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ABSTRACT:. The small GTPase Cdc42 has been implicated in a number of cellular responses ranging from
the regulation of the actin cytoskeletal architecture to intracellular trafficking and cell cycle progression.
Cdc42 mutants that constitutively exchange GDP for GTP but still hydrolyze GTP (called ‘fast-cycling’
mutants) promote cellular transformation, whereas Cdc42 mutants that are unable to hydrolyze GTP and
are irreversibly trapped in the GTP-bound state often inhibit cell growth. In this work, we have set out to
further establish that Cdc42 needs to cycle between its ‘on’ and ‘off’ states to stimulate cell growth, by
examining the consequences of manipulating its GTP-binding/GTP hydrolytic cycle in two different ways.
One approach was to examine whether substitutions that act in a manner opposite to the ‘fast cyclers’,
and extend the lifetime of the activated GTP-bound state by slowing the GTP hydrolytic reaction (i.e.,
‘slow-cycling’ mutations), positively influence cell growth. Indeed we show that one such slow-cycling
mutant, Cdc42[Y32A], which is insensitive to Cdc42GAP but still exhibits a measurable intrinsic GTP
hydrolytic activity, gives rise to increased levels of activated Cdc42 in NIH 3T3 cells. We go on to show
that the Y32A mutant stimulates the actin cytoskeletal changes that lead to filopodia formation, confer
growth advantages to fibroblasts under low serum conditions, and enable cells to grow to high densities
when exposed to normal levels of serum. The second approach was to determine whether the transforming
activity of the fast-cycling Cdc42[F28L] mutant can be reversed by compensating for its accelerated
nucleotide exchange reaction through the expression of the GTPase-activating protein (Cdc42GAP) and
the ensuing stimulation of GTP hydrolytic activity. We showed that expression of the limit functional
domain of Cdc42GAP inhibited Cdc42[F28L]-induced transformation, as well as selectively reversed the
transformed phenotypes caused by the hyperactivation of wild-type Cdc42 in cells expressing the oncogenic
version of Dbl (for Diffuse B cell lymphoma), a guanine nucleotide exchange factor for Cdc42 and the
related Rac and Rho GTPases. Overall, the results reported here establish the requirement for Cdc42 to
cycle between its signaling-on and -off states in order to positively influence cell growth and highlight
how the Cdc42GAP can play an important role in regulating cell proliferation.

Small, monomeric GTPaskeact as molecular switches in  progression. Mutations in Ras that block GTP hydrolysis and
cellular signaling pathways, alternating between an active, irreversibly lock it in the ‘on’ (GTP-bound) state can
GTP-bound state and an inactive, GDP-bound state. Thetransform several cell types and have been found in more
ability of GTPases to properly bind and hydrolyze GTP is than 30% of all human tumord). A number of other Ras-
of utmost importance for the maintenance of normal cellular related GTPases have been implicated in cell growth control,
function. This is particularly true for cell growth control, as including members of the Rho subfamily. One in particular
demonstrated by the role played by Ras in a variety of growth that has received a good deal of attention is Cdc42.

factor-coupled signaling pathways that stimulate cell-cycle | ike other members of the Rho subfamily, Cdc42 was
originally suspected to be primarily responsible for the proper
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1 Abbreviations: GTPase, guanosiné3O-triphosphate (GTP) its GTP-binding/GTP-hydrolytic cyclt_a is carefully regulat(_aq.
binding protein; GAP, GTPase-activating protein for Cdc42; GEF, In fact, a number of regulatory proteins have been identified
guanine nucleotide exchange factor; GDI, guanine nucleotide dissocia-for Cdc42 and related members of the Rho subfamily of
tion inhibitor; GDP, guanosine'®-diphosphate; GppCp, guanosine- ; ; ;
5-(,y-methylene)triphosphate: HA, hemaglutinin: Mant-GDROR GTPases. These include guanine nucleotide exchange factors
(N-methylanthraniloyl) guanosine-Biphosphate; PBD, p21-binding ~ (GEFS), which stimulate the dissociation of GDP and catalyze
domain. GDP-GTP exchange 18—-20), and guanine nucleotide
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dissociation inhibitors (GDIs), which significantly slow the established that changing Tyr32 to an alanine yielded a
rate of dissociation of GDP and consequently antagonize theCdc42 molecule that exhibited a slower rate of intrinsic GTP
actions of GEFsZ1). A third family of regulatory proteins,  hydrolysis compared to wild-type Cdc42, as well as conferred
designated as GTPase-activating proteins (GAPS), stimulatean insensitivity to Cdc42GAR2(). The fact that this GAP-
GTP hydrolysis and return the GTPase to its inactive state, insensitive, Cdc42 mutant was capable of hydrolyzing GTP,
thus, terminating its interactions with downstream effectors but at a decreased rate, suggested that it would allow Cdc42
(22). to remain in the GTP-bound state for an extended (but not
Various lines of evidence have shown that conditions infinite) period of time and that its expression in NIH 3T3
resulting in the hyperactivation of Cdc42 lead to cellular cells might lead to increased levels of activated Cdc42. Thus,
transformation. One early example came from studies with we examined the cellular consequences of expressing the
the oncogenic Dbl protein, the founding member of a family GAP-insensitive Cdc42[Y32A] mutant in NIH 3T3 fibro-
of GEFs for Rho-related GTPases. Deletion of the amino- blasts. We have also taken the reciprocal approach and
terminal 498 amino acids from proto-Dbl yields an oncogenic examined whether the expression of the limit functional
variant that is strongly transforming, as reflected by its ability domain of Cdc42GAP, by accelerating the conversion of
to stimulate the formation of foci and support cell growth in  GTP-bound Cdc42 back to the GDP-bound state, might
low serum or in soft agar, as well as promote the loss of compensate for the enhanced rate of GEBTP exchange
contact inhibition. The transforming activity of oncogenic exhibited by the Cdc42[F28L] mutant and thereby inhibit
Dbl has been directly attributed to its ability to excessively its transforming activity. Moreover, we have taken this one
activate its Rho GTPase substrates, including Cd2324). step further and examined whether Cdc42GAP might also
However, perhaps the strongest piece of evidence linking be capable of reversing the effects of oncogenic Dbl, and if
the hyperactivation of Cdc42 to oncogenic transformation so, possibly provide us with insights into the specific
came from studies performed with the so-called ‘fast-cycling’ characteristics of Dbl-transformed cells that can be attributed
Cdc42 mutants which are capable of constitutive nucleotide to the hyperactivation of Cdc42.
exchange, but still exhibit full GTP hydrolytic activit?8,
25). One example is the Cdc42[F28L] mutant which is unable MATERIALS AND METHODS

to stabilize the binding of the guanine ring of GDP through .
the usuabr—s orbital interactions, and so the rate of GDP Molecular ConstructsGST-Cdc42 was made using pGEX

dissociation from this mutant is increased by at least 50- constructs for bacterial expressﬁon. The CdC42[Y32A] mutant
fold. Because of the significantly higher cellular levels of was generated by point mutating pGEX Cdc42 (wild-type)

GTP, compared to GDP, the Cdc42[F28L] mutant is capable with_the Stratagene Quick-change mutagenesis kit and
of exchanging GDP for GTP in the absence of a GEF, thus confirmed by nucleotide sequencing. The construct was also
significantly increasing the cellular pool of activated Cdc42. Subcloned into pJ4H and pcDNA vectors for stable and

Consequently, NIH 3T3 cells expressing the Cdc42[F28L] transien.t expression in mammalian cells. The mammalian
mutant show the hallmarks of cellular transformation, €XPréssion vector for ACK2 was generously provided by Dr.

including the ability to form colonies in soft agar as well as Wannian Yang (Geisi_nger Re_se_arch In_stitute, Dan_ville, PA).
grow in low serum. The construct er_modlng the limit functlonal domain for the
Whereas Cdc42[F28L] and other fast-cycling mutants Cdcd2GAP (residues 23439), designated from here on

exhibit transforming activity, dominant-active Cdc42 mutants s!mply as GAP, was initially cloned into the pGEX expres-
that are incapable of GTP hydrolysis are often toxic to cells. sion vector system (Novag_en), and than subcloned_mto an
This differs from the case for Ras where GTP hydrolysis- HA-tagged pJ4H “_‘a_mma"a” expression vector using the
defective mutants show potent oncogenic capabilijyad BamHI/ECoRI restriction enzyme sites.

therefore suggests that it is not sufficient for Cdc42 to reach  Assaying the Binding of Cdc42 to ACKRxpression of

the GTP-bound state to trigger signals essential for cell Myc-tagged ACK2 was achieved by transiently transfecting
growth_ Rather, it appears that Cdc42 needs to Comp|ete aCOS'7 cells USing the Effectein transfection kit (anitrOgen).
full GTP-binding/GTP hydrolytic cycle in order to propagate After 48 h, the cells were incubated with lysis buffer (10
such signals. To further establish that this indeed is the caseMM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Triton X-100,
we have pursued two lines of approach. First, we set out toahd 5 mM MgC}) for 20 min followed by a 10 min
see whether other mutations that alter the rate of cycling centrifugation (4°C, 16 00@). ACK2-containing superna-
between the GTP- and GDP-bound states will also give rise tants were then incubated with glutathione-agarose beads
to oncogenic transformation. Thus far, we have exclusively conjugated with either GST-Cdc42 (wild-type) or GST-
examined ‘fast-cycling’ mutations that accelerate the conver- Cdc42[Y32A], which were pre-loaded with either GDP or
sion between the GDP- and GTP-bound states. However, GMP-PCP (Sigma). Complex formation was achieved at 4
one can also envisage transformation occurring with what °C while mixing end-over-end for 1 h. Agarose-anchored
might be referred to as ‘slow-cycling’ mutations that decrease complexes were pelleted (€, 500@) and washed in lysis
(but do not irreversibly block) the return of GTP-bound buffer (2x). Complexes were resolved using 12% SbS
Cdc42 back to the GDP-bound state. We felt that one PAGE and then transferred onto PVDF. Myc-tagged ACK2
interesting possibility was the Cdc42[Y32A] mutant. The Was detected using a monoclonal anti-Myc antibody (Co-
structure of Cdc42 bound to Cdc42GAR6| implicated vance).

Tyr32 of Cdc42 in GAP-stimulated GTP hydrolysis. The side  Measuring Guanine Nucleotide Exchangéant-labeled
chain of Tyr32 appears to stabilize the “arginine finger”, a deoxy-guanine nucleotides were generated, and nucleotide
key catalytic residue in the GAP-catalyzed GTP hydrolytic exchange assays were performed using previously described
reaction. Mutational and functional analyses of Cdc42 proceduresd8, 29). Cdc42 (1uM) was first incubated in
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HMN buffer (20 mM HEPES, pH 7.5, 5 mM Mggland expression of HA-tagged Cdc42[Y32A] by Western blot
100 mM NacCl), and then either Mant-dGDP (1 mM) or analysis.

Mant-dGDP, together with the Cdc42-specific GEF, Inter-  Stable cell lines coexpressing either HA-Cdc42[F28L] or
sectinC (38 nM), was added to the reaction mixture. oncogenic Dbl with HA-tagged GAP were generated using
IntersectinC is a truncated version of the full-length Inter- previously described procedure®3( 24). The puromycin-
sectin-L protein, which includes 3 of its 5 SH3 domains resistance vector (Puro) was a gift from Dr. Jun-Lin Guan’s
(designated SH3C, D, and E) as well as its Dbl- and laboratory (Cornell). The pJ4H GAP and Puro vectors were
Pleckstrin-homology domains(). Changes in Mant fluo-  introduced into the Cdc42[F28L]- and oncogenic Dbl-
rescence (excitation= 350 nm, emission= 440 nm), expressing cell lines using Lipofectamine. Twenty-four hours
indicative of the exchange of GDP for the Mant-nucleotide post-transfection, the media was replaced with culturing
on Cdc42, were measured in an SLM 8000c spectrofluo- media supplemented with g/mL puromycin (Sigma).
rimeter. The data were fit to a single exponential using the Following colony formation, cells lines were transferred to

Igor Wavemetrics software package. individual plates and tested for expression by Western
Cell Culture. NIH 3T3 cells were cultured in a 37C blotting with anti-HA antibody.
incubator while maintaining a 5% GChumid environment. Transformation Assayshree assays for cellular trans-

Media consisted of Dulbecco’s modified medium supple- formation were used: growth in low serum, contact inhibi-
mented with 10% calf serum, 100 units/mL penicillin, and tion/saturation density, and colony formation in soft agar.
100 ug/mL streptomycin (Gibco). COS-7 cells were also When assaying growth in low serum, ®16ells of each

cultured in a 37C incubator while maintaining a 5% GO  indicated cell line were seeded in six-well plates using
humid environment; however, their media consisted of DMEM supplemented with 10% calf serum. Six hours later,
Dulbecco’s modified medium supplemented with 10% fetal the media was replaced with DMEM supplemented with 1%

bovine serum, 100 units/mL penicillin, and 1Q@/mL calf serum. The cells were trypsinized and counted on days
streptomycin. 2,4, and 6.
ImmunofluorescenceNIH 3T3 cells were transiently For the experiments assaying saturation densitycéls

transfected with either pcDNA Cdc42[Q61L], Cdc42[Y324], from each cell line were seeded using DMEM supplemented
or wild-type Cdc42 using the Effectein transfection kit with 10% calf serum. The cells were fed every 2 days until
(Invitrogen). The following day, the transfected cells were day 6 when they were trypsinized and counted.
trypsinized and counted, and thenx21®® cells were plated Soft agar assays were performed by plating the cells (3
onto dual chamber cell culture slides. The cells were allowed 10°) in 1.5 mL of 0.3% agarose (Invitrogen) in DMEM
to attach to the slides and then were incubated in serum-supplemented with 10% calf serum. A 0.5% agarose under-
free media. The cells were fixed and permeabilized with layer was first poured in order to prevent attachment of cells
3.7% formaldehyde and 0.2% Triton X-100 in PBS, and then to the tissue culture plate. Cells were fed 7 days after plating
were incubated with PBS containing 5% BSA and mono- Wwith a fresh layer of 0.3% agarose in DMEM supplemented
clonal anti-hemaglutinin (HA) antibody fol h at room with 10% calf serum. The colonies were counted after 14
temperature. After thorough washing with PBS, cells were days of growth.
incubated with either a mixture of rhodamine-phalloidin and  EGF-Stimulated ERK Phosphorylatiofio examine EGF-
goat anti-mouse antibody conjugated to Oregon greenstimulated ERK phosphorylation in cells expressing Cdc42-
(Molecular Probes), or a mixture of Oregon green-phalloidin [F28L], in the presence or absence of HA-GAP, the cell lines
and goat anti-mouse antibody conjugated to Texas Redwere seeded in six-well plates, allowed to adhere, and then
(Molecular Probes) in PBS, for visualization with a fluores- were serum-starved for 24 h. The cells were then treated
cent microscope (Olympus). with EGF (100 ng/mL) for varying periods of time up to 6
Assays for the Cellular Actation of Cdc42NIH 3T3 cells . and then lysed in a buffer containing 20 mM HEPES (pH
expressing HA-tagged Cdc42 proteins were incubated in lysis 7-4), 150 mM NaCl, 1% Nonidet P-40, 20 mM NaF, 20 mM
buffer (10 mM Tris HCI, pH 7.4, 150 mM NaCl, 1% Triton ~ /-glycerol phosphate, 1 mM sodium vanadate, /fimL
X-100, and 5 mM MgGJ) for 20 min followed by a 10 min ~ leupeptin, and 1Q«g/mL aprotonin (Sigma). Total lysate
centrifugation (4°C, 16 00@). Supernatants were then Protein was determined using the Bio-Rad protein assay, and
incubated with glutathione-agarose beads conjugated withthen equivalent amounts of lysate (4@ of protein) were
GST fused to the Cdc42-interaction domain of PAK (called "esolved by SDSPAGE (using 10% gels). The samples

PBD for p21-binding domain) and incubated at@ while were transferred to PVDF and immunoblotted with an anti-
mixing end-over-end for 2 h. Agarose-anchored complexes Phospho-ERK1/2 (p44/p42) antibody (Transduction). Den-
were pelleted (4C, 500@) and washed in lysis buffer ¢2). sitometry was conducted on the immunoblots using an

Complexes were resolved using 12% SEFAGE and then Amersham Pharmacia Biotech Image Scanner and Total lab
transferred onto PVDF. HA-tagged Cdc42 was detected usingVersion 1.00 software.
a monoclonal anti-HA antibody (Covance).

RESULTS

Stable Cell LinesStable cell lines expressing HA-tagged
Cdc42[Y32A] were generated by cotransfecting the pJ4H The Cdc42[Y32A] Mutant Is Actated by GEFs and
Cdc42[Y32A] construct and pcDNAS3 into NIH 3T3 fibro-  Retains Target/Effector-Binding Actiy. Thus far, we have
blasts using Lipofectamine (Invitrogen), at a 20:1 ratio. used Cdc42 mutants that exhibited an accelerated ability to
Twenty-four hours post-transfection, the media was replacedexchange GDP for GTP (‘fast-cycling’ mutants) to examine
with culturing media supplemented with G418 (Sigma). the role of this GTPase in cell growth contr@B-25). These
Individual colonies were selected, cultured, and screened formutants show strong transforming capabilities, presumably
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by virtue of a significant increase in the cellular pool of the

We set out to address this question using a Cdc42 mutant,
Cdc42[Y32A], that we had previously found to be unre-
sponsive to Cdc42GAP, while its intrinsic GTP hydrolytic 0
activity was decreased by about 3-fold compared to that of

WiId-type Cdc42 27) T T T T T 1

2000 =
GTP-bound form of the protein. This raises the question of A
whether, instead of accelerating the ‘forward’ half of the
GTP-binding/GTP hydrolytic cycle (i.e., GDFGTP ex- E 2000 =
change), we can achieve the same outcome by slowing the § e
‘back’ half of the cycle (i.e., the hydrolysis of GTP to GDP). 2 —— Cdc42 wt Intrinsic

§ 1000 — = Clc42 wt GEF

!

Tyrosine 32 is located within the Switch | domain of coo e s e
Cdc42. This region not only contains residues that are fime fseconds)
important for the GTP hydrolytic reaction, but also represents B. 3
the binding site for target proteins and GEFs. Thus, we —
25

wanted to be certain that substituting an alanine for tyrosine
at position 32 in Switch | did not compromise the ability of
Cdc42 to undergo GEF-mediated GBBTP exchange, or
upon activation, to engage target/effectors. We first examined
the ability of the Cdc42[Y32A] mutant to respond to a form
of Intersectin-L, a specific activator of Cdc42(( 31), that
includes its functional GEF (i.e., Dbl-homology) domain.
Guanine nucleotide exchange activity was assayed in real-
time using Mant-dGDP, as this GDP derivative undergoes a 0
significant enhancement in fluorescence upon binding to Cdca2 wt Cded2 [Y32A)
GTPases such as Ras and Cdc2@, 82, 33). The results
presented in Figure 1A demonstrate that the fluorescence C. ‘(519' &
changes accompanying the binding of Mant-dGDP to the cbc”‘q’ Léc."a’ &
Cdc42[Y32A] mutant, due to the GEF-stimulated exchange o =
of the fluorescent nucleotide for GDP at the nucleotide- A R
binding site, were indistinguishable from those observed with
wild-type Cdc42. Figure 1B verifies that the rates of
nucleotide exchange for the mutant and wild-type Cdc42
protein were also essentially identical. Ficure 1: Biochemical characterization of the GAP-insensitive
The functional similarities between Cdc42[Y32A] and Cdc42[Y32A] mutant. (A and B) To ensure that the Switch | mutant
wild-type Cdc42 also extended to target/effector-binding (Cdc42[Y32A]) was still capable of undergoing GEF-mediated
interactions. It has been well-documented that Cdc42- nucleotide exchange, the binding of Mant-dGDP to wild-type Cdc42

.. . . or the Cdc42[Y32A] mutant, in the presence and absence of the
effectors containing a CRIB (for Cdc42/Rac-interactive- |ntersectin-L construct, IntersectinC (see Materials and Methods),

binding) motif 34) bind to Cdc42 through the Switch |  was assayed. Nucleotide exchange was measured by monitoring
region. The Cdc42[Y32A] mutant is able to bind to CRIB- the enhancement of Mant fluorescence. The data are representative

| domain of the Cdc42[Y32A] mutant was still capable of interacting

GTPase. One example is the no.nreceptor. t.erSIne I(”']"jlsewith effectors, the ability of this mutant to bind to ACK2 was tested.
ACK2, a member of the ACK-family of specific targets for  gqujvalent amounts of GST-Cdc42 (wild-type) and GST-Cdc42-
Cdc42 that was originally isolated from bovine bra8b) [Y32A] were preloaded with GMP-PCP or GDP and then incubated
Figure 1C shows the results of a pull-down experiment where in cell lysates transiently expressing Myc-tagged ACK2. Precipitated
equivalent amounts of GST-Cdc42[Y32A] and GST-Cdc42 Protein complexes were resolved by 12% SEFRGE, and Myc-
(wild-type), either in the GDP-bound state or loaded with tagged ACK2 was detected with an anti-Myc antibody.
the GTP analogue GMP-PCP, were incubated with lysates
from COS-7 cells expressing the Myc-tagged ACK2 protein
and then precipitated. It is clear that the Y32A mutation does
not impede the ability of Cdc42 to bind to ACK2 in a GTP-
dependent manner.

Cdc42[Y32A] Is Actie in Cells. We next examined

B Cdc42GAP

(x107%)

-

Rate of Nucleotide Exchange (s")

0.5

&

—— — ACK2 (myc)

[Y32A] were incubated with GST-PBD and then precipitated,
with the associated Cdc42 being detected by Western blot
analysis using an anti-HA antibody. Figure 2A (top panel)
shows that in cells there is a significantly greater percentage
of the Cdc42[Y32A] mutant in the GTP-bound state,

whether the Cdc42[Y32A] mutant, when expressed in cells, comp_areq to wild-type HA-tagged CdC42’. with the ex_tent
showed the characteristics of an activated GTPase. This waé)f_ activation for the Y32A mutant approachmg that obtained
assessed by assaying the ability of Cdc42[Y32A] to bind with comparable levels of the GTPase-defective HA-Cdc42-
GST-PBD which contains the limit-binding domain from the [Q61L] mutant.

Cdc42/Rac-effector PAK. Only the GTP-bound form of = We next asked whether the Cdc42[Y32A] mutant was able
Cdc42 is able to undergo a high-affinity interaction with the to send downstream signals in cells that mirrored those seen
PBD, and so this assay provides a read-out for the relativewith other activated forms of Cdc42. Perhaps the best known
levels of the activated GTPase in celB6). Extracts from cellular read-out for Cdc42 is the formation of filopodia or
cultured NIH 3T3 cells stably expressing HA-tagged Cdc42- microspikes 87, 38). It has been previously demonstrated
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A. The Cdc42[Y32A] Mutant Exhibits Transforming Capabil-
HACdcaz - ity. We next asked whether the stable expression of the

ST-PBD “ Cdc42[Y32A] mutant, like the constitutively active Cdc42-
[F28L], can change the growth properties of NIH 3T3 cells
wcL and cause them to undergo transformation. To address this
guestion, three independent clones that stably expressed HA-
—— d— ‘ tagged Cdc42[Y32A] were chosen (Figure 3A).

N One hallmark of cells that have undergone transformation
ﬂ\«";‘" ﬂ\o@ Lb&”’ is their ability to survive and grow under stressful conditions,
¢ & for example, when the levels of serum and growth factors
are low. The data presented in Figure 3B shows that, as
previously reported23, 24, cells that highly expressed the
Cdc42[F28L] mutant grew well under low-serum conditions
(i.e., 1% FBS), whereas control NIH 3T3 cells were not able
to grow and underwent cell death over a@ day period.
While we have not been able to generate stable cell lines
that expressed HA-Cdc42[Y32A] to the same extent as
Cdc42[F28L], we nonetheless found that cells expressing the
Y32A mutant remained viable through 6 days, under low-
serum conditions. Figure 3C shows a comparison of the
morphology of the control cells versus cells expressing HA-
Cdc42[F28L] and HA-Cdc42[Y32A], and again, it is clear
that there were striking differences in the ability of cells
C. 100 expressing the Cdc42[Y32A] mutant to survive in low serum,

HA-Cdc42

> ot
AN o 3§ z(}.

B Cdc42[Q61L) Cdca2[Y324) Cdcd2 wt

Anti-HA

Anti-Rhodamine
-Phalloidin

< I compared to control fibroblasts.
g 754 [ Another indicator that cells have undergone transformation
g is their loss of contact inhibition. When normal NIH 3T3
- . cells are cultured in 10% FBS, they grow until a monolayer
3 ] has formed and then undergo contact inhibition. However,
E.j. 2 ' when transformed cells reach 100% confluence, they con-
§ . tinue to grow, forming multiple layers and displaying a
& o T higher cell density. Figure 3D compares the ability of vector-
O N & control cells and cells stably expressing HA-Cdc42[F28L],
9,\0“’ ,13{31 &ﬁ' as well as different cell lines stably expressing HA-Cdc42-
& & [Y32A], to grow to high density. NIH 3T3 cells stably

FIGURE 2: The Cdc42[Y32A] mutant is activated in cells. (A) A €Xpressing the Cdc42[Y32A] mutant were able to grow to
GST-fusion protein containing the p21-binding domain of PAK higher saturation densities than control cells and approached
(PBD) was incubated with cell lysates expressing HA-tagged densities comparable to cells expressing Cdc42[F28L].
Cdc42[Q61L], HA-Cdc42[Y32A], or HA-Cdc42(wild-type). Com- Can Cdc42GAP Negately Regulate the Transforming

plexes were resolved using SBBAGE, and the HA-Cdc42 s P :
constructs were detected using an anti-HA antibody (top panel). Activity of Cdc42[F28L]? The results presented in the

The middle panel shows the relative amounts of GST-PBD used Preceding section showed that the Y32A mutation, by
in the pull-down experiments, and the bottom panel compares the slowing the rate at which Cdc42 returns from the GTP-bound
relative expression levels of the HA-Cdc42 constructs in whole cell (active) state to the GDP-bound (inactive) state, conferred
lysates. (B) NIH 3T3 cells were transiently transfected with either transforming properties to this GTPase. We then wanted to

mammalian constructs encoding HA-tagged Cdc42[Q61L], Cdc42- . .
[Y32A], or wild-type Cdc42, fixged, andggtained Wit[r?anti!HA o See whether we could modulate the transforming activity of

detect cells expressing the various Cdc42 constructs, and withthe fast-cycling Cdc42[F28L] mutant by accelerating its
rhodamine-phalloidin to stain the actin cytoskeleton. (C) Quantifica- ability to undergo GTP hydrolysis.

tion of cells bearing filopodia when overexpressing the different  The [imit functional domain of Cdc42GAP, referred to
forms of HA-tagged Cdc42 shown in panel B. simply as GAP, encompasses the C-terminal half of the 50
kDa protein, beginning at residue 2326( 39). We previ-

that the transient expression of either the constitutively active ously demonstrated that the Cdc42[F28L] mutant was fully

Cdc42[F28L] mutant or the GTPase-defective Cdc42[Q61L] reghonsive to GAP, yielding the same rate of GTP hydrolysis

protein enhances the formation of filopodia in fibroblasts 5q that measured for the GAP-stimulated activity of wild-
(23, 24). An example is shown in Figure 2B for the HA-  type Cdc4223). Thus, two cell-lines stably expressing HA-
tagged Cdc42[Q61L] mutant, where following its transient Cdc42[F28L] and different levels of HA-tagged GAP were
expression in NIH 3T3 cells and then staining the cells with generated (designated as clones 1 and 2 in Figure 4A). A
phalloidin, microspikes were clearly visible. The HA-Cdc42- control cell line expressing HA-GAP alone (i.e., in the
[Y32A] mutant was also able to increase microspike forma- absence of Cdc42[F28L]) was used to establish whether any
tion, compared to what was observed for cells expressingtoxic side effects occurred because of excessive stimulation
wild-type HA-Cdc42 (Figure 2B,C). These results were of the GTP hydrolytic activity by Cdc42, whereas cells
consistent with the Cdc42[Y32A] mutant exhibiting an expressing only HA-Cdc42[F28L] were used as a positive
extended lifetime in the GTP-bound, activated state. control for transformation.
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Ficure 3: The Cdc42[Y32A] mutant and cellular transformation. (A) Western blot analysis of NIH 3T3 cells stably expressing Cdc42-
[Y32A] or Cdc42[F28L]. The expression levels of the Cdc42 constructs were detected using an anti-HA antibody. The numbers represent
specific clonal cell lines expressing HA-Cdc42[Y32A]. (B) NIH 3T3 cells stably expressing the various Cdc42 constructs were tested for
their ability to grow in low-serum conditions. Stable cell lines expressing HA-Cdc42[F28L], HA-Cdc42[Y32A], or vector alone were
seeded at FOcells per well and fed every 2 days with DMEM supplemented with 1% FBS. On the indicated days, the samples were
trypsinized and counted in order to monitor their growth. The numbers represent different cell lines stably expressing Cdc42[Y32A], at the
relative levels shown in Figure 2A. The data are representative of three to four independent experiments. (C) After 6 days of growth,
pictures were taken using an Olympus digital camera and an Olympus light microscope. (D) Cell lines were tested for their ability to grow
to high-cell densities. Stable cell lines expressing HA-Cdc42[F28L], HA-Cdc42[Y32A], or vector alone were seedededis Ier well

and fed every 2 days with DMEM supplemented with 10% FBS. After 6 days of growth, cells were trypsinized and counted. The data are
representative of three to four independent experiments.
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A. A o The ability of cells to grow in low serum was tested to
1\9,9,\' n\ﬂwm_\ﬂsﬁ 5 determine if the coexpression of HA-GAP with HA-Cdc42-
ol e [F28L] affected the transforming potency of this constitu-

GAP

Cdca2[F28L]

Cell Number (x 10?)

Saturation Density
Cell Number (x 10 3)
g

——

H

)

- = T o tively active Cdc42 mutant. The results in Figure 4B
demonstrate that the presence of GAP markedly decreased

. the ability of Cdc42[F28L] to stimulate cell growth under
low-serum conditions, with the greater degree of growth
inhibition being observed in fibroblasts that expressed the
higher level of GAP. NIH 3T3 cells stably expressing GAP

B = alone behaved similarly to cells expressing the control vector,

undergoing cell death by day 6 of the experiment.

The two cell lines coexpressing Cdc42[F28L] and GAP
were also compared with Cdc42[F28L]-transformed cells,
as well as with vector-control cells, for their ability to grow

Cdc42(F28L) to a higher density in media supplemented with 10% serum.
sty After 6 days of growth, the cells were trypsinized and
gl counted. The data presented in Figure 4C shows that GAP
reversed the loss of contact inhibition exhibited by Cdc42-
[F28L]-transformed NIH 3T3 cells. Both cell lines expressing
GAP together with Cdc42[F28L] grew to lower densities
compared to cells expressing Cdc42[F28L] alone, with cells
expressing the higher level of GAP exhibiting less density
compared to cells expressing lower levels of GAP. Again,
! we found that expression of GAP alone did not inhibit the
1000 growth or change the normal behavior of the cells.
Another characteristic of neoplastic cell growth is the
800 1 ability of transformed cells to grow without adhering to a
substrate. Transformed cells are able to grow and form
colonies within an agarose matrix, whereas nontransformed
cells will not grow but instead appear as single cell entities
within the matrix even after a 2-week period of time. Cell
lines expressing different combinations of HA-Cdc42[F28L]
and HA-GAP were tested for their ability to form colonies
in soft agar. As reported earlie3), NIH 3T3 cells that
stably expressed Cdc42[F28L] were able to form colonies
s T with an incidence of-30%, while vector-control cells did
& & \,‘; Ak not form colonies under these conditions (Figure 5A). In
& ,@ﬁ’\’ Nl agreement with the low serum and saturation density data,
3 cells that stably expressed HA-GAP alone behaved like
FlGURE 4: Examining the effects of GAP on Cdcd2[F28L1- control cell; and did not grow in soft agar. Co_expressmn of
stimulated cell grovvthcfI (A) Western blot analysis of NIH 3[T3 ce}ls HA-GAP with HA-Cdc42[F28L] reduced the incidence of
stably expressing HA-tagged Cdc42[F28L], alone, or in combination colony formation by nearly 50% (Figure 5A). In addition,
with HA-GAP. The effects of GAP on Cdc42[F28L]-induced the colonies that did form from the cell lines expressing both
e A e Cae IR, ot e s o . CdcA21F26L] and GAP appeared much smallr han those
tag?ged G%P (den%%ed by the numbers 1 and 2), as well as Ce”from cells expressing Cdc42[F28L] alone (Figure 5B).
lines expressing either HA-Cdc42[F28L] or GAP, alone, and a _ Effects of GAP on the Interplay between Cdc42 and EGF-
vector-control. The expression levels of the various constructs were Coupled Signaling Actities. We previously showed that an
detected with an anti-HA antibody. The upper band detected in important part of the transforming capability of the Cdc42-
Seer, n the Jane for vectorconirol cels, reptesents a nonspeciic - 26L] mutant was its abiliy to inhibit the Cbl-catalyzed
reaction and is not consistently observe’d. (%) The cell Iinespwere ubiquitination of EGFRs, through the formation of a ternary
tested for their ability to grow in low-serum conditions. Stable cell complex between GTP-bound Cdc42[F28L], Cool-1 (for
lines expressing HA-Cdc42[F28L W), HA-Cdc42[F28L] with a Cloned-out of library-1)3-Pix (for PAK-interactive exchange
ginghiFFJe\g of Gg‘;é’#;?ggé HA-gggﬂtﬁ([ngg‘;]OI?|g§n6;r|(§>[\évoe;v|;\/ee| factor), and Cbl which effectively sequestered the E3
grown irE 13/0(A|2i35, as descﬁ%’ed in Figure 3B. On the indicated ubiquitin ligase .Cbl away.fro.m the EGFRIQ). Co.nse-.
days, the samples were trypsinized and counted. The data arequently' the amplitude and Ilfetlme c_)f_ EGF'CQUDIed signaling
representative of three independent experiments. (C) NIH 3T3 cell through Ras to ERK1/2 was significantly increased (e.g.,
lines were tested for their ability to grow to high-cell densities. compare the intensity of the phospho-ERK1/2 doublet as a
stﬁlkﬂae ﬁielg]g?f:vgrg;eéigg ;f-%%‘&[liiggégf'(iﬂg“a?[l';svse';] function of time in the top two panels on the left in Figure
level of (gAP (#2), GAP alon(e, ;ﬁd the vecto[r-congrgl were grown 6A). Flgurg 6 also shows the effectg of expressing QAP
in 10% FBS as described in Figure 3D. After 6 days of growth, together with Cdc42[F28L] on EGF-stimulated ERK activa-
cells were trypsinized and counted. The data are representative oftion. In cells expressing both GAP and Cdc42[F28L], there
three independent experiments. was a consistent reduction in the relative strength of the upper
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isolated and characterized by Western blot analysis (Figure
7A). These cells were then examined for their abilities to
grow in low serum (Figure 7B), as well as to grow to high
density (Figure 7C) and form colonies in soft agar
(Figure 8).
We found that when assaying cell growth, either under
'|' conditions of low serum or under normal serum conditions
T (but to high density), the expression of HA-GAP exerted
J_ little or no change on the growth-promoting properties of
oncogenic Dbl (Figure 7B,C). However, when comparing
10 the abilities of the different cell lines to form colonies in
soft agar, expression of HA-GAP caused obvious effects
(Figure 8). NIH 3T3 cells stably expressing oncogenic Dbl

40

30

b

20

Percentage of Colonies Formed >

o | mi— - exhibited colony formation with a frequency ©$35%,
ot A A O Q whereas cells expressing oncogenic Dbl together with GAP
& ,.L(ﬂ% x(o‘?g N c showed a significant reduction in the incidence of colony
cg,cb‘ ,Lq,\,\ ,Lq,\% growth (i.e., to a frequency of-15%, Figure 8A). The
bg,'@ bg,\“ reduced incidence of Dbl-induced colony formation in the
(_,6" (,6(‘ presence of GAP was also accompanied by markedly smaller

colonies (Figure 8B). Overall, these results confirm earlier
suggestions that the ability of oncogenic Dbl to promote
growth in soft agar is primarily mediated through the
activation of Cdc42Z4) and now shows that this cellular
phenotype can be selectively inhibited by attenuating Cdc42
activation via its GAP.

The GAP[R305A] Mutant Is Ineffeet in Blocking Cdc42-
[F28L]- or Dbl-Induced TransformationWe wanted to be
certain that the effects of GAP on the abilities of the
constitutively active Cdc42[F28L] mutant or oncogenic Dbl
to transform NIH 3T3 cells were indeed an outcome of
accelerated GTP hydrolysis by Cdc42, rather than due to
the GAP simply binding to activated Cdc42 and competi-
tively inhibiting its interactions with essential target/effectors.
Thus, we examined whether the expression of a GAP mutant
(GAP[R305A]) in which a highly conserved arginine residue
(often referred to as the arginine finger) was changed to an
alanine, such that its ability to stimulate GTP hydrolysis was
significantly compromised2g, 27, 39, had any effect on
either Cdc42[F28L]- or Dbl-induced transformation. Figure
9 shows that the HA-tagged GAP[R305A] mutant had no

] effect on the ability of either HA-tagged Cdc42[F28L] or
Ficure 5: Effects of GAP on Cdc42[F28L]-stimulated colony  oncogenic Dbl to stimulate the growth of NIH 3T3 cells in
formation in soft agar. (A) Stable cell lines expressing HA-tagged

Cdca2[F28L], HA-CdcA2[F28L] with a higher level of GAP (Clone  |OW S€rum, or to high density at normal serum levels, and
1), HA-Cdc42[F28L] plus a lower level of GAP (Clone 2), GAP  Was also meffecnv_e at blockmg_ co!o_ny formation in soft agar.
alone, and vector alone were seeded at 3C° cells per well and These results verify that the inhibitory effects of GAP on

fed every 7 days with DMEM supplemented with 1% FBS and the transforming activity of constitutively active Cdc42 and

0.3% agarose. After 14 days of growth, the samples were countedpy| \yere in fact an outcome of its ability to accelerate the
in order to monitor the number of colonies formed. The data are

representative of three independent experiments. (B) Photomicro-C TP hydrolytic activity of Cdc42.
graphs of the colony formation of cells in soft agar, as described
in panel A. DISCUSSION

band of the doublet representing phospho-ERK1/2 (e.g., GTPases function as molecular switches in mediating a
compare the two lower panels with the second panel from host of cellular signaling activities. This function relies
the top in Figure 6A), as well as a diminished lifetime for heavily on the tight regulation of their GTP-binding/GTP
ERK1/2 activation (Figure 6B). hydrolytic cycles. The rate at which a GTPase cycles between
Coexpression of Dbl and GAP in NIH 3T3 Cell$ie data  the signaling-competent, GTP-bound state and the signaling-
from Figures 4 and 5 indicated that overexpressing GAP defective, GDP-bound state sets the timing and overall
inhibited the transforming activity of Cdc42[F28L]. We then lifetime of the particular cellular response that is being
wanted to see whether GAP expression might also affect mediated. This is especially true in the case of the Ras-related
cellular transformation by the oncogenic Dbl protein, an protein, Cdc42, as its ability to cycle with the proper
upstream activator of Cdc42. Cell lines stably expressing frequency between its GTP-bound and GDP-bound state is
oncogenic Dbl, alone, or together with HA-GAP were essential for ensuring normal cell growth and survival. Thus,
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Ficure 6: GAP affects EGF-coupled signaling to ERK1/2 in Cdc42[F28L]-transformed cells. (A) Time course for the EGF-dependent
activation of ERK1/2 in cells expressing HA-tagged Cdc42[F28L], HA-Cdc42[F28L] with different levels of GAP (higher expression is
Clone 1 and lower expression is Clone 2), or vector-control. Anti-phospho-p44/42 ERK was used to detect activated ERK1/2 (left panels).
Loading controls using actin are shown in the right panels. The results presented here are representative of three experiments. (B) Relative
levels of ERK1/2 phosphorylation for the different conditions shown in panel A were determined by densitometry as described in Materials
and Methods.

mutations that prevent Cdc42 from undergoing activation for GTP, such that the F28L mutant does not require a GEF.
through GDP-GTP exchange, or from being deactivated as Unlike the more traditional dominant-active forms of Cdc42

an outcome of GTP hydrolysis, severely inhibit the growth that are unable to hydrolyze GTP and are growth-inhibitory,
of fibroblasts. Consequently, such Cdc42 mutants are expression of the fast-cycling Cdc42[F28L] mutant stimulates
extremely difficult to stably express in cells. cell growth under low-serum conditions and in the absence

Given the importance of maintaining the careful regulation Of @ substratum.
of Cdc42’s GTP-binding/GTP hydrolytic cycle, we have been  In light of the ability of fast-cycling Cdc42 mutants to
interested in seeing how different ways of manipulating this enhance cell growth and promote cellular transformation, we
cycle might impact cell proliferation and cellular transforma- then questioned whether mutations that slow the GTP-
tion. Indeed, we have found that mutations accelerating binding/GTP hydrolysis cycle, by decreasing the GTP
GDP-GTP exchange without impairing GTP hydrolysis, hydrolytic activity of Cdc42, might achieve similar outcomes.
which we have referred to as fast-cycling mutations, are Here, the idea was that by reducing the rate at which Cdc42
strongly transformingZ3—25). One example is the F28L  hydrolyzes GTP and extending its activation lifetime, we
mutation that yields a Cdc42 molecule with a 50-fold would mirror the effects obtained with fast-cycling mutants.
enhanced rate of GDP dissociation and, consequently,This idea in turn raised an additional question, namely,
exhibits a marked increase in its ability to exchange GDP whether stimulating the GTP hydrolytic reaction of a fast-
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Ficure 7: The effect of GAP on onco-Dbl-stimulated cell growth.

(A) NIH 3T3 cells stably expressing oncogenic Dbl were used to
introduce GAP under puromycin selection. The top panel compares
the relative expression of oncogenic Dbl in the different cell lines,
as assessed using an anti-Dbl antibody. The bottom panel compares
the relative expression of HA-tagged GAP based on Western
blotting with an anti-HA antibody. (B) NIH 3T3 cell lines stably
expressing oncogenic Dbl and Dbl with GAP were grown in 1%
FBS, as described in Figure 3B. On the indicated days, the samples . )
were trypsinized and counted in order to monitor their growth. (C) FIGURE8: Effects of GAP on onco-Dbl-stimulated colony formation
To test for the loss of contact inhibition, the stable cell lines were in soft agar. (A) Stable cell lines expressing oncogenic Dbl and
grown in 10% FBS' as described in Figure 3D. After 6 days of Dbl with GAP were seeded at 3 :I.O’3 cells per well and fed every

growth, cells were trypsinized and counted. The data are representa’ days with DMEM supplemented with 1% FBS and 0.3% agarose.
tive of two or three independent experiments. After 14 days of growth, the samples were counted in order to

monitor the number of colonies formed. These data are representa-
tive of three independent experiments. (B) Photomicrographs of
the colony formation of cells in soft agar, as described in panel A.

oo

e

cycling mutant like Cdc42[F28L], through the introduction
of Cdc42GAP, would compensate for the accelerating effects
on GDP-GTP exchange and inhibit its transforming capa- the Cdc42[Y32A] mutant is able to bind Cdc42GAP, the
bility. substitution of Tyr32 within the Switch | region of Cdc42
We set out to address these questions by first examiningprevents the proper orientation of the essential arginine
whether the Cdc42[Y32A] mutant, which was previously residue provided by the GAP (i.e., Arg305). Consequently,
shown to be compromised in its ability to undergo Cdc42GAP- the Cdc42GAP is unable to stimulate the GTP hydrolytic
stimulated GTP hydrolysis2{), existed for an extended activity of the Cdc42[Y32A] mutant27). However, unlike
lifetime in the GTP-bound state in cells, and if so, whether the Cdc42[Q61L] mutant which is completely defective for
it might stimulate cell growth and/or transformation. While hydrolyzing GTP, Cdc42[Y32A] retains some intrinsic ability
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Ficure 9: Effects of the GAP(R305A) mutant on the abilities of Cdc42[F28L] and onco-Dbl to stimulate cell growth and colony formation
in soft agar. (A) Western blot analysis of NIH 3T3 cells stably expressing HA-tagged Cdc42[F28L] or oncogenic Dbl, alone, or in combination
with the HA-tagged GAP(R305A). The expression levels of Cdc42[F28L] and GAP(R305A) were detected with an anti-HA antibody. The
cells were then assayed for their ability to grow in 1% FBS (B), to grow to high density in the presence of 10% FBS (C), or to form
colonies in soft agar (D), as described in Figures 3B, 3D, and 5A, respectively.

to hydrolyze GTP to GDP and is not irreversibly trapped in in fact was the case, as the expression of both Cdc42[Y32A]
the GTP-bound state. Thus, Cdc42[Y32A] exhibited the and Cdc42[Q61L] stimulated the formation of microspikes
properties of what might be referred to as a slow-cycling in NIH 3T3 cells.
mutant. We then went on to examine whether Cdc42[Y32A] was
Consistent with Cdc42[Y32A] having an extended lifetime capable of transforming activity, by generating NIH 3T3 cell
in the activated state, we found that an increased percentagdines that stably expressed this mutant. Experiments assaying
of its total cellular pool was GTP-bound, compared to wild- the saturation density of NIH 3T3 cells under different
type Cdc42, as determined through PBD assays. If the GAP-conditions showed that, upon stable expression of the Cdc42-
insensitive Cdc42[Y32A] mutant existed for an extended [Y32A] mutant, these fibroblasts were able to grow to high-
period of time in the active conformation, then we might cell densitities, similar to what was observed upon the
expect that, when expressed transiently in NIH 3T3 fibro- expression of the transforming Cdc42[F28L] mutant. How-
blasts, it would stimulate morphological changes similar to ever, when examining growth in low serum, a less dramatic
those induced by activated forms of Cdc42, namely, an effect was observed upon expression of the Cdc42[Y32A]
enhanced formation of filopodia (actin microspikes). This mutant, such that the ability of these cells to grow was not
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nearly as effective as cells expressing the Cdc42[F28L] capable of activating Rac in cells (presumably downstream
mutant. It is possible that the differences observed betweenfrom Dbl-induced Cdc42 activation36). Lin et al. then
the Cdc42[Y32A] and Cdc42[F28L] mutants, when assaying showed that Cdc42, Rac, and RhoA all contributed to the
growth in low serum, reflected a combination of factors cellular phenotypes induced by Dbl, with Cdc42 being
including a more stringent dependence of this assay on theresponsible for colony formation in soft-agar, Rac for
relative levels of Cdc42 expression. We routinely achieve stimulating lamellipodia formation, and RhoA for inducing
significantly higher levels of expression of the F28L mutant actin stress fibers and the abilities of cells to grow to high
compared to the Y32A mutant. Still, fibroblasts expressing densities and form foci24). Given that Cdc42GAP is
Cdc42[Y32A] remained alive through 6 days under low- significantly more effective at stimulating the GTP hydrolytic
serum conditions, whereas the vector-control cells were activity of Cdc42, compared to either Rac or Rho#2)
completely dead. we were particularly interested in seeing whether the
Given these observations, we then addressed the questioroexpression of oncogenic Dbl with GAP led to the specific
of whether accelerating the GTP hydrolytic reaction of the inhibition of those aspects of Dbl-induced transformation
Cdc42[F28L] mutant, through its coexpression with GAP, attributable to activated Cdc42. Indeed, we found that
might compensate for its constitutive GBBTP exchange  expression of GAP inhibited the growth of Dbl-expressing
activity and reduce the amount of this mutant that exists in cells in soft agar, without significantly affecting their ability
the activated GTP-bound state in cells. If so, we would then to grow in low serum or to high density.
expect that introduction of GAP would inhibit Cdc42[F28L]- Thus, in conclusion, the results presented here verify the
induced cellular transformation. However, it was first importance of the cycling of Cdc42 between its GTP- and
important to determine that GAP did not have adverse effects GDP-bound states for the ability of this GTPase to propagate
on the growth of normal cells. For example, it was conceiv- cell growth-promoting signals. They also lend support to the
able that overexpression of GAP, by blocking the activation potential roles played by GAPs in ensuring normal cellular
of Cdc42 by serum factors, could have deleterious effects. homeostasis. Thus far, there has been little direct evidence
This turned out not to be the case, at least for the levels of demonstrating such roles. However, DLC (for Deleted in
stable GAP expression that we were able to achieve in NIH Liver Cancer), which is underexpressed in tumorigenic liver
3T3 cells. In fact, both cell growth data and growth factor- tissue and exhibits GAP activity toward Cdc42 and Rho, was
stimulated signaling assays (e.g., ERK activation) demon- shown to block foci formation when transfected into Ras-
strated that overexpression of GAP was without adverse transformed cells43). While the relationship between Cdc42
effects. and human cancer is still not completely understood, high
To determine if the expression of GAP affected the levels of Cdc42 expression have been observed in a number
transforming properties of Cdc42[F28L], stable cell lines of different cancers including testicular cancéf)(and breast
coexpressing the fast-cycling GTPase and GAP were gener-cancer 45). In testicular cancer, the highest Cdc42 expression
ated. We found that GAP can inhibit the transformation levels correlate with higher stage, more progressive tumors
phenotypes induced by the Cdc42[F28L] mutant. Two (44), and the levels of activated, GTP-bound Cdc42 were
independent clonal lines expressing Cdc42[F28L] and dif- found to be aberrantly high in human rhadomyosarcomas
ferent amounts of GAP exhibited a dose-dependent inhibition (46). In those cases where increased levels of GTP-bound
of growth in low serum, as well as an increase in contact Cdc42 have been noted and not attributed to changes in
inhibition. When tested for colony growth in soft agar, not protein expression, it is likely that the excessive activation
only did the cell lines expressing Cdc42[F28L] and GAP of Cdc42 is due to the faulty regulation of a GEF or GAP.
exhibit less colony formation, but the colonies were also Therefore, as further links between Cdc42 and malignant
much smaller in size. transformation are established, the importance of maintaining
Previous studies from our laboratory have shown that the the proper cycling of Cdc42, as well as the function of
fast-cycling Cdc42[F28L] can enhance EGF-coupled signal- Cdc42GAP and the regulation that it imparts, is likely to
ing to ERK (0). This was shown to be the outcome of gain increasing attention in the design of future therapeutic
activated, GTP-bound Cdc42[F28L] forming a stable com- strategies.
plex with p85-Cool-13-Pix and the E3 ubiquitin ligase,
c-Chl, as this complex sequesters c-Cbl away from the ACKNOWLEDGMENT
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