdc42 can also be distinguished from that of c-Src,
which has recently been shown to catalyze the phos-
phorylation of c-Cbl and likely leads to its irreversible
destruction through ubiquitination and proteasomal
degradation (Bao et al., 2002). On the other hand, muta-
tions that allow Cdc42 to become constitutively active
(e.g., the F28L mutation) would be expected to alter the
timing of Cbl-catalyzed EGF receptor ubiquitination, as

Figure 7. Model Depicting the Cdc42-Mediated Regulation of EGF increased amounts of activated Cdc42 would compete
Receptor Interactions with c-Cbl with the EGF receptor for Cbl (through the binding of
In this scheme, EGF receptor activation stimulates GDP-GTP ex- activated Cdc42 to Cool-1 and Cbl), thereby inhibiting
change on both Ras and Cdc42, resulting in the formation of receptor degradation and giving rise to sustained EGF-
Cdc42•GTP-Cool-Cbl complexes and signaling through the Ras-

coupled signaling.ERK pathway. When Cdc42 hydrolyzes GTP, it dissociates from
Thus, Cdc42-mediated cellular transformation may beCool-1. This enables Cbl to bind to the EGF receptor and to be

a consequence of the sustained mitogenic signaling thatphosphorylated, thus activating Cbl’s E3 ligase activity and allowing
it to catalyze receptor ubiquitination and degradation. For sake of accompanies the inhibition of EGF receptor-Cbl interac-
simplicity, we show that c-Cbl, alone, rather than a Cool-Cbl com- tions by constitutively active Cdc42. This would be con-
plex, binds to the EGF receptor, as we have not found Cool-1 to be sistent with our findings that both a carboxy-terminal-
coimmunoprecipitated with the EGF receptor. This may mean that

truncated Cbl protein and the Cool-1(W43K) mutant,Cool-1 dissociates from Cbl once it binds to and/or is phosphory-
which are defective for the formation of a Cdc42-Cool-lated by the EGF receptor.
1-Cbl complex, block Cdc42-mediated transformation.
This would also explain the apparent requirement for
EGF receptor tyrosine kinase activity that is associateddence, is presented in Figure 7. It begins with the EGF-
with the proliferation of Cdc42(F28L)-expressing cells,dependent activation of Cdc42, which promotes the as-
as well as highlight the fundamental differences in thesociation of this GTP binding protein with Cool-1 and
mechanisms underlying cellular transformation bythus indirectly with Cbl. This blocks the binding of Cbl
Cdc42 versus Ras, as oncogenic Ras is not sensitive toto the EGF receptor and thereby exerts a two-pronged
EGF receptor tyrosine kinase inhibitors and does noteffect on the ability of Cbl to act as an E3 ligase, first
give rise to EGF receptor accumulation. Moreover, ourby preventing Cbl from engaging its ubiquitination sub-
findings now provide an explanation for the requirementstrate (i.e., the EGF receptor), and secondly, by not
of the Rho-insert region for Cdc42(F28L)-mediatedallowing Cbl to be phosphorylated by the EGF receptor,
transformation (Wu et al., 1998). Activated Cdc42 mole-which is necessary for the manifestation of Cbl’s E3
cules which lack the Rho-insert region, while still ableubiquitin ligase activity (Levkowitz et al., 1999). The abil-
to bind to a number of known target/effectors for Cdc42ity of activated Cdc42 to inhibit the binding of Cbl to
including the Paks, Acks, and �-coatomer subunit (Wuthe EGF receptor, and the ensuing Cbl-catalyzed ubiqui-
et al., 2000), show a markedly diminished capability fortination of the receptor, was reversed upon expression
binding Cool-1. This would prevent Cdc42 from seques-of the Cool-1(W43K) mutant that still binds to activated
tering Cbl and from inhibiting receptor ubiquitinationCdc42 but is defective in binding to Cbl. Activated Cdc42
and degradation.proteins that can not bind Cool-1 because of the removal

The present findings also raise some interesting impli-of the Rho-insert region are ineffective at protecting
cations and questions regarding malignant transforma-against Cbl-catalyzed ubiquitination of the EGF recep-
tion and human cancers. It has been well documentedtor. While Cool-1, alone, is able to bind to Cbl, we do
that EGF receptors are present in excessive amountsnot find it to be sufficient (i.e., when overexpressed)
in various breast cancer cells, as well as in glioblastomasto block the Cbl-catalyzed ubiquitination of the EGF
and other tumors (Libermann et al., 1985; Pavelic et al.,receptor (data not shown). Thus, the binding of activated
1993; Blume-Jensen and Hunter, 2001). In most cases,Cdc42 to a Cool-Cbl complex may sterically interfere
the specific mechanisms underlying the increased levelswith the binding of Cbl to the EGF receptor.
of receptor are not known, although they often can not
be attributed to gene amplification, and so they mayImplications for the Role of Cdc42 in EGF Receptor
arise through an alteration in the normal uptake or degra-Signaling and Cell Growth Control
dation of the receptor. In light of the present findings,The effects of activated Cdc42 and Cool-1 on Cbl func-
it might also be expected that alterations in the normaltion share some similarity with those reported for the
functioning of other control points in the trafficking path-human Sprouty2 protein, which was recently shown to
way of the EGF receptor may contribute to these can-be capable of attenuating EGF receptor ubiquitination
cers, for example, as manifested by the aberrant activa-and receptor endocytosis, and to cause enhanced EGF-

stimulated ERK activation (Wong et al., 2002). However, tion of Cdc42.
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Experimental Procedures Blume-Jensen, P., and Hunter, T. (2001). Oncogenic kinase signal-
ling. Nature 411, 355–365.

Materials and Antibodies Cerione, R.A., and Zheng, Y. (1996). The Dbl family of oncogenes.
Tyrphostin AG1478 and PD98059 were purchased from Calbiochem. Curr. Opin. Cell Biol. 8, 216–222.
Recombinant human EGF was obtained from Gibco BRL. Mono-

Clark, E.A., Golub, T.R., Lander, E.S., and Hynes, R.O. (2000). Geno-clonal antibody to HA and monoclonal anti-Myc antibody were ob-
mic analysis of metastasis reveals an essential role for RhoC. Naturetained from Covance. Monoclonal anti-EGF receptor antibody was
406, 532–535.purchased from Transduction Laboratories. An antibody to Cbl
Feng, Q., Albeck, J.G., Cerione, R.A., and Yang, W. (2002). Regula-(C-15) was obtained from Santa Cruz Biotechnology, and the anti-
tion of the Cool/Pix proteins: key binding partners of the Cdc42/phosphotyrosine 4G10 was from Upstate Biotechnology. Tetra-
Rac-targets, the p21-activated kinases (PAKs). J. Biol. Chem.methylrhodamine-labeled EGF was purchased from Molecular
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naling. Flanders, J.A., Feng, Q., Bagrodia, S., Laux, M.T., Singararapu, A.,
and Cerione, R.A. (2003). The Cbl proteins are binding partners for
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COS-7 cells were cultured in DMEM supplemented with 10% fetal and Liu, Y.C. (1999). The tyrosine kinase negative regulator c-Cbl
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supplemented with 10% fetal bovine serum. A mammalian expres- 286, 309–312.
sion plasmid for the human EGF receptor was a kind gift from Dr.

Keely, P.J., Westwick, J.K., Whitehead, I.P., Der, C.J., and Parise,
John Koland (Iowa University). The HA-tagged c-Cbl construct was

L.V. (1997). Cdc42 and Rac1 induce integrin-mediated cell motility
prepared by inserting the cDNA encoding c-Cbl [a kind gift from Dr.

and invasiveness through PI(3)K. Nature 390, 632–636.
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The HA-tagged ubiquitin construct was a kind gift from Drs. Dirk Langdon, W.Y., Hartley, J.W., Klinken, S.P., Ruscetti, S.K., and
Bohman (the EMBL, Heidelberg, Germany) and Yosef Yarden (Weiz- Morse, H.C. (1989). v–cbl, an oncogene from a dual-recombinant
mann Institute of Science, Israel). Stable cell line selection was murine retrovirus that induces early B-lineage lymphomas. Proc.
achieved using G418 (Lin et al., 1997). The cells stably expressing Natl. Acad. Sci. USA 86, 1168–1172.
Cdc42(F28L), Cool-1(W43K), and c-Cbl(1-480) were generated as Levitzki, A., and Gazit, A. (1995). Tyrosine kinase inhibitors: an ap-
outlined in Wu et al. (2000). proach to drug development. Science 267, 1782–1789.

Levkowitz, G., Waterman, H., Zamir, E., Kam, Z., Oved, S., Langdon,
Receptor Downregulation and Ubiquitination Assays W.Y., Beguinot, L., Geiger, B., and Yarden, Y. (1998). c-Cbl/Sli-1
Cells were cultured in 6-well plates for 24 hr and then serum-starved regulates endocytic sorting and ubiquitination of the epidermal
for 12 hr. Thereafter, cells were treated with 100 ng/ml EGF. At the growth factor receptor. Genes Dev. 12, 3663–3674.
indicated times, cells were harvested and the whole-cell lysates

Levkowitz, G., Waterman, H., Ettenberg, S.A., Katz, M., Tsygankov,were subjected to SDS-polyacrylamide gel electrophoresis (PAGE).
A.Y., Alroy, I., Lavi, S., Iwai, K., Reiss, Y., Ciechanover, A., et al.The proteins were transferred to nitrocellulose membranes and the
(1999). Ubiquitin ligase activity and tyrosine phosphorylation under-levels of EGFR were assessed by Western blotting analysis with
lie suppression of growth factor signaling by c-Cbl/Sli-1. Mol. Cellanti-EGF receptor antibody. Ubiquitination assays were performed
4, 1029–1040.as described by Levkowitz et al. (1998). Briefly, CHO cells were

transfected with an EGF receptor expression vector, together with Libermann, T.A., Nusbaum, H.R., Razon, N., Kris, R., Lax, I., Soreq,
plasmids encoding HA-tagged ubiquitin and HA-tagged c-Cbl, along H., Whittle, N., Waterfield, M.D., Ullrich, A., and Schlessinger, J.
with the indicated Cdc42 constructs. Cells were serum-starved for (1985). Amplification, enhanced expression and possible re-
12 hr and then stimulated with EGF (100 ng/ml) for 10 min at 37�C. arrangement of EGF receptor gene in primary human brain tumours
The receptors were immunoprecipitated from whole-cell lysates, of glial origin. Nature 313, 144–147.
and the levels of the ubiquitinated EGF receptors were determined Lin, R., Bagrodia, S., Cerione, R.A., and Manor, D. (1997). A novel
by immunoblotting with anti-HA antibody. Cdc42Hs mutant induces cellular transformation. Curr. Biol. 7,

794–797.
Acknowledgments Lin, R., Cerione, R.A., and Manor, D. (1999). Specific contribution

of the small GTPases Rho, Rac and Cdc42 to Dbl transformation.
We acknowledge Ms. Cindy Westmiller for expert secretarial assis- J. Biol. Chem. 274, 23633–23641.
tance and Dr. Kristin Wilson for helpful discussions. This work was

Lin, Q., Lo, C.G., Cerione, R.A., and Yang, W. (2002). The Cdc42-supported by grants from the National Institutes of Health (GM40654
target ACK2 interacts with SH3PX1 (sorting nexin 9) to regulate EGFand GM47458).
receptor degradation. J. Biol. Chem., 277, 10134–10138.

Manser, E., Loo, T.-H., Koh, C.-G., Zhao, Z.-S., Chen, X.-W., Tan,Received: March 25, 2002
L., Tan, I., Leung, T., and Lim, L. (1998). PAK kinases are directlyRevised: August 18, 2003
coupled to the PIX family of nucleotide exchange factors. Mol. CellAccepted: August 22, 2003
1, 183–192.Published: September 18, 2003
Michiels, F., Habets, G.G., Stam, J.C., van der Kammen, R.A., and
Collard, J.G. (1995). A role for Rac in Tiam1-induced membraneReferences
ruffling and invasion. Nature 375, 338–340.

Nobes, C.D., and Hall, A. (1995). Rho, Rac, and Cdc42 GTPasesBagrodia, S., Taylor, S.J., Jordon, K.A., Van Aelst, L., and Cerione,
regulate the assembly of multimolecular focal complexes associatedR.A. (1998). A novel regulator of p21 activated kinases. J. Biol. Chem.
with actin stress fiber, lamellipodia, and filopodia. Cell 81, 53–62.273, 23633–23636.

Bao, J., Gur, G., and Yarden, Y. (2002). Src promotes destruction of Pavelic, K., Banjac, Z., Pavelic, J., and Spaventi, S. (1993). Evidence
for a role of EGF receptor in the progression of human lung carci-c-Cbl: implications for oncogenic synergy between Src and growth

factor receptors. Proc. Natl. Acad. Sci. USA 100, 2438–2443. noma. Anticancer Res. 13, 1133–1137.



Cdc42 Regulates EGF Receptor Degradation
725

Qiu, R.G., Chen, J., Kirn, D., McCormick, F., and Symons, M. (1995a).
An essential role for Rac in Ras transformation. Nature 374, 457–459.

Qiu, R.G., Chen, J., McCormick, F., and Symons, M. (1995b). A role
for Rho in Ras transformation. Proc. Natl. Acad. Sci. USA 92, 11781–
11785.

Qiu, R.G., Abo, A., McCormick, F., and Symons, M. (1997). Cdc42
regulates anchorage-independent growth and is necessary for Ras
transformation. Mol. Cell. Biol. 17, 3449–3458.

Schmitz, A.A.P., Govek, E.-E., Bottner, B., and VanAelst, L. (2000).
Rho GTPases: signaling, migration, and invasion. Exp. Cell Res.
261, 1–12.

Tu, S., and Cerione, R.A. (2001). Cdc42 is a substrate for caspases
and influences Fas-induced apoptosis. J. Biol. Chem. 276, 19656–
19663.

Waterman, H., Levkowitz, G., Alroy, I., and Yarden, Y. (1999). The
RING finger of c-Cbl mediates desensitization of the epidermal
growth factor receptor. J. Biol. Chem. 274, 22151–22154.

Waterman, H., and Yarden, Y. (2001). Molecular mechanisms under-
lying endocytosis and sorting of ErbB receptor tyrosine kinases.
FEBS Lett. 490, 142–152.

Whitehead, I.P., Campbell, S., Rossman, K.L., and Der, C.J. (1997).
Dbl family proteins. Biochim. Biophys. Acta 1332, F1–23.

Wong, E.S.M., Fong, C.W., Lim, J., Yusoff, P., Low, B.C., Langdon,
W.Y., and Guy, G.R. (2002). Sprouty2 attenuates epidermal growth
factor receptor ubiquitylation and endocytosis, and consequently
enhances Ras/ERK signalling. EMBO J. 21, 4796–4808.

Wu, W.J., Lin, R., Cerione, R.A., and Manor, D. (1998). Transforma-
tion activity of Cdc42 requires a region unique to Rho-related pro-
teins. J. Biol. Chem. 273, 16655–16658.

Wu, W.J., Erickson, J.W., and Cerione, R.A. (2000). The � subunit
of the coatomer complex binds Cdc42 to mediate transformation.
Nature 405, 800–804.

Yang, W., and Cerione, R.A. (1997). Cloning and characterization of
a novel Cdc42-associated tyrosine kinase, Ack-2, from bovine brain.
J. Biol. Chem. 272, 24819–24824.

Yoon, C.H., Lee, J., Jongeward, G.D., and Sternberg, P.W. (1995).
Similarity of sli-1, a receptor of vulval development in C. elegans,
to the mammalian proto-oncogene c-Cbl. Science 269, 1102–1105.


