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Both the Rho family of low-molecular-weight GTP-binding proteins and protein kinases C (PKCs) mediate
responses to a variety of extracellular and intracellular signals. They share many downstream targets, includ-
ing remodeling of the actin cytoskeleton, activation of p705° kinase and c-jun N-terminal kinase (JNK), and
regulation of transcription and cell proliferation. We therefore investigated whether Rho family GTP-binding
proteins bind to PKCs. We found that Cdc42 associates with atypical PKCs (aPKCs) PKCC and -\ in a
GTP-dependent manner. The regulatory domain of the aPKCs mediates the interaction. Expression of acti-
vated Cdc42 results in the translocation of PKCA from the nucleus into the cytosol, and Cdc42 and PKCA
colocalize at the plasma membrane and in the cytoplasm. Expression of activated Cdc42 leads to a loss of stress
fibers, as does overexpression of either the wild type or an activated form of PKCA. Kinase-dead PKCA and -{
constructs acted as dominant negatives and restored stress fibers in cells expressing the activated V12 Cdc42
mutant, indicating that Cdc42-dependent loss of stress fibers requires aPKCs. Kinase-dead PKCA and - and
dominant-negative N17 Cdc42 also blocked Ras-induced loss of stress fibers, suggesting that this pathway may
also be important for Ras-dependent cytoskeletal changes. N17 Rac did not block Ras-induced loss of stress
fibers, nor did kinase-dead PKCNA block V12 Rac-stimulated loss of stress fibers. These results indicate that
Cdc42 and Rac use different pathways to regulate stress fibers.

The actin cytoskeleton is dynamic, regulation of actin poly-
merization is important for cell motility, adherence, and divi-
sion, and transformed cells have an altered actin cytoskeleton,
including the loss of stress fibers. The Rho family of small
GTP-binding proteins plays a central role in regulating actin
polymerization, the formation of cellular structures dependent
on actin, and transformation by some oncogenes (21). Exper-
iments using both constitutively active and dominant-negative
mutants of Rho family members have shown that Rac causes
ruffling and is necessary for formation of lamellipodia and cell
movement (35). Activated Rho leads to the formation of stress
fibers, and activated Cdc42 causes filopodia to form (17, 28,
34). In addition, expression of activated forms of Rac or Cdc42
causes cells to lose stress fibers (48). Rho family GTP-binding
proteins also stimulate other signaling pathways that are im-
portant in both normal cellular function and transformation,
including cell cycle progression, activation of the c-jun N-ter-
minal kinase (JNK) and p38 mitogen-activated protein (MAP)
kinase pathways, and regulation of transcription. Understand-
ing the regulation of Rho family signaling is important for
insight into a number of cellular functions.

Most signals transmitted by Rho family members depend on
the association of effector proteins with the GTP-bound form
of Rac, Rho, or Cdc42. The first step in their activation is the
catalysis of GTP exchange for GDP by guanine nucleotide
exchange factors (GEFs). Signaling is terminated by GTPase-
activating proteins (GAPs), which stimulate GTP hydrolysis
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and conversion of the proteins to the GDP-bound form. Re-
cent efforts have focused on identifying the immediate effector
molecules that interact with the activated GTP-binding pro-
teins. A number of direct targets have been identified, includ-
ing protein serine/threonine and tyrosine kinases, a protein
phosphatase, lipid kinases, and adapter proteins. Identification
of the proteins that associate with activated Rho family mem-
bers has been a fruitful approach to understanding their sig-
naling pathways.

Protein kinases C (PKCs) regulate many of the same path-
ways regulated by Rho family GTP binding proteins. The
mammalian PKC family is subdivided into conventional PKC
members, comprising the «, BI, BII, and <y isoforms; novel
PKCs comprising the 8, e, n, and 6 forms; and atypical PKCs
(aPKCs) v\ and ¢ (26). The conventional PKCs are activated
by calcium binding to the C2 domain and diacylglycerol bind-
ing to the C1 domain. The C2 domain of the novel PKCs does
not bind calcium but they are activated by diacylglycerol. The
aPKCs have only one cysteine-rich motif in the C1 domain and
do not have a C2 domain.

PKCs and Rho family GTP-binding proteins both have ef-
fects on the actin cytoskeleton, the activation of p705® kinase,
the JNK pathway, and the fos and NF-«k[3 promoters (44). Both
PKCs and Rho family members are necessary for cell adher-
ence and spreading and have effects on neurite outgrowth (20,
31, 40, 47). In some cell types, activation of PKCs with phorbol
myristate acetate causes cells to ruffle. PKCH is necessary for
formation of filopodia and stress fibers in endothelial cells and
can also phosphorylate and activate ezrin, radixin, and moesin
(30, 41).

Several recent studies have directly linked PKC signaling
and Rho family signaling. The Saccharomyces cerevisiae Rho
family protein Rholp binds to PKC1, the yeast PKC homolog,
and stimulates PKC1 activity in the presence of phosphatidyl-
serine (14, 29). Rholp-activated PKC1 initiates a MAP kinase
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pathway, which is crucial to cell wall integrity. PKCa binds to
RhoA in a GTP-dependent manner and appears to act down-
stream of RhoA in activation of an AP-1 promoter in Jurkat
cells (7). The activation of PKC{ by interleukin 2 was blocked
by Clostridium difficile toxin B, which inhibits all Rho family
members, suggesting that PKC{ can be activated by or requires
Rho family members (13). The aPKCs were also shown to act
downstream of Ras to mediate Ras-dependent cytoskeletal
reorganization, perhaps in a Rac-dependent pathway (43).

The signaling pathways and targets shared by Rho family
GTP-binding proteins and PKCs led us to ask whether there is
direct interaction of PKCs with Rho family members. We
found that mammalian Cdc42 associates with aPKCA and -{ in
a GTP-dependent manner, but the binding does not seem to be
direct. The interaction appears to be necessary for Cdc42 and
Ras to cause disassembly of stress fibers and could be neces-
sary for aPKC activation of p705° kinase.

MATERIALS AND METHODS

Materials. PKC isoform-specific antibodies were purchased from Santa Cruz
Biotechnology, Inc. The aPKC-specific antibody binds to both PKCA and PKC{
and thus is referred to as the pan-aPKC antibody. Glutathione S-transferase
(GST) antibody was purchased from Upstate Biotechnology, Inc. A monoclonal
antibody specific for the T7 peptide was purchased from Novagen. Secondary
antibody conjugates used for immunofluorescence were obtained from Pierce
and Boehringer Mannheim. Unstripped rat brains were obtained from Pel Freez
Biologicals. Cells were obtained from the American Type Culture Collection,
except for Ela/Elb-transformed 293 cells, which were a gift from Yang Shi
(Department of Pathology, Harvard Medical School). PKC{ was purified from
baculovirus-infected insect cells as described previously (27). All other reagents
were obtained from Sigma Chemical Co. unless otherwise stated.

Constructs. Flag epitope-tagged PKC\ and -{ were obtained from John Blenis
and Angela Romanelli (Department of Cell Biology, Harvard Medical School).
A kinase-active form of PKC\ was made by mutation of alanine 120 to gluta-
mate. A primer with the mutation was used to obtain a fragment containing the
mutation by PCR. This fragment was cut with EcoNI and SgrAl and ligated into
the pCMV5 vector containing PKC), which had been cut with the same enzymes.
A kinase-dead form of PKCw in pCMVS5 was made by ligating an EcoRI/AfIII
fragment from kinase-dead PKC\ in the SRD vector (S. Ohno, Department of
Molecular Biology, Yokohama City University School of Medicine, Yokohama,
Japan) into pCMVS5 containing PKCA that had been cut with the same enzymes.
The T7 epitope-tagged regulatory domain of PKC{ was made by removing the
Accl fragment from PKC{ and pSKV3 (obtained from Kiyotaka Nishikawa,
Department of Cell Biology, Harvard Medical School), which contains a 5" T7
sequence. The L61 Ras construct has been previously described (4).

Preparation and nucleotide loading of GTP-binding proteins. GST fusion
proteins of human Ras, Racl, Cdc42, and RhoA were expressed in bacteria and
purified with glutathione-Sepharose (GSH) beads as described previously (42).
The fusion proteins were stored in 10 mM HEPES (pH 7.5)-0.5 mM dithiothre-
itol (DTT) with 50% glycerol at —80°C. The proteins were active, as determined
by their ability to bind *H-GTP in solution. The fusion proteins were loaded with
nucleotide by incubating them in a mixture of 20 mM HEPES (pH 7.5), 100 mM
NaCl, 1 mM EDTA, and 1 mM DTT with a 10-fold excess of either GTPyS or
GDPBS for 15 min at 30°C. MgCl, was then added to a final concentration of 5
mM, and incubations continued for a further 10 min. Twenty-five microliters of
a 50% slurry of GSH beads was added as carrier to each incubation, and
unbound nucleotide was removed by washing the beads twice with 1 ml of HNM
(20 mM HEPES [pH 7.5], 100 mM NaCl, 5 mM MgCl,).

Association of GST fusion proteins with PKCs. Rat brains were finely diced
and homogenized in a mixture of 50 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM
MgCl,, 1 mM EGTA, 1 mM DTT, 0.25 M sucrose, 0.5 mM phenylmethylsulfonyl
fluoride, and 1-pg/ml (each) leupeptin, antipain, and pepstatin (1 brain per 40 ml
of buffer) with a Dounce homogenizer. The homogenate was centrifuged at
100,000 X g for 45 min. Triton X-100 was added to the supernatant (cytosol) to
a final concentration of 0.1% (wt/vol). GST fusion proteins were loaded with
nucleotide as described above and then incubated with 1 ml of cytosol for 75 min
at 4°C with constant rocking. The beads were washed once with 1 ml of homog-
enization buffer containing 0.1% (wt/vol) Triton X-100 and twice with 1 ml of
HNM. Associated proteins were resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), followed by transfer to Immobilon-P
membrane (Millipore). Membranes were blocked with 2% (wt/vol) bovine serum
albumin (BSA) in Tris-buffered saline. The blots were probed with primary
antibody and visualized with horseradish peroxidase-conjugated secondary anti-
body (Boehringer Mannheim) by enhanced chemiluminescence (DuPont NEN)
according to the manufacturer’s instructions.

Protein kinase assays. Assays of PKC and p70%° kinase activities were done as
previously described (8, 27).
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Cell culture and transient transfections. Cells were grown in Dulbecco’s
modified Eagles’” medium (DMEM) containing 10% (vol/vol) fetal calf serum
(NIH 3T3 and COS-7 cells) or 10% (vol/vol) heat-inactivated fetal calf serum
(293 cells). The mammalian expression vector pEBG encoding various alleles of
RhoA, Rac, and Cdc42 fused to GST has been previously described (8). COS
cells were transfected by the DEAE-dextran method. NIH 3T3 cells and 293 cells
were transfected with Lipofectamine (Gibco BRL), except for immunofluores-
cence studies, in which Superfect reagent (Qiagen) was used. In each case, the
manufacturer’s instructions were followed. One or 5 pg of each DNA construct
was used per 3.5- or 10-cm-diameter plate, respectively. Cells were harvested
48 h after transfection with the homogenization buffer described above, without
sucrose, containing 1% (wt/vol) Triton X-100. Cell lysates were incubated with 25
wl of a 50% (vol/vol) slurry of glutathione-Sepharose beads for 2 h at 4°C with
constant rocking. The beads were then processed as described in the section
above.

Immunofluorescence. NIH 3T3 cells growing on 25-mm-diameter coverslips
were transiently transfected as described above. In some experiments, pEGFP
(Clontech), which expresses green fluorescent protein (GFP), was cotransfected
and the expression of GFP was used to identify transfected cells. Following
transfection the cells were washed with phosphate-buffered saline (PBS) and
starved overnight in serum-free DMEM. The cells were then washed with PBS
before fixation for 10 min in 3% (wt/vol) paraformaldehyde. Following three
washes with PBS, the cells were permeabilized for 4 min in PBS containing 0.2%
(vol/vol) Triton X-100 and washed a further three times with PBS. Cells were
then blocked with PBS containing 1% (wt/vol) BSA for 10 min before addition
of primary antibodies diluted in blocking buffer for 1 h. The cells were washed
three times with blocking buffer before the addition of secondary antibodies
(conjugated to fluorophores) or rhodamine-labeled phalloidin (100 ng/ml), di-
luted in blocking buffer, for 1 h. The cells were washed three times in PBS and
once in distilled water prior to mounting of the coverslips on Fluoromont-G
mounting solution (Fisher). Images were visualized with a Nikon Diaphot 300
microscope captured on a Photometrics digital camera with Phase 3 Imaging
Systems software. Stress fibers were classified as being either present or absent in
cells in cells stained with rhodamine phalloidin and viewed by fluorescent mi-
croscopy.

RESULTS

GST-Cdc42 associates with aPKC in rat brain cytosol. GST
fusions of the Rho family GTP-binding proteins RhoA, Racl,
and Cdc42 and a GST fusion protein of H-Ras were expressed
in bacteria, purified with GSH beads, and tested for their
ability to associate with PKCs in rat brain cytosol. The proteins
were first loaded with GTPyS or GDPBS and then incubated
with rat brain homogenate. The beads were washed and the
proteins were separated by SDS-PAGE and transferred to
polyvinylidene fluoride membrane for Western blotting. As
shown in Fig. 1, Cdc42 and, to a lesser extent, Rac associated
with aPKC in a GTP-dependent manner. Since the available
antibodies do not distinguish between PKCA and -{ (data not
shown), we were not able to determine in these experiments
which aPKC(s) associated with Cdc42. Neither GST alone,
RhoA, or Ras associated with any PKC (the PKCa antibody
also detects PKCBI and PKCBII; data not shown). Ras has
previously been reported to associate with aPKC¢ (10). An
explanation for our failure to detect PKC{ binding to Ras may
be because full-length PKC{ was reported to associate poorly
with Ras in vitro compared with the regulatory region of PKCC.
The interaction of RhoA with PKCa requires prenylation of
RhoA and so would not have been detected in this experiment
).

Cdc42 associates with PKC\ and -{ in vivo. To determine
whether Cdc42 associates with aPKCs in vivo, we transfected
NIH 3T3 cells with GST-tagged Cdc42 mutants and PKCN\ or
-{. We compared the binding of aPKCs to the dominant-neg-
ative N17 mutant of Cdc42, which is bound to GDP; the GT-
Pase-deficient V12 mutant of Cdc42, which is bound to GTP;
and GST alone. Cell lysates were incubated with GSH beads,
and the associated proteins were analyzed by Western blotting
with the aPKC antibody. Endogenous aPKC associated with
V12 Cdc42, but not with N17 Cdc42 or GST alone, in cells
transfected only with Cdc42 constructs (Fig. 2, lanes 1 to 3).
There was a marked increase in the amount of aPKC associ-
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FIG. 1. Cdc42 associates with aPKCs in rat brain cytosol. GST alone or GST
fusion proteins of RhoA, Racl, Cdc42, or Ras, bound to glutathione-Sepharose
beads, were loaded with GTPyS or GDPBS and then incubated with rat brain
cytosol as described in Materials and Methods. G protein-associated PKCs were
detected by Western blotting with PKC isoform-specific antibodies. These anti-
bodies were also used to immunoprecipitate PKC from rat brain cytosol, and
these immunoprecipitates are included as positive controls on the right side of
each blot. The GST fusion proteins were visualized by Western blotting with a
GST antibody.

ated with V12 Cdc42 in cells cotransfected with either PKC\ or
- and Cdc42, indicating that Cdc42 associates with both PKC\
and -{ in a GTP-dependent manner (Fig. 2, lanes 4 to 9). The
higher band in lanes 4 to 6 is full-length PKC{, and the lower
band is a proteolytic product. In lanes 7 to 9, the upper band
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FIG. 2. V12 Cdc42 associates with PKCA and - in vivo. NTH 3T3 cells were
transfected with GST-tagged V12 or N17 Cdc42 and either vector alone
(pCMV5), PKCE, or PKCA, as described in Materials and Methods. Forty-eight
hours after transfection, the cells were lysed, and Cdc42 was isolated by incu-
bating the cell lysates with glutathione-Sepharose beads. The beads were washed,
and the associated proteins were detected by Western blotting with the pan-
aPKC antibody (upper panel). Lysates were blotted to determine PKC expres-
sion (three right-hand lanes in the upper panel). The amount of GST or GST-
Cdc42 associated with the beads was determined by Western blotting with a GST
antibody (lower panel).
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FIG. 3. Characterization of the domains of Cdc42 and aPKC involved in their
association. (A) COS cells were transiently transfected with the indicated GST-
tagged Cdc42 mutants. Forty-eight hours after transfection, the cells were lysed,
and Cdc42 was isolated by incubating the lysates with glutathione-Sepharose
beads. Associated endogenous aPKC was detected by Western blotting with the
pan-aPKC antibody (upper panel), and Cdc42 bound to the beads was detected
by Western blotting with GST antibody (lower panel). (B) 293 cells were trans-
fected with V12 or N17 GST-Cdc42 and the regulatory domain of PKC{ with a
T7 epitope tag. Forty-eight hours after transfection, Cdc42 was isolated as de-
scribed above. Association of the regulatory domain of PKC{ with V12 or N17
GST-Cdc42 was determined by Western blotting with a T7-specific monoclonal
antibody. Expression of the regulatory domain was determined by Western
blotting of the lysate with T7 antibody.

is full-length PKCA, and the lower band is a proteolytic prod-
uct.

The association between Cdc42 and aPKCs is likely indirect.
To investigate whether Cdc42 associates directly with aPKCs,
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FIG. 4. Cdc42 does not activate aPKC. (A) 293 cells were transfected with
Flag epitope-tagged PKC{ or -\ and V12 Cdc42 or vector alone (pEBG). Cells
were serum starved for 24 h and then stimulated with or without 10% fetal calf
serum for 10 min. Lysates were immunoprecipitated with the Flag antibody. Half
of the immunoprecipitate was used to assay PKC activity with myelin basic
protein as the substrate (upper panel), and the other half was used for Western
blotting with the aPKC antibody (lower panel). (B) 293 cells were transfected
with hemagglutinin (HA)-p705¢ kinase and V12 Cdc42 or pEBG. Cells were
stimulated with serum as described above. p705° kinase was immunoprecipitated
with HA antibody and visualized by Western blotting with HA antibody.
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FIG. 5. Cdc42 induces translocation of aPKCN from the nucleus to the cytosol in NIH 3T3 cells. NIH 3T3 cells were transfected with Flag epitope-tagged PKC\
(A to F) and either pEBG vector (A to C) or V12 Cdc42 (panels D to F) as described in Materials and Methods. Fixed cells were stained for PKCX by using Flag primary
antibody and a rhodamine-conjugated secondary antibody (A and D). GST and GST-V12 Cdc42 were stained with GST primary antibody and Cy2-conjugated
secondary antibody (B and E). Panels A and B and D and E were merged to give the images shown in panels C and F, respectively.

we incubated bacterially expressed GST-Cdc42, bound to GSH
beads and loaded with GTPyS, with purified PKC{. PKC{ was
purified from insect cells infected with a baculovirus expressing
PKC{. We detected no binding, as assessed by both kinase
assays and Western blotting (data not shown). Similarly, bac-
terially expressed GST fusions of either full-length PKC{ or of
the regulatory domain of PKC{ did not bind to Cdc42, which
had been expressed in bacteria, cleaved from GST, and loaded
with *H-GTP (data not shown). We also detected no signal
when using Cdc42 loaded with [y-**P]GTP in a far-Western

blot for purified PKC{ which had been separated by SDS-
PAGE and transferred to nitrocellulose paper (23). A control
using the Wiskott-Aldridge syndrome protein gave a positive
signal in this assay. Since we were unable to detect a direct
interaction between Cdc42 and aPKCs by using multiple ap-
proaches, we think it is likely that a third protein mediates the
interaction of aPKCs and Cdc42. We cannot rule out the pos-
sibility, however, that aPKCs undergo a covalent modification
in mammalian cells, which does not occur in insect cells, that
allows them to interact directly with Cdc42. Since Cdc42 ex-
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FIG. 6. Cdc42 and PKCA expression in NIH 3T3 fibroblasts reduces the
stress fiber content. NIH 3T3 cells were transfected with hemagglutinin (HA)-
tagged V12 Cdc42 alone (A and B) or Flag epitope-tagged PKC\ (C and D), T7
epitope-tagged PKC{ (E and F), or Flag epitope-tagged constitutively active
PKC\ (G and H) as described in Materials and Methods. The cells were serum
starved overnight and then fixed. Actin was stained with rhodamine-conjugated
phalloidin (B, D, F, and H). The epitope-tagged aPKCs were stained with the
appropriate epitope-directed antibodies followed by fluorescein isothiocyanate-
conjugated secondary antibody (C and E), or cells were cotransfected with
pEGFP, and the fluorescence of GFP was used to identify the transfected cells
(A and G). The arrows indicate the transfected cells.

pressed in bacteria binds to aPKCs in cell lysates, we do not
think prenylation of Cdc42 is necessary for the interaction.
The effector region of Cdc42 and the regulatory domain of
aPKC mediate their association. An effector region in the N
terminus of Rho family proteins mediates GTP-dependent
binding to effector molecules. Mutations in this region dimin-
ish or abolish the GTP-dependent association with effector

MoL. CELL. BIOL.

proteins (8, 18, 45). To confirm that the effector region of
Cdc42 is necessary for the interaction with aPKCs and to
determine which region of the effector region is necessary for
the interaction, we transfected COS-7 cells with GST V12
Cdc42 containing additional mutations in the effector region.
Cell lysates were incubated with GSH beads, the beads were
washed, and the association of endogenous aPKCs was deter-
mined by Western blotting (Fig. 3A). As expected, V12 Cdc42
bound well to aPKCs, wild-type Cdc42 bound less well, and
little binding was detected with N17 Cdc42. The V12/T35A
mutant of V12 Cdc42 did not associate with aPKCs, whereas
the V12/D38A mutant and, to a lesser extent, the V12/Y40K
mutant retained their ability to associate with aPKC (Fig. 3A).
The T35A mutant also fails to activate p705® kinase (8).

A number of proteins that bind directly to Rac and/or Cdc42
contain a conserved sequence termed the Cdc42/Rac interac-
tive binding (CRIB) motif (6). The aPKCs neither contain a
CRIB motif, nor do they exhibit sequence homology with other
non-CRIB, Cdc42/Rac effector proteins. The regulatory do-
main of aPKCs seems to be a protein-protein interaction do-
main and mediates the association of aPKCs with other pro-
teins (10-12, 32). We therefore thought the regulatory domain
of aPKCs might also bind to Cdc42. To determine whether the
regulatory domain of aPKCs is sufficient for association with
Cdc42, we transfected 293 cells with a T7-tagged construct
containing just the regulatory domain of PKC¢ and constructs
expressing GST fusions of N17 or V12 Cdc42. Cell lysates were
incubated with GSH beads, and the associated proteins were
analyzed by Western blotting with the T7 antibody. As shown
in Fig. 3B, the regulatory domain of PKC{ associated with V12
Cdc42, but not N17 Cdc42, indicating that this domain is suf-
ficient for association with Cdc42. The regulatory domains of
PKC{ and -\ are highly homologous, so it is likely that the
regulatory domain of PKC\ also mediates binding to Cdc42.

Cdc42 alone is not sufficient to activate aPKC. Cdc42 acti-
vates other protein kinases with which it associates, and Rholp
activates PKC1, so we determined whether Cdc42 activates
aPKCs (8, 14, 48). NIH 3T3 cells were transfected with con-
structs expressing Flag epitope-tagged PKC{ and V12 Cdc42
or GST alone. The activity of Flag-PKC{ was assessed by in
vitro kinase assay on Flag immunoprecipitates with myelin
basic protein as a substrate. Cotransfection of V12 Cdc42 with
Flag-PKC{ failed to stimulate the kinase activity of PKC{ (Fig.
4A). The slight increase in aPKC kinase activity in Flag immu-
noprecipitates from cells coexpressing V12 Cdc42 compared to
those coexpressing the vector is accounted for by the increased
expression of the tagged aPKC in the former cells (Fig. 4B).
Similar results were obtained with PKC\ (data not shown). As
a control, V12 Cdc42 stimulation of p705® kinase activity was
assayed with S6 as a substrate. We also determined whether
Cdc42 affected the kinase activity in the presence of phospha-
tidylserine, as reported for Rholp and PKCI1. Phosphatidyl-
serine increased PKC{ activity, as previously reported, but
there was no additional activation by Cdc42 (data not shown).
Thus, in contrast to the activation of other protein kinases with
which it associates, Cdc42 alone does not activate aPKCs.

Cdc42 induces translocation of aPKCA from the nucleus to
the cytoplasm. Since PKCA is primarily localized to the nucleus
and Cdc42 is a cytoplasmic protein, we thought that the inter-
action of Cdc42 and PKCN might change the localization of
one or both proteins (2). We transfected NIH 3T3 cells with
epitope-tagged PKCA with either GST alone or with GST V12
Cdc42 and determined the localization of PKCA by indirect
immunofluorescence. As previously reported, we found that
PKCA was localized within the nuclei of transfected cells (Fig.
5A to C). However, in cells cotransfected with V12 Cdc42,
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FIG. 7. Kinase-dead PKCA and -{ block Cdc42-induced loss of stress fibers.
NIH 3T3 cells were transfected with 0.25 ug of pEGFP, 0.5 pg of hemagglutinin
(HA)-tagged V12 Cdc42 (A to E) or 0.5 ng of myc V12 Rac (F) and 2.5 pg of
kinase-dead PKC\ (A, B, and F) or kinase-dead PKC{ (C and D). Twenty-four
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PKC¢ was found primarily in the cytoplasm, where it colocal-
ized with Cdc42 both in the cytoplasm and at the cell periphery
(Fig. 5D to F). PKC{ is normally cytoplasmic, and we did not
detect a change in the location of PKC{ when it was coex-
pressed with V12 Cdc42. The ability of the effector region
mutants of Cdc42 to induce nuclear to cytoplasmic transloca-
tion correlated with their ability to bind Cdc42 (data not
shown). Relocalization of PKC\ to the cytosol by Cdc42 pro-
vides further evidence of the interaction in vivo and suggests
that the function of the complex is to localize PKCN. PKCA has
been reported to move from the nucleus to the cytosol in
response to stimulation of cells with EGF or PDGE, and our
data suggest Cdc42 could function in this pathway (2).

Cdc42 and PKCA induce the loss of stress fibers in NIH 3T3
cells. To investigate the Cdc4?2 signaling pathway or pathways
that require aPKCs, we overexpressed the aPKCs to determine
whether they would activate Cdc42-dependent events. Since
Cdc42 causes changes in the actin cytoskeleton that lead to the
formation of filopodia and the loss of stress fibers, as well as
ruffling due to Rac activation, we determined whether overex-
pression of aPKCs similarly affects the actin cytoskeleton. V12
Cdc42-induced loss of stress fibers in NIH 3T3 cells (Fig. 6A
and B and 7E), as has been previously reported (17). Transient
overexpression of PKC\, but not of PKC{, induced the loss of
stress fibers in NIH 3T3 cells (Fig. 6C to F). Cells expressing an
activated form of PKCA also lacked stress fibers (Fig. 6G and
H). Although PKCN\ is primarily nuclear, the absolute amount
of protein in the cytoplasm is likely to be much higher in
transfected cells due to overexpression. We propose that it is
this cytoplasmic fraction that mediates stress fiber loss. A sim-
ilar appearance of cells expressing activated PKC\ was re-
cently reported (43). These results indicate that PKCA causes
the loss of stress fibers, but do not prove that it is necessary for
Cdc42-dependent loss of stress fibers.

Kinase-dead PKCA and -C block Cdc42-dependent loss of
stress fibers. To determine if the effect of Cdc42 on stress
fibers requires aPKCs, we investigated whether kinase-dead
forms of PKC\ and -{ would act as dominant negatives and
inhibit Cdc42-induced changes in the actin cytoskeleton. NIH
3T3 cells were transfected with V12 Cdc42, and kinase-dead
PKC\ or -{ and actin structures were examined. Stress fibers
were present in about 75% of untransfected cells (Fig. 7E).
Expression of V12 Cdc42 resulted in the loss of stress fibers in
most cells (Fig. 6A and 7E), and expression of kinase-dead
PKCNA or -{ blocked Cdc42-induced loss of stress fibers (Fig.
7A to E). Expression of kinase-dead PKCA or - in the absence
of V12 Cdc42 had no detectable effect on the actin cytoskele-
ton (data not shown). Expression of kinase-dead PKC\ or -{
did not affect the presence of filopodia or ruffles in cells also
expressing V12 Cdc42. We also investigated whether expres-
sion of kinase-dead PKC\ blocked the loss of stress fibers in
cells expressing V12 Rac and found that it did not (Fig. 7F).
These data suggest that the effect of the kinase-dead aPKCs is
specific to the Cdc42 pathway regulating stress fibers and that
they do not block all Cdc42-dependent signaling. We also

hours after transfection, the cells were serum starved. Forty-eight hours after
transfection, the cells were fixed and stained with rhodamine-phalloidin (B and
D). Transfected cells were identified by GFP fluorescence (A and C). The arrows
indicate the transfected cells. (E) The numbers of cells with stress fibers were
counted in the experiments described above. (F) The numbers of cells with stress
fibers were counted in untransfected cells, V12 Rac-expressing cells, and cells
expressing V12 Rac and kinase-dead (KD) PKCA. Data are the means of three
to four experiments in which at least 100 cells were counted per experiment. The
error bars represent the standard error of the mean.
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tested the ability of kinase-dead forms of PKC\ and - to block
Cdc42-dependent activation of JNK and the FOS promoter
and found no effect (data not shown), further supporting the
specificity of aPKCs for regulating Cdc42-dependent effects on
stress fibers.

Ras-dependent loss of stress fibers requires Cdc42. It was
recently reported that kinase-dead forms of PKCA and - block
Ras-induced loss of stress fibers via a pathway requiring Rac
(43). Earlier work showed that dominant-negative N17 Cdc42,
but not dominant-negative Rac, blocked Ras-induced cytoskel-
etal changes (33). Our observations favor the model that Ras-
induced loss of stress fibers requires Cdc42 and its interaction
with aPKCs. To test this possibility, we first confirmed that
transfection of activated L61 Ras results in the loss of stress
fibers (Fig. 8B and I). We also found that kinase-dead forms of
PKCA and - blocked Ras-induced loss of stress fibers (Fig. 8C
to F and I). To determine whether Ras-induced loss of stress
fibers was mediated by Cdc42, we cotransfected L61 Ras with
dominant-negative N17 Cdc42 and found that Ras-induced
stress fiber loss was blocked (Fig. 8G to I). We did not find an
effect of dominant-negative Rac on Ras-induced loss of stress
fibers (Fig. 8J). These observations suggest that the effect of
Ras on stress fibers requires Cdc42 and is likely mediated by
the interaction of Cdc42 with aPKCs.

DISCUSSION

The identification of proteins that associate with activated
forms of Rho family GTP-binding proteins has led to the
discovery of many new signaling pathways. We found that
PKCNA and - associate with Cdc42 in a GTP-dependent man-
ner and regulate the loss of stress fibers induced by both Cdc42
and Ras. The regulatory domain of aPKCs is sufficient to
associate directly with Cdc42, and the effector region of Cdc42
is required. aPKCs do not seem to associate directly with
Cdc42, indicating either that a covalent modification of aPKCs
regulates binding or that a third protein bridges the interac-
tion. Expression of activated Cdc42 results in the translocation
of PKC\ from the nucleus to the cytoplasm and colocalization
with Cdc42, but Cdc42 does not appear to stimulate the kinase
activity of aPKCs. These findings suggest that the function of
the association is to localize PKCA.

PKCM moves from the nucleus to the cytoplasm in response
to stimulation by platelet-derived growth factor and epidermal
growth factor. This translocation requires phosphoinositide
3-kinase (PI 3-kinase) activity (2). Our data suggest a model in
which growth factors activate PI 3-kinase, which in turn stim-
ulates a Cdc42 GEF. Active Cdc42 associates with PKCA in the
cytoplasm and localizes it. Cdc42 may send signals that result
in the translocation of PKC\, or PKC\ may move freely out of
the nucleus, but association with Cdc42 traps it in the cyto-
plasm and prevents nuclear import.

Fibroblasts expressing either the wild type or an activated
mutant of PKC\ lack stress fibers, a phenotype previously
described for activated Cdc42 (17). Uberall et al. (43) found
that expression of constitutively active forms of either PKC\ or
{ resulted in the absence of stress fibers, but we have not tested
the effects of an activated form of PKC{. There are several
explanations for the inability of overexpression of PKC{ to
cause loss of stress fibers. It is possible that only PKCA regu-
lates stress fibers and that an activated PKC{ mimics the effects
of PKCN or that both PKC\ and -{ regulate stress fibers, but
that wild-type PKCC is less active than PKC\ when overex-
pressed in vivo.

Kinase-dead forms of PKCA or -{ block Cdc42-induced, but
not Rac-induced, loss of stress fibers, indicating that PKCN\ is
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FIG. 8. Cdc42, but not Rac, is necessary for Ras-induced loss of stress fibers.
NIH 3T3 cells were transfected by using Superfect with 0.25 pg of pEGFP, 0.5
g of L6l Ras, and either vector only (A and B), 2.5 ug of kinase-dead (KD)
PKC\ (C and D), kinase-dead PKC{ (E and F), N17 Cdc42 (G and H), or N17
Rac (J). Twenty-four hours after transfection, the cells were serum starved.
Forty-eight hours after transfection, the cells were fixed and stained with rho-
damine-phalloidin (B, D, F, and H). Transfected cells were identified by GFP
fluorescence (A, C, E, and G). The arrows indicate the transfected cells (I and J).
The number of cells with stress fibers was counted in the experiments described
above. Data are the means of three to four experiments in which at least 100 cells
were counted per experiment. The error bars represent the standard error of the
mean.

downstream of Cdc42 in regulating stress fibers. Kinase-dead
forms of PKCA and -{ also block the loss of stress fibers in cells
expressing activated Ras (43). We confirmed that kinase-dead
forms of PKCA\ and -{ blocked the effect of Ras on stress fibers
and found that a dominant-negative form of Cdc42, but not
Rac, also blocked Ras-induced loss of stress fibers. These data
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indicate that Ras-stimulated loss of stress fibers depends on
Cdc42 and its association with PKCA.

Stress fibers are composed of bundled actin filaments that
end in focal adhesions and are regulated by both contractility
and inhibition of depolymerization of the pointed end of actin
filaments. It is possible that the lack of stress fibers in cells
expressing activated Cdc42 or Ras results from inhibition of
RhoA activation, inhibition downstream of Rho, or activation
of a separate pathway that blocks stress fiber formation. RhoA
is necessary for Ras transformation, indicating that Ras likely
activates RhoA. Thus, the inhibition of stress fiber formation
by Ras, Cdc42, and aPKCs probably affects targets downstream
of Rho that are not required for transformation by RhoA or
Ras or stimulates a separate pathway (49).

Activation of RhoA and ROK leads to phosphorylation and
activation of myosin light-chain kinase and inhibition of myo-
sin light-chain phosphatase, resulting in an increase in myosin
light-chain phosphorylation and contractility (16, 19). Both
Rac and Cdc42 activate p21-associated kinase 1 (PAK1), which
can inhibit myosin light-chain kinase and should lead to a
reduction in contractility and stress fibers (39). Actin depoly-
merization is also regulated in part by cofilin. Phosphorylation
of cofilin by LIM kinase inhibits its ability to depolymerize
actin from the pointed end, leading to more prominent actin
structures (3). One group found that ROK phosphorylates and
activates LIM kinase, promoting stress fiber formation (22).
However, other groups have found that Rac, but not Rho,
activates LIM kinase (3, 46). Proteins in the pathways that
regulate contractility and actin depolymerization downstream
of Rho and ROK, such as myosin light-chain kinase and phos-
phatase and cofilin, are candidate targets for aPKCs, but the
precise mechanism by which Cdc42 and aPKCs regulate stress
fibers is not yet clear.

The interaction of Cdc42 with aPKCs could also be impor-
tant in transformation by Cdc42 and Ras. We have not yet
investigated whether kinase-dead forms of aPKCs block
Cdc42-dependent transformation, but it seems likely that they
will, since Cdc42 is necessary for transformation by Ras and
kinase-dead PKC{ blocks Ras-dependent transformation (5,
49). Although Cdc42 itself can activate Rac, Cdc42 and Rac
seem to function in separate pathways downstream of Ras (17,
28, 33). Dominant-negative Cdc42 blocks Ras-induced changes

in the actin cytoskeleton, but dominant-negative Rac does not.
Dominant-negative Rac, but not Cdc42, inhibits the growth of
Ras-transformed cells in low serum. Our data suggest that
aPKCs function downstream of Cdc42 in Ras transformation
to regulate stress fibers. Uberall et al. (43) found that domi-
nant-negative Rac blocked Ras-induced cytoskeletal changes
and placed PKC\ upstream of Rac, while we found no effect of
dominant-negative Rac on Ras-stimulated loss of stress fibers.
Our findings are consistent with the results of Qiu et al. (33),
who found that dominant-negative Cdc42, but not Rac,
blocked Ras effects on the cytoskeleton.

The regulation of p705° kinase is complex and involves both
Rho family members and PKCs. p70° kinase is activated by
Cdc42 and associates with, and is activated by, PKC{ and A (1,
8, 36). The A35 mutant of Cdc42 that fails to bind aPKCs also
fails to stimulate p705° kinase activity, and kinase-dead PKC{
partially blocks Cdc42-dependent activation of p705® kinase
(36). Although it is not yet clear how a Cdc42-aPKC complex
might function to activate p705° kinase, there is correlative
evidence suggesting that the complex could be important.
Cdc42 could function similarly to Ras in the activation of the
extracellular signal-regulated kinase pathway, as a component
of a multiprotein complex, which may localize and or activate
protein kinases.

Kinase-dead forms of the aPKCs do not block other path-
ways that are regulated by both Rho family proteins and PKCs,
however. Both the JNK pathway and the FOS promoter are
activated by both Cdc42 and PKCs, but we found no effect of
kinase-dead PKCA or -{ on Cdc42-induced JNK activation or
stimulation of the FOS promoter (7, 9, 15, 25). These results
show that the kinase-dead forms of PKCA and -{ are specific
and do not block all Cdc42-dependent signaling by binding to
the effector region. This specificity could be the result of an
indirect association of PKCN and -{ with Cdc42, mediated by a
linker protein. If only a subset of active endogenous Cdc42
associates with the linker protein, then dominant-negative
aPKCs would inhibit signaling only of this fraction of Cdc42.

There are several candidate proteins that could mediate the
interaction of Cdc42 with the aPKCs, if the interaction is in-
direct. Both PAR-4 and {-interacting protein (ZIP) bind to the
aPKC regulatory domain like Cdc42 (11, 32). Interestingly,
ZIP contains a short region of homology with the Cdc42 GEFs
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and Scdl. A-interacting protein also binds to the regulatory
domain, but interacts only with PKCA and therefore is unlikely
to mediate the interaction, since Cdc42 also binds to PKC{
(12). Since none of these proteins has a CRIB domain, it is
possible that an unidentified protein bridges the interaction
between aPKCs and Cdc42. Identification of the factors that
regulate the association of aPKCs with Cdc42 and targets of
the complex will help contribute to our understanding of
Cdc42 and aPKC signaling.
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